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1 Uvod

V Ceské republice, podobné jako v mnoha dalsich zemich, existuji oblasti silné
kontaminované nékolika rizikovymi prvky soucasné. Takovéto lokality, vzhledem
Kk potencialni toxicit¢ a vysoké stabilité rizikovych prvki v kontaminovanych putdach,
predstavuji environmentalni problém, pro ktery je potiebné nalézt efektivni a dostupné feseni
(do Nascimento a Xing, 2006; Alkorta et al., 2010). Na silné¢ kontaminovanych lokalitach se
ale vétsinou daii pouze piivodnim tolerantnim rostlinnym druhtim. Casto se jedna o drobné
rostliny srelativné jemnym kofenovym systémem. Z divodu nedostate¢ného vegeta¢niho
pokryvu miiZze vétrnou nebo vodni erozi dochdzet k Sifeni rizikovych prvki do okolniho
prostiedi (Friesl-Hanl et al., 2009; Bolan et al., 2014; Grobelak a Napora, 2015), ale miize
dochazet i k vymyvani rizikovych prvkl z pidniho profilu (Vanék et al., 2005). Rizikové
prvky je nezbytné v pidé prinejmensim stabilizovat a omezit mozna rizika, ktera jsou s nimi
spojena (Vacha et al., 2002b; Tlusto§ et al., 2006a). Dekontaminacni metody Setrné
K Zivotnimu prostfedi, jako je napiiklad fytoextrakce, vSak nelze ve vySe uvedenych
pripadech pouzit, protoze vysoké obsahy rizikovych prvki v ptidé mohou byt i pro fadu
tolerantnich rostlin fytotoxické (Nagajyoti et al., 2010). Fytoextrak¢ni schopnost rostlin se
navic zpravidla projevuje pro jeden, maximaln€ pro dva rizikové prvky a pouZiti takovych
rostlin tedy netesi problém kontaminace piidy né€kolika prvky soucasné.

Vhodnou doc¢asnou remediacni technikou pro pidy kontaminované vysokymi obsahy
rizikovych prvki je in-situ chemicka imobilizace. Pii této metodé jsou do pudy aplikovana
imobilizacni pludni aditiva, kterd snizuji mobilitu rizikovych prvkidl i jejich dostupnost
pro rostliny (Kumpiene et al., 2008). Pomoci konkrétnich aditiv mohou byt na principu
adsorpce, komplexace nebo precipitace omezovany labilni formy rizikovych prvki, bez vlivu
na jejich celkové obsahy (Miretzky a Fernandez-Cirelli, 2008; Bolan et al., 2014).
Na mobilitu rizikovych prvkt v pidé ma vliv cela fada piadnich parametrt (napt. pH, kvalita a
kvantita organické hmoty, kationtova vyménna kapacita — KVK, pidni druh i pidni typ);
(Violante et al., 2010; Kunhikrishnan et al., 2012; Alloway, 2013).

Po ptidavku aditiv do pid silné¢ kontaminovanych rizikovymi prvky s odlisnymi
agrochemickymi parametry mizeme ocekavat rozdilné Ucinky aditiv na sniZeni mobility
rizikovych prvkld. Ve srovnani s pouzitim rostlin na siln¢ kontaminovanych pudach jsou
postupy vyuzivajici ptidni aditiva vhodné&jsi pro $irsi spektrum rizikovych prvkl. Odlisnosti
v mobilit¢ rizikovych prvkii nesouvisi pouze s pudnimi vlastnostmi nebo s konkrétnim

rizikovym prvkem. Dulezitou roli mtze hrat i zvolené piidni aditivum, jeho aplika¢ni davka



nebo sledovana doba pusobeni (Yan et al., 2015). Pudni aditiva nemaji vliv jen na mobilitu
rizikovych prvki, ale také na mobilitu zivin v ptidé a na vybrané pidni vlastnosti. Nevhodné
zvolené pudni aditivum nebo jeho nevhodna aplikacni davka mlze omezit pfijem zivin,
vyvolat jejich deficienci, znemoznit péstovani rostlin na kontaminované lokalit¢ (Bolan a
Duraisamy, 2003) a tim i mozné vyuziti stabilizovanych lokalit (Tlusto$ et al., 2007; Friesl-
Hanl et al., 2009).

Na stabilizovanych ptidach je proto potfebné testovat i reakce tolerantnich rostlin —
bylin i dfevin a pro pudy siln¢ kontaminované rizikovymi prvky hledat nejvhodnéjsi

kombinaci piidniho aditiva a tolerantni rostliny.



2 Literarni prehled

2.1 Kontaminace pid rizikovymi prvky

Rizikové prvky je mozné z hlediska jejich role v biologickych systémech zafadit
do dvou skupin — toxické (As, Cd, Pb, Hg) a esencialni pfi nizSich koncentracich v pudé (Co,
Cu, Fe, Mn, Ni, Zn); (Bolan et al., 2010; Nagajyoti et al., 2010; Ali et al., 2013). Specifikem
rizikovych prvki je, Ze nejsou mikrobidlné ani chemicky degradovany a na rozdil od mnoha
organickych sloucenin setrvavaji v pidé po dlouhou dobu (Ali et al., 2013; Bolan et al., 2014;
Mahar et al., 2015).

Kontaminace pid rizikovymi prvky miize byt geogenniho a antropogenniho ptivodu
(Nagajyoti et al., 2010; Vacha et al., 2013; Bolan et al., 2014). Rizikové prvky geogenniho
puvodu se na rozdil od téch vnesenych do ptudy lidskou ¢innosti ve vétsSing€ piipadt nachazi
ve formach velmi malo pfistupnych pro rostliny (Némecek et al., 2002; Lamb et al., 2009;
Vacha et al., 2013). Hlavnim zdrojem kontaminace pud rizikovymi prvky geogenniho pivodu
je zvétravani mateénych hornin (vyvielych, sedimentdrnich nebo metamorfovanych). Mezi
dalsi zdroje geogenniho piivodu patii sopecna ¢innost, eroze nebo lesni pozary (Némecek et
al., 2010; Ali et al., 2013; Bolan et al., 2014). V Ceské republice byly vymezeny tfi hlavni
skupiny piid, vyvinutych na substratech se zvySenymi obsahy nékterych rizikovych prvki
(Vacha et al., 2002a; Némecek et al., 2010; Rotter et al., 2013), — 1) piady ze svahovin
bazickych a ultrabazickych hornin se zvySenymi obsahy Co, Cr, Cu, Ni, Mn a V (Cedice,
hadce, diabasy, amfibolity, gabra nebo syenity), 2) pudy ze svahovin kyselych vyvielych nebo
metamorfovanych hornin se zvySenymi obsahy As, Be, Cu, Pb a Zn (Zuly) a 3) pudy
ze svahovin produktl zvétravani karbonatovych permokarbonskych hornin se zvySenymi
obsahy Cd, Cr nebo Ni (vapence nebo karbonatové biidlice, zejména flySové). Hlavni zdroje
kontaminace pad rizikovymi prvky antropogenniho plvodu jsou spojeny s primyslovou
¢innosti, s té¢Zbou a zpracovanim surovin, s likvidaci odpadii z primyslu a z domacnosti,
s dopravou nebo s atmosférickou depozici. Dalsim vyznamnym zdrojem je i zemé&dé€lstvi,
pfedev§im aplikace minerdlnich a organickych hnojiv, Cistirenskych kal, zavlahy,
v minulosti i pouziti pesticidi (Wuana a Okieimen, 2011; Chaney, 2012; Bolan et al. 2014).

V Ceské republice, podobné jako v dalsich statech, neexistuje komplexni zakon
na ochranu veskerych pud. Vyjimkou je Spolkova republika Némecko, kterd takovy zakon ma
(Némedek et al., 2010). Kontaminace zemédélskych pid v Ceské republice je feSena
vyhlaskou MZP 13/1994 Sb. (Cesko, 1994). Mira kontaminace pud rizikovymi prvky je

hodnocena podle piekroceni jejich maximdalnich obsahti v lehkych a ostatnich ptadach



v extraktu luavkou kralovskou (tzv. pseudocelkovy obsah prvku) nebo roztokem HNO3
o koncentraci 2 mol.It. Pady silné kontaminované rizikovymi prvky nékolikanasobné
prevySuji stanovené legislativni limity. Mezi vyznamné piiklady silné kontaminace pud
v Ceské republice patii fluvizem v nivé feky Litavky v obci Trhové Dusniky (As, Cd, Pb a
Zn); (Boravka et al., 1996; Némecek et al., 2010) nebo luvizem z biehu potoka Beranka
v méstské casti Kutna Hora — Malin (As, Cd a Zn); (Kralova et al., 2010; Horak a Hejcman,
2013).

2.2 Mobilita prvki v padé

Celkové obsahy rizikovych prvkil jsou pouze meéfitkem miry kontaminace pud.
Nedovoluji ndm posoudit pohyb rizikovych prvkll v piadé (jejich mobilitu) ani redlné
nebezpeci vstupu do potravniho fetézce (jejich biodostupnost a toxicitu); (Rieuwerts, 2007;
Rao et al., 2008; Abollino et al., 2011). Rizikové prvky v pudé je mozné rozd¢lit do dvou
frakci — inertni (rezidudlni) a labilni (mobilni a potencialné mobilizovatelné formy prvki);
(Rachou a Sauvé, 2008). Mezi mobilni formy rizikovych prvkl v pidé¢ patii vodorozpustné a
iontové vymeénné frakce. Nicméné pouze maly podil rizikovych prvka v pidé se vyskytuje
v mobilnich formach okamzité¢ ptijatelnych pro rostliny (Lasat, 2002; He et al., 2005).
Potencialné mobilizovatelné formy rizikovych prvka (tj. zejména frakce prvkd vazané
na uhli¢itany, oxidy nebo na organickou hmotu); (Hen et al., 2005) jsou pro rostliny
nedostupné (Sheoran et al., 2011), avSak jejich pfistupnost mize byt ovlivnéna vybranymi
fyzikélnimi, chemickymi a biologickymi parametry pud (Adriano, 2001).

Rizikové prvky mohou byt klasifikovany podle své mobility v plidé na vysoce mobilni
— Cd, Co, Mn, Zn; stfedn¢ a méné mobilni — As, Be, Cu, Pb, V a nejméné¢ mobilni — Cr, Hg a
Ni (Podlesakova et al., 2001b; Némecek et al., 2002; Probst et al., 2003).

2.2.1 Metody extrakce prvkia v pidé

Metody chemické extrakce plidy (jednoduché a sekvencni) slouzi ke studiu mobility a
biodostupnosti prvkli, pomahaji definovat jednotlivé vazby (chemické formy) prvki v padé
(Némecek et al., 2010; Abollino et al., 2011).

Pomoci metod jednoduché (tzv. jednostupniové) extrakce mizeme stanovovat mobilni
a potencidlné¢ mobilizovatelné frakce prvkla v ptidé (Némecek et al., 2010; Abollino et al.,

2011). Bézné se pro jednoduchou extrakci pud pouzivaji:



— kyseliny (silné, napt. lucavka kralovska, HNOs, HCI; slabé, napt. kyselina octova;
princip ptisobeni — okyseleni)

— chelaty (napf. etylendiamintetraoctova kyselina — EDTA, dietylentriaminpentaoctova
kyselina — DTPA, princip uc¢inku — komplexace)

— pufrované soli (napt. octan amonny, pH = 7) a nepufrované soli (napi. CaClz, NH4NOs3,
princip pusobeni — iontova vyména)

(Sahuquillo et al., 2003; Meers et al., 2007; Kunhikrishnan et al., 2012).

Metody postupné extrakce (tzv. sekvencni analyzy) byly vyvinuty s cilem ptesnéji
definovat zastoupeni prvkl v jednotlivych frakcich pidy (Tlustos et al., 2005; Abollino et al.,
2011). Extrakce vétSinou zahrnuji tfi az sedm samostatnych krokt, jsou ¢asoveé narocné,
vyzaduji zkuSeny personal a odpovidajici instrumentalni analytickou techniku (Tlustos et al.,
2005; Bacon a Davidson, 2008; Rao et al., 2008). Zakladnim principem sekven¢nich analyz
je, ze kazdé dalsi pouzité extrakéni ¢inidlo v sekvenci musi byt siln€jsi nez ptedchozi (Bacon
a Davidson, 2008; Rao et al., 2008; Abollino et al., 2011). Mezi Casto vyuzivané metody
postupné extrakce jsou zarazovany metody podle Tessiera a od ného odvozené sekvencéni
extrakce BCR (,,Bureau Community of Reference®, zjednodusSend tiikrokova extrakce);
(Abollino et al.,, 2011). Frakce rizikovych prvki, které mlzeme v pide stanovit, jsou
vodorozpustné, iontové vyménné, vazané¢ na uhli¢itany, vazané na oxidy Mn a Fe
(redukovateln¢), vazané na organickou hmotu a sulfidy (oxidovateln¢) a pseudo-rezidualni
(napf. pomoci lucavky kralovské) nebo rezidudlni (pomoci smési kyselin HF/HCIOs,
nepiistupné pro rostliny ani mikroorganismy); (Tessier et al., 1979; Rao et al., 2008).

Rizikové prvky mohou mit riznou afinitu k jednotlivym slozkdm pudy (Szakova et al.,
2007; Yobouet et al., 2010). Zastoupeni rizikovych prvkl v jednotlivych chemickych forméach
se muze liSit podle miry kontaminace pid, pouzitych extrakénich c¢inidel, doby jejich
piisobeni nebo iontové sily &inidel (Tlusto$ et al., 2005). Rada rizikovych prvkii je z velké
Casti vazana v rezidualnich frakcich (napf. As, Cu nebo Zn). Z hlediska regulace mobility a
biodostupnosti hraji dtlezitou roli labilni formy rizikovych prvkd. Naptiklad pro Cd maji
vyznam frakce vazané na oxidy Mn a Fe, vyménné i organicky vazané. Pro Cu a Pb jsou
dilezité zejména frakce vazané na organickou hmotu a pro Zn piedev§im frakce véazané

na oxidy Mn a Fe (Tlustos et al., 2005; Székova et al., 2007; Yobouet et al., 2010).



2.3 Regulace mobility prvki v pidé

Pohyblivost prvka v ptidé mize byt ovlivnéna chemickymi i biologickymi procesy.
zatazujeme adsorpci/desorpci, srazeni/rozpousténi a komplexaci/chelataci (Kunhikrishnan et
al., 2012; Alloway, 2013; Bolan et al., 2014). Mobilitu prvka v padé mohou ovliviiovat i
biosorpce — vyznam pro ziviny N, P, S; oxida¢né-redukéni reakce — vyznam pro rizikové
prvky As, Cr, Cu, Fe, Hg, Mn, Pb nebo Se a ziviny N, S nebo metylace/demetylace — vyznam
pro rizikové prvky As, Hg nebo Se (Vanék et al., 2012; Alloway, 2013; Bolan et al., 2014).

Sorpci mizeme rozdélit na nespecifickou adsorpci (schopnost pidy zadrzovat ionty
prvkid na nabitém povrchu pliidnich koloidl pomoci elektrostatickych sil) nebo na specifickou
adsorpci (schopnost piidy zadrzovat ionty prvkl na nabitém povrchu plidnich koloidi pomoci
chemickych vazeb); (Bolan et al., 1999; Van¢k et al., 2012). Vyznamny vliv na sorpci prvki
V pidé mize mit pfitomnost iontd organickych a anorganickych ligandt (Kunhikrishnan et
al., 2012), pidni reakce (Violante et al., 2010), obsah organické hmoty (Lair et al., 2007),
KVK (Kwon et al., 2010) nebo obsah Fe a Mn oxidu (Brown a Parks, 2001; Karpukhin a
Ladonin, 2008). Bolan a Duraisamy (2003) zjistili, ze aplikace fosfore¢nych aditiv,
vapenatych hmot nebo organickych aditiv do kontaminovanych piid muze vést ke zvysSené
specifické adsorpci Cd.

Srazeni (precipitace) prevlada v alkalickych pidach s piitomnosti anionti SO42",CO3%,
OH" a HPO4* a s vysokou koncentraci rizikovych prvki (Hong et al., 2007; Bolan et al.,
2010). Nejcastéji studovanym procesem srazeni je imobilizace Pb pomoci fosfore¢nych aditiv
s naslednou tvorbou vysoce nerozpustného pyromorfitu (Cao et al., 2008; Fang et al., 2012).
Srézeni pomoci fosfore¢nanl nebo uhli¢itani miZe omezovat i mobilitu dalSich rizikovych
prvki Cd, Cu nebo Zn (McGowen et al., 2001; Bolan et al., 2014). Koprecipitace
(spolusrazeni) probiha zejména v pfitomnosti hydratovanych oxidi Fe, Mn, Al a ma vyznam
napf. pro rizikové prvky As, Cr, Ni nebo Pb (Bolan et al., 2014).

Pti komplexaci jsou prvky zadrzovany na plidnich koloidech pomoci komplexotvorné
reakce probihajici mezi ionty prvkil a ionty organickych/anorganickych ligandi (Bolan et al.,
2010). Organicka slozka pidy ma zna¢nou afinitu k rizikovym prvkiim diky pfitomnosti
organickych ligandd, se kterymi spolecné tvoti chelaty (Harter a Naidu, 1995). Se zvySujicim
se pH dochazi k disociaci organické hmoty a zvySuje se afinita funk¢nich skupin organickych
ligandt (karboxylovych, fenolovych, alkoholovych nebo karbonylovych) pro rizikové prvky
(Bolan et al., 2010).



2.3.1 Pidni aditiva

Aplikace pudnich aditiv neovliviiuje celkovy obsah prvki, ale jednoznacné reguluje
jejich labilni formy v pudé (Miretzky a Fernandez-Cirelli, 2008; Friesl-Hanl et al., 2009;
Bolan et al.,, 2014). Pudni aditiva mohou pisobit na mobilitu rizikovych prvka i Zivin.
Nevhodné zvolené aditivum nebo jeho aplika¢ni davka mlze omezit pfijem Zzivin, vyvolat
jejich deficienci a znemoznit tak péstovani rostlin na kontaminované lokalit¢ (Bolan a
Duraisamy, 2003).

Pidni aditiva mohou mobilizovat nebo imobilizovat mobilni a potencialné
mobilizovatelné formy prvkil v ptidé (Bolan et al., 2014; Gul et al., 2015). Pfi mobiliza¢nich
procesech (zakladni princip tzv. indukované fytoextrakce; Neugschwandtner et al., 2009;
Vamerali et al., 2010; Neugschwandtner et al., 2012) jsou rizikové prvky t¢inkem plidnich
aditiv presouvany z pevné do kapalné faze pldy, zvySuje se jejich biodostupnost a je mozné
rizikové prvky zapouziti rostlin zplidy odstranit (Bolan et al., 2014). Naopak
pfi imobiliza¢nich procesech (zakladni princip tzv. in-situ chemické imobilizace; Guo et al.,
2006; Kumpiene et al., 2008) jsou rizikové prvky ucinkem pidnich aditiv pfemistovany
Z kapalné do pevné faze pidy, sniZzuje se jejich dostupnost pro rostliny a omezuje se jejich

Sifeni do podzemnich vod (Bolan et al., 2010).

Obr. 1 Role pldnich aditiv v mobilizacnich a imobiliza¢nich procesech rizikovych prvka

Vv pidé (upraveno podle Bolana et al., 2010).
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Pidni aditiva je mozné rozdélit podle jejich plivodu na organickd (napi. hntj,

Cistirenské kaly) nebo anorganicka (napft. pfirodni zeolity, vapence, bentonity) nebo mizeme
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pouzit jejich kombinace. Pidnimi aditivy mohou byt tradi¢ni materidly nebo odpadni latky
(napt. masokostni moucky produkované v kafilériich, Zelezité kaly vznikajici pfi ¢iSténi pitné
vody nebo pii vyrob¢ hliniku; Guo et al., 2006; Gadepalle et al., 2007; Cascarosa et al., 2012).
Aplikace odpadnich latek je vyhodna predevSim z diivodu finan¢ni nenaro¢nosti, snadné

dostupnosti a omezeni tvorby odpadu jeho tcelnym vyuzitim (Gadepalle et al., 2007).

2.3.1.1 Mobiliza¢ni pudni aditiva

Mobiliza¢ni pladni aditiva je mozné rozdé¢lit na desorpcni Cinidla a komplexni
slouceniny/chelaty (Bolan et al.,, 2014). Funguji na principu rozpousténi, desorpce a
chelatace/komplexace (viz obr. 1; Bolan et al., 2010). Desorbenty (napt. fosfore¢na aditiva —
mobilizace As, Cr, Mo, Se; n¢ktera organickd hnojiva — As, Cu, Se) soutézi s rizikovymi
prvky o sorp¢ni mista na ptudnich koloidech (Bolan et al., 2014). Piivodné sorbovany rizikovy
prvek je pridavkem c¢inidla desorbovan, uvolni se do ptidniho roztoku a zvysi se jeho
pristupnost rostlinam (Bolan et al., 2014). Chelaty podporuji tvorbu rozpustnych chelatovych
komplext s rizikovymi prvky. Existuji chelaty syntetické (napt. EDTA, DTPA; Bolan et al.,
2010) a ptirodni (napf. kyselina citrénova, elementarni sira; Igbal et al., 2012; Smolinska a
Krol, 2012; Bolan et al., 2014). Syntetické chelaty mohou mobilizovat rizikové prvky Cd, Cu,
Fe, Mn, Pb nebo Zn (Komarek et al., 2007; Neugschwandtner et al., 2012; Bolan et al., 2014)
i ziviny N, P, K, Ca a Mg (Neugschwandtner et al., 2009; Zhao et al., 2011). Nékteré
syntetické chelaty (napf. EDTA) nejsou biodegradovatelné a mohou tak piedstavovat
sekundarni znecisténi prostiedi (Zhuang et al., 2007; Zhao et al., 2011). Pouzivani ptirodnich
chelatdi je naopak slibné opatieni pro indukované fytoextrakce diky jejich snadné biologické
odbouratelnosti v ptidé (Smolinska a Krol, 2012). V soucasné dobé se Casto testuji lehce
odbouratelna chelatacni ¢inidla (EDDS — etylendiamin disukcinat, NTA — nitrilotriacetat nebo
nizkomolekuldrni organické kyseliny — citrébnova, fumarova, jantarova octova a Stavelova);

(Vamerali et al., 2010).

2.3.1.2 Imobiliza¢ni pidni aditiva

Imobiliza¢ni piidni aditiva piisobi na principu adsorpce, komplexace a srdZeni (viz obr.
1; Bolan et al., 2010). Fosfore¢na aditiva, vapenaté hmoty, aditiva na bazi amorftnich oxida
zeleza, hliniku nebo manganu nebo biouhel (aktivni uhli) patfi mezi Casto pouzivana
imobiliza¢ni ptdni aditiva (Bolan et al., 2014).

Prace bude vice zaméfena na in-situ imobilizacni techniku a imobiliza¢ni pidni

aditiva.



2.4 In-situ chemicka imobilizace

In-situ chemicka stabilizace (imobilizace rizikovych prvka v pad¢) patii mezi
tzv. ,,mekké* remediace, které jsou vhodné pro piidy kontaminované rizikovymi prvky. Cilem
chemické stabilizace je eliminovat negativni puasobeni rizikovych prvka pii zachovani
zékladnich funkci ptid (Némecek et al., 2010; Trakal et al., 2011). Chemicka stabilizace
vyuzivd imobilizacni pidni aditiva pro sniZzeni mobility rizikovych prvki a jejich
biodostupnosti na principu adsorpce, komplexace a srazeni (Kumpiene et al., 2008;
Hashimoto et al., 2009; Koptsik, 2014). Zvolené¢ materialy musi byt chemicky, fyzikalné a
biologicky nezavadné. U pouzitych pudnich aditiv by méla byt vyhodnocena i mozna rizika
plynouci z jejich aplikace na kontaminovanou ptudu (Vacha et al., 2002b; Basta a McGowen,
2004; Alkorta et al., 2010).

Mezi prednosti in-situ imobiliza¢nich technik patii pfedevS§im jednoduchy zpusob
aplikace, finan¢ni nenaro¢nost, nizky dopad na Zivotni prostfedi, omezeni tvorby odpadu nebo
ucinnost na Siroké spektrum rizikovych prvki (Wuana a Okieimen, 2011; Mignardi et al.,
2012). Naopak nevyhodou in-situ imobiliza¢nich technik je jejich efektivita zejména
Vv povrchové vrstvé piidy nebo docasnost opatieni. Po delSi dobé muze dojit ke snizeni
ucinnosti aplikace pudnich aditiv a k opétovné mobilizaci rizikovych prvkl. Z tohoto diuvodu

je nezbytné trvale monitorovat kontaminované lokality oSetfené imobilizaénimi pidnimi

aditivy (Lee et al., 2004; Wuana a Okieimen, 2011).

2.4.1 Vapenaté hmoty

Vapneéni je vyznamné opatieni pro neutralizaci pidni kyselosti na extrémné kyselych
ptdach vedouci k redukci toxicity iontd AI**, Mn?* a H* (Bolan et al., 2003; Brown et al.,
2008; Farhoodi a Coventry, 2008). Vapnéni je i vyznamnym zdrojem Ca popf. i Mg
pro rostliny (Mayfield et al., 2004). Aplikaci vépenatych hmot do silné kyselych pud
omezujeme toxicitu AIPP*, tim mtzeme podpofit riist kofenového systému rostlin i zvysit
vynosy plodin az o070 % (Farhoodi a Coventry, 2008). K vapnéni pud jsou pouzivany
materidly na bazi oxidl a hydroxidi (péalené vépno, hasené vapno), uhli¢itanii (vapenec,
dolomiticky vapenec, dolomit nebo saturacni kaly produkované pii vyrobé cukru) nebo
na bazi kiemicitanti (strusky produkované pii vyrobé Zeleza a oceli); (Bolan et al., 2010;
Kirchmann a Eskilsson, 2010; Vanék et al., 2012). Uvadéné materidly se li$i ve schopnostech

neutralizovat ptidni kyselost (Bolan et al., 2003).



Vapnéni je jednou z nejpouzivanéj$ich in-situ chemickych stabiliza¢nich technik
regulujici mobilitu rizikovych prvki v kontaminovanych pidach (Bolan et al., 2003; Lee et
al., 2004; Kumpiene et al., 2008). Mezi prvky vysoce zavislé na pudni reakci se fadi Be, Cd,
Co, Mn, Ni a Zn (Podlesakova et al., 2001a). Aplikaci vapenatych hmot se zvySuje pH putdy,
dochazi ke zvySené adsorpci rizikovych prvkii na pidni koloidy a k naslednému snizeni
mobility a biologické dostupnosti vétSiny rizikovych prvki (Puschenreiter et al., 2005;
Rieuwerts, 2007; Trakal et al., 2011).

Z vapenatych hmot je pro imobilizaci rizikovych prvki nejuéinngjsi aplikace paleného
vapna. Vazba Ca v oxidové form¢ zpusobuje jeho okamzitou rozpustnost a reaktivitu (Bolan
et al., 2003; Székova et al., 2007; Alkorta et al., 2010). Aplikaci dolomitu imobilizujeme
rizikové prvky jejich zvySenou adsorpci na povrch dolomitu (Bolan a Duraisamy, 2003).

Nevyhodou vapnéni je jeho snizend ucinnost po delsi dobé od aplikace. Efektivitu
vapenatych hmot je nezbytné udrzovat jejich opakovanou aplikaci (Friesl et al., 2003; Lee et
al., 2004). Aplikaci vapenatych hmot mizeme vSak do ptd vnaset i rizikové prvky napt. Cd
(Nagajyoti et al., 2010). Pti vapnéni je nutné mit na paméti i to, Ze mize zvySovat mobilitu
rizikovych prvki As, Cr, Cu, Se nebo V v pudach (Adriano, 2001; Podlesakova et al., 2001a).
Aplikaci vapenatych hmot je mozné mobilizovat i Ziviny napt. Mo (Fageria et al., 2002) nebo

N (Ridley et al., 1990).

2.4.1.1 Imobilizace rizikovych prvki a Zivin

Z tady experimentii vyplyva, Ze vapnéni je ucinné imobiliza¢ni opatieni pro plidy
kontaminované Cd, Cu, Ni, Pb a Zn (Vacha et al., 2002b; Garcia et al., 2004; Trakal et al.,
2011). Podlesakova et al. (2001a) uvadeji, ze aplikaci vapenatych hmot miizeme snizovat
mobilitu Be, Cd, Co, Mn, Ni a Zn 0 60 az 80 %. Mobilitu Pb omezujeme zvySenim pH méné,
pouze o 6 az 20 % (Podlesakova et al., 2001a).

Pomoci vapnéni ale mizeme snizit mobilitu i biodostupnost mikroprvku jako B, Cu,
Fe, Mn nebo Zn na nekontaminovanych pudach (Lucerna, 2000; Fageria et al., 2002; He et
al., 2005; Ma a Ling, 2009). Nasledn¢ mtze dojit i k omezeni vynosu plodin. Kirchmann a
Eskilsson (2010) popsali snizené vynosy zrna u obilovin po aplikaci vapenatych hmot
do nekontaminovanych pisc¢itych pid pravé z divodu omezeného piijmu mikroprvkl (napf.
Cu a Mn) a jejich translokace do zrna obilovin. Na kyselych ptudach kontaminovanych Cd, Pb
a Zn aplikace vapenatych hmot naopak zvySuje vynosy zrna jarni pSenice (o 28 % po aplikaci
dolomitického vapence a 053 % po aplikaci paleného vapna); (Tlusto§ et al., 2006c),

produkci nadzemni biomasy vrb (az o 80 % po druhém vegetacnim obdobi) i biomasy kotenil
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vrb (Trakal et al., 2011) diky snizené fytotoxicité rizikovych prvkl. Vapnéni je opatieni,
obsahy v nadzemni biomase nebo omezit obsahy Cd a Pb v kofenech a v nadzemni biomase

jarni pSenice (Tlustos et al., 2006c¢).

2.4.2 Fosfore¢na aditiva

Prirodni fosfaty patii mezi vyznamné zdroje fosforu (Dissanayake a Chandrajith,
2009). Fosfaty (obecny vzorec Cas(PO4)sX, kde X=F, CI, OH’, COs%) je mozné rozdélit
na apatity magmatického ptuvodu (15-20 % svétovych zéasob fosfatl) a fosfority
sedimentarniho pivodu (75 % svétovych zasob fosfatl). V mensi mife (1-2 %) jsou zdrojem
fosforu i fosfority biogenniho piivodu (Dissanayake a Chandrajith, 2009; Gupta et al., 2014).
S ptivodem fosfatl souvisi pfitomnost rizikovych prvki zejména Cd, ale také As, Cr, Cu, Ni,
Hg, Pb, V nebo Zn. Apatity z Ruska z poloostrova Kola jsou téméf bez piimési rizikovych
prvkl, naopak fosfority z Maroka a dal$ich statd severni Afriky nebo z USA mohou
obsahovat vys§§i obsahy rizikovych prvki (Ramadan a Al-Ashkar, 2007; Nagajyoti et al.,
2010; Chaney, 2012).

Fosfore¢na aditiva rozliSujeme podle miry rozpustnosti P na vysoce rozpustna (napf.
kyselina fosforecnd, dihydrogenfosforecnan draselny nebo fosfore€nany sodné), stfedné
rozpustna (napf. jednoduchy, dvojity nebo trojity superfosfat), malo rozpustnd (napfi. kostni a
masokostni moucky) a nejméné rozpustna (napt. synteticky hydroxyapatit nebo mlety fosfat);
(Hodson et al., 2000; Chrysochoou et al., 2007; Sneddon et al., 2008). Rozeznavame i
klasicka (napt. superfosfaty) a alternativni fosfore¢na aditiva (odpadni materidly, jako napft.
kostni a masokostni moucky); (Chrysochoou et al., 2007; Miretzky a Fernandez-Cirelli,
2008).

Aplikace fosfore¢nych aditiv do kontaminovanych ptid muze pfinaset fadu pozitiv
(napf. zdroj P pro rostliny, recyklace odpadnich materialti, imobilizace vybranych rizikovych
prvki). Potfebné je ale jejich aplikaci monitorovat z divodu moZného negativniho dopadu
napf. zvySené riziko vyplavovani P a nasledna eutrofizace povrchovych vod (Park et al.,
2011; Hafsteinsdottir et al., 2015), nebo mobilizace As, Sh, Se a W (Chrysochoou et al., 2007,
Cui et al., 2010; Munksgaard a Lottermoser, 2011).

2.4.2.1 Imobilizace rizikovych prvku a Zivin
Imobilizace rizikovych prvkd pomoci fosforecnych aditiv je remedia¢ni metoda

ohleduplna K zivotnimu prostiedi (Ma et al., 1993; Cao et al., 2009; Yan et al., 2015).
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Fosfore¢na aditiva pfidand do kontaminovanych pid reaguji s mobilnimi a biodostupnymi
podily rizikovych prvkd a pfeménuji je na stabilni, méné rozpustné formy téchto prvkia
(Vangronsveld et al., 2009; Xenidis et al., 2010; Mignardi et al., 2012). Aplikaci fosfore¢nych
aditiv je mozné rizikové prvky v pud¢ imobilizovat riznymi procesy — iontovou vymeénou,
tvorbou nerozpustnych komplexii na povrchu fosfat, rozpousténim ptvodnich fosfati a
naslednou tvorbou fosfore¢nych srazenin s rizikovymi prvky nebo zadménou Ca ve fosfatu
rizikovymi prvky pii spolusrazeni (Ma et al., 1994; Hafsteinsdottir et al., 2015). Fosforecnany
vetsiny rizikovych prvka (Cd, Cu, Ni, Pb a Zn) se vyznacuji mimoiadné nizkou rozpustnosti a
jsou stabilni v Sirokém rozsahu podminek prostiedi (pH, redox potencial); (Sneddon et al.,
2006). V mnoha studiich se aplikace fosfore¢nych aditiv ukazala jako velmi Gispé$na zejména
pro imobilizaci Pb diky tvorbé vysoce nerozpustného pyromorfitu (Munksgaard a
Lottermoser, 2011; Fang et al., 2012; Park et al., 2012). Pyromorfity jsou fosfaty olova
s chlorem, fluorem, bromem nebo s hydroxylovou skupinou (obecny vzorec Pbs(POs)s3X),
které se ve struktufe pyromorfitt mohou vzajemné zastupovat (Chrysochoou et al., 2007;
Miretzky a Fernandez-Cirelli, 2008). Fosfore¢na aditiva mohou ptsobit imobiliza¢né i na jiné
rizikové prvky napt. Cd, Cu a Zn, které se Casto vyskytuji v pidach spolecné s Pb (Spuller et
al., 2007; Baker et al., 2012; Yan et al., 2015). Nicmén¢ imobilizace dal$ich rizikovych prvki
Cd, Cu nebo Zn pomoci riznych druhii fosforeénych aditiv v pidich kontaminovanych
nékolika rizikovymi prvky soucasné byla studovana v mens$im rozsahu (Baker et al., 2012;
Munksgaard a Lottermoser, 2013; Yan et al., 2015). Uspé&snost imobilizace rizikovych prvki
fosfore¢nymi aditivy miiZze byt ovlivnéna piidni reakci (Laperche et al., 1996; Zhang a Ryan,
1998). V kyselych pudach (pH~5) dochazi ke zvySenému uvolhovani rizikovych prvki
z minerald, zlepSuje se 1 rozpustnost fosfati. Naopak pii ptidni reakci vyssi nez pH=6 se jejich
rozpustnost snizuje (Chrysochoou et al., 2007; Miretzky a Fernandez-Cirelli, 2008; Mignardi
et al., 2012). Zhang a Ryan (1998, 1999) popsali, ze pfeména mineralti olova, napt. galenitu
(PbS), cerusitu (PbCOs3) a anglesitu (PbSO4) v pyromorfity [(Pbs(PO4)3Cl; (Pbs(PO4)sOH]
nastava v rozmezi pH 4 az 5. Aplikace fosforecnych aditiv s pomalu uvolnitelnym P zvySuje
pudni reakci (Cui et al., 2010) a snizuje potencialni riziko eutrofizace (Chrysochoou et al.,
2007; Mignardi et al., 2012). Ptidavek syntetického hydroxyapatitu a mlet¢ho fosfatu
vyznamné snizuje vodorozpustné formy Cd, Cu, Pb a Zn (pokles o 84-99 %); (Mignardi et al.,
2012). Imobiliza¢ni ucinnost syntetického hydroxyapatitu byla vyssi v porovnani s mletym
fosfatem (Islam et al., 2010; Mignardi et al., 2012). Aplikace fosfore¢nych aditiv s rychle

uvolnitelnym fosforem mohou snizovat pidni reakci (Chrysochoou et al., 2007; Cui et al.,
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2010) a tim piispét k G¢inné imobilizaci Pb v pud¢, avSak zvySuje se riziko eutrofizace
povrchovych vod (Cao et al., 2002; Basta a McGowen, 2004; Park et al., 2011).

Alternativni formy fosfore¢nych aditiv jsou levnymi a snadno dostupnymi materialy se
snizenym rizikem eutrofizace povrchovych vod (Deydier et al., 2005; Chrysochoou et al.,
2007; Miretzky a Fernandez-Cirelli, 2008). Masokostni moucky mohou imobilizovat Cd a Pb
(Deydier et al., 2003; 2007; Coutand et al., 2009). V kyselém prostfedi masokostni moucky
pfevazné imobilizuji Pb do nerozpustného pyromorfitu (Pbio(PO4)s(OH)2), Vv alkalickém
prostiedi naopak do vice rozpustného dihydratu uhli¢itanu olovnatého (PbCO3z - 2H20;
Deydier et al., 2007). Masokostni mou¢ky mohou byt pouzity surové nebo ve formé¢ popela
(Countand et al., 2008; 2009). Surova masokostni moucka je Casto zafazovana do Kategorie
nebezpeénych odpadid (zejména kvili pfitomnosti Sb a Zn), proto je nezbytné provést
stabilizacni oSetfeni (Countand et al., 2008). Masokostni moucky ve formé popela se zatazuji
do neaktivnich odpadii (Countand et al., 2008). Kostni moucky mohou imobilizovat Cu

(Hodson et al., 2000), Pb i As (Sneddon et al., 2006; 2008).

2.4.3 Slouceniny na bazi Zeleza

I aplikaci zelezitych sorbenti miizeme vyznamné imobilizovat rizikové prvky
v kontaminovanych pidach (Bertocchi et al., 2006; Anton et al., 2012). Materialy bohaté na
Fe je mozné rozdélit podle zdroje Fe na oxidy Fe (napf. goethit, hematit, lepidokrokit,
ferihydrit), sirany Fe (siran Zeleznaty, siran Zelezity), elementarni Fe, odpadni latky bohaté na
Fe (napft. Zelezité kaly z Cistiren odpadnich vod nebo z vyroby hliniku) nebo jejich kombinace
(Mireztky a Fernandez-Cirelli, 2010; Komarek et al., 2013).

Cerveny kal (tzv. ,red mud®, Zelezity odpad z vyroby hliniku) je vysoce alkalicky
material obsahujici oxidy Fe (25-40 %) a Al (15-20 %); (Gray et al., 2006; Snars a Gilkes,
2009). Alkalita (pH>11) ¢erveného kalu musi byt pted jeho pouzitim do kontaminovanych
pud neutralizovdna (napi. sadrou, zelenou skalici, motskou vodou); (Brunori et al., 2005;
Gadepalle et al., 2007). Divodem je omezeni mozné oxidace organické hmoty v pidé vlivem
siln¢ alkalického pH a nasledné tvorby rozpustnych komplexti rizikovych prvkl

s organickymi latkami (Gadepalle et al., 2007).

2.4.3.1 Imobilizace rizikovych prvku a Zivin
Cerveny kal u¢inné omezuje mobilitu rizikovych prvki (As, Cd, Co, Cu, Ni, Mn, Pb,
Zn) v kontaminovanych pidéach. Aplikaci cCerveného kalu muizeme rizikové prvky

imobilizovat na principu srazeni (dtivod — alkalita ¢erveného kalu) nebo adsorpce na povrch
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oxidi a hydroxidi Fe a Al (Gray et al., 2006; Gadepalle et al., 2007; Garau et al., 2011).
Friesl et al. (2006) popisuji, ze po 15 mésicich od aplikace cerveného kalu byla snizena
mobilita Cd (0 42 %), Ni (0 50 %) a Zn (0 63 %) v pud¢ siln¢ kontaminované rizikovymi
prvky.

Rada studii, zejména ze zapadni Australie, prokazala, Ze aplikaci Eerveného kalu je
mozné omezovat mobilitu P v pid¢é a snizovat jeho pfijem pro rostliny (Summers et al.,
1996). Aplikaci aditiv na bazi amorfnich oxidi Zzeleza muzeme sniZovat koncentraci
rizikovych prvki, ale soucasné imobilizovat makroprvky (napi. Ca, Mg, P). Z tohoto diivodu
je potfebna dalsi uprava pady, aby se zabranilo nezadoucimu omezeni dostupnych zivin

po aplikaci materiali bohatych na Fe (Bleeker et al., 2002).

2.4.4 Chemofytostabilizace

Chemofytostabilizace je povazovana za slibné, do¢asné remedia¢ni opatfeni pro piady
siln¢ kontaminované rizikovymi prvky (Alkorta et al., 2010). Pii této metod¢ se nejprve
do kontaminované pudy aplikuji aditiva, kterd omezuji mobilitu rizikovych prvki v pidé a
snizuji tak jejich pfistupnost pro rostliny (Kumpiene et al., 2008; Alkorta et al., 2010;
Grobelak a Napora, 2015). Nasledné je mozné na stabilizovanou lokalitu vysazet rostliny
tolerantni k rizikovym prvkim (Alkorta et al., 2010) a vyuzit lokalitu i esteticky a
hospodaisky (Tlustos et al., 2007; Friesl-Hanl et al., 2009).

2.5 Péstovani rostlin na kontaminovanych ptadach

Rostliny v zavislosti na rostlinném druhu nebo genotypu mohou na pfitomnost
rizikovych prvkl v pudé reagovat riznymi zpisoby (pfirozena citlivost nebo tolerance);
(Tlustos$ et al., 2006b). Nicméné¢ vysoké obsahy rizikovych prvka v pid€ jsou pro vétSinu
pudnich mikroorganismi a rostlin toxické, vedou ke Spatnému a nepravidelnému vyvoji
vegetace nebo dokonce kjejimu uplnému vymizeni (Nagajyoti et al., 2010; Solanki a
Dhankhar, 2011; Leitenmaier a Kiiper, 2013). Z diivodu nedostate¢ného vegetacniho pokryvu
muZe vétrnou nebo vodni erozi dochéazet k Sifeni rizikovych prvkli do okolniho prostiedi
(Bolan et al., 2014; Grobelak a Napora, 2015), ale mize dochazet i kK vymyvani rizikovych
prvkit z padniho profilu (Vanék et al., 2005). Nezbytné je rizikové prvky v puade
pfinejmensim stabilizovat a omezit mozna rizika, kterd jsou s nimi spojena (Vacha et al.,

2002b; Puschenreiter et al., 2005; Tlustos et al., 2006a).
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Existuji rostliny (tzv. metalofyty), které se na kontaminovanych ptdach vyskytuji
pfirozené. Tyto rostliny jsou na piidy kontaminované rizikovymi prvky adaptované (maji
vyvinuté obranné mechanismy) a na kontaminovanych pudach prosperuji (Baker, 1981;
Sheoran et al., 2011). Rostliny je mozné podle obsahu rizikovych prvka v rostlinnych
pletivech rozd¢lit na rostliny s nizkou akumulaci rizikovych prvka (exkludacni), s béznou
akumulaci rizikovych prvka (indikacni) a s vysokou akumulaci rizikovych prvki
(akumula¢ni); (Baker, 1981). Exkludaéni rostliny (jednod€lozné travy — sudanska trava,
kostrava; Tlustos et al., 2006b) udrzuji rizikové prvky v kofenech a do nadzemnich organt je
témef netransportuji (Seregin a Kozhevnikova, 2008; Sheoran et al., 2011; Malik a Biswas,
2012). Exkludory mohou byt vhodné pro fytostabilizace (Lasat, 2002; Barcelo a
Poschenrieder, 2003; Yoon et al., 2006). Indika¢ni rostliny (vétSina zemédé€lskych plodin,
napt. kukufice, oves nebo pSenice; Tlustos et al., 2006b) ve svych nadzemnich organech
odrazeji koncentrace rizikovych prvka v ptudé (Alkorta et al., 2004; Sheoran et al., 2011) a
jsou idealni pro piimou nebo neptimou bioindikaci (Grant, 1999; Leitenmaier a Kiipper,
2013). Akumulaéni rostliny (vhodné pro fytoextrakce; Yoon et al., 2006) obsahuji ve svych
nadzemnich organech rizikové prvky ve vysSich koncentracich nez v piidé€, ve které rostou
(Baker, 1981; Alkorta et al., 2004; Memon a Schroder, 2009). Hyperakumulac¢ni rostliny
(extrémni pfipad akumulaénich rostlin; Pollard et al., 2002) se vyznacuji tim, Ze obsahuji
v nadzemni biomase vice nez 10 000 mg Fe (Mn, Zn).kg? susiny, > 3000 mg Al.kg? susiny,
> 1000 mg As (Cr, Cu, Ni, Pb).kg? susiny a vice nez 100 mg Cd.kg™ susiny (Baker a Brooks,
1989; Jedynak et al., 2009; Huang et al., 2009; Lorestani et al., 2011). Seznam vybranych
hyperakumulaénich rostlin pro rizikové prvky je uveden v fad¢ studii (Baker, 1981; Malik a
Biswas, 2012; Ali et al., 2013).

Piijem rizikovych prvkil rostlinami je vyznamné ovlivnén celkovym obsahem
rizikového prvku v ptd¢, jeho mobilitou a biodostupnosti. Na piijem prvkt mutize pisobit cela
fada plidnich parametri — napt. pidni reakce, redox potencial, teplota pudy, KVK, kvalita a
kvantita organickych latek, pfitomnost dal$ich prvkl v rhizosféte, hnojeni, rostlinny druh,
konkurence mezi rostlinnymi druhy nebo kofenovy systém (Singh et al., 2003; Nagajyoti et
al., 2010; Sheoran et al., 2011). Piijem a transport rizikovych prvki rostlinami je hodnocen
pomoci bioakumula¢niho faktoru (BF; pomér celkového obsahu prvku v nadzemnich
orgéanech k celkovému nebo pseudocelkovému obsahu prvku v piid¢€) a transloka¢niho faktoru
(TF; pomér celkového obsahu prvku v listech k celkovému obsahu prvku v kotfenech).

Pro rostliny akumulujici rizikové prvky jsou charakteristické hodnoty BF a TF vétsi nez 1,
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indikac¢ni rostliny maji hodnoty faktorti rovné 1. Pro exkludacni rostliny jsou typické hodnoty

BF a TF mensi nez 1 (Baker, 1981).

2.5.1 Mechanismy prijmu prvki rostlinami

Rostliny pfijimaji prvky ve form¢ iontl (kationtli nebo aniontll) primdrné kotfeny
Z ptdniho roztoku (Van¢k et al., 2012; Ali et al., 2013; Alloway, 2013). Ptijem rizikovych
prvkl zavisi zejména na jejich biodostupnosti pro rostliny (Jabeen et al., 2009). Rizikové
prvky je mozné rozdélit na okamzit¢ biodostupné (As, Cd, Cu, Ni, Se a Zn), stfedné
biodostupné (Co, Fe a Mn) a malo biodostupné (Cr, Pb a U); (Prasad, 2003). Rada autort
(Jabeen et al., 2009; Vangk et al., 2012; Alloway, 2013) ¢leni piijem prvka kofeny rostlin
na ptisun prvka do bezprostifedni blizkosti kotent (tzv. rhizosféry), vstup prvka do kotenil a
transport prvkil v rostliné. K piirozené mobilizaci prvki mitize dochazet prostiednictvim
kofenové exsudace (sekrece) nebo pomoci padnich mikroorganismi (tj. bakterii a
mykorhiznich hub); (Jabeen et al., 2009). Piisun prvka do rhizosféry mtize byt zvysen sekreci
protonti (H" ionth), organickych kyselin (napf. kyseliny jable¢nd, malonova, octova nebo
Stavelova), chelata¢nich €inidel (napt. fytosiderofory — kyseliny mugineova a avenova) nebo
enzymi (Salt et al., 1995; Sheoran et al., 2011; Vangk et al., 2012). Po vstupu prvki
do kofene jsou jejich ionty dale transportovany apoplastem nebo symplastem (Jabeen et al.,
2009; Vangk et al., 2012). Cast iontd prvkii miize byt imobilizovana v bun&nych sténach
kotene (Sheoran et al., 2011). Apoplastickd cesta je snadno propustnd pro ionty prvki
od rhizodermis az po endodermis, pohyb iontd prvku se déje prosttednictvim hmotového toku
nebo difuze (pasivni déje) bez nutnosti prekracovat plazmatickou membranu (Jabeen et al.,
2009; Vangk et al., 2012). U endodermis je ale apoplasticka cesta pierusena tzv. Caspariho
prouzky a ionty prvkid musi pfekrocit plazmatickou membranu a dale pokra¢ovat symplastem
(Sheoran et al., 2011; Vangk et al., 2012). VétSina iontl prvki je od svého vstupu do kotene
transportovana symplastem. Do bunék se ionty dostavaji ptes plazmatickou membranu
pomoci specifickych ptfenasecii nebo kanalka (aktivni d¢je); (Gaymard, 1998; Vanck et al.,
2012). Symplastickou cestou se ionty prvkd postupné dostavaji pres epidermis, kortex,
endodermis a pericykl az do xylému (Jabeen et al., 2009; Sheoran et al., 2011; Vangk et al.,
2012). Xylémem jsou prvky nasledné transportovany do nadzemnich ¢4sti rostlin (Jabeen et

al., 2009; Vanék et al., 2012).
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2.5.2 Mechanismy tolerance rostlin

Tolerance rostlin je projevem interakce genotypu rostliny a prostiedi a mize byt
definovana jako schopnost rostlin ptezit na ptidach kontaminovanych rizikovymi prvky, které
jsou pro jiné rostliny toxické (Macnair et al., 2000; Hall, 2002). Rostliny pivodem
z kontaminovanych oblasti jsou ve vétsin¢ pripadi mnohem tolerantnéj§i vuci rizikovym
prvkiim nez rostliny ptivodem z nekontaminovanych oblasti (He et al., 2002). Tolerantni
rostliny maji vyvinuté obranné¢ mechanismy (fyziologické a biochemické), které jim pomahaji
snaset vysoké koncentrace rizikovych prvkt v padé (Hall, 2002; Rascio a Navari-1zzo, 2011,
Revathi a Venugopal, 2013). Obranné strategie rostlin mizeme rozd¢lit na vnéjsi (kofenova
exsudace, event. i mykorhiza), probihajici v rhizosféfe a vnitini (vazba rizikového prvku
do bunééné stény kotent, snizeny transport rizikového prvku ptes plazmatickou membranu,
detoxikace rizikového prvku v buiice jeho chelataci pomoci riznych ligandii nebo uloZeni
rizikového prvku do vakuoly pomoci tonoplastovych transportérii), probihajici v rostling
(Hall, 2002; Hossain et al., 2012).

VétSina rostlin se snazi omezit piijem rizikovych prvki jiz v rhizosfére (Hall, 2002;
Yang et al., 2005; Hossain et al., 2012). Pomoci kotfenové exsudace mohou byt rizikové prvky
inaktivovany sraZenim nebo vné¢js$i komplexaci — chelataci (Hossain et al., 2012; Sytar et al.,
2013). V bezprostiedni blizkosti kofentit mohou byt rizikové prvky srazeny zvysenim pudni
reakce (Degenhardt et al., 1998; Hossain et al., 2012) nebo sekreci fosfore¢nanii (Pellet et al.,
1996; Hossain et al., 2012). Exsudace aniontii organickych kyselin také vné&jsi chelataci
vyznamné omezuje piijem rizikovych prvkid pro rostliny (Sytar et al.,, 2013). Pinto et al.
(2008) popisuji omezeny piijem Cd sekreci aniontd organickych kyselin u vybranych
zemé&délskych plodin (Cirok — jable¢nany, kukufice — citraty). V fad€ studii bylo potvrzeno, Ze
exsudace aniontii organickych kyselin omezuje pfijem Al pro rostliny (napf. U pSenice —
jable¢nany, Delhaize et al., 1993; u pohanky nebo u Stoviku mensiho — $tavelany, Zheng et
al., 1998; Schéttelndreier et al., 2001).

Mykorhiza (napt. ektomykorhiza nebo arbuskuldrni mykorhiza) mize také hrat
dilezitou roli pfi vnéjsi obrané rostlin proti rizikovym prvkim. Ektomykorhiza brani vstupu
rizikovym prvkim do hostitelské rostliny pomoci vnéjSich mechanismil (napt. absorpce prvkl
povrchem hyf nebo vnéjSim myceliem, chelatace prvkii pomoci exsudatii hub), arbuskularni
mykorhiza omezuje toxicitu pro hostitelskou rostlinu pomoci vnitinich mechanismt
(Jentschke a Golbold, 2000; Hall, 2002).

Vazba rizikovych prvkii do bunééné stény kofenid nebo jejich omezeny piijem

iontovymi kandlky v plazmatické membrané jsou dal$i obranné mechanismy rostlin (Hall,
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2002; Sheoran et al., 2011; Hossain et al., 2012). V bunééné sténé kofenlt mohou byt rizikové
prvky vazany na zdporné naboje karboxylovych skupin polygalakturonovych kyselin, které
jsou soucasti pektinti (Ernst et al., 1992) nebo na hystidylové skupiny (popsano pro Cd
u fazolu obecného; Leita et al., 1991). Transport rizikovych prvki do nadzemnich organa a
jejich nasledna deaktivace je popisovana ptfedevs§im u (hyper)akumula¢nich rostlin (Hall,
2002). Rizikové prvky mohou byt transportovany do nadzemnich organt v komplexu
s chelaty (napf. s citraty, s fytochelatiny nebo s metalothioneiny); (Salt et al., 1995; Sheoran et
al., 2011; Revathi a Venugopal, 2013). Existuje i nékolik tiid proteint (transportérur), které se
podili na transportu rizikovych prvki rostlinou (napf. Nramp — ,,natural resistence associated
macrophage protein“, CDF — ,cation diffusion facilitator, CPx-type ATPases — ,heavy
metal-transporting ATPases®, ZIP — ,,zinc-regulated transporter, iron-regulated transporter
protein); (Guerinot, 2000; Williams et al., 2000). Rizikové prvky mohou byt v nadzemni
biomase rostlin detoxikovany jejich chelataci s ligandy (napt. s aminokyselinami — histidin;
s anionty organickych kyselin — citraty, jableCnany nebo s peptidy — fytochelatiny a
metallothioneiny) s vysokou afinitou v cytosolu (Rauser, 1999; Clements, 2001; Hall, 2002;
Yang et al., 2005). Pomoci fytochelatini mohou byt G¢inn€ detoxikovany Cd nebo As,
metallothioneny nebo histidin mohou potlacit toxicitu Cd, Cu, Hg, Ni nebo Zn (Cobbett a
Goldsbroungh, 2002; Jabeen et al., 2009). V nadzemnich organech mohou byt rizikové prvky
inaktivovany také jejich zabudovanim do bunécné stény nebo do vakuoly, kde imobilizovany
rizikovy prvek jiz nemiZze poskodit Zivotné diileZité procesy v rostlinné bunice (Assuncao et

al., 2003; Yang et al., 2005; Sheoran et al., 2011).

2.5.3 Rostliny tolerantni k rizikovym prvkiim

Existuje cela fada tolerantnich rostlin k rizikovym prvkim (viz kapitola 2.5).
Pro experimentalni c¢ast byly zdidvodu mezindrodni vyuzitelnosti vybrany celosvétove
rozSitené druhy Sirokolistych Stovikli a rychle rostoucich dievin. Rychle rostouci dieviny

byly zvoleny i z divodu potencialniho vyuziti pro hospodaiské ucely.

2.5.3.1 Sirokolisté §toviky

Stovik tupolisty (Rumex obtusifolius L.) i $tovik kadefavy (Rumex crispus L.), patfici
do Celedi rdesnovité (Polygonaceae), jsou povazovany za vyznamné celosvétové rozsitené
plevele zejména travnich porostt a ornych pud (Stilmant et al., 2010; Hrdlickova et al., 2011).
Ceska republika neni v tomto ohledu vyjimkou (Mikulka a Kneifelova-Koréakova, 2006;
Jursik et al., 2008; Hujerova et al., 2013). Stovik alpsky (Rumex alpinus L.) a $tovik
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dlouholisty (Rumex longifolius DC.) $kodi na nasem tzemi zejména v horskych oblastech
(Jursik et al., 2008; Stastn et al., 2010). Ostatni druhy Sirokolistych §tovikil (napt. §tovik
men§i — Rumex acetosella L. nebo $tovik kysely — Rumex acetosa L.) nejsou v Ceské
republice povazovany za vyznamné plevelné druhy (Jursik et al., 2008). Aplikace mineralnich
a statkovych hnojiv (zvlast€¢ kejdy a chlévského hnoje) podpoftila Sifeni téchto plevelt
zejména v povale¢nych letech (Mikulka a Kneifelova-Kor¢akova, 2006).

Stoviky jsou povazovany za vysoce nitrofilni druhy (Zaller, 2004). Nicméng,
V pocateCnim vyvoji mohou byt Stoviky k N velmi citlivé (Kfist'alova et al., 2011; Hejcman et
al., 2012). Popsana byla také prospésnost P a K pro stoviky (Humphreys et al., 1999; Hopkins
a Johnson, 2002; Kfistalova et al., 2011). Vyskyt $tovikli mize byt negativné ovlivnén
alkalickou plidni reakci a s tim souvisejicim vysokym obsahem Ca v pidé (Humphreys et al.,
1999; Hann et al., 2012). Stoviky jsou vyznamné tzv. oxalatni rostliny (White a Broadley,
2003). Vysoké obsahy Ca v rostlinnych pletivech §tovikii mohou byt inaktivovany tvorbou
vysoce nerozpustnych komplexi se stavelany zabudovanych do vakuol nebo bunécnych stén
(Franceschi a Nakata, 2005; Tolra et al., 2005). Vyznamna je i jejich tolerance k Al popsana
v siln¢ kyselych modelovych podminkach (Schoéttelndreier et al., 2001; Tolra et al., 2005;
Myiagi et al., 2013). Sirokolisté $toviky (§tovik zahradni — Rumex patientia L., $tovik kysely
nebo Stovik tupolisty) mohou byt pouzivany v gastronomii jako listova zelenina nebo
ve fytoterapii. Dlivodem jejich prospéSnosti jsou vysoké obsahy vitamind Ki, C, luteinu, B-
karotenu, y-tokoferolu nebo kvercetinu (Demirezer et al., 2001; Vardavas et al., 2006;
da Silva et al., 2013; Tuazon-Nartea a Savage, 2013).

2.5.3.1.1 Vyuziti ve fytoremediac¢nich technologiich

V posledni dobé se tada védci zabyvd myslenkou vyuzit rizné druhy stoviki
ve fytoremediacnich technologiich (Gtileryiiz et al., 2008; Barrutia et al., 2009; Muhammad et
al., 2013). Divodem je nenarocnost Stoviku, jejich vSudypfitomnost a u nékterych druha
Stovikli 1 znacny potencial pro akumulaci rizikovych prvkil zejména diky jejich vysoké
produkci biomasy (Tang et al., 1999; Zhuang et al., 2007). Vyhodou je také jejich pfirozeny
vyskyt v primyslovych a dilnich oblastech (Wang et al., 2003; Giileryiiz et al., 2008; Epelde
et al., 2010). Ve fytoremedia¢nich technologiich mohou byt Stoviky uplatnény piedev§im
na mirn¢ nebo stfedn¢ kontaminovanych pudach, Casto jsou zafazovany mezi exkludacni
rostliny (napt. Stovik kysely nebo Stovik mensi); (Wenzel et al., 2003; Gaweda, 2009).
Prokazéana byla i jejich indikacni schopnost zejména pro Zn (Stovik kysely); (Barrutia et al.,

2009; Epelde et al., 2010).
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Obsahy rizikovych prvkl se v rostlinnych organech $tovikli mohou vyznamné lisit
podle miry kontaminace pud, konkrétniho rizikového prvku nebo druhu stoviku (Zhuang et
al., 2007; Giileryliiz et al., 2008; Gaweda, 2009). Wang et al. (2003) testovali fytoremediacni
schopnosti  §toviku kyselého pfirozend rostouciho v Ciné na kyselych pudach
kontaminovanych Cd (<6 mg.kg?), Pb (<215 mg.kg?) a Zn (<983 mg.kg™). V kotenech i
v nadzemni biomase §toviku byly zjiitény podobné obsahy Cd (2,4 mg.kg™), Pb (86 mg.kg™?),
Zn (929 mg.kg™?) i Cr, Cu nebo Mn. Pouze obsah Ni byl vyznamné vys§i v kofenech neZ
Vv nadzemni biomase. I Gaweda (2009) ovéroval mozné vyuziti Stoviku kyselého
pro fytoremedia¢ni Gicely. Stovik pfirozené rostouci v Polsku na kyselych az alkalickych
pudach kontaminovanych Cd (2,4 mg.kg?) a Zn (148 mg.kg?) obsahoval nejvice Cd (0,8
mg.kg?), Zn (27 mg.kg?) i Cr, Cu, Fe, Mn, Ni a Pb v kofenech. Nejnizsi obsahy viech prvki
byly stanoveny ve stoncich §toviku (napt. 0,1 mg Cd.kg?; 7 mg Zn.kg?). Ve studii Zhuanga
et al. (2007) byly zjistény odlisné fytoremediacni schopnosti riznych druhti stovikl (Stovik
kadefavy a §tovik kysely), ptirozené rostouci v Ciné na slabé kyselé piidé kontaminované Cd
(7,2 mg.kg?l), Pb (960 mg.kg?) a Zn (1050 mg.kg?). Stovik kadefavy zde projevil své
indika¢ni az akumulaéni schopnosti pro Cd (BF>1), Zn (BF, TF>1) a exkluda¢ni schopnosti
pro Pb. U stoviku kyselého byly popsany pouze exkluda¢ni schopnosti pro Cd, Pb a Zn. Roli
v odlisnych fytoremediacnich schopnostech miize ¢aste¢né hrat i rozdilna produkce biomasy.
Stovik kadefavy dosahuje vyssi produkce biomasy nez §tovik kysely (Zhuang et al., 2007).
| dalSi druhy Stovikid prokazuji zvySenou toleranci k rizikovym prvkiim a tim i potencidlni
vyuziti ve fytoremedia¢nich technologiich, napt. §tovik tupolisty (podruh Rumex obtusifolius
L. subsp. subalpinus) ptivodem z Turecka pro Cr, Cu a Ni (Giileryiiz et al., 2008); stovik
pivodem z Pakistanu (Rumex hastatus D. Don) pro Fe, Mn, Cr a Ni (Muhammad et al.,
2013) nebo $tovik ze Spanélska (Rumex induratus Boiss. & Reut.) pro Hg (Moreno-Jiménez
et al., 2006).

Tolerance $tovika k rizikovym prvkiim bude pravdépodobné souviset s piitomnosti
organickych kyselin. Organické kyseliny mohou hrat dulezitou roli v toleranci a detoxikaci
rizikovych prvkil rostlinami. Divodem je mozna vnéjsi nebo vnitini chelatace organickych

kyselin s rizikovymi prvky (Sytar et al., 2013).

2.5.3.2 Rychle rostouci dieviny
Rychle rostouci dieviny jsou na rozdil od bylin charakterizovany fadou dulezitych
vlastnosti (napt. hlubsi kofenovy systém, vyssi produkce biomasy nebo vyssi transpiracni

aktivita); (Fischerova et al., 2006; TlustosS et al., 2007; Capuana, 2011), diky kterym jsou
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vhodné pro fytoremediacni technologie (Dos Santos Utmazian a Wenzel, 2007; Meers et al.,
2007). Produkci biomasy dfevin je mozné navy$it hnojenim N, P a K, vapnénim nebo
zavlazovanim (Tlusto$ et al., 2006a; Vamerali et al., 2009). Mezi rychle rostouci dieviny
muzeme zafadit rody vrba (Salix L.), topol (Populus L.), btiza (Betula L.), olse (Alnus L.),
javor (Acer L.), jasan (Fraxinus L.) nebo jetab (Sorbus L.); (Rosselli et al., 2003; Tlustos et
al., 2006a; Unterbrunner et al., 2007). Rozdily mezi dievinami se projevuji nejen v ndrocich
nateplo, padni texturu a strukturu, zéasobenost zivinami (Mrnka et al., 2011), ale 1
ve schopnostech piijimat rizikové prvky (olSe, jasan, jefab — exkludacni rostliny, vrba —
akumulacni rostlina zejména pro Cd a Zn); (Rosselli et al., 2003).

Velka pozornost z hlediska fytoremediaci je zaméfovana predevSim na vrby (Celed’
vrbovité — Salicaceae), které je mozné vyuzit pro fytoextrakce i fytostabilizace (Pulford a
Watson, 2003; Meers et al., 2007). Duvodem je jejich vysoka produkce biomasy a schopnost
tolerovat nebo akumulovat rizikové prvky (Pulford a Watson, 2003; Meers et al., 2007,
Abhilash et al., 2012). Podle Wegera a Bubenika (2011) patii mezi nejproduktivnéjsi klony
vrb v Ceské republice vrba Smithova (Salix x smithiana Willd.); (tj. ptirozeny hybrid vrby
jivy a vrby kosikaiské). Vrby jsou rozsitené pfevazné v mirnych a arktickych oblastech,
najdeme je ale i v subtropickych a tropickych oblastech (Kuzovkina a Volk, 2009). Chen et al.
(2010) déli rod vrba na ¢tyfi podrody Salix, Chosenia, Triandrae a Vetrix. Vyznamné
agronomické, fyziologické a ekologické vlastnosti vrb nezbytné pro jejich vyuziti

ve fytoremedia¢nich technologiich jsou uvedeny ve studii Kuzovkiny a VVolka (2009).

2.5.3.2.1 Vyuziti ve fytoremediacnich technologiich

Né&které druhy/klony vrb mohou v nadzemni biomase hromadit znacnd mnozstvi Cd
nebo Zn. Naptiklad v listech vrby Smithovy péstované v hydroponii s pfidavkem Cd (4,45
umol.I"Y) nebo Zn (76,5 pmol.I") bylo zjisténo az 3180 mg Zn.kg? a 245 mg Cd.kg? (Dos
Santos Utmazian et al., 2007). Akumulacni schopnosti pro Cd a Zn byly prokazany u vrby
drsnokvété (Salix dasyclados Wimm.) nebo pro Zn u vrby Smithovy a Matsudovy (Salix
matsudana Koidz.). Exkluda¢ni schopnosti pro Zn byly naopak popsany u vrby purpurové
(Salix purpurea L.) a vrby kiehké (Salix fragilis L.); (Dos Santos Utmazian et al., 2007).
Distribuce rizikovych prvkd v organech vrb muizZe byt ovlivnéna konkrétnim rizikovym
prvkem (Tlustos et al., 2007). Naptiklad Cd, Ni a Zn jsou ve vétSing piipadli nejvice obsazeny
v nadzemnich organech vrb (Pulford a Watson, 2003; Hammer et al., 2003; Tlusto$ et al.,
2007). Nejvyssi obsahy As, Cr, Cu a Pb jsou naopak popisovany v kofenech (Pulford a
Watson, 2003; Tlustos et al., 2007). Vamerali et al. (2009) zjistili vysSi obsahy As a Cu
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Vv jemnych kofenech v porovnani s kofeny hrubymi. Mira kontaminace ptidy rizikovymi prvky
muze mit také vliv na distribuci rizikovych prvkii v organech vrb i na produkci jejich biomasy
(Tlustos et al., 2007). Na stfedn¢ kontaminované ptid¢ byly vyssi obsahy Cd zjistény v listech,
2007). Na siln¢€ kontaminované pudé¢ byly obsahy Cd v listech a v kofenech podobné (Tlustos
et al., 2007). Nejvyssi produkce biomasy jednotlivych organti vrb byla popsana na stfedné
pudach (listy>vétve>kofeny); (Tlusto§ et al., 2007). Vrby mohou byt vyuzity
ve fytoremediacnich technologiich zejména na mirné€ nebo stiedné kontaminovanych ptidach
(Vyslouzilova et al.,, 2003b; Tlusto§ et al., 2007; Jensen et al., 2009). Na siln¢
kontaminovanych ptidach vrby neprosperuji (Vyslouzilova et al., 2006; Jensen et al., 2009).
Produkce vrb je zde limitovana fytotoxicitou Cd (az 80 mg.kg™? v listech) a Zn (az 3000
mg.kg? v listech); (Jensen et al., 2009). Na silné kontaminovanych ptidach je proto nezbytna
imobilizace rizikovych prvki pied uplatnénim fytoremediacnich technologii (Vyslouzilova et

al., 2003a; Puschenreiter et al., 2005; Tlustos et al., 2006a).
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3 Védecké hypotézy a cile prace

Tématem doktorské disertacni prace bylo posoudit G¢inek imobiliza¢nich pudnich
aditiv _na mobilitu rizikovych prvktd a zivin ve dvou pudach silné¢ kontaminovanych
rizikovymi prvky As, Cd, Pb a Zn s odliSnymi agrochemickymi parametry. Tématem prace
bylo i vyhodnotit reakce rostlin, péstovanych na takto stabilizovanych ptudach a Gc¢inky

porovnat s kontrolnimi variantami ptd, bez pfidanych imobiliza¢nich aditiv.

Hypotézy prace
1) Véapenaté¢ hmoty a fosforecna aditiva reaguji s rizikovymi prvky, snizuji jejich
mobilitu v ptidé a omezuji jejich piistupnost pro rostliny.
2) Aplikaci vapenatych hmot a fosfore¢nych aditiv do pudy se pravdépodobné méni
pfistupnost Zivin a tim miiZe byt negativné ovlivnén vyvoj a riist rostlin.
3) Utinnost aplikace vapenatych hmot a fosfore¢nych aditiv je pravdépodobné ovlivnéna

pudnimi vlastnostmi, intenzitou kontaminace a povahou kontaminantu.

Cile prace

1) Sledovani tu¢innosti aditiv (vapenaté hmoty, fosfore¢na aditiva) na omezeni
pfistupnosti rizikovych prvkd a na zménu pfistupnosti Zivin v pidé v modelovych
inkubac¢nich experimentech.

2) Hodnoceni vlivu pudnich aditiv (vapenaté hmoty, fosfore¢na aditiva) na omezeni
ptistupnosti rizikovych prvkt v piidé a na akumulaci rizikovych prvka v Sirokolistych
Stovicich a rychle rostoucich dfevinach v nadobovém pokusu.

3) Posuzovani ucinku aditiv (vapenaté hmoty, fosforecna aditiva) z hlediska zmeény
pfistupnosti zivin v pidé¢ a akumulace zivin v Sirokolistych Stovicich a rychle

rostoucich dfevinach v nadobovém pokusu.
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4 Publikované prace

4.1 Hejeman et al. (2012). Utinek paleného vapna a superfosfatu
na vzchazeni a prezivani rostlin §toviku tupolistého v kyselé a v alkalické

pudé kontaminované As, Cd, Pb a Zn.
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AutofFi: Hejcman, M., Vondrackova, S., Miillerova, V., Cervena, K., Szakova, J., Tlustos, P.
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Effect of quick lime and superphosphate additives
on emergence and survival of Rumex obtusifolius seedlings
in acid and alkaline soils contaminated by As, Cd, Pb, and Zn

M. Hejcman!, S. Vondrackova?2, V. Miilleroval, K. Cervendl, J. Szikova2, P. Tlustos?

1Faculty of Environmental Sciences, Czech University of Life Sciences Prague, Prague,
Czech Republic

*Faculty of Agrobiology, Food and Natural Resources, Czech University of Life Sciences
Prague, Prague, Czech Republic

ABSTRACT

Rumex obtusifolins is a troublesome weed widely spread in temperate grasslands and can be potentially used for
detection of soils contaminated by trace elements. We asked how emergence and survival of its seedlings are af-
fected by application of quick lime (Ca) and superphosphate (P) additives in soils contaminated by trace elements.
We performed the pot seeding experiment with slightly acid Litavka soil contaminated by arsenic (As), cadmium
(Cd), lead (Pb), and zinc (Zn) and alkaline Malin soil contaminated by As, Cd, and Zn. We used a control without
any additives, Ca and P treatments in both scils. Higher and quicker emergence, together with substantially higher
maortality of seedlings, was recorded in Litavka than in Malin. A positive effect of the Ca treatment on seedlings was
recorded in Litavka, but a negative in Malin. Small seedlings with narrow and long leaves of reddish colour were
recorded in Litavka in the control and in the P treatment both with high availability of Zn, Cd, and Pb. In the Ca
treatment, leaves of seedlings were more elliptic and less reddish. In Malin, seedlings were green and substantially
more vital in the control and in the P treatment than in Litavka. In the Ca treatment, small and unviable seedlings

were recorded. Seedlings of R. ebtusifolins are sensitive on high availability of Ca, Zn, Cd, and Pb in the soil.

Keywords: broad-leaved dock; calcium; cadmium; lead; zinc; metal toxicity; soil reaction

Rumex obtusifolius subsp. obtusifolius (broad-
leaved dock) is a highly problematic and widely
spread weed species particularly under organic
farming in temperate grasslands (Cavers and
Harper 1964, Hejcman et al. 2012). Factors that
determine R. obtusifolius to be a successful weed
are high production of long-term viable seeds,
regeneration of plants from fragments of under-
ground organs, deep growing taproot with high
storage capacity, the perennial character of the
species, and quick and large biomass production
(Zaller 2004, Gilgen et al. 2010, Strnad et al. 2010,
Hrdli¢kova et al. 2011).

Rumex obtusifolius can be negatively related to
a high Ca content in the soil and a high pH value,
which was shown by Humphreys et al. (1999)

and Hann et al. (2012). Bohner {2001) described
R. obtusifolius as a “calciphobic’ species which
precipitates excessive Ca into calcium oxalate
crystals. On Ca and Mg rich soils, R. obtusifolius
can suffer from insufficient K supply because of
antagonism between K and Ca/Mg uptake as sug-
gested by Hann et al. (2012).

Growth of R. obtusifolius can also be highly
affected by the availability of trace elements, but
there have not been any studies investigating the
effect of As, Cd, Pb, and Zn soil contamination on
emergence and survival of R, obtusifolius seedlings.
As R. obtusifolius is a widely spread species, it
could potentially be a suitable species for detec-
tion of soils contaminated by trace elements by
field vegetation mapping.

Supported by the Czech University of Life Sciences Prague, Project No. CIGA 42110/1313/3107, and by the Ministry
of Agriculture of the Czech Republic, Project No. QJ1210211.
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Availability of many trace elements to plants,
As, Cd, and Zn in particular, is also related to
soil P status. In the case of As this is because of
competition between phosphates and arsenates
for binding sites in the soil (Szikova et al. 2009,
Liu et al. 2012), and in the case of Cd and Zn,
because of Cd and Zn precipitation into phos-
phates (Dong et al. 2007). Also the soil pH is im-
portant as the availability Cd, Fe, Mn, and Zn to
plants is high especially in acidic soils (Dong et
al. 2007). Addition of Ca (Cal - quick lime) or
P (Ca(H,PO ), — superphosphate) additives can
therefore substantially decrease the availability
of many trace elements in the soil (Puschenreiter
et al. 2005, Kumpiene et al. 2008, Hejcman et al.
2010, Trakal et al. 2011).

Using a pot experiment with Ca and P addi-
tives to two soils differing in pH, As, Ca, Cd, Mg,
Pb, and Zn status, the aim of this study was to
investigate how much emergence and survival of
R. obtusifolius seedlings are affected by these soil
chemical properties.

MATERIAL AND METHODS

Design of the pot experiment. In May 2011
we established the pot experiment in an outdoor
weather-controlled vegetation hall in Prague-
Suchdol (Czech Republic) with natural temperature
and light conditions.

We used two contaminated soils: (1) slightly
acidic Fluvisol termed ‘Litavka’ from alluvium of
the Litavka river collected in the village Trhové
Dusniky. The Litavka soil was contaminated with
As, Cd, Zn, and Pb by wastes from smelter set-
ting pits (Sichorova et al. 2004, Trakal et al. 2011).
(2) The alkaline Luvisol termed Malin collected
from a bank of the streamlet Berinka near Malin
village. The Malin soil was contaminated by As,
Cd, and Zn due to tailings of silver mining in the
13-1&!" centuries (Szakova et al. 2009), Chemical
properties of the soils used analysed before establish-
ment of the experiment are given in Table 1. In addi-
tion to the effect of soil, an effect of Ca (Ca0 — quick
lime) and P (Ca(H,PO,), — superphosphate) additives

Table 1. Basic characteristics of soil collection sites and chemical properties of investigated soils {in dry matter)

Site and soil properties Sol

Litavka (49°43'N, 14°0°E) Malin (49°58'M, 15"17'E)
Altitude (m a.s.1.) 450 230
Mean annual temperature ("C) B5
Mean annual precipitation (mm) 623 575
Soil texture Clay loamy sand Loam
Soil type Fluvisol Luvisol
PH 0, 7.2
CEC(m m::ulm.fkg] 146
Corg (8/kg) 27
Ca (mg/kg) 1854 2914
Mg (mp/kg) 160 354
K (mg/kg) 192 234
P (mg/ke) 56
Cd (mg/kg) 53.8 113
Zn (mg/kg) 6172 1022
b (mg/ke) 3305 o8
As (mg/kg) 354 638
Fe (mg/kg) 21193 17379
Mn (mg/kg) 2688 371

CEC - cation exchange capacity; C_  — content of organic carbon. Values for P, K, Ca, and Mg are plant available
concentrations of nutrients determined by Mehlich II1 extraction procedure. Values for As, Cd, Fe, Mn, and Zn
are total concentrations of elements extracted by agua regia. Czech legislation limits for agua regia (pseudo-
total) concentrations of elements in light-textured and other soils, respectively (in mg/kg) are 0.4 and 1.0 for Cd,
130 and 200 for Zn, 100 and 140 for Pb and 30 and 30 for As
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Table 2. Effect of soils and applied treatments on plant available concentrations of elements extracted by CaCl, on

28" day after application of additives (according to Vondrickova et al. 2012)

Element (mg/kg) LC LCa Lp MC MCa MP
As 006 0.2 0.2 0.5 0.3 22
Cd 0.8 0.05 0.7 0.0 0.007 0.02
Pb 0.06 21 0.1 0.005 0.004 0.01
Zn 33 5.9 30 0.1 0.03 0.3

L - Litavka; M — Malin; C - control; Ca — application of Ca additive; P — application of P additive

on emergence of R. obtusifolius was investigated.
Based on previous experiments with application of
Ca and P additives into investigated soils (Trakal et
al. 2011, Vondrackova et al. 2013), we applied to pots
7.3gCa0 per 1 kgof soil and 1.3 g Ca(H,PO, ), per
1 kg of soil. The pot experiment was composed of six
treatments replicated five times (30 pots altogether):
LC - Litavka soil without any additive as the control;
LCa — Litavka soil with Ca additive; LP — Litavka
soil with P additive; MC — Malin soil without any
additive as the control; MCa — Malin soil with Ca
additive and MP — Malin soil with P additive. Plant
available concentrations in investigated treatments
28" day after establishment of the experiment are
given in Table 2.

We used 5 L pots with 20 cm diameter filled with
5 kg of air dried soil sieved through a 10 mm sieve.
We then applied the following fertilisers: 0.5 g (in
the form of NH,NO,), 0.16 g P and 0.4 g K (in the
form of K;HPO,) into each pot. Application of N,
P, and K fertilisers was performed in order to make
N, B, and K availability non-limiting for growth of
R. obtusifolius in all treatments. According to our
previous experience, amount of applied P fertilizer
in the form of K,;HPO, was not high enough to
change mobility of metals, but was high enough
to alleviate P deficiency for R. obtusifolius growth.
The additives and fertilizers were mixed with the
soil and then all pots were watered. The fertilis-
ers and additives were applied on the morning of
the 374 May 2011. In the evening of the same day,
we sowed 100 seeds, 1-2 cm deep, into each pot.

Seeds of R. obtusifolius were collected during
spring 2011 from a region near Prague in central
Czech Republic. The collection sites were mainly
roadside ditches or abandoned fields with neutral
soil pH, good P and K and low As, Cd, Pb, and
Zn availability. The seeds from different mother
plants were mixed to avoid any maternal effect and
stored at room temperature in paper bags and in
the dark. Germination of used seeds was 86% tested
under laboratory conditions in a 12 h day/night
regime at 25°C directly before establishment of
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the experiment. Pots were regularly watered if
necessary to maintain optimal growth conditions
during the course of the experiment.

We recorded the number of seedlings daily in
each pot from the start of the emergence on the
5t day of the experiment up to 28 day of the ex-
periment in 8% June 2011. The field emergence
was defined as the maximal number of seedlings
recorded during the course of the experiment in
each treatment. We used field emergence because
the maximal number of seedlings was recorded
on different days for each treatment. In addition
to field emergence, we analysed mortality defined
as the maximal number of seedlings minus the
final number of seedlings on the 28" day of the
experiment. Mortality was expressed as percent-
age from used seeds.

Soil pH CaCl, was measured in suspension of 10 g
of soil and 50 mL of solution containing 0.01 mol/L
CaCl, at 20 £ 1°C at the end of the experiment.

Data analysis. Repeated measures and factorial
ANOVA followed by comparison using Tukey HSD
test were applied to obtained data. The relation-
ship between soil pH and field emergence was
evaluated using linear regression. All analyses
were performed using the Statistica 8.0 program
(Statsoft, Tulsa, USA).

RESULTS

Effect of additives on soil pH. Effects of locality,
additive and additive = locality interaction on soil
pH were significant at the end of the experiment
(Figure la). In Litavka soil, the pH value was highly
increased after application of Ca additive, but only
slightly increased in Malin soil. There was no ef-
fect of P addition on the pH value in either soil.

Seedling number during the experiment and
field emergence. The number of seedlings in
Litavka soil was significantly affected by day and
by day = additive interaction, but there was no
effect due to soil additives (Figure 2a). In Malin
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Figure 1. (a) Effect of additive, locality and additive = locality interaction on soil pH (CaCl,) measured at the
end of the experiment and (b) effect of soil pH (CaCl,) on emergence of Rumex obtusifolins (maximal number
of seedlings recorded during the experiment) in Malin soil. C - control treatment without any additive; Ca
— application of Ca additive; P — application of P additive. Error bars represent standard errors of the means
(SE). Fand P values — results of ANOVA analyses for particular effects (locality, additive and additive = locality
interaction) and values in brackets are degrees of freedom. According to the Tukey post-hoc test, treatments
with the same letter were not significantly different at the 0.05 probability level
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Figure 2. Effect of additives on number of Rumex obtusifolius seedlings during the 28 days of the experiment in
{a) Litavka soil and (b) Malin soil. (c) Field emergence (maximal number of seedlings) recorded over the study
period in Litavka and Malin soils and (d) mortality in Litavka and Malin soils expressed as percentage from used
seeds per pot. F and P values — results of ANOVA analyses for particular effects (day, additive, day = additive
interaction, locality, additive = locality interaction) and values in brackets are degrees of freedom. According to
the Tukey post-hoc test, treatments with the same letter were not significantly different at the 0.05 probability
level. For explanation see Figure 1
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soil, the number of seedlings was significantly
affected by all factors — day, additive and by day
x additive interaction (Figure 2b). In Litavka soil,
higher emergence values and quicker emergence
was recorded than in Malin soil (Figure 2c), but in
Malin soil, substantially lower mortality of seedlings
was recorded than in Litavka soil (Figure 2d). In
Litavka soil, there was no significant effect of Ca
additive on emergence and survival of seedlings
in comparison to the control. In Malin soil, there
was a large negative effect of Ca additive on the
emergence and survival of seedlings in comparison
to the control. P addition tended to enhance speed
of emergence in both soils but there were differing
effects due to P addition on survival of seedlings
in both soils. In Litavka soil, P addition increased
mortality while there was no effect of P addition
on the mortality of seedlings in Malin soil.

The overall field emergence was significantly
affected by locality and by additive = locality in-
teraction, but not by additive {Figure 2c). The
field emergence 73% in Litavka soil with Ca addi-
tive was not significantly different from the other
treatments except the Ca treatment in Malin soil
with field emergence 27%. The emergence was not
affected by the pH value in Litavka soil (P = 0.33,
r? = 0.055), but was significantly negatively related
to pH value in Malin soil (Figure 1hb).

The overall mortality was significantly affected
by the locality, additive and by locality x additive
interaction, indicating a soil specific effect of ad-
ditives (Figure 2d). No mortality of seedlings was
recorded in Malin soil in C treatment and the highest
mortality was in Litavka soil in P treatment (52%).

The effect of all treatments on number, vitality
and size of seedlings on the 28™ day of the experi-
ment is obvious in photographs of individual pots
shown in Figure 3. Very small seedlings with nar-
row and long leaves with a characteristic reddish
colour of leaf tips were recorded in Litavka soil
in the control and P treatment. In Ca treatment,
leaves of seedlings were more elliptic and less red-
dish. In Malin soil, lower number of seedlings was
recorded than in Litavka soil, but seedlings were
green and substantially more vital in the control
and P additive treatment than in Litavka soil. In
Ca treatment, low numbers of small and unviable
seedlings was recorded.

DISCUSSION

Field emergence and consequent survival of
R. obtusifolius seedlings were highly affected by
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soil chemical properties. Most detrimental for
emergence of R, obtusifolius seedlings was high
pH, related to high Ca availability in the soil. This
was shown clearly in the Ca and Mg rich Malin
soil where addition of Ca resulted in very low
emergence of R obtusifolius seedlings although
there was comparatively low availability of As,
Cd, Pb, and Zn. Humphreys et al. (1999) reported
weak negative correlation between soil Mg status
and pH and abundance of R. abtusifolius in grass-
lands in UK. Hann et al. (2012) found negative
correlations between plant available Ca and Mg
contents in soil and the density of R. obtusifolius,
but they did not test effects of Ca application.
Bohner (2001) classified R. obtusifolius as a cal-
ciphobic’ species which precipitate excessive Ca
into insoluble calcium oxalate crystals. As the
enhanced synthesis of oxalic acid in Ca rich soils
can result in extra energy costs (Kinzel 1983), this
might, together with low K supply for this highly
K demanding species, decrease competitiveness
and increase mortality of R. obtusifolius on Ca
rich soils (Hann et al. 2012). We demonstrated
that negative effects of high Ca availability on
R. obtusifolius can already be recorded during
early development of seedlings.

In the first days of the experiment we observed
the highest emergence in P treatments in both soils.
This is in accordance with results by Kiistilova
et al. (2011), recording the positive effect of high
P availability in the soil on early development of
R. obtusifolius seedlings. A relatively low effect due
to P addition on the emergence of seedlings in our
study can be explained by P fertiliser application
in all pots before the start of the experiment which
removed the strong P limitation on early seedlings
growth in all treatments. The consequent high
mortality of seedlings in P treatment in Litavka
soil was probably caused by toxic effects of too
high P status.

In contrast to Malin soil, application of Ca in-
creased the survival of R. obtusifolius seedlings in
Litavka soil. This was due to substantially lower
initial availability of Ca in this soil, and a substan-
tial decrease in the availability of Zn and Cd and
hence their toxicity on seedlings after application
of the Ca additive (Vondrackova et al. 2013). In
Malin soil no, or only slight, decrease in Cd and
Zn availability was recorded and initial concentra-
tions of Cd and Zn available to plants were about
three fold lower than in Litavka soil. Therefore
there was no Cd or Zn toxicity even in untreated
Malin soil. In Litavka soil, toxicity of Cd and Zn
for R. obtusifolius seedlings was indicated also by
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substantially higher concentrations of both ele-
ments in leaves than in Malin soil (unpublished
data). In Litavka soil, the concentration of Zn in
leaves exceeded the critical limit for Zn toxicity,
estimated by Broadley et al. (2007) for a wide
range of species to be 300 mg Zn/kg. Although
the concentration of Zn was lower in Ca treatment
in comparison to P treatment and the control,
the concentration of Zn in leaves still exceeded
500 mg/kg. In addition, toxicity of Zn was clearly
visible by the reduction in biomass growth and
the yellow, brown and reddish colour of leaves
(Figure 3). These symptoms are connected with
Zn toxicity resulting from Fe deficiency in leaves,
as has been described in studies on other plant
species (Sagardoy et al. 2009, Cui and Zhao 2011,
Song et al. 2011).

In addition to Zn toxicity in Litavka soil, Cd and
Pb toxicities were probably also highly important,
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Figure 3. Photographs of Rumex
obtusifolius plants in investi-
gated treatments on the 28t
day of the experiment. (a) LC
— Litavka soil without any ad-
ditive as the control; (b) MC -
Malin soil without any additive
as the control; (c) LCa - Litavka
soil with Ca additive; (d) MCa
— Malin soil with Ca additive;
(e) LP — Litavka soil with P ad-
ditive; (f) MP — Malin soil with
P additive

as concentrations of Cd in leaves of R. obtusifolius
ranged from 5-14 mg/kg and concentrations of
Pb were around 100 mg/kg. These concentrations
were approximately one order higher than in Malin
soil (unpublished data).

Finally we can conclude that R. obtusifolius suffers
from high Ca availability in the soil since emer-
gence of seedlings. As R. obtusifolius is a widely
spread weed species with high seed production,
restricted growth and conspicuous changes in
leaf shape and colour (yellow, brown and reddish
rather than green) of its seedlings can indicate
soils with toxic Zn, Cd and Pb contents.
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Abstract

Weakly acudic Litavka and alkaline Malin soils are good examples of multi-contamimated soils in the
Caech Republic. The am of this study was to investigate the effects of different application rates of quick hme
(hme) and dolomite on the mobility of cadmium, anc, lead, amsenie, won and man ganese,

Additives were apphed to sl samples at thres mtes and incubated for 7, 14, 28, and 42 days. Plant
available (extmeted by CaCl, Jand acid-extractable (extracted by CHCOOH) concentrations of elements wens
determined by indudively coupled plasma-optical emission spectrometry (TCP-OES). In alkaline soil, thers
was no effect of lime md dolomite application on concentrations of elements. In acid soil, thers was a decrease
in plant-available concentrtions of Cd and Zn, no effect on plant-available Fe and Mn concentmtions, md a
slight increase in plant-availshle Ph and As concentrations after lime apphcation. With the exception of a
decrease in Pb and Mn concentrations, the same trends were observed for acid-extractable concentrations of
elements, Dolomite application was less effective than lime application. The effect of dolomite on the immao-
hilization of elements incrensed with increasing application mtes. There was o weak effect of tme during incu-
bation on changes in concentrations of elements.

We concluded that high immobilization efficiency of alkaline additives on Cd and Zn can be recorded
only on acid soils. Application of lime and dolomite is an insffective messurs to immobilizs Ph and As in both
acid or alkaline soils,

Keywords: alkaline additives, arsenic, cadmium, lead, plant-available and acid-exiractable concentra-

tins, zing

Intrsduction

Excessive concentrations of race elements in soils pose
a significant health risk to humans, animals, and plants, as
has been documented by many authors [1-3]. Unlike organ-
ic compounds, trace elements cannot be degraded, and the

*e-mail: hejeman( fp cawcz
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cleaning of soils usually requires their complete removal, or
at least immobil ization [4].

Many additives have been screened for their potential to
immobilize heavy metals in soils [5]. Each of these addi-
tives has a different effect on the bicavailability of metals,
micronuirient availability, soil pH, and soil microstructure
[6]. Liming is the most widely used treatment, and can lead
to the precipitation of metals as metal-carbonates and sig-
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nificantly decrease the exchanpeable fraction of metals in
contaminated soils [7]. Alkaline additives reduce heavy
metal solubility in the soil by increasing soil pH and con-
comitantly increasing metal sorption to soil particles [3, &].
Soil pH is one of the main parameters controlling the solu-
bility and mobility of heavy metals in soils [9]. The avail-
able range of liming materials includes limestone (CaC0, )
quick lime (Ca0), slaked lime [Ca(OH)), dolomite
[CaMg(COy )], and slag (CaSi0y), which vary in capacity
for acid-neutralizing of a liming material [10]. The most
effective is quick lime because of its high solubility and
reactivity and its large effect on soil pH [11]. One of the
possible mechanisms for the immobilization of heavy met-
als by soil additives such as limestone is enhanced metal
adsorption through surface charge [10].

Bioavailability is a key factor for remediation technolo-
gies, and immobilization may be a prefemed option [10].
The plant-available fraction represents the mobile portion of
the trace elements that can easily be taken up by plants from
the soil solution [12]. Extraction by CaCl, gives a fraction
that is highly mobile in natral conditions [13]. The easily
mobilizable fraction extracted by organic acids or chelates
represents the portion of elements in soil that are bound on
the surfaice of oxides and in organic mater [14]. The
exchangeable and acid-extractable fractions (elements
bound to carbonates) comprise elements adsorbed onto the
surface of soil particles. The decrease in soil pH leads these
to migrate from the solid phase to water and into plants [15].

The aim of this paper was to investigate the effect of
quick lime and dolomite application on the immobi lization
of Cd, Zn, Pb, As, Fe, and Mn in weakly acidic and allaline
soils with regard to application rates and incubation days.

Experimental Procedures
So1l Samples Collection

Two heavily contaminated soils differing in physico-
chemical parameters were selected for the incubation
experiment (Table 1). Weakly acidic soil, called *Litavka™
was collected from the alluvium of the Litavlka River in the
village of Trhové Dusniky (60 km south of Prague). Litavka
soil has been contaminated by Cd, Zn, and Pb due to waste
from smelter settling pits [16]. Alkaline soil, called * Malin,”
was collected from a bank of Berinka stream near Malin
village (close to the town of Kumd Hora, 82 km east of
Prague). Malin soil is contaminated by As, Cd, and Zn due
to the tailings of silver mining in the 13-16™ centuries [17]
Soil samples were collected in March 2010 from topsoil in
the layer at 0-20 cm depth, and were then air-dried at 20°C,
ground ina mortar, and passed through a 2 mm plastic sieve
before establishment of the incubation experiment.

Design of the Incubation Experiment
The incubation experiment was established in the lab-

oratory of the Department of Agroenvironmental
Chemistry and Plant Nutrition in Prague in April 2010

34

Table 1. Basic characteristics of soil collection sites and chem-
ical properties of investigated soils. Mean values caleulated
from thres replications (n=3) together with standand error of the
mean (SE) are provided for each measured property. Cation
exchange capacity (CEC) was analyeed only in mixed soil sam-
ples without any replication.

Sail
Soil property Litavka Malin
493N, 14°0E) | (49°58N, 15°1TE)

Albtude (masl) 450 230
mﬂiﬂc} 73 8.5
;ﬁ;ﬂ:l () 623 575
Soil texture Clay loamy snd Loam
Sail type Fluvisal Luvisol
pHew ** 6540112 734002
CEC (mmolkg™) 55 146
Cog (%) 3.640,1 2,740.1
Ca* (mgkg )= 1856431 8014408
Mg® mg-kg')** 1605 15445
K* (mgkg'|* 19248 23444
P* (mgkg*)* 9:0.3 5643
Cd oy (ke o= 538409 113402
n g (mgkg)** 6172442 1022418
Ph ., (mgkg'** 30585 9831
As oy (mkg ) ** 35442 BRA24
Fepu (mgkg1** 21193146 173794334
M g (Mg kg ) ** 2688+16 3714

* — plant-available concentrations of notrients determined by
Mehlich TTT extraction procedure [20].

wen — total concentrations of elements extracted by Agua Regra.
Legislation limits for total concentrations of elements in light-
texturediother soils (mgkg'): Cd 0410, Zn 130,200, Pb
100/ 140, As 30/30 [46]. Calculated by one-way ANOVA, dif-
ferences between locations were ither not statistically signifi-
cant (n.5.), significant on the 0.050*) probability level, or wen
significant on the 0.01 (**) probability level.

The experiment comprised seven treatments for each soil,
giving 14 weatments for both soils intotal { C, control with-
out any additive; L1, L2, and L3 treatments with applica-
tion of quick lime; D1, D2, D3 treatments with the appli
cation of dolomite). Each treatment was replicated ten
times and soils were incubated for 7, 14, 28, and 42 days;
the experiment was therefore composed of 140 bottles for
each incubation time and therefore a total of 560 bottles.
We applied 50 g of dry soil to each acid-clean polyethyl-
ene 250 ml plastic bottle. In the L1, L2, L3, D1, D2, and
D3 treatments, the soils were mixed with a specific amount
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Tahle 2. Basic chemical charactenishes of applied alkaline addi-
tives. Mean values together with standard error of the mean
(5E) are provided in the case of the chemical properties of addi-
tives. Concentrations of Ca and Mg were provided by distribu-
tors of additives and therefore they were not analyveed. All ana-
lvzzd concentrations and values of pH were performed m three
replicati ons (n=3).

Froperty Quick lime* (L) Daolomite® (T¥)
PHe * 12,0001 §3+002
Ca(gke") 686 220
Meigke") i 100
Cd(mgkg") a 0.02:0.01
Zn(mgkg') a 0.720.2
Pb(mg-ke ) i 025:0.01
As (mgkg") 0 1.240.3
Fe (mgkg') 0 5160
Mnimgke') i 694205

‘— analytical grade purity, distributor Lach-Ner Ltd., Caech
Republic

*— distributor Agmo C8 SpA., Caech Republic

Legislation limits for total concentrations of elements in miner-
al calcareous and magmesium-cal@reous fertilizers (mg-keg'):
Cd 1.5, Pb 30, As 20 [47]. Calalated by one-way ANOVA, dif-
ferences between additives were either not statistically signifi-
cant (n.5.), were significant on the 0.05*) probability level, or
were significant on the 0.01 (**) probability level.

of additive (see Table 2 for chemical properties of used
additives and Table 3 for the quantity of elements applied
by three rates for each additive). Deionized water at a vol-
ume equivalent to 60% of the maximum water holding
capacity was then added to each bottle (18 ml for Litavka
soil and 17 ml for Malin soil). The ncubation was per-
formed at a constant temperature of 25°C. Bottles were
opened and aerated by fresh air every week.

Chemcal Analyses

The total element concentrations in investigated soils
were determined using a microwave assisted wet digestion
system: for details see [18]. A certified reference material
RM 7004 Loam (Analytika, CZ) containing 1.5240.15 mg
Cdkeg', 22747 mg Zockg’, 93,4434 mg Phrkg’, 49,6429
mg As-kg', and 869£34 mg Mrrkg" was used for quality
assurance of the analytical data used for determining total
elements, and 1.45 mg Cdkg, 232 mg Znkg”, 96.1 mg
Pbkg', 51.2 mg As'kg', and 8352 mg Mn-kg' were deter-
mined for this sample. The total content of element in the
dolomite was determined using Agua Regia. At days 7, 14,
28, and 42, plant-available and acid-extractable concentra-
tions of elements in soils were determined. Soil samples
were extracted using a0.01 mol L CaCl, aqueous solution
(plant-available concentrations) at a solidliquid ratio of
1/24 (30 g+120 ml) for six hours, and with a 0.11 mol-L?
aqueous solution of CH,COOH (acid-extractable concen-
trations) at a solid/liquid rato of 1/2.4 (50 g+120 ml)
overnight. Hettich Universal 30 RF (Germany) equipment
was used for cenrifugation of the reaction mixmres at
3,000 rpm for 10 min. Supernatants were kept at laborato-
ry temperature until measurement. Blank extracts repre-
senting 5% of the total number of extracts were prepared
using the same batch of reagents and the same apparatus.
Blank extmcts were prepared and analyzed in the same way
as soil exracts. All exwracts were analyzed using inducti ve-
ly coupled plasma-optical emission spectromery (ICP-
OES) (VARIAN Vista Pro, Varian, Australia) and a stan-
dard edition procedure was used for evaluating the data.
The concentration of organic carbon in soil was determined
colorimetrically, according to Sims and Haby [19].
Available concentrations of nutrients were determined by
the Mehlich 11 soil extraction procedure [20], using flame
atomic absorption spectroscopy  (FAAS, VARIAN
SpectrAA-280, Australia) (for Ca, K, and Mg) and ICP-
OES (for P). Soil and dolomite pH was measured in 1/5 (10
g+30 ml) and quick lime pH in 120 {10 g+200 ml) 0.01
molL" CaCl, at 20e:1°C. Cation exchange capacity (CEC)

Table 3. Amount of applied o ements placed into experimental pots by three levels of applied quick me (treatment abbreviations L1,

L2, and L3} and dolomite {ireatment abbreviations I, D2 and D3

Amount of apphed le- Treatment abbreviation (TA)

Tt Li L2 L3 Di D2 D3
Ca (gkg' soil) 15 30 &l 15 30 60
Mg gk soil) 0 0 0 6.8 136 272
Cd (mgkg' soil) 0 0 0 0.001 0003 0.006
Zn (mgkg' soil) 0 0 0 0.05 0.1 0z
Ph (mg-kg* soil) 0 0 0 0.02 0.0 008
As (mgkg! soil) 0 0 0 0.1 0.2 03
Fe (mgkg!' soil) 0 0 0 152 04 1407
Mnimgkg* soil) 0 0 0 47 9.5 18.9

35
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was calculated as the sum of Ca Mg, K, Na and Al
extractables in 0.1 mol L' BaCl, {(w'v=1:20 for 2 hours)
[21]. All used reagents were of electronic grade purity
{Analytika, Ltd., CZ).

Data Analyses

Allunivariate analyses were performed using STATIS-
TICA 9.0 software (Stat Soft, Tulsa, OK, USA). A repeated
measures ANOVA was applied to identify the effect of
reatments, time, and their interactions. A one-way ANOWA
followed by a post-hoc comparison Tukey test was used w
identify significant differences between treamments for incu-
bation time. We used ANOWA because data were suffi-
ciently homo geneous within groups and with sufficient nor-
ity

Resulis

As calculated by repeated measures ANOVA, plant-
available Cd, Zn, As, and Mn and acid-extractable Cd, Zn,
As, Fe, and Mn concentrations were significantly affected
by reatment (p<0.002), time (p=0001), and by treatment »
time interaction (p<0.004) in both soils. Plant-available Ph
concentrations were significantly affected by treatment
(p=0.001) and treatment * time interaction (p=0.001) only
in Litavka soil, and plant-available Fe concentrations by
treatment  time interaction (p<0.001). Acid-extractable Pb
concentrations were only significantly affected by treat-
ment {p=0.001) in Litavka soil.

Concentrations of Elements m Used Soils

Total concentrations of Cd, Zn and As in soils consider-
ably exceeded the Czech legislation limits (Table 1). Total
Pb concentrations were close to the legislative limit in
Malin soil and exceeded the limit by thirty-three times in
Litavka soil. Total concentrations of Cd, Ph, and As in
dolomite did not exceed the Czech legislative limits for fer-
tilizers (Table 2).

a)

14
Locality, Litavka

12

10
g 87
¥
= & '
=

4

2 L

o | |

T 14 2B
Time (day)

Soil pH

Individual soil additives resulted in varying changes in
soil pH (Fig. 1a and b). Dolomite did not affect the soil pH,
which was 6.9 and 7.3 in Litavka and Malin soils, respec-
tively. Application of lime rapidly and considerably
increased the pH values to 123 and 120 in Litavka and
Malin soils, respectively. The pH values were stable during
the incubation perod, with no effect resulting from differ-
ent application rates of the additives.

Cadmium

In comparison to the control, lime application substan-
tially and permanently decreased mobility of Cd in Litavka
soil (Fig. 2a) but only slightly in Malin soil (Fig. 2b). In
Malin soil, there was a substantial decrease in plant-available
Cd concentrations in the control at the end of'the experiment.

The effect of dolomite on plant-available Cd concentra-
tions was not as marked as in the case of lime. In Litavka
soil, a slightly significant decrease in concentrations of
plant-available Cd was recorded after dolomite application
(Fig. 2a) in comparison to the control, and the concentra-
tions were only slightly affected by the application rate of
dolomite. In Malin soil, the decrease in plant-available con-
centrations of Cd in dolomite weamments (Fig. 2b) was the
same as that in the control.

In comparison to the control, lime application substan-
tially and permanently decreased concentrations of acid-
extractable Cd in Litavka soil (Fig. 2¢). In Malin soil, lime
application also permanently decreased concentrations of
acid-extractable Cd (Fig. 2d) but, in the control, there was
a decrease in acid-extractable Cd concentrations as mea-
sured on the 28 day of the experiment, though later the Cd
concentrations again increased.

The effect of dolomite application on concentrations of
acid-extractable Cd was not as marked as in the case of
lime. In Litavka soil, there was only found to be a minimal
effect of dolomite on concentrations of acid-ex tractable Cd
(Fig. 2c). In Malin soil, there was no decrease in acid-
extractable Cd concentrations in dolomite treatments

LR ]
mLz
mL2
ab1
b2
ob3
[=l=

Lecality: Malin

14 8 42

Time (dav)

Fig. 1. Effect of treatment on pH . in (2} Litavka and (b) Malin sails. Treatment abbreviations are given in Table 3. Values of pH

were analyzed only in mixed soil samples without any replication.
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{Fig. 2d) up to the 14® day of'the experiment. Later, as mea-
sured on the 28* day, there was a decrease in Cd concentra-
tions in the D3 tweamment and in the control. On the 42+
{last) day of the experiment, an increase in Cd concentra-
tions was recorded in the control, but there were very low
concentrations in all dolomite treatments.

finc

In comparison to the control, lime application substan-
tially and permanently decreased mobility of Zn in Litavka
soil (Fig. 3a). In Malin soil, a decrease in plant-available Zn
concentrations after lime application (Fig. 3b) was record-
ed on the 7™ and 14" days of the experiment, but later there
was found to be no effect of lime application on plant-avail-
able Zn concentrations, which were not si gnificantly differ-
ent from the control,

The effect of dolomite on concentrations of plant-avail-
able Zn was not as marked as was the case for lime. In
Litavka soil, a slightly significant decrease in concentra-
tions of plant-available Zn was recorded after dolomite
application (Fig. 3a), and the Zn concentration was signifi-
cantly though slightly affected by the application rate of
dolomite. In Malin soil, changes in plant-available concen-
wations of Zn in dolomite weatments (Fig. 3b) were the
same as changes in the control, and therefore there was no
effect from dolomite applications on plant-available Zn
concentrations.

a) os

Extraction: CaCl, £ mli
[Leealiny: Litavka r
L

s B

Cd (mg-ke™)

Time (day)

Extraction: CH,CO0H o
| Locality: Litavka

LR ]
=
L=

Time (day)

In comparison to the control, lime application substan-
tially and permanently decreased concentrations of acid-
extractable Zn in Litavka and Malin soils (Figs. 3c and d).
In Malin soil, on the 28" day a decrease in acid-extractable
concentrations of Zn was recorded, as well as inthe control.
There were therefore no significant differences in Zn con-
centrations berween lime treatments and control,

The effect of dolomite application on concentrations of
acid-extractable Zn (Figs. 3c and d) was very similar to the
case for Cd.

Lead

In comparison to the control, lime application substan-
tially and permanently increased plant-available concentra-
tions of Pb in Litavka soil (Fig. 4a), and Pb concentrations
were only slightly affected by the lime application rate. In
Malin soil, concentrations of plant-available Pb were the
same in lime treatments (Fig. 4b) as they were in the con-
trol, and slightty decreased during the experiment.

There was no effect of dolomite application on plant-
available concentrations of Pb in Litavka and Malin soils
{Figs. 4a and b), as plant-available concentrations of Pb
were found to be the same as in the control.

In comparison to the control, lime application substan-
tially and permanently decreased concentrations of acid-
extractable Pb in Litavka soil (Fig. 4c). With the exception
of the 14* day of the L1 treatment for Malin soil, concen-

Extraction: CaCl, =Ly
Locality: Malin mLl
[ |

Time (day)
0.21
d) e Extraction: CH,CO0H mLi
W d 5 Localiy: Malin L2
mL3
€
~014 | gEtC .. bb  WDT g

0.0 oz

Time (day)

Fig. 2. Effect of treatment on mean concentrations of plant-available Cd (g, b) and acid-extractable Cd (e, d) in Litweviea nd Malin soi ls.
Treatment abbreviations are given in Table 3. Error lines mepresent standand error of the mean (SE) Caleulated by one-way ANOVA,
di fferences between treatments o ther were not statisticall y sipnificant {n.s.), were significant on the 0.05(*) pmobability level, or were

sigmificant on the 0.0 (**) probability level.
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Extraction; CaCl, d
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L 18}
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Wit
Localiy: Main b e
s | a2
Dt
e 202 ns.
B Baa no3
b c3 alpbpgc a 3
{ adb aa I
b I al
" a0 aa i
ba
aa

Time (day)
¢ Extraction: CH,COOH gy
1 ** Locality: Malin al2
bb
- cct 53
b ap

Time (day)

Fig. 3. Effect of treatment on mean concentrations of plant-available Zn (a, b) and acid-extractable Zn (¢, d) in Litavka and Malin soils.
Treatment abbreviations are given in Table 3. Error lines represent standard error of the mean (SE). Calculated by one-way ANOVA,
differences between treatments were either not statistically significant (ns.), were signi ficant on the (.05(*) probability level, or were

signi ficant on the 0.01 (**) probability level.
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trations of acid-extractable Pb in lime treaments (Fig. 4d)
were the same as in the control,

The effect of dolomite on acid-extractable Pb concen-
trations was recorded only in Litavka soil, where a slight
decrease in Pb concentrations was recorded (Fig. 4c)
dependent on the application rate of dolomite. In Malin soil,
the decrease in acid-extractable concentrations of Pb in
dolomite treatments (Fig. 4d) was the same as that for the
conirol, and therefore there was no effect of dolomite appli-
cation on acid-extractable Pb concentrations,

Amenic

In comparison to the control, lime application increased
concentrations of plant-available As in Litavka soil (Fig.
5a), and As concentrations were affected by the application
rate of lime. In Malin soil, the concentration of plant-avail-
able As in lime rearments (Fig. 5b) was the same as in the
conirol, with the exception of a high increase for the LI
reatment on the 14* and 42 days of the experiment.

There was no effect of dolomite application on plant-
available concentrations of As in either soil (Figs. 5a and b).

In both soils, there were minimal differences between
concentrations of plant-available and acid-extractable As in
comparison to other elements.

In comparison to the control, lime application perma-
nently increased acid-exiractable concentrations of As in
Litavka soil (Fig. 5c), and As concentrations were only
slightly affected by the lime application rate. In Malin soil,,
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the decrease in acid-exiractable concentrations of As in
lime reatments (Fig. 5d) was similar to the decrease found
in the control.

There was no effect of dolomite application on acid-
extractable concentrations of As in Litavka soil (Fig. 5¢),
and only a slight effect in the Malin soil (Fig. 3d). In Malin
soil, the effect of dolomite application on concentrations of
acid-extractable As was similar to that for Cd and Zn.

Irom

In Litavka soil, a decrease in plant-available concentra-
tions of Fe in lime treatments (Fig. 6a) was the same as the
decrease in the control, with the exception of an increase in
all L1 treatments. In Malin soil, the increase in plant-avail-
able concentrations of Fe in lime weatments (Fig. 6b) was
the same as that for the control,

In Litavka and Malin soils, concentrations of plant-
available Fe in dolomite treatments (Fig. 6a and b) was the
same as in the control; therefore there was no effect of
dolomite application on plant-available Fe concentrations.

In Litavka soil, the concentration of acid-extractable Fe
in lime treatments (Fig. 6c) was the same as that for the
control, with the exception of a high increase in the LI
treatment in Litavka soil on the 14%, 28%, and 42™ days. In
Malin soil, concentrations of acid-extractable Fe in lime
treatments (Fig. 6d) were the same as in the control, in that
they increased on the 14% day and then substantially
decreased.
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Fig. 5. Effect of treatment on mean concentrations of plant-available As (a, b) and acid-extractable As (o, d) in Litavka and Malin soils.
Treatment abbreviations are given in Table 3. Ermor lines represent standard error of the mean (SE). Caleulated by one-way ANOWA,
di fferences between trestments were either not statistically significant (ns.), were signi ficant on the 0.05*) probability level, or were

signi ficant on the 0.01 (**) probability level.
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In both soils, concentrations of acid-extractable Fe in
dolomite treatments (Fig. 6c and d) were the same as in the
control.

Manganese

In Litavka soil, with the exception of an increase for the
L1 weatment on the 28 and 42™ days, concentrations of
plant-available Mn in lime weatments (Fig. 7a) and in the
conirol remained stable during the experiment. In Malin
soil, with the exception of an increase in the 12 and L3
reatments recorded on the 14% day, concentrations of plant-
available Mn in lime treatments (Fig. Tb) and in the control
remained stable.

There was no effect of dolomite application on plant-
available concentrations of Mn in either soil (Fig. Taand b).

In comparison to the control, lime application substan-
tially and permanently decreased concentrations of acid-
extractable Mn in Litavka soil (Fig. 7c). In Malin soil, with
the exception of an increase for the L1 treatment on the 14*
and the 28" days, the decrease in acid-extractable concen-
wations of Mn in lime reatments (Fig. 7d) was the same as
the decrease in the control.

There was only a slight effect of dolomite application
on concentrations of acid-extractable Mn. In Litavka soil, a
slight decrease in Mn concenirations was recorded after
dolomite application (Fig. Tc). In Malin soil, the recorded
decrease in acid-extractable concentrations of Mn in
dolomite treatments (Fig. 7d) was the same as that for the
control. No effect of dolomite application on acid-
extractable Mn concentrations was therefore found.

Discussion of Resulis
So1l pH

There was a high and immediate effect of lime but no
effect of dolomite application on the pH value of the soils,
although the amount of Ca supplied by both additives was
the same. This result was because of the different anion
form found in each of the additives. Calcium in lime is
bound in an oxide form, whereas in dolomite it is in a car-
bonate form [22]. Anion form plays an important role in
additive solubility. The carbonate form is characterized by
poor solubility, while the oxide form is highly soluble [22,
23]. The addition of lime to moist soil created strongly alka-
line slaked lime, which highly increased soil pH. The addi-
tion of dolomite does not usually increase soil pH above 7
[24]. Soil pH also was connected with the different buffer-
ing capacities of the soils. Buffering capacity is positively
related to cation exchange capacity. In the Malin soil, there
was a valee of cation exchange capacity that was six times
higher than for the Litavka soil, and a similar content of
organic C. Therefore, Malin soil is characterized by a high-
er buffering capacity than Litavka soil. This is clear from
the different pH value of the L1 treatment in both soils. The
amount of applied Ca was very high in L2 and L3 treat-
ments, and therefore the differences in buffering capacity
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between soils were not sufficiently high to affect soil pH,
which was 12 in both soils.

Cadmium

In Litavka soil, the mean plant-available Cd concentra-
tion in the control was 0.7 mg-kg”, but in Malin soil, plant-
available Cd concentrations were about one order lower. In
Europe, plant-available Cd concentrations in common agri-
culral soils with low total Cd concentrations are up to
0.05 mgkg' [25, 26]. Therefore, in Litavka soil, plant-
available Cd concentrations without any additive were
about one order higher than in common agriculural soils.

Plant-available Cd concentmtions were about one order
lower than acid-extractable Cd concentrations, in both soils.
This was driven by the different leaching capacity of the
used extractants. Calcium chloride is a mild extractant and
behaves like an enhanced soil solution [27]. Weak acetic
acid is a stronger extractant and is able to release a propor-
tion of the elements bound onto a soil sorption complex
[28] and carbonate-bound fractions. Another driver is the
low pH of acetic acid, as the mobility of Cd is especially
high under conditions of low soil pH [11,27]. In Malin soil,
plant-available Cd concentrations were very low, approach-
ing the detection limit. This was probably because of the
low mobility of Cd, due to the high pH value and high car-
bonate content of the soil [17].

Lime application decreased plant-available Cd concen-
trations substantially and constantly in Litavka soil. This
was connected with a high increase in soil pH after lime
application, as has also been recorded by other suthors [22,
29.31] The lack of any effect of lime application rates sug-
gests that a decrease in Cd mobility can also be recorded
under lower lime application rates than were tested in this
study. Therefore, to detect minimal effective lime applica-
tion rates, any future study must be designed with substan-
tialty lower lime application rates.

In Malin soil, there were minimal changes in plant-
available Cd concentrations after lime application. This was
because of an initially high pH value and the high Ca stams
of the control soil. At the end of the experiment, there was
a slight increase in plant-available Cd concentrations in all
treatments to which lime was applied. This was probably
becanse of the presence of dissolved organic C that could
minimize adsorption of Cd onto solid phases [32].
Although there was a minimal effect of lime application on
Cd mobility, initial concentrations of plant-available Cd
were very low and it was not necessary to decrease them
further. We can therefore conclude that lime application
decreases Cd mobility considerably, especially on acid
soils, as has been recorded by other authors [11, 33, 34).

Dolomite application slightty decreased plant-available
Cd concentrationsin Litavka soil. Thiswas probably because
carbonates created with Cd* precipitate CdCO, [32]. There
was a decrease of plant-available Cd concentrations with the
application rate of dolomite, and therefore a future stdy
must be designed with higher dolomite application rates soas
to detect a maximal possible decrease of plant-available Cd
concentrations after dolomite application.
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In Malin soil, there was no effect of dolomite applica-
tion on plant-available Cd concentrations. This was because
of an initially high pH value in the control soil, and there
was no increase in soil pH after dolomite application.
Therefore, we can recommend dolomite application only
on acidic soils, especially at higher application rates. This
conclusion is in agreement with other authors [11, 33, 34].

Fine

In Litavka soil, the mean plant-available Zn concentra-
tion in the control was 29 mg-kg”, but in Malin soil plant-
available Zn concentrations were about three orders lower.
In Europe, plant-available Zn concentrations in common
agriculiural soils with low total Zn concentrations are up to
0.2 mg-kg [23, 26]. Therefore, in Litavka soil, plant-avail-
able Zn concentrations were, without any additive, about
two orders higher than in common agriculural soils.

Plant-available Zn concentrations were about one order
lower than acid-extractable n concentrations in Litavka
soil and about two orders lower than acid-extractable Zn
concentrations in Malin soil, as was also recorded by
Szikovi et al. [11].

The effect of lime and dolomite applications to decrease
plant-available Zn concentrations in both soils was the
same as found for plant-available Cd concentrations. This
was due to the similar chemical properties of Cd and Zn
[35]. We can therefore conclude that the practical use of
lime and dolomite applications fol lows the same rules as for
Cd and Zn.

Lead

In Litavka soil, the mean plant-available Pb concentra-
tion in the control was 0.05 mg kg, but in Malin soil, plant
available Pb concentrations were about three orders lower.
In Europe, plant-available Pb concentrations in common
agriculiural soils with low total Pb concentrations are up to
0.2 mg-kg! [23, 26]. Therefore, in Litavka soil, plant-avail-
able Pb concentrations were, without any additive, about
one order lower than in common agri caltural soils.

Plant-available Pb concentrations were about one order
lower than acid-extractable Pb concentrations in Litavka
soil. In Malin soil, plant-available and acid-extractable Pb
concentrations were similar.

Lime application increased plant-available Pb concen-
trations in Litavka soil. This was connected to the release of
Pb from soil organic matter after lime application, becanse
Pbis bound especially to organic matter [13, 36]. Dissolved
organic matter after lime application released Pb, which
then formed complexes with hydroxides. These soluble
hydroxide complexes are formed in highly alkaline condi-
tions at pH > 12, as has also been recorded by other authors

32].
[ ]In Malin soil, lime application had no effect on plant-
available Pb concentrations. This was connected to an ini-
tial high soil pH and the generally low mobility of Ph.
Therefore, we can conclude that lime application is not suit-
able for decreasing the mobility of Pb on acid soils.
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In both soils, dolomite application had no effect on plant-
available Pb concentrations. We can therefore conc hude that
the application of dolomite is not a suitable measure to
impact the mobility of Pb on soils with different pH values.

Lime application decreased acid-extractable Pb concen-
trations in Litavka soil. This was probably because of the
occurrence of Pb in insoluble forms in alkaline soil condi-
tions [37). Therefore, we can conclude that lime application
is effective in decreasing acid-extractable Pb concentrations
in acid soils with weak soil sorption. This conchision is in
apreement with Friesl-Hanl et al. [38].

The lack of any effect of lime application on acid-
extractable Pb concentrations in Malin soil was the same as
was the case for plant-available Pb concentrations.

In Litavka soil, there was a significant decrease in acid-
extractable Pb concentmtions after dolomite application.
This was probably because of PhC0,; formation [39]. The
slight effect of dolomite application rates indicates that the
decrease in Pb mobility is connected to the higher adsorp-
tion capacity for Pb in CaCOg-rich soils [39). Therefore, a
future study must be designed with substantially higher
dolomite application rates in order to detect the most effec-
tive dolomite application mtes. We can therefore conclude
that dolomite application is suitable for decreasing acid-
extractable Pb concentrations in acid soils at higher appli-
cation rates,

The lack of any effect of dolomite application on acid-
exiractable Pb concentrations in Malin soil was the same as
was the case for plant-available Pb concentrations.
Therefore, we conc luded that dolomite and lime application
is not a suitable method to immobilize Pb in alkaline soil.

Arsemic

In Litavka soil, the mean plant-available As concentra-
tions in the control was 0.03 mg-kg' and plant-available As
concentrations were similar in Malin soil. In Europe, plant-
available As concentrations in common agricultural soils
with low total As concentrations are up to 0.3 mg-kg [23,
26]. Therefore, in Litavka soil, plant-available As concen-
trations were, without any additive, similar or approximate-
Iy one order lower than in common agricultural soils.

Plant-available As concentrations were similar to acid-
extractable As concentrations in both soils.

Lime application slightly increased plant-available As
concentrations in Litavka soil. This was probably connect-
ed with the formation of mobile arsenite, which is typical
for alkaline soils, as has been recorded by other authors [11,
25, 40].

There were minimal changes in plant-available As con-
centrations after lime application in Malin soil. A similar
trend was recorded by Hartley et al. [41]. This was proba-
bly because of the initialby high pH value ofthe control soil.
Mobile arsenite was therefore already dominant in the soil
before lime application. In both soils, lime application rate
slightly affected plant-available As concentrations. The
high amount of applied Ca in the soil was probably precip-
itated as As-Ca complexes, CaHAs0, and Cay(AsO,),, as
has been recorded by other authors [42, 43].



Effect of Quick Lime and Dolomire...

387

In both soils, there was no effect of dolomite application
on plant-available As concentrations and this is in accor-
dance with the results of Hartley et al. [41]. This was prob-
ably because dolomite had no effect on soil pH and there-
fore no effect on the change of As species in the soil.

We can conclude that lime and dolomite applications
are not a suitable measure to immobilize As, either inacid
or in alkaline soils. This conclusion is in agreement with
Szikova et al. [11].

Irom

In Litavka soil, the mean plant-available Fe concentra-
tion in the control was 0.4 mg'kg and, in Malin soil, plant-
available Fe concentrations were similar. In Europe, plant-
available Fe concentrations in common agricultural soils
are up to & mg-kg! [25]. Therefore, in Litavka soil, plant-
available Fe concentrations were, without any additive,
approximately one order lower than in common agricultur-
al soils.

Plant-available Fe concentrations were approximately
one order lower than acid-exiractable Fe concentrations in
both soils.

In Litavka soil, there was a minimal effect of lime appli-
cation on plant-available Fe concentrations. The reason for
discrepancies in plant-available Fe concentrations in L1
treatment requires further research.

In Malin soil, there was no effect of lime application on
plant-available Fe concentrations.

In both soils, there was no effect of dolomite application
on plant-available Fe concentrations. This was because of
the high soil pH in which metals are generally, with few
exceptions, less soluble than in acid soil [44].

Manganese

In Litavka soil, the mean plant-available Mn concentra-
tion in the control was 0,03 mg-kg" but, in Malin soil, plant-
available Mn concentrations were approximately one order
lower. In Europe, plant-available Mn concentrations in
common agricultural soils are up to 5 mg-kg' [25, 26], and
therefore in Litavka soil, plant-available Mn concentrations
were, without any additive, approximately two orders bower
than in conumon agricultural soils.

Plant-available Mn concentrations were approximately
three orders lower than acid-extractable Mn concentrations
in both soils.

In both soils, there was in most cases no effect of lime
and dolomite application on plant-available Mn concentra-
tions. This was because of high soil pH under which the
mobility of Mn is generally low [44].

Lime application substantially and permanently
decreased acid-extractable Mn concentrations in Litavka
soil. In Malin soil, there was no clear effect of lime appli-
cation on acid-extractable Mn concentrations.

We can conclude that lime application is suitable as a
method for decreasing acid-extractable Mn concentrations
in acid soils.
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Dolomite application  slightly decreased acid-
extractable Mn concentrations in Litavka soil. This can be
explained by Mn chemisorptions on CalC0, and following
the precipitation of MnCO,, as has been recorded by other
authors [32, 45]. There was a slight effect of dolomite appli-
cation rates, indicating that the decrease in Mn mobility is
probably connected with the amount of carbonate in soils.

In Malin soil, there was no effect of dolomite applica-
tion on acid-extractable Mn concentrations. We can there-
fore conclede that dolomite application slightly immobi-
lized the Mn in acid soil, but that there was no effect in
alkaline soils.

Conclusions

The incubation experiment provides clear evidence of
the different efficiency of lime and dolomite application on
immobilization of elements in contaminated soils with dif-
ferent soil pH and sorption properties. Lime application is
an effective measure to immobilize Cd and Zn only in acid
soils. On the other hand, lime application is an ineffective
measure for immobilizing Ph and As, either in acid or in
neutral soils. Dolomite application is a suitable measure o
immobilize Cd and Zn in acid soils, but with higher appli-
cation rates than lime. Dolomite application is an ineffec-
tive measure for immobilizing Pb and As, either in acid or
in neutral soils. It can be concluded that application rate
plays a significant role, especially in the case of the less
effective dolomite. During incubation, there was a weak
effect of time on immobilization of the various elements.
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Abstract

Background and aims The ionome (elemental composi-
tion) of grassland species has rarely been studied at the
level of individual organs and littde is known about effects
of soil chemical properties on the ionome. Using the
model oxalate plant Riemex obtsifolins, we asked how
its biomass production and the distribution of elements
between its organs is affected by soil chemical properties.
Methods We established a pot experiment with
. obtusifolius planied in acidic non-contaminated con-
trol and in slightly acidic and alkaline soils anthropo-
genically contarminated by the risk elements As, Cd, Phb,
and Zn. Both contaminated soils were untreated and
treated by lime and superphosphate. We determined
biomass production and the concentrations of elements
in iis organs.

Results Biomass production was negatively related to
the mobility of micro- and risk elements. Restacted
transport of micro- and risk elements from belowground
organs ino leaves was recorded in untreated contami-
nated soils. In both lime-treated soils and in
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superphosphate-treated alkaline soil, elevated transport
of micro- and risk elements from belowground organs
into leaves was recorded in comparison to untreated
contaminated soils. The lowest concentrations of
micro- and risk elements were recorded in stems and
seeds, followed by belowground organs and leaves.

Conclusions R obusifolius 15 an As-, Cd-, Pb-, and Zn-
excluder and is sensitive to high availability of micro-
and nsk elements in the soil Soil chemical properties
affect the distribution of essental elements within the

plant greatly.

Keywords Bioaccumulation and translocation factors -
Broad-leaved dock - Oxalate plants - Quick lime -
Superphosphate

Introduc ion

The ionome is the elemental composition of cells, tis-
sues, organs or whole organisms (Salt et al. 2008). The
elemental composition of many agricultural crops has
been investigated (Srek et al, 2012; Zhao et al. 2013). In
the case of grassland species, the ionome has predomi-
nantly been studied in above ground organs (White et al.
2012; Lindstrém et al. 2013). Therefore, insufficient
information is available conceming the elemental com-
positon of belowground organs. Even in aboveground
organs, the elemental composition of grassland species
s frequently determined only in bulk biomass or in
leaves of individual species, to determine their forage
quality or nutriional stams (Thompson et al. 1997,
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Hejeman et al. 2012a). Hence, litde information is avail-
able to describe the distribution of elements in individ-
ual aboveground organs, particulady in the case of
micro- and risk elements (Barman et al. 2000;
Guleryuez et al. 2008; Gaweda 2009).

It has long been recognised that the elemental com-
position of plant tissues is influenced by environmental
conditions and in particular by the availability of differ-
ent elements in the soil (Bamman et al 2000; Anton and
Mathe-Ciaspar 20035). However, itis still not well known
to what degree the concentrations of elements vary in
different organs and how much of this vanability is
determined by soil chemical properties. Using the model
oxalate plant Rumex obtusifolius subsp. obtusifolius
(broad-leaved dock), which is a common weedy species
in temperate grasslands (Hann et al. 2012; Stronad et al.
2012; Hujerova et al. 201 3), the aim of this study was to
test the extent to which concentrations of
macroelements (N, P, K, Ca, and Mg), microelements
(Cu, Fe, Mn, Ni, and £n) and nsk elements ( As, Cd, Cr,
Pb, and Zn) in its organs are affected by soil chemical
properties. Zine can be classified as both a microelement
and a risk element, depending upon its availability in the
soil and its concentration in plant biomass.
K. obtusifolius belongs to the group of ‘oxalate plants’,
which regulates excessive Ca concentrations in tissues
by Ca-oxalate precipitation (White and Broadley 2003).
Organic acids play an important mle in heavy metal(-
loid) tolerance and detoxification in plants because of
their external or internal chelation with risk metal{loid)s
(Sytar et al. 2013). In oxalate plants with low exu-
dation rates of di- and ta-carboxylic acids (Tyler
and Strim 1993), the main detoxification mecha-
nism is probably internal chelation. The uptake
and transport of micro- and fsk elements by plants
can be characterised by the bicaccumulation factor
(BF), which is calculated as the plant-to-soil con-
centration ratio of a particular micro- or risk ele-
ments (Zhuang et al. 2007, Gupta et al. 2008).
The leaf-to-root concentration ratio of particular
micro- or sk elements is termed the translocation
factor (TF; Gupta et al. 2008; Barrutia et al.
2009). According to Baker (1981), plants that ac-
cumulate micro- and risk elements are
characterised by a BF and TF = 1, indicator plants
by a BF and TF = 1 and plants that exclude these
elements by a BF and TF < 1. Questions that have
not yet been addressed are which BF and TF
values are characteristic for oxalate plants like
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K. obtusifolius and to what extent are BF and TF
values affected by the micro- and nsk elements
availability in the soil.

In this smdy, we asked how (1) biomass production
of K. obfusifolius, (2) concentrations of elements in
its organs and (3) BF and TF were affected by soil
chemical properties.

Materials and methods
Design of the experiment

Two long-term heavily contaminated soils (“Litavka® by
As, Cd, Pb, and Zn and *Malin® by As, Cd, and Zn) and
one conrol seil without any contamination (“Méiec”)
were used for a pot experiment i an outdoor university
vegetation hall in Prague—Suchdol, with natural temper-
ature and light conditions. Details conceming the history
and sources of Litavka and Malin soil contamination are
given in Borlvka et al. (1996) and Hordk and Hejeman
(2013). The physicochemical properties of all used soils
are provided in Table 1.

In contarmnated soils, we manipulated the availabil-
ity of elements by application of ime and superphos-
phate according to previous findings of Vondrickovi
et al. (2013, 2014). We applied 73 g lime (Ca0) per
1 kg of soil containing 686 g Cakg " with pHegez 12.0
=001 and 1.3 g superphosphate (Ca(H:POy): - Ha0)
per 1 kg of soil containing 246 g Pkg ' and 159 g Ca
kg ' with pHegop 2.2+0.003. The pot experiment was
established in May 2011 with seven treatments replicat-
ed five times: LC—Litavka control soil without any
additive; LCa—Litavka soil with lime; LP—Litavka
soil with superphosphate; MC—Malin control soil with-
out any additive; MCa—Malin soil with lime; MP—
Malin soil with superphosphate; and McC—M3ec, non-
contaminated control soil. Five kg of air dried soil
were passed through a 10 mm sieve and put in 5-
L pots (20 cm in diameter and height). In each
pot, the whole soil profile was mixed with nutnent
solution, consisting of 0.5 g N as NH,NO,, 0.16 g
P and 04 g K as K:HPO,. Application of nutrnent
solution was performed, to ensure that N, P, and K
availability was non-limiting for growth of
K. obtusifolius in all treatments. The lime and
superphosphate additives were mixed with the soil
after application of the nutrient solution. One hun-
dred seeds of K. obtusifolius were sown (1-2 cm
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Table1 Basic characteristic of the expenmental soils {mean + SE;
n=3). Dhfferences between soils, calculated by Kruskal-Wallis
rariks, soils with the same letter were not signi ficantly different

test, were not statistically significant (™) or significant at 0.03
(*) probability level. Using the multiple compansons of mean

Soil property Soil
Litavka Malin Miec
{49°43M, 14°0'E) {49°58N, 15°1T'E) {50°12N, 13°51'E)

Soil texture Clay loamy sand Loam Loam

Soil type Fluvisol Luvisol Pararendzina

PHeacn® 6.5£0,02* 7.3+0.02° 52+0.2"

CEC (mmol,., kg ')* 1093520 333+15° 64+12"

Coxg (%)* 3.6+0.1° 2.7+0.1* 2.402"

P* (mg ke ') 903" S6+3 175.5426.5

K* jmg kg™)* 19248 23444 155432

Ca® (mg kg™ ™ 1856+31° 5914+08° 17364216

Mg * (g kg™ 16045 35445 117.5¢17

AS g (mg kg™ 35442 HREE2A" 9+03"

Cd g (mg kg™)* 53.840.9° 11.340.2% 0.20.03"

Cr yeu (mg kg™ )* 51.540.8° 4541 181"

Clt g (g kg™ 61:0.4* 6242 13£1°

Fé pea (g kg™ )* 21193+ 146° 17379+224* B4A94247

Mt oy (g kg™ ) 268816 37144 340£17"

Ni g (g kg™ 18.540.1% 23.540.3° T£1"

Pb e (g kg™ ) 330585 0843 3242

Zn g img kg™h® 6172442 102218 405"

toar—pseudo-dotal concentrations of elements extracted by Agrar Regia

Czech legislation limits for psendodotal concentrations of elements in light-textured/other soils (mg kg" Je Al 30GE0, Cd 0410, Cr 100/
200, Cu 60V100, Fe not specified (n.s.), Mn n.s., Ni 60/80, Pb 100/140, Zn 130/200 { Anonymous 1994)

CEC cation exchange capacity (Schwertfeger and Hendershot 2009)

* Available concentrations of macro elements determined by Mehlich 0 extraction procedure (Mehlich 1984)

deep) in each pot (see Hejeman et al. 2012b for
details about emergence and survival of seedlings
in contaminated soils) and after 1 month of
erowth, the seedlings were thinned to three plants
per pot. The pots were regulady watered with de-
ionised water to maintain the optimal moisture
condition for plant growth during the vegetative
period. Positions of pots were changed weekly to
avold any side effect on the collected data. The
plants were harvested after a growth period of
6 months and their biomass divided into below-
ground organs, stems, leaves, and seeds (ie.,
achenes with a perianth). The belowground organs
were first washed thoroughly with tap water to
remove soil adhered to belowground organs. Then,
the belowground organs were washed in
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ultrasound-assisted bath filled with deionised water
(ELMASONIC 530, Elma Ultrasonic Technology).

Chemical analyses

Soil samples were collected from the whole soil profile
at the end of the experiment and were analysed for pH,
plant-available and acid-extractable concentrations of
elements (Table 2). For chemical analyses, soil samples
were air dred at 25 °C and sieved to <2 mm. Soil pH
was measured in a 1:5 (wi) suspension of soil and
0.01 mol L' CaCl,. Mobile (plant-available) and
mobilisable (acid-extractable) portions of elements in
soils were determined using 0.01 mol L' CaCls and
0.11 mol L™" CH,COOH (hereafier abbreviated as Ca
and AA, Tlustod et al. 1994; Quevauviller 1998). The
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Table 2 Effect of treatment on soil pH, plant-available (mg kg™, extracted by 001 mol L™ CaCly; Ca) and acid-extractable (mg kg™ ;
extracted by 0.11 mol L™ CH;COOH: AA) concentrations of elemenis (mean + SE) at the end of the experiment

Varable Extmction  Treatrent

LC LCa LF MIC MCa MP MicC
pHeaee** - 5.8+001° 7 5+001% 59+002™ 72003  Te+002° 722001%  52+02°
P Ca Lo+02" 1.1+02" 3406 1.5+0.1* 19+£02* 33+01° 42406
Ko Ca 24647 4448 206417 12244 902" 111+3* 4449"
Mg ** Ca S442% 23.5+1" S04 3% 67+2.5° 4241" 67425 BO+9*
Ag e Ca 035£0.04"  033201" 0401 1.1£0.1% 14£01* 1.8+0.1% 005002
Cd ** Ca 42+02* 01001 384022 0.02+0,002"  003£001"  0.042001°  0.0320.004
™ Ca 0.03+0.004 003+001" 0032001 0.02+001° 0032001° 00220003  0.010.005
Cu** Ca Q1£001%  03+002° 01£001%* 010004  02+0005*  0.1+001" 0.05:£0.005"
Fe ** Ca 754000 6316 TRE]12% 112+14% 18114 13.31.2* 43206
Mn ** Ca 9.1+05 03003*  78+05%°  02:002° 02+002™ 02+003*  10.4x].9%
Mi ** Ca 0.2+0003* 0044001  01+001°  0.032001" 0044001 0052001 0.120.04F
Ph** Ca 0.65+0.1 05+0.1° 065401 0042001  002+0002° 0062001  0.1+0.02%
Zn** Ca 1797 3707 1M+ 0.6:40.1° 13403 1.4+0.6° 32405
Pee AA 31x05" 32104" 18440 1443 110,520 3822 49+6°
K* A I4£21° 463+ 234% 346+ 56 244+3% 237+ 7 237£5% 75£13%
Ca** A 1789+144" £484+1122% 21704278 7991+155F 10779+191° 80284195  1000+110°
Mg ** AA 108+ 7 12918 109+ 8™ 559415 515414 549+11° 91.5+11°
Ag e A LOx£02% 1.1:£0.05™ 1403 7.9+07% TH£02% 14.540.7 0.620.1°
Cd ** A 27+1* 262 27+1* 3.0£0.1% 32+01% 2.9+0.1% 0.120.01"
Cr** A 02+001"™  03+003 025+002°" 01002  01£002* 01004  0.04:0.007°
Cu ** A L8+01" 2104 18+01" 0.7£003®  08+001"  0.7£0.03™  02:001"
Fe ** A S0+ T 41+£6™ 41+6% 5947 T4+ 5 79165 §.6+0.5"
Mn ** AA 16048 163.5+15° 142482 6720 7543® 64,5410 To£120
Ni ** A 24%01° 22402 2501° 1.5£0.1% 13£00" 15003  0.7+0.1"
Pb ** A 6844 678" 52+3% 0.120.03° 09+01™ 03x01*™  03+£003™
Zn** A 2593 +68* 2284£114* 2607276 2705 230+ 10 27245 142°

Treatment abbreviations: LC Litavka control sodl without any additive, L Ca Litavka soil with lime, LP Litavka soil with superphosphate, MC
Malin control soil without amy additive, MCa Malin soil with lime, MP Malin soil with superphosphate, and MeC Miec, non-contaminated
control soil. Calculated by Krskal-Wallis test, differences between treatments were not statisticall y significant ("* ) or were significant at
005 (*) and 001 (**) probability levels. Acconding to the multiple comparisons of mean ranks, treatments with the same letter were not

significantly different

element concentrations in soil extracts were determined
using inductively coupled plasma-optical emission
spectrometry (ICP-0OES, VARIAN Vista Pro,
Varian, Australia).

Fresh biomass was air-dred at 60 °C to total desic-
cation, dry matter biomass was determined and then
plant samples were ground using a stainless-steel mill
and subsequently analysed. The total concentrations of
elements in organs were determined by ICP-OES (for P,
As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) and flame
atomic absorption spectroscopy (FAAS, VARIAN
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SpectrA A-280, Australia, for K, Ca, and Mg) after
microwave-assisted high-pressure acid-digestion (65 %
HNO, 30 % H,0, 4:1, Ethos 1, MLS GmbH, Genma-
ny). Certified reference material (CTA-OTL-1 orental
tobacco leaves) was mineralised under the same condi-
tions for quality assurance of the total element concen-
trations in experimental planis. The concentraton of N
in the plant organs was determined by the Kjeldahl
method using a Vapodest 50s (Gerhardt, Kionigswinter,
Germany) after wet-digestion with concentrated
H,50, (98 %)
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Diata analysis

All statistical analyses were performed using the
Statistica 9.0 (www.statsoft.com) and CANOCO 4.5
(ter Braak and Smilawer 2002) programs. All data were
checked for homogeneity of vanance and normality
i Levene and Shapiro-Wilk tesis). Soil and biomass data
did not meet assumptions for the use of ANOVA and
were thus evaluated by non-parametric Kruskal-Wallis
test. We assessed the effects of 1) treatment on the
concentrations of elements in the soil and biomass and
on the BFs and TFs, 2) organ on concentration of
elements in the biomass and 3) soil on the soil proper-
ties. After obtaining significant results from the Kruskal-
Wallis test, we used multiple compansons of mean ranks
for the detection of significant differences between dif-
ferent soils, treatments or organs. The relationship be-
tween concentrations of elements in the biomass and
biomass production was analysed by linear regression.
A principal component analysis (PCA), in the
CANOCO 45 program, was applied to all collected
data wgether (concentrations of elements in the soil
and biomass, pH, and biomass of organs). We used
standardised ‘species data® becanse data of different
character and units were analysed together. The PCA
was used to make visible correlations between all
analysed data and similarity of different reatments.
The results were visualised in the form of a bi-plot
ordination diagram in the CanoDraw program.

Results
Biomass production

The effect of treatment on the total biomass of
R. obtusifolius was significant (Fig. 1), and the total
biomass weight ranged from 1.3 to 43.3 g plant ' in
the LP and the McC treatments, respectively. Below-
ground biomass was also significantdy affected by the
treatment, and ranged from 0.4 to 29.0 g plant ' in the
LC and the McC treatments, respectively (Table 3).
Biomass production of all aboveground organs together
was also significantly influenced by treatment. No stems
or seeds were produced in the LC and LP treatments.
Leaf biomass ranged from (.1 to 5.8 g plant ' in the LC
and the McC treatments. [n treatments with stems and
seed producton, stem biomass anged from 1.1 v 4.1 g
plant ' in the MC and the LCa treatments, and seed
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Fig. 1 Effect of treatment on the total biomass of B odteifofius
(below- and aboveground biomass together) at the end of the
experiment. Treatment abbreviations: LC Litavka control soil
without any additive, L Ca Litavka soil with lime, LP Litavka soil
with superphosphate, MC Malin control soil without any additive,
MCa Malin soil with lime, MP Malin soil with superphosphate,
and MeC Miec, non-contaminated control soil. Eror bars repre-
sent SE. Based on Kruskal-Wallis test, differences batween treat-
ments were significant based on a 0,01 (**) probahlity level.
Using the multiple comparisons of mean ranks, treatments with
the same letter were not significantly different

biomass ranged from 1.9 to 7.9 g plant ' in the MC and
the LCa treatments, respectively. Significant negative
relationships were recorded between concentraions of
micro- and risk elements and total biomass of all organs
in the case of Cd (r=—0.606; p<0.01), Ni (r=—0373;
p=0.033), Pb (r=—0.356; p=0.042), and of Zn
(r=—0.532; p<0.01).

Concentraton of macroelements in the organs

The concentrations of N, P, and Ca were significantly
affected by treatments, and the concentrations of N, P,
K, Ca, and Mg differed between individual organs (see
Table 3 for details). The concentration of N ranged from
3.8 gkg 'instems in the MCa treatment, t0 29.9 gkg '
in leaves in the LP treatment. The concentration of P
ranged from 0.3 gkg ' in stems in the LCa treatment to
3.5 g kg ' in leaves in the MC reatment; the concen-
tration of K ranged from 5.6 g kg ' in belowground
organs 1o 38.9 g kg ' in leaves in the LC and McC
treatments, respectively, and the concentration of Ca
ranged from 2.8 g kg 'instemsto 15.4 gkg ' in leaves
both in the MeC treatment. The concentration of Mg lay
between 0.8 g kg ' in stems in the McC treatment and
5.7 g kg " inleaves in the McC treatment.
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Table 3 Effect of treatment on organ biomass (belowground
organs, stems, leaves, and seeds) and total concentrations of ele-
ments (mean + SE) in organs of R obfesifolius in Litavka, Malin
and Miec soils. Treatment abbreviations: LC Litavka control soil
without any additive, LCa Litavka soil with lime, LP Litavka soil
with superphosphate, MC Malin control sedl without any additive,
were not significantly different

MCa Malin soil with lime, MP Malin soil with superphosphate,
and MeC Miec, non-contaminated control soil. Differences be-
tween treatments and omgans were evaluated by Kruskal-Wallis
test. For each element, concentmtions in organs within one treat-
ment denoted with the same letter (a-¢) and concentrations in
treatments within one omgan denoted with the same letter (A-D)

Varahle Treatment Organ
Belowground ompans Stems Leaves Seads
Organ biomass (g plani™) LC 0.40.2% - 0.07+0.03* -
LCa 11514 4 114 39+06™ 794104
LP 10.3*8¢ - 040278 -
MIC f.6k] 2248 11024 1.5£0304BC 1.9:0 54
MCa 144254 2.540.8 3406 490,94
MP 011,34 13406 17£03048 240304
McC 2940 36404 S8+22" S.1+1.4*
Nig k™) LC 233405 - - -
LCa 10341 5848 414025 17.8+1.4% 1712064
deficient LF 22,7413 - 29.04] 524 .
noemal 20-50 MIC 7840 90AR 3.95+0.5M 18113248 20.0£0.6*
phytotoxic MCa 83418 3.8+0.3™ 158417 17.99:40,95
MP B.620,3248 54202 18.1+1.3*" 17.6£1.1*4
McC 574038 61409 22 840 §2AE 18.441.074
Pigkg) LC 06004 - 23+£0HME -
LCa 0.96:+0.05°# 0.320.03% 210248 1.5+0.3°
deficient <2(1)" LP 0.97+0.00*® - 1302 -
normal 33 MC 2,040,324 0.840,15™8 35£0904E 2,840,124
phytotoxic =10 MCa 1.740.25% 0.4:+0.06™# 12403208 2240 238
MP 1,80, 1204 1.1+0,15M 320234 340,124
McC 0.920.1**® 0.620.1%*F 1.7£02*4" 242048
Kizke™) LC 5.6:0.1% - 24042 4248 .
LCa 6.40.3%4 12420 428 2342 B 13.7£]1%0AR
deficient LP 5.820.3 - 24743 2%8 -
normal 20-50' MC 7.740.8™ 2] 2B 3042248 1441, 528
phytotoxic MCa 7.740,25™ 18248 324508 1541 4°8
MP 7246204 171,94 19+2%# 11+0.9%"
McC 6,940,704 3247 5304 38.9+] .44 22,524,000
Cafgkg™) LC 9.340,99%" - 13,542, 9248 -
LCa 594038 3.8540.3™ 10,5408 3.454+0,1™8
deficient LP 9,640,824 - 11£124" -
normal 1-50' MIC 64065848 38204 691074 3804208
phyvtotoxic MCa 5 4:£0.6*" 364045 T0+0424F 3.4:40 4048
MP 52404 3.620.60" 5807 315402
McC 13607 28403 154+1.9*" 6.8+0. 4"
Mg (g kg™") LC 1.440.1%48 - 3303 -
LCa 1.240.1% 0.920,1%4 39£02%4E 1.6+0.1%
deficient LF 1,540,208 - 34+05% .
@ Springer
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Table 3 (continued)
Varahle Treatment Organ
Belowground omgans Stems Leaves Seads
normal 1.5-3.5! MC 28540 504 1.8+0.204 53024 2,703
pleytotoxic MCa 1,740,208 1.440.20% 38401588 2,240, 1204
MP 1.9402™E 1.540.2™ 394048 2240, 12048
MeC 1.340.138 0.840.1% 574048 2 8402200

no matenal; |—Marschner (1995); 3—adapted from Pugh et al. (2002}, 4—adapted from Levy et al. (1999), 5—adapted from Kabata-
Pendias (2001), 6—aAlkorta et al. (2004), 7—Mahler (2004), 8—Allen (1989), 9%—Zhang et al. (2007), 10—Garcia-Salgado et al. (2012),
11—adapted from Lorestani etal. {2011), 12—adapted from Guleryvuez et al. (2008), 13—Bose and Bhattacharyya (2008)

Concentration of microelements in the ongans

The concentrations of Cu, Fe, Mn, and Ni were signif-
icantly affected by treatments, and the concentrations of
Cu, Fe, Mn, Ni, and Zn differed between the individual
organs (see Table 4 for details). The concentration of Cu
ranged from 2.7 mg kg ' in seeds in the LCa to
91 mg kg ' in belowground organs in the LP treatment;
the concentration of Fe ranged from 51.5 mg kg ' in
stems in the LCa treatment, to 5357 mgkg ' in leaves in
the MP treatment; the concentration of Mn ranged from
3.5 mg kg ' in stems in the LCa treatment, to
228 me kg ' in belowground organs in the LC treat-
ment; the concentration of Ni ranged from 0.5 mg kg '
in stems in the LCa treatment, to 5.9 mg kg ' in leaves
in the MP treatment; and finally, the concentration
of Zn ranged from 24 mg kg ' in stems, to
83 mg kg ' in belowground organs in the non-
contaminated McC treatment.

Concentration of risk elements in the organs

The concentrations of As, Cd, Cr, Pb, and Zn were
significantly affected by treatments and analysed plant
organs (see Table 4 for details). The concentration of As
ranged from 0.22 mg kg ' in stems in the McC treat-
ment to 189 mg kg ' inleaves inthe MCa treatment; the
concentration of Cd ranged from 0.2 mg kg ' instems in
the MCa treatment, to 29 mg kg ' in belowground
organs in the LC treatment; the concentration of Cr
ranged from 0.07 mg kg ' in seeds in the McC treat-
ment, to 6.8 mg kg ' in leaves in the MP treatment; the
concentration of Pb ranged from 0.1 mg kg ' in stems in
the McC treatment to 235 mg kg ' in belowground
organs in the LC treatment; and finally, the
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concentration of Zn, in plants grown on contaminated
soil, ranged from 30 mg kg ' in stems in the MC and
MCa reatments, to 1479 mg kg ' in belowground or-
ans in the LC treatment.

Bioaccumulation and translocation factors

Bivaccumulation factors for all elements were signifi-
cantly affected by treatments (Table 5). In the non-
contaminated MeC treatment, the BF was above one
only for Cd and Niand in contaminated soils of LC and
MC treatments, the BF was below one for all elements.
Bioaccumulation factors for As, Cd, Cu, Mn, Ni, Pb,
and Zn were affected by their level of soil contamination
(As: r=0.541, p=0.001; Cd: r=—0360, p=0.040; Cu:
r=—0.377, p=0.031; Mn: r=—0.587, p=<0.01; Ni:
r=—0368, p=0.035; Pb: r=—0.457, p<0.01 and Zn:
r=—0376, p=0.031). Liming (MCa treatment) and ap-
plication of superphosphate (LP and MP treatments) did
not affect the BF in contaminated soils.

Translocation factors for As, Cu, and Ni were signif-
icantly affected by treatments (Table 5). Liming (LCa
and MCa treatments) and application of superphosphate
(MP treatment) affecied the TF in contaminated soils.

Result of PCA analysis

The first axis of the PCA analysis explamned 35 %, the
first two axes 56 % and the first four axes together, 82 %
of the vanability of all analysed data (Fig. 2). The first
ordination axis divided individual pots into the Litavka
group on the rght side and Malin and MZec groups on
the left side of the diagram. This indicates an effect of
soil properties on the availability of elements i soil and
biomass production as well as on element accumulation.
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Table 4 Continuation of Table 3

Varable Treatment Organ
Belowground organs Stems Leaves Seeds
As (mg kg™) LC S50 1 PAR - I ERRABC -
LCa 10542048 1. 7£04"4E 234634BC 0.6:+0.4°8C
deficient - LP 5042548 - 9.642.6% -
noemal 1-1.7° MC 15567 1243™ 127:£30% 217
phytotoxic 5-20° MCa B+ 2E0AR Tha1TMA8 180484248 6643 PABE
hyperaccumulation level 1000 MP B2 3ThAR 15,54 7204 15330748 17£100ABC
MeC 08120178 02240 06> 0.75+0.27°% 0.23+0.05%
Cd (mg kg ') LC 2044 5% - 14£2™ -
LCa 68+ 1248 1.5:£03%4 5.940.9%4BC 12403
deficient - LF 19+3 824 - 10.5£148 .
normal 0.05-2° MC 4R+ 68 03018 2.1+04% 0.5:0,12048
phytotoxic 5-700° MCa 2106 02+004° 1.9+0,8% 0.240.05™
hyperaccumulation level 100° MP 28408 05+0,1°™# 234045 0.540,28
McC 07701228 045401528 0.99+0.24C 0.29+0.15*#
Cr(mgkg™) LC 31£11% - 2340648 -
LCa 156084 01003 3240848 020 08048
deficient - LP 30+11 - 1.340.2*48 -
normal 0.1-0.5° MC 62426404 0602048 5.8+]1.34" 1.6:£0.4%04
plevtotoxic 5-30° MCa 2441304 03+0,1048 6642 628 0,740, 22048
hyperaccumulation level 1000° MP 3241 4% 09403 68413 1.420.4%4
Mel 0824025 01420058 044400908 0.07+0.01"
Cuimg kg™ LC TR+ 5124 - 0, 540,8048 -
LCa 132" 294094 8.24]. 05848 2.7+0.6%
deficient <1-5° LP 91+600" - 114254 -
normal 4-15'2 MC 25540048 fH:36" 1642248 11324
phytotoxic 20-100° MCa 125438 26415 15458 4406
hyperaccumulation level 1000° MP 24+ | PABR 19+ 1074 174234 70,924
Ml 43+05% 294015 4.3403%" 3602208
Fe (mgkg™") LC 2463866 - 176127038 -
LCa 965:+473°* 515138 20924607 B24:34™
deficient <40° LP 23374061 - 7951878 -
normal 30-300° MC 4547 541954304 251,507 B A456£1000%F 0264258304
phytotoxic >500° MCa 1857101154 171574 527322314F 315112448
hyperzecumulation level 10000" MP 240641058 114 5357+1051** 758387
M 432135 62425248 21689 5244748
Mn (mg kg™') LC 2284 062" - 18348254 -
LCa 116:£55%04 354058 207+49*" 25410804
deficient LP 1186134 - B1£2334 -
normal 40-200 MC 712804 465+1 4MAB 8R+330 20454
phytotoxic >356" MCa 3041504 36409 77432 10.5:41.8°*
hyperaccumulation level 10000° MP 30+ 1600 7541 A8 Bix17* 2148 5204
MeC Shdk5 5200 171 199456 £330
Ni (mg kg™) LC 41412 - 2340648 -
@ Springer
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Table 4 (continued)
Variable Treatment Organ
Belowgmound organs Stems Leaves Seeds

LCa 1440454 05005 2404248 0.6+0.1%
deficient LP 32408 - 14402 -
normal 0.5-5° MC 53+18*" 07+02° 4820958 22407
phytotoxic 5" MCa 254085 07£01* 5.041.8" 1.240,2°8
hyperaceumulation level 1000° MP 3341254 1.0£02%4 5041 1.8+0, 3204

Ml 1.0£0.1% 060124 1.2:402% 1,240,124
Pb (mg kg™ LC 2354+ BRM - 1424638 -

LCa 123454048 29+02° 166:£44>8 5,543
deficient -* LP 11348248 - 504] gRARE -
normal 0.5-10° MO 14+5%48 12048 10.542.5% 541,984
phytotoxic 30-300° MCa B2 FF 19+06>" 13.6::6,5%4BC 1.840.33
hyperaccumulation level 1000° MP ThH+2 8" 22+04*# 1342248C 6428

MeC 16032 0.1+01 0.840,3%% 0.2+0,1°™*
Zn (mg kg') LC 14794360% - 12604213%® -

LCa 3294 gTRAR S0 7 498 +10524BC 551704
deficient <10° LF B09- 180PAE - B75+66H -
normal 10-150° MC 231+ 768 30470 189:+39°C 6049 554
phytotoxic >100-500° MCa 1244468 3048 241:+100*45¢ 3245°4
hyperzccumulation level 10000° MP 141+ 45308 509t 220+40PABC 541904

McC R Wt 244324 T4£18%F 28+3%4

In Litavka, in contrast to Malin soil, data for hime
treatment (LCa) were clearly separated from all marks
for control (LC) and superphosphate treatments (LP).
This indicates a large effect of lime application on all the
recorded data in Litavka soil and a minimal effect in
Malin soil. In the majority of treatments, data for stems
and seeds were grouped into the upper part of the
diagram, indicating the lowest concentrations of ele-
ments in these organs, since the vectors for the majority
of elements in the biomass grouped on the opposite site
of the diagram.

The length and direction of the vectors relatng to the
individual elements indicate the association of elements
with their respective treatments. For example, Zn con-
centraion was the highest in belowground organs in the
LC treatment, but the lowest in stems in the McC
treatment. The concentraton of Zn in plant biomass
(Zn/B) was positively comelated with plant-available
Zn (Zn/Ca) and also with acid-extractable Zn (Zn/AA)
concentrations in the soil as indicated by an angle be-
tween the vectors for Zn/B and Zn/Ca or Zn/AA of less
than 90F. The concentration of Zn in plant biomass was
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negatively correlated with biomass of organs (DM) as
the angle between vectors for Zn/B and DM was greater
than 90°. Two vectors did not positively correlate,, if the
angle between them is larger than 90°. A long vector for
a particular variable indicates that it greatly affected the
results of the analysis and the opposite was the case for a
short vector. For example, there was no effect of soil and
treatment on the concentrations of K and Mg in plant
biomass, as vectors for these elements (K/B and Mg/B)
were very short

Discussion
Biomass production

Biomass production (ie. total biomass of all organs) of
K. obtusifolius was clearly negatively related to the
concentrations of Cd, Ni, Pb, and #n in its biomass,
indicating their toxicity to plants. Very high concentra-
tions of micro- and nsk elements in plants (i.e. depend-
ing on the plant species, >S mg Askg ', >5mg Cdkg ',
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Table 5 Effect of treatment on broaccumulation (BF) and trans-
location (TF) factors (mean £ SE). Treatment abbreviations: LC
Litavka control soil without any additive, LCa Litavka soil with
lime, L Litavka soil with superphosphate, MC Malin control soil
without any additive, MCa Malin soil with lime, M Malin soil
not significantly different

with supemhosphate, and MeC M3ec, non-contaminated control
soil. Calculated by Kruskal-Wallis test, differences between treat-
metts were not statistically significant (™) or were significant at
0.05 (*)and 0.01 {**) probability levels. According to the multiple
comparisons of mean mnks, treatments with the same letter were

Variable Elements Treatment
LC LCa LP MC MCa MP McC

BF As® 0.06+0.02* 0.04+0.01° 003+001* 0.120.03* 0.1 £0,04° 0.1 0,04 0.05+0.01*
Cd e 0.3+0 04 0.08+0.01° 024002 010,02 0.120.03 010048 29407
Cree 0.04+0.01* 0.04:40.01° 0030005  0.09+0.02°  0.09:007  01+0.03 0.01+0.002*
Cu® 02001 01+001" 02:+003" 024002 02:003" 02+0.04"  0.3+0.02°
Fe** 0.08+0,03*"  006+0.02" 00420012 022005 024005 020,06 0.01£0.004"
Mn ** 0.07+0.03*  005+£0.01*"  003+001° 024005 0.12003®  02+0.04" 032008
Ni** 0.01+0.01" 0401 002+001*  0.420.1% 0.7+0,2* 05401 1.5+0.6°
Ph** 0.04+0.02* 0.03:£0.01° a.02+001* 0.08+0.02° 008007 01003 0.01+0.005*
Zn** 0.2+0 032 005+0.01° 0.1£001%" 01003 0120003 020048 1.0£0.1°

TF Mg 0.5+02% 2708 02+0.1" 1.50.7%" 4517 394260 1.2+0.6%
[ i 0.540.1* 1.0+£02* 05004 0401 0.9+0,3* 1305 1.2:40.1*
Cr ™= 0,940 4* 33+1.1* 0401 1.5+0.6% 34£1.00 S1+3.68 0.7+0,3*
Cu* 0.1+0.1° 0.7+0.1° 02+01° 0.9+0.2° 1.3+03" 1404 1.040.2°
Fe™ 0.8403* 52418 04401 2.0%1.1* 3011 51436 0.7+0.4*
Mn ™ 0.8+03* 25098 0.7+£02* 1.9+0.09* 2.640.9* 31627 3.5+0.7*
Ni* 0.5+002° 19+01° 04003 1.420.4° 2408 19+0.7 1.240.2*
Ph ™ 1.0+04" 2306 08+03" 3.0+1.5° 2.040.4* 48438 0.640.3"
Zn ™ 0.8+02% 19404 12+02° 0.9+02" 1.6:£0.4" 2710 0.9+0.1*

BF—the ratic of total concentrations of elements in aboveground plant tissues (stems, leaves and seeds together) to psewdo-total
concentrations of elements in 501l (BF = Cganm/Canil)

TF—the miio ofiotal concenirations of elements in leaves to total concentrations of elements in belowground organs (TF = Cpud Chelnwground

n:q,ms}

>Smg Crkg ', >5mg Nikg ', >30 mg Pb kg ' or
=100 mg Zn kg ') can reduce biomass production,
because micro- and risk elements can cause inhibition
of cell elongation and division (Anton and Mathe-
Gaspar 2005; Chen and Wong 2006; Barmrutia et al.
2009). In LC and LP weatments, the toxicity of risk
elements was high enough o mhibit the development
of stems and generative organs. K. obtusifolius is thus, a
species with a high sensitivity to metal(loid) toxicity.
The highest biomass production of £ obtusifolius in
the McC treatment was probably connected with the
lower micro- and risk elements concentrations (i.e. de-
pending on the plant species, in range of 1-1.7 mg kg '
for As, 0.05-2 mg kg ' for Cd, 0.1-0.5mg kg ' for Cr,
0.5-5 mg kg ' for Ni, 05-10 mg kg ' for Pb or 10—
150 mg kg ' for Zn), butalso to better N and K nutrition

@ Springer
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as shown by the N and K concentrations in leaves. In the
Litavka soil, a greater biomass produdion in the LCa
than the LC treamment was probably connected with the
obvious trend that lime substantially reduced the mobil-
ity of micro- and risk elements, in particular of Cd, Mn,
and Zn (Table 2). Similar results, i.e. an increased
growth of several crops and weedy species on acid soils
contaminated by Cd, Cu, Ni, Pb, and Zn afier lime
application has also been recorded by other authors
(Chen and Wong 2006; Tlustod et al. 2006; Alvarenga
et al. 2008).

Concenrations of macmoelements in plant organs

In the McC treatment, the highest concentrations of N,
K, Ca, and Mg were recorded as expecied, in leaves,
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Fig.2 Ordination diagram showing the results of PCA analysis
with element concentrations in organs of B obmsifolius plants
grown on contaminated and non-contaminated soils. Soil abbrevi-
ations: Litavika slightly acidic contaminated soil, Maldn alkal ine
contaminated soil, MEer acidic non-contaminated soil. Treatm ent
abbreviations: C control, Ca lime application, P superphosphate
application; C, belowground organs concentrations of elements in
belowgmound organs in control and etc. Element abbreviations:/5
total concentrations of elements in plant biomass,/'Cor plant-avail-
able concentrations of elements in soil (extmcted by 0.01 mol L™
CaCls ) and/44 acid-extractable concentrations of elements in soil
(extracted by 0.11 mol L’ CHyCOOH]). Other abbreviations: DM
dry matter biomass per organ and pff mean soil pH

because leaves are the most metabolically active organs,
with high nutrent requirements {Lopez-Lefebre et al
2001). The most surprsing result was the highest Ca
concentration in below ground organs, leaves and seeds
in the McC treatment, despite the lowest soil Ca avail-
ability (Tables 1 and 2). Similarly, the Ca concentration
in belowground organs and leaves in LC, LCa, and LP
treatments was higher than in the MC, MCa, and MP
treatments, despite a higher Ca availability in the MC,
MCa, and MP treatments. The lowest availability of Ca
in the McC treatment was reflected only by the lowest
concentration of Ca in stems. The explanation for these
discrepancies between Ca availability and Ca concen-
trations in belowground organs and leaves appears to be
at least parly due to competition between Ca and Mg
ions (Appenroth and Gabrys 2003), This is because of
obvious trend that the highest concentrations of Mg in
belowgrmund organs were generally in the treatments
where low concentrations of Ca were recorded. The
highest concentration of P was recorded in seeds, due
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to the high P requirements for generative reproduction
(Jiang et al. 2007; White and Veneklaas 201 2). With the
exception of the MP treatment, the P concentration in
seeds was below the critical value of 3 gkg ', below
which there is a decrease in the germination ability of
K. obiusijolivs or B, crispus (Hrdlickova et al 2011;
Hejeman et al. 2012a). The lowest concentrations of N
and P were recorded in stems and belowground organs,
of Ca and Mgin stems and of K in belowground organs.
A low concentration of macroelements in stems is con-
nected with their low metabolic activity and with a high
mobility of N, P, K, and Mg in planis and therefore,
considerable ranslocation into plant apices ( Anton and
Mathe-Gaspar 2005; Gaweda 2009),

In the LCa treatment, a signficant decrease i the
concentrations of N and Ca in belowground organs afier
liming might be associated with a dilution effect caused
by greater biomass production (Chen and Wong 2006;
Tlostos et al. 2006).

Mo effect of liming or superphosphate application on
the distribution of K, Ca, and Mg in plant biomass was
recorded in either acid- or alkaline-contaminated soils.
Similary, no effect of liming on the Mg concentration in
plant tissues of other weedy species was found by
Alvarenga et al. (2008).

Concentrations of microelements in plant organs

In the McC treatment, the highest concentrations of Fe
and Zn were recorded in belowground organs; that of Cu
in belowground organs and leaves; of Mn in leaves; the
lowest concentrations of Cu, Mn, and Zn in stems; and
of Fe in seeds. Similar concentrations of Ni were re-
corded in all organs. Vanability of all microelements in
different organs might be due to compartmentalisation
and translocation in the vascular system (Bose and
Bhattacharyya 2008; Hansch and Mendel 2009). Simi-
lar results, ie., concentrations of Cu, Fe, and Ni in the
order belowground organs > leaves = stems is consistent
with results for B acefosa, but inconsisient for those for
Cw, Fe, and Zn in R. dentatus when both were grown in
non-contaminated soils (Bamman et al. 2000; Gaweda
2009). A different distibution of Mn was recorded, with
the order leaves = seeds = belowground organs = stems,
which clearly separated the distribution of Mn in
R. obtusifolius from that of other microelements. This
result 15 inconsistent with the distribution of Mn in
R. acetosa (belowground organs = leaves = stems,
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Gaweda 2009), which shows a difference in Mn disiri-
bution within Rumex species.

In LC and MC treatments, a tendency for a restricted
transport of microelements from belowground organs
into leaves in comparison o the McC treatment was
recorded. This was probably connected with protection
against excessive concentrations of microelements in
aboveground organs (ie. depending on the plant species
as well as organ, =20 mg Cu kg ', =500 mg Fe kg ',
=356 mgMnkg ', >5 mgNikg ' or =100 mg Zn kg ',
Hansch and Mendel 2009).

In LCa and MCa treatments, a tendency for increased
transport of Cu, Fe, Mn, and Ni from belowground
organs into leaves in comparison to LC and MC treat-
ments was recorded, as also demonstrated by higher
TFs. We speculate that changes in the distribution pat-
tern of microelements are connected to the presence of
organic acids (mainly oxalate) for the formation of
stable complexes, similar to the internal defence mech-
anism of oxalate planis against excess Ca (Tolm et al
2005; Miyagi et al. 2013). Therefore, we can speculate
that micro- and Ask elements ane precipitated with oxa-
late in roots in contaminated control soils. On the other
hand, in contaminated soils with lime, oxalate is precip-
itated with Ca and thus is not available for micro- and
risk elements that can easy transport to leaves. In the MP
treatment, an increased transport of all microelements
from belowground organs into leaves in comparison to
the MC treatment was recorded probably because of the
sufficient amowunt of Ca available from superphosphate
as well as from soil solution precipinted oxalates as Ca-
oxalate and thus available microelements can be easily
transported o leaves. Changes in the translocation of
microelements i plants after iming and superphos-
phate application require further research that focuses
on differences between oxalate and non-oxalate plants.

Concentrations of risk elements in plant organs

In the McC treatment, the highest concentrations ofrisk
elements (As, Cd, Cr, and Pb) were recorded in below-
ground ongans or leaves and the lowest were recorded in
stems and seeds. This was connected with low concen-
trations of risk elements in reproductive organs and with
their lower metabolic activity in stems (Anton and
Mathe-Ciaspar 20035; Bose et al. 2008; Gaweda 2009),
In the LC and MC treatments, there was a higher
transport of rsk elements from stems mto seeds and
restricted transpont from belowground organs into

@ Springer
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leaves in comparison to the McC treatment. The clear
tendency for the accumulation of fsk elements in be-
lowground organs was comected with the exclusion
sirategy of B. obfusifolius and the function of roots as
a barrier that limits the ranslocation of nsk elements
from the soil to the aboveground organs in soils
contaminated by risk elements (Gaweda 2009;
Zhang et al. 2010).

In the LCa and MCa treatments, there was a tendency
for a greater transport of As, Cd, Cr, Pb, and Zn from
belowground organs into leaves in comparson to the
LC and MC treatments, in the most cases demonstrated
also by higher TFs.

The results for Cd, Pb, and Zn transport were incon-
sistent with those for Triticum aestivum published by
Thistod et al. (2006)—i.e. decreasing shoots/roots ratio
after lime applicaton in comparison o £ obfusifolius.
As descrbed above, we presume that oxalate plants
possess an internal defence mechanism against risk
elements, such as forming Ca-oxalate (Miyagi et al.
2013), because risk elements (mainly divalent Cd, Pb,
and Zn) compete with divalent Ca for sites to form
complexes with oxalate. There was a tendency for a
higher transfer of Cd and Zn from belowground organs
into leaves in the LP and MP treatments, in comparison
to the LC and MC reatments, partly also demonstrated
by higher TFs. Similar results were obtained for As and
Pb, but only in alkaline-contaminated soil. This was
demonstrated also by higher TFs. The results for Cd
and Zn transport are inconsistent with observations for
Zea mays and Brassica parachinensis (JHang et al. 2007,
Qiu etal. 2011). Therefore, we speculate that differ-
ences in distribution can be connected to the pres-
ence of oxalate (available for the formation of less
toxic complexes as well as internal defence mech-
anism) in R obfusifolivs. Using lime and super-
phosphate application increased the in vive mobil-
ity of As, Cd, Cr, Pb, and Zn into leaves of
K. obtusifolius. For this reason, differences in the
translocation of risk elements after liming and
superphosphate application deserve closer examina-
tion, with a focus on the differences between ox-
alate and non-oxalate plants.

Bioaccumulation and translocation factors
In the non-contaminated MeC treatment, the BF of

micro- and Ask elements for R, obiusifolius ranged from
0.01 to 2.9 and in the LC and MC treatments, ranged
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from 0.01 to 0.4. A decrease in the BF with increasing
pseudo-total concentrations of elements (Cd, Zn, Ph, Ni,
Mun, and Cu) in soils was consistent with results of Cd
and Zn published by Zhao et al. (2003). Therefore, we
do not recommend the use of K. obtusifolius for
phytoextraction in heavily contaminated soils, but it
might be suitable for moderately contaminated soils, as
is K. acetosa (Gaweda 2009). In addition, because of the
sensitivity of R obtusifolius o nsk elements, it can be
used for the identification of contaminated soils by field
vegetation mapping, i.e. according to the symptoms of
risk elements toxicity visible on aboveground organs in
different phenological stages (Hejeman et al. 2012b).
Liming tended o decrease the BF of micro- and risk
elements in the contaminated Litavka soil, due to the
reduction in element availability in soil and subsequent-
ly in plants. In the LP, MCa and MP treatments, no
effect on the BF of micro- and risk elements was
observed, because there was no reduction of ele-
ment availability in the soil.

In the LC weatment, the TFs for nsk elements (As,
Cd, Pb, and Zn) ranged from 0.5 to 1.0, indicating an
exclusion strategy by R obtusifolius. In the MC treat-
ment, the TFs for nsk elements were higher, confimming
that the ability to exclude nsk elements was affected by
their availability in the soil. The classification of
K. obtusifolius as a metalexcluder with restricted risk
element transfer to aboveground organs is consistent
with observations for R gceipsa (Barrutia et al. 2009;
Gaweda 2009). Itappears that there is consistency in the
physiological responses of different Rumex species to
the availability of risk elements in the soil, but this
requires further research. Plants with the ability to accu-
mulate risk elements can be used to phytoremediate
contaminated soils (Baker 1981). Therefore, the TF
is only relevant for elements that exceed back-
ground concentrations in companson to those of
non-contaminated soils (see Table 1). In the LCa
and MCa treatments, the TFs for As, Cd, Pb, and
Zn manged from 09 to 4.5, which is characteristic
for indicators or accumulators. Liming substantial-
ly increased the translocation of risk elements from
belowzround organs into leaves. A similar result
was observed for superphosphate application, but
only in alkaline-contaminated soil. We conclude
that the identification of plants for the
phytoremediation of contaminated soils must pro-
ceed with caution, because TF walues depend on
the chemical properties of the soil.
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Conclusions

The ionome, i.e., the elemental composition of different
organs is greatly affected by soil chemical properties.
Soil chemical properties affect not only the concentra-
tions of mdividual elements in individual organs, but
also their distribution between plant organs. Varability
in the concentrations of micro- and nsk elements is
much greater than variability in the concentrations of
macroelements, especially on metal(loid Fecontaminated
soils. Liming of contaminated soils as well as super-
phosphate application can modify the distribution pat-
tem of elements and can increase the translocation of
micro- and risk elements from below ground organs to
leaves.

The oxalaie plant, R. obtusifolius, is sensive to Cd,
MNi, Pb, and Zn toxicity, as its biomass production is
reduced due to their availability in the soil and conse-
quently due to reduction of their high concentrations in
plant organs. The restricted translocation of micro- and
risk elements from belowground organs to leaves in
R. obtusifolius 15 consistent with this species being an
Ag- Cd-, Pb-, and Zn-excluder and not suitable for
phytoremediation of heavily contaminated soils. How-
ever, sensitivity o risk elements can be used for ident-
fication of metal(loid Fcontaminated soils by field veg-
etation mapping.

Acknowledgments  The firalisation of this manuscript was sup-
ported by projects NAZY (QJ 1210211 and by the project CIGA
20124205,

References

Alkora I, Hemindez-Allica J, Becerrl IM, Amezagn I, Albizu I,
Giarbisu C (2004) Recent findings on the phytoremediation of
soils contaminated with environmentally toxic heavy metals
and metalloids such as zine, cadmiim, lead and arsenic. Rev
Environ Sci Biotechnol 3:71-90

Allen SE (1989) Analysis of ecological materials, 2nd edn.
Bladewell, Oxfond

Alvarenga P, Goncalves AP, Femandes RM, de Varennes A,
Vallini (G, Duarte E, Cunha-Cueda AC (2008) Evaluation of
composts and liming materials in the phytostabilization
of a mine soil using perennial ryegrass. Sci Total
Environ 406:43-36

Anonymous (1994) Public notice MNo. 13/19%4 for the
managemenet of soil protection. Czech Ministry of the
Environment, Prague, In Czech

€ Springer



244

Plant Soil (2014) 379:231-245

Anton A, Mathe(iaspar (i (2005) Factors affecting heavy metal
uptake in plant selection for phytoremediation. Z Naturforsch
C 60 244-246

Appenroth KJ, Gabrys H (2003) lon antagonism between calcium
and magnesium in phytochrome-mediated degradation
of storage starch in Spirodels pohrhiza. Plant Sci 165:
1261-1265

Baker ATM (1981) Accumulators and ex cludes—strateges in the
response of plants to heavy-metals. J Plant Nutr 3:643-654

Barman SC, Sahu RK, Bhargava SK, Chaterjee C (2000)
Distribution of heavy metals in wheat, mustard, and weed
erown in field irrigated with industrial e ffluents. Bull Environ
Contam Toxicol 64:480-496

Barrutia O, Epelde L, Garcia-Plazaola JI, Garbisu C, Beceril JM
(2009) Phyvicextmction potential of two Rumex acefosas L.
accessions collected from metalliferous and non-
metalliferous sites: effect of fertilization. Chemosphere 74:
259-264

Boriivka L, HuanWei C, Kozik J, Krftoufkovd S (1996) Heavy
contamination of soil with cadmium, lead and zinc in the
alluvium of the Litavka river. Rostl Vyr 42:543-550

Bose 5, Bhattacharyya AK (2008) Heavy metal accumulation in
wheat plant grown in soil amended with industrial sludge.
Chemosphere T0:1264-1272

Bose S, Chandrayan 5, Ra ¥, Bhattacharyya AK, Ramanathan A
(2008) Translocation of metals in pea plants grown on vari-
ous amendment of electroplating industrial sludge. Bioresour
Technol 99:4467-4475

Chen (), Wong JWC (2006) Growth of Agropyron elongafum in a
simulated nickel contaminated soil with lime stabilization.
Sci Total Environ 366:448-455

Garcia-Salgado 5 Garcia-Casillas D, Quijano-Nieto MA,
Bomilla-Simon MM (2012} Arsenic and heavy metal
uptake and accumulation in native plant species from
soils polluted by mining activities. Water Air Soil
Pollut 223:559-572

Gaweda M (2009) Heavy metal content in common somel plants
(Rumex Acetosa L.) obtained from natural sites in
Malopolska province. Pol J Environ Stud 18:213-218

Gulervuez G, Arslan H, Celik C, Gueer 5, Kendall M (2008)
Heavy metal content of plant species along Nilufer stream
in industrialized Bursa City, Turdeey., Water Ar Soil Pollut
195:275-284

Gupta 5, Nayek 5, Saha RN, Satpati § (2008) Assessment of
heavy metal accumulation in macrophyie, agriculiural soil,
and crop plants adjacent to discharpe zone of sponge iron
factory. Enwviron Geol 55:731-739

Hann P, Tska C, Kromp B (2012) Effects of management inten-
sity and soil chermical properties on Rumex obtusifodius in cut
grasslands in Lower Austria. J Pest Sci 85:5-13

Hansch R, Mendel RR (2009) Physiological functions of mineral
micronutrients (Cu, Zn, Mn, Fe, Ni, Mo, B, Cl). Curr Opin
Plant Biol 12:259-266

Hejeman M, Strnad L, Hejemanovi P, Pavld V (2012a) Response
of plant species composition, biomass production and bio-
mass chemical properties to high N, P and K application rates
in Daewvlis rlomerata- and Festuca amnmdingcea<dominated
grassland. Cirass Forage Sci 67 488-506

Hejeman M, Vondritkova S, Millerova V, Cervend K, Szikovi ],
Tlustod P (2012b) Effect of quick lime and superphosphate
additives on emergence and survival of Rumex offueifofius

@ Springer

60

seadlings in acid and alkaline soils contaminated by As, Cd,
Ph, and Zn. Plant Soil Environ 58:561-567

Hosik J, Hejoman M (2013) Use of trace elements from historical
mining for alluvial sediment dating, Soil Water Res 8:77-86

Hrdlickovd J, Hejeman M, Kfiftilova V, Pavli V (2011)
Production, size, and germination of broad-leaved dock seeds
collected from mother plants grown under different nitrogen,
phosphorus, and polassium supplies. Weed Biol Manag 11:
190-201

Hujerovd B, Pavli V, Hejeran M, Pavii L, Gaisler J(2013) Effsct
of cutting frequency on above- and below-groumd biomass
production of Rumex alpimes, & crispus, B obmstfolfu, and
the Rumex hybnd (R patients x B tlanschanicus) in the
seeding vear. Weed Res 53:378-386

Jiang HM, Yang JC, Zhang JF (2007) Effects of extemal phos-
phorus on the cell ultmstructure and the chl orophyll content
of maize under calmium and zinc stress. Environ Pollut 147:
Ti0-T36

Kabata-Pendias A (2001) Trace elements in soils and plants, 3rd
edn, CRC Press, Boca Raton

Levy DB, Redente EF, Uphoff GD (1999) Evaluating the phyto-
toxicity of Ph-Zn tailings to big bluestem (4 ndropo gon
gerardii Vitman) and switchgrass {Panicim virgatim L)
Soil Sci 164:363-375

Lindstrom BEM, Frankow-Lindberg BE, Dahlin AS, Wivstad M,
Watson CA (2013) Micronutrient concentrations in Comimon
and novel forage species and varieties grown on two con-
trasting soils. Grass Forage Sci 68:427-436

Lopez-Lefebre LR, Rivero RM, Garcia PC, Sanches E, Ruiz IM,
Romero L (2001) Effect of calcium on mineral nutrient
uptake and growth of twbacco. J Sci Food Agric B1:
1334-T1338

Lorestani B, Cheraghi M, Yousefi N (2011) Accumulation of Ph,
Fe, Mn, Coand Zn in plants and choice of hypemccumulator
plant in the industrial town of Vian, Iran. Arch Biol Sci 63:
T39-745

Mahler RL (2004) Nutrients plants require for growth, CIS1124
Publishing University of Idaho College of Agrcultuml and
Life Sciences. hitp:/fwww.cals. uidaho.eduw/edcomm/ pdifCIS/
CISN24pdf. Accessed 16 Feb 2014

Marschner H (1995) Mineral nutrition of higher plants, 2nd edn.
Academic, London

Mehlich A (1984) Mehlich-3 soil test extmctant—a modi fication
of Mehlich-2 extractant. Commun Soil Sci Plant Anal 15:
1409-1416

Mivagi A, Uchimiva M, Kawai-Yamada M, Uchimiva H (2013)
Impact of aluminium stress on oxalate and other metabolites
in Rumex obiwifolins. Weed Res 53:30-41

Pugh RE, Dick DG, Fredeen AL (2002) Heavy metal (Ph, Zn, Cd,
Fe, and Cu) contents of plant foliage near the anvil range
lead/zine mine, Faro, Yukon Terntory. Ecotoxicol Environ
Saf 52:273-279

Qin Q, Wang YT, Yang ZY, Yuan JG (2011) Effects of
phosphorus supplied in soil on subcellular distribution
and chemical forms of cadmmm i two Chinese
flowering cabbage (Brassica parachinensis L) culh-
vars differing in cadmium accumulation. Food Chem
Toxicol 49:2260-2267

Quevauviller P (1998) Opemtionally defined extraction proce-
dures for soil and sediment analysis—IL standardization.
TrAC Trends Anal Chem 17:289-298



Plant Soil (2014) 379:231-245

245

Salt DE, Baxter I, Lahner B (2008) Ionomics and the study of the
plant ionome. Amno Rev Plant Biol 59:709-733

Schwerfeger DM, Hendershot WH (2009) Determination of ef-
fective cation exchange capacity and exchange acidity by a
one-step BaCls method. Soil Sci Soc Am J 73:737-743

Srek P Hejeman M, Kunzovia E (2012) Effect of long-term
cattle slurry and mineral N, P and K application on
concentration of N, P K, Ca, Mg, As, Cd, Cr, Co, Mn,
Mi, Pb and Zn in peeled potato wbers and peels. Plant
Soil Environ 38:167-173

Strnad L, Hejeman M, Heemanovd P, KRdtilova V, Pavii V
(2012) Performance and mortality of Rumex obtsifoffus
and B crspus in managed grasslands are affected by nuinent
availability. Folia Geobotanica 47:293-304

Swytar O, Kumar A, Latowski D, Kuczynska P, Strzalka K, Prasad
MNY (2013) Heavy metal-induced oxidative damage, de-
fense reactions, and detoxification mechanisms in plants.
Acta Physiol Plant 35:985-999

ter Beaak CJF, Smilaver P (2002 )y CANOCO reference manial and
CanoDraw for Windows user’s guide: software for
canonical community ordination (version 4.5).
Microcomputer Power, Ithaca

Thompson K, Parkinson JA, Band SR, Spencer RE (1997) A
comparative study ofleal nuident concentmtions in a region-
al herbaceous flora. New Phytol 136:679-68%

Thstod P, van Dk D, Szikovd J, Pavlikovd D(1994) Cd and Zn
release through the selected extractants. Rostl Ve 40:
1107-1121

Thstod P, Szikova J, Kofinek K, Pavlikovd D, Hané A, Balik J
(2006) The effect of liming on cadmium, lead, and zinc
uptake reduction by spring wheat grown in contaminated
soil. Plant Soil Environ 53:16-24

Tolm RF, Poschenrieder C, Luppi B, Barcelo J (2005) Aluminium-
induced changes in the profiles of both ompanic acids and
phenolic substances underlie Al tolerance in Rumex acetosa
L. Environ Exp Bot 54:231-238

61

Tyler (G, Strim L {1995) Differing organic-acid exudation pattern
explains caleifipe and acidifuge behaviour of plants. Ann
Bot T5:75-T8

Vondritkovi S, Hejeman M, Tlustod P, Szikova J(2013) Effect of
quick lime and dolomite application on mobility of elements
(Cd, Zn, Pb, As, Fe, and Mn) in contaminated soils. Pol J
Environ Stud 22:577-589

Vondritkova S, Hejeman M, Tlustod P, Szikova J(2014) Effect of
rock phosphate and superphosphate application on mobility
of ekements (Cd, Zn, Ph, As, Fe, Mn) in contaminated soils.
Environ Eng Manag J. In press.

White PJ, Broadley MR (2003) Calcium in plants. Ann Bot 92:
487-511

White PJ, Veneklaas EJ(2012) Mature and nurture: the i mportance
of seed phosphorus content. Plant Seil 357:1-8

White PJ, Broadley MR, Thompson JA, McNicol JW, Crawley
MJ, Poulton PR, Johnston AE (2012) Testing the distindness
of shoot ionomes of angiosperm families using the
Rothamsted Park grass continuous hay experiment. New
Phytol 196:101-109

Fhang XH, Liu J, Huang HT, Chen 1, Zhu YN, Wang DO (2007)
Chromium accumulation by the hyperaccumulator plant
Leersia hexandra Swartz. Chemosphere 67:1138-1143

Zhang XF, Xia HF, Lia ZA, Zhuang P, Gao B (2010) Potential of
four forage grasses in remediation of Cd and Zn contaminat-
ed soils. Bioresour Technol 101:2063-2066

Fhao FJ, Lombi E, McGrath SP (2003 ) Assessing the potential for
zinc and cadmium phytoremediation with the
hypemecumulator Thlasd caerilescens. Plant Soil 249:37-43

Zhao H, Guo B, Wei Y, Zhang B (2013) Multi-element composi-
tion of wheat grain and provenance soil and their potential-
ities as finpemrints of peographical origin, J Cereal Sci 57:
391-397

Fhuang P, Yang QW, Wang HB, Shu WS (2007) Phyvtoextmc tion
of heavy metals by eight plant species in the field. Water Air
Soil Pollut 184:235-242

@ Springes



4.4 Vondrackova et al. (2015). Prijem a translokace hliniku ve §toviku
tupolistém — hyperakumulac¢ni rostliné Al je ovlivnéna obsahem

nizkomolekularnich organickych kyselin a pH pudy.

Nazev: Aluminium uptake and translocation in Al hyperaccumulator Rumex obtusifolius is

affected by low-molecular-weight organic acids content and soil pH.

Autofi: Vondrackova, S., Székova, J., Drabek, O., Tejnecky, V., Hejcman, M., Miillerova,
V., Tlustos, P.

Publikovano v ¢asopise: PLoS ONE. 10 (4). 1-18. doi:10.1371/journal.pone.0123351.

62



O PLOS | one

®

CrossMark

ick largpeime

E OPEM ACCESS

Citation: Vondedxovd 3, Szdkova J, Drdbek O,
Tanadky V, Haeman M, Milarovd V, a al (2015)
Adurrinuem Uptake and Translocaton in Al
Hyperaooumulalor Rumex obfusFolius |5 Aflacted by
Low-Molacular-Weight Organic Acdids Content and
Soll pH. PLoS ONE 1044y a0 123351, dot 101371/
joumal pane 0123351

Academic Editor: Wagner L. Amujo, Universidade
Faderal de Vicosa, BRAZIL

Received: Dacember 4, 2014
Accepted: March 3, 2015
Published: Apel 16, 2015

Copyright: © 2015 Vondrdfova etal. This ks an
open access arbce distibuled under the teams of the
Cmatve Commons Altrbuton Licanss, which penmits
unresricled use, distribution, and regroducion in any
madium, provided the ongnal author and scource are
cradiled.

Data Availability Statement: AN rdevant dat are
within the paper.

Funding: Ths study was supporied by he Czech
University of Life Scences in Pagua({CIGA
20124206, CIGA 201 42027). The funders had no roe
in study design, data collecBion and analysis, decision

o publish, or preparation of themanuscript

Competing Interests: The authoss have dedared
that no competing intems1s exist

Aluminium Uptake and Translocation in Al
Hyperaccumulator Rumex obtusifolius Is
Affected by Low-Molecular-Weight Organic
Acids Content and Soil pH

Stanislava Vondraékova'*, Jifina Szakova', Ondiej Drabel?, Vaclav Tejnecky?,
Michal Hejcman®, Viadimira Miillerova®, Pavel Tlustos'

1 Deparment of Agroenvironmental Chemistry and Plant Mutrition, Faculty of Agrobidlogy, Food and Matural
Resources, Czech University of Life Sciences, Kamycka 129, 165 21 Prague &, Suchdaol, Czech Republic,

2 Deparment of Scil Science and Soil Protection, Faculty of Agrobiclogy, Food and Matural Resources,
Czech University of Life Sclences, Kamycka 129, 165 21 Prague 6, Suchdol, Czech Republic, 3 Department
of Ecology, Faculty of Environmental Sciences, Czech University of Life Sciences, Karmyckd 129, 165 21
Prague &, Suchdol, Czech Republic

* vondrackovas@afczru.cz

Abstract

Background and Aims

High Al resistance of Rumex obtusifolius together with its ability to accumulate Al has never
been studied in weakly acidic conditions (pH = 5.8) and is not sufficiently described in real
soil conditions. The potential elucidation of the role of organic acids in plant can explainthe
Al tolerance mechanism.

Methods

We established a pot experiment with R. obtusifolius planted inslightly acidic and alkaline
soils. For the manipulation of Al availability, both soils were untreated and treated by ime
and superphosphate. We determined mobile Al concentrations in soils and concentrations
of Al and organic acids in organs.

Results

Al availability correlated positively to the extraction of organic acids (citric acid < oxalic acid)
in soils. Monovalent Al cations were the most abundant mobile Al forms with positive charge
insoils. Liming and superphosphate application were ambiguous measures for changing Al
mobility in sols. Elevated transport of total Al from belowground organs into leaves was re-
corded inboth lime-treated soils and in superphosphate-treated alkaline soil as a result of
sufficient amount of Ca available from soil solution as well as from superphosphate that can
probably modify distribution of total Al in R. obtusifolius as a representative of “oxalate
plants.” The highest concentrations of Al and organic acids were recorded in the leaves,
followed by the stem and belowground organ infusions.

FLOS OME | DOI10.1371journal pone.01 23351
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Conclusions

In alkaline soil, R. obtusifolus is an Al-hyperaccumulator with the highest concentrations of
oxalate in leaves, of malate instems, and of citrate in belowground organs. These organic
acids form strong complexes with Althat can play a key role ininternal Al tolerance but the
used methods did not allow us to distinguish the propertion of total Alorganic complexes to
the free organic acids.

Introduction

Accumulation of Al by plants has been seldom studied in weakly acidic soils [1-4]. It is known
that uptake of Al by plants is affected by its mobile, potentially bioavailable forms in soils [4-
&]. Mobile forms of metals are often referred toas exchangeable, water-soluble, and carbonate
bound fractions [4,5]. Exudation of low-molecular-weight organic acids (L MWOAs; mainly
citric, malic, and oxalic acids) commonly identified in the root zone can also play an important
role in the uptake of Al by plants [7-9]. These natural organic substances are able to release
metals from the exchangeable, carbonate, and reducible fractions and form soluble metal -or-
ganic acid complexes that are available to plants [10-13].

Many studies have investigated plants with mechanisms to tolerate high concentrations of
Al, but usually in acidic soils [14,15]. Phytotoxicity of Al depends primarily on its chemical
forms and not on the total accumulated amount in plants; not all species of mobile Al present
an equally high toxicity to plants [3,9,16]. Aluminium toxicity to plants decreases in the order:
polymer Alj; (not in a form of phosphates or silicates) == AP = AI(OH}IE' = ANNOH)™; = Al
(OH]) ;. Less or non-toxic Al species are supposed to be bound in sulphate, phosphate, silicate,
fluoride or organic acids and Al(OH);" [17-21). Chemical forms of Al are affected by soil pH
[3.4.6,19]. Organic acids play a key role in Al tolerance mechanisms in plants; the type of or-
ganic acids and the secretion pattern depends on plant species [14,17,22-24]; distribution of
organic acids between plant organs can be also crucial. Some plants detoxify Al externally, in
the rhizosphere by releasing organic acids that chelate Al (i.e., Trificum aestivum, Zea mays,
Fagopyrum esculentum or Nicofiana tabacum). Other plants, including species that accumulate
Al in their leaves, detoxify Al internally by forming complexes with organic acids (Le., Camellia
sinensis, Fagopyrum esculentum, Hydrangea spp., Melastoma malabathricum or Vacdnium
macrocarpon) [7,25-27].

Rumex obtusifolius subsp. obtfusifolius (broad-leaved dock) is an important model plant with
several specificities: (i) a widespread weedy species on arable land and in temperate grasslands
[28], (ii) an oxalate plant with internal defence mechanism against Ca excess [29-30], (iii) an
As-, Cd-, Pb-, and Zn-excluder not suitable for phytoremediation of heavily contaminated soils
[31], and (&) highly resistant to Al but the mechanism has been investigated only in hydroponics
under strongly acidic conditions [30]. The high Al resistance of R. obtusifolius together with its
ability to accumulate (> 1000 mg/kg) [32] or even hyper-accumulate (>3000 mg/kg) [33] Al was
not sufficiently described and explained in real soil conditions. The potential elucidation of the
role of organic acids in plant organs can help to explain the mechanism of Al tolerance. The dis-
tribution of organic acids between aboveground organs in Rumex species has been studied
[30,34] but insufficient information is available concerning the composition of organic acids in
its belowground organs that are responsible for soil-plant interactions.

Duringour previous research [28,31], we found specific behaviour of Al in R. obtusifolius
growing in tested soils (ie. extremely high total concentration of Al in biomass compare to

FLOS ONE | DOE10.1371 joumal pone 0123351 Apdl 16, 2015 2/18
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common plants). Therefore, we focused present study on the Al issue in this plant-soil interac-
tion. The aim of this paper was to investigate the effect of slightly acidic and alkaline soils un-
treated and treated by lime and superphosphate on 1) concentration of mobile forms of Al as
determined by mild soil extractants (KCl, CaCl,, and HaO) and by organic acids identified in
root exudates [ AA—acetic acid, CA—citric acid, and QA —oxalic acid), 2) concentration of in-
dividual positively charged Al species (AI(X)"", Al(Y)"*", and AI’*) presented in exchangeable
(KCl) and water-soluble (H,0) fraction, and on 3) distribution of total and infusion Al as well
as of LMWOAs between organs of R. obtusifolius.

Materials and Methods
Pot Experiment

Two long-term heavily anthropogenically contaminated soils were used for the pot experiment
in present study as well as in previous studies [28,31,35] with main chemical properties;
‘Litavka Fluvisol (49°43'N, 14°0'E)’ containing 354 mg Asqp/kg, 54 mg Cdapfkg, 3305 mg
Pbagkg, and 6172 mg Zn4p/kg; characterised by pHeog2 6.5, CEC 109 mmol; kg, and Corp
3.6% and ‘Malin Luvisol (49°58 'N, 15"17"E)’ containing 688 mg Assg/kg, 11 mg Cdsg/kg, and
1022 mg Zn 4g'kg; characterised by pHrag2 7.3, CEC 333 mmol.,/kg, and C, 2.7%. Litavka
soil (forest soil) was sampled from the Ah horizon (0-15 cm) after removing the greensward
layer; Malin soil (common arable soil) was sampled from the topsoil in the layer at (-25 cm
depth after removing the greensward layer.

The availability of Al in slightly acidic "Litavka’ and alkaline "Malin’ soils, which were both
untreated and treated, was manipulated by lime and superphosphate application. We applied
7.3 glime (Ca0) per 1 kg of soil containing 686 g Cafkg of material with pHp,g2 120and 1.3 g
superphosphate [Ca{H.PO,); HyO| per 1 kg of soil containing 246 g P/kg and 159 g Ca/kg of
materal with pH-_ -, 2.2. The pot experiment was established in May 2011 with six treatments
each with five replications: LC—Litavka control soil without any additive, LCa—Litavka soil
with lime, LP— Litavka soil with superphosphate, MC—Malin control soil without any addi-
tive, MCa—Malin soil with lime, and MP —Malin soil with superphosphate. Five kg of air
dried soil was passed through a 10 mm sieve then transferred to 5-L plastic pots (20 cm in di-
ameter and height). In each pot, the whole soil profile was mixed with nutrient solution, con-
sisting of 0.5 g N as NHyNO3,0.16 g P and 0.4 g K as K;HPO,. Application of nutrient solution
was performed, to ensure that N, P, and K availability was non-limiting for the growth of R.
obtusifolius in all treatments. The lime and superphosphate additives were mixed with the soi
after application of nutrient solution.

Rumex obtusifolius plants were grown in the pots for six months. The pots were regularly
watered with deionised water to maintain the optimal moisture conditions for plant growth
during the vegetation. At the harvest, plant biomass (3 plants per pot) was divided into below-
ground organs, stems, leaves, and seeds (Le., achenes with a perianth) and subsequently soil
samples were collected from the whole soil profile of each pot.

Soil Analysis

For all chemical analyses, soil samples were air dried at 25°C and sieved to <2 mm. Before es-
tablishment of the pot experiment basic parameters of the experimental soils were determined
by commonly used methods; microwave assisted high pressure Aqua regia ( AR)-digestion
(Ethos 1, MLS GmbH, Germany) for the determination of pseudo-total concentration of Al in
soils by means of inductively coupled plasma-optical emission spectrometry (ICP-OES, VAR-
IAN Vista Pro, Varian, Australia), soil pH ina 1/5 (w/v) suspension of soil and 0.01 mol/L
CaCly, cation-exchange capacity (CEC) was determined according to Schwertfeger and
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Hendershot [36], and organic carbon content (C,p) colorimetrically according to Sims and
Haby [37].

Atthe end of the experiment, soil samples were subjected to extraction with 0.5 mol/L KCI1
(adjusted to pH 5.8 by dilute HCl and KOH solutions; to extract the exchangeable fraction),
0.01 mol/L CaCl; (pH 5.9; exchangeable fraction), and deionised water (H; O pH 5.2; water-
soluble fraction) in ratios 1/10 (wiv) [5,38] and by 0.11 mol/L acetic acid (AA; pH 2.8; ex-
changeable and carbonate fractions) [12,39],0.11 mol/L citric acid (CA; pH 1.9; exchangeable,
carbonate, and reducible fractions) [10.13],and 0.11 mol/L oxalic acid (OA; pH 1.3; exchange-
able, carbonate, and reducible fractions) [10,13] in ratios 1/20 (w/v). The final concentration of
AA, CA, and OA solutions was not realistic. The total concentration of Al in soil extracts
(Algey Alcacn, Alpao, Alga, Alcs, and Alp,) was determined using ICP-OES under standard
conditions. Soil pH was measured in a suspension of soil and 0.01 mol/L CaCl, (1/5, w/v) and
0.11 mol/L AA,CA, and OA (1/20,w/v). Detailed speciation of the exchangeable (KCl) and
water-soluble forms of Al [species: M(X}J o, Al(Y}z', AP*; and the sum of all forms of Al T Al]
according to the value of their positive charge was done by means of high performance liquid
chromatography equipped with an fon column (HPLC/IC, Dionex, USA) [40]. Before analysis,
samples were centrifuged and filtered using a 0.45-pm nylon membrane filter { Cronus Mem-
brane Filter Nylon, GB) [5].

Plant Analysis

The total concentration of Al in organs (Alftotal; air-dried at 60°Cand stainless-steel milled)
was determined by [CP -OES after microwave assisted high pressure acid-digestion (65%
HMNO5:30% H;05 4:1). Certified reference material (CTA-OTL-1 oriental tobacco leaves) was
mineralised under the same conditions for quality assurance. The concentration of Al in organ
infusions (Al/infusion ) was determined by ICP-OES after leaching (15 min) and filtering of the
suspension of organ biomass and boiled deionised water (1/50, wiv) [41] through filtration
paper ‘Filtrak 390" (Niederschlag, Germany) with porosity 3-5 pmand flow rate 0.1 ml/s [DIN
53137|. After filtration through a 0.45-pm nylon membrane filter, concentrations of low-mo-
lecular-weight organic acid (LMWOASs; acetate, citrate, formate, lactate, malate, maleate, pro-
pionate, tartrate, and oxalate) anions in the same organ infusions were determined by means of
ion-exchange chromatography with suppressed conductivity. An ion chromatograph 1CS 1600
(Dionex, USA) equipped with IonPac A511-HC (Dionex, USA) guard and analytical columns
was used. The eluent compaosition was 1-37.5 mM KOH with a gradient of 1-50 min; and flow
rate was set to 1 mL/min. To suppress eluent conductivity an ASRS 300-4 mm suppressor
(Dionex, USA ) and Carbonate Removal Device 200 (Dionex, USA) were used.

Statistical Analysis

The statistical analysis was performed using Statistica 12,0 software (www.statsoft.com). All
data were chedked for homogeneity of variance and normality (Levene and Shapiro-Wilk
tests). Soil and biomass data did not meet assumptions for the use of ANOV A and thus were
evaluated by the non-parametric Kruskal-Wallis test. We assessed the effects of 1) treatment
on soil pH, concentrations of Al in the soil and biomass and on concentration of LMWOASs in
the biomass, 2) method of determination on concentration of Al, and 3) organ type on concen-
trations of Al and LMWOAs in the biomass. After obtaining significant results from the Krus-
kal-Wallis test, we used multiple comparisons of mean ranks for the detection of significant
differences between different treatments or organs. The relationship between concentrations
af 1) Alin different soil extracts, 2) Al/total (Al/infusion) in organs and Al in different soil ex-
tracts,and 3) Al/infusion and LMWOAs in organs was analysed by linear regression. A
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principal component analysis (PCA), in the CANOCO 4.5 program [42], was applied toall col-
lected data together 1 ) concentration of Al in the soil extracts and 2) concentrations of Al/total,
Alfinfusion, and LMW As in the biomass of organs. We used standardisation of species data
because data of different character were analysed together. The PCA was used to make visible
correlations between all analysed data and similarity of different treatments. Obtained results
were visualised in the form of a bi-plot ordination diagram in CanoDraw program.

Results
Fractionation of Al Using Soil Extractants

The concentration of Al extracted by AR, CaCl,, HyO, AA, CA, and OA was significantly af-
fected by tested soil as well as by applied treatments (see Table 1 for details).

The effidiency of KCl and CaCl, for extractability of Al was comparable in both soils (LC,
LCa, LP, MC, MCa, and MP treatments). Higher efficiency of H;0 and AA for Al extractability
was recorded in Litavka soil (LC, LCa,and LP treatments) and of CA and OA was recorded in
Malin soil (MC, MCa, and MP treatments; see Fig 1). A significant negative relationship was
recorded between the concentration of Al extracted by HO and CA (r= -0.947; p<0.01), by
H;O and OA (r = -0.944; p<20.01), by AA and CA (r= -0.54% p<00.01),and by AA and OA
(r=-0562; p<20.01). A significant positive relationship was recorded between concentrations
of Al extracted by H;O and AA (r = 0.408; p=0.043) and by CA and OA (r = 0.997; p=0.01).

Liming (LCaand MCa treatments) and application of superphosphate (LP and MP treat-
ments) did not significantly affect the concentration of Al in soils.

Table 1. Effect of treatment on soll pH (CaCl2, AA, CA, and OA), pseudo-total (mghkg ; extracted by Aqua regia; AR), exchangeable (mg'kg; ex-
tracted by 0.5 moVL KClor by 0.01 mol/L CaCR), water-solublke (mg/kg ; extracted by delonlsed water; H20), exchangeab ke and carbonate (mg/kg;
extracted by 0.11 mol/L acetic acid; AA), and exchangeable, carbonate, and reducible (mg/kg; extracted by 0.11 mollL citric acid; CAorby 0.11
mol/L oxalic acld; OA) concentration of Al (mean & SE) atthe end of the experiment.

Variable Treatment

LE LCa LP MC MCa MP
pHeace ** 58"+ 0.0 75 +0.01 597+ 002 7.2+ 0,03 76+ 0.02 7.2 £ 0.01
pHpn ** 3.9°+0.01 4.3%+0.03 3.9° + 0003 4.6+ 003 50°+0.02 4.6™ +0.01
pHea ** 23"+ 001 2.5 4 0.00 2.3+ 00 25°+0.0 2702 25"+ 002
pHaa ** 1.4%+ 0.0 1.4°%+ 0.01 1.4%+ 002 1.4+ 004 1.4%% 0.0 1.4% +0.04
Al ® 11067 317 - - 13482" + 595 - -
A= 1122 0.1 9+ 01 10722 107 21 12921 11921
Alegen * 127 &1 g+ 15T+ 3 1190 + 1 187+ 1 13 21
Al gy ** 81® 23 FOEC s 2 106°2 5 200 44 15721 218 2 q
Al * 113% 2 11 102°° & 24 BET+ 8 59 +3 B0 2 4 BT 26
Algs, ** 11887+ 9 197"+ 7 114" 25 1968" + 8 1896™ & 2 1974+ 4
Alg, ¥F WT0C 25 20407 + 42 297 +17 5119" = 35 4908 & 8 5052% + 25

= indicales not determined

Treatment abbreviations: LC—Litavka control soil without any additive, LCa—Litavka soil with lime, LP—Litavka soil with superphosphate, MC—Malin
contral soil without any additive, MCa—Malin soil with lime, and MP—Malin soil with superphosphate.

Calculated by KruskalWallis test, differences between reatments were not statistically significant (™) or were significant at 0.05 (*) and 0.01 (**)
prabability levels. According to the multiple compansons of mean ranks, treatments with the same letter wera not significantly differant.

diot: 10, 1371 joumnal pane 0123351,
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Fig 1. Ordination diagram showing the results of PCA analysis with total concentration of Al insoll
axtracts In contam inated sightly acldic Litavka and alkaline Malin solls. Treatment abbreviations: C—
control, Ca—lime application, P—superphosphate application. Soil extractant abbreviations: KCl—
axchangeable concentration of Alin soll (extracied by 0.5 molL KGI), CaCl—exchangeable concentration of
Alin soil (extracted by 0.01 mollL CaCly), HoO —water-soluble concentration of Alin soil (extracted by
delonised water), AA—exchangeable and carbonate concentration of Al in soll (extracted by 0.11 mol'L
acelic acid), CA—exchangeable, carbonate, and reducible concentration of Al in soil (extracied by 0.11 mol’L
citie acid), and OA—axchangeable, carbonate, and reducible concentration of Al in soil (extracted by 0.11
mol’L oxalic acid).

doi: 101371 joumal pone 0123351 gld1

Speciation of Exchangeable (KCl) and Water-Soluble Forms of Al in the
Soil

The difference between concentrations of £ Al and Algc (Alyao) was significantly affected by
the method of determination in all treatments (see Fig 2 for details).

Exchangeable and water-soluble concentrations of f’xl(}fl}lJ ", £ Al and water-soluble concen-
tration of MI{Y}E' were significantly affected by treatments (see Table 2 for details).

Liming (LCaand MCa treatments) increased the exchangeable and water-soluble concen-
trations of M(X}] "in both soils (LC and MC treatments). Concentrations of exchangeable Al
(Y)** and Al* were below the limit of detection (0.5 mg Al'kg) in all treatments.

aj 16 = b1z
! KCl extraction ®F AlpeLcaey o } H.O extraction —1— a WF A |HPLENC]
. . *  DAkojicrions) 5 . STy p—
d
12t a g a N 84
b ' -
a @
£a " b T s |
E b B b £ .
4 ;. | a : a
a
b b b
o : a
L LCa LP MC MCa MP LG LCa LP MC MCa MP

Fig2. Effect of method of determination (HPLC/IC and ICP-0ES) on mean concentration of exchangeable and water-soluble forms of Al (total
AIKC] and total AIH20; and I Al, all Al forms positively charged) at the end of the experiment. Treatment abbreviations: LC—Litavka control sall
without amy additive, LCa—L itavka soil with lime, LP—Litavka soil with supemphosphate, MC—Malin control soil without any additive, MCa—Malin  oil with
lime, and MP—Malin soil with superphosphate. Erorbars represent SE. Based on Kruskal'Wallls test, differences batween methods of detemmination wene
significant at 0.05 (*) and 0.01 (**) probability levels. Uging muliple comparisens of mean ranks, methods of detemination with the same letter wene not

significantly different.

dot: 10,1371 foumnal pane 01 23351, g002
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Table 2. Effectof treatment on exchangeable and water-soluble forms of Al (mgkag; specles: AIX)1+, Al(Y)2+, Al3+; and £ Al—all Al forms positive-
ly charged; total AIKC| and total AIH20; mean t SE)at the end of the experiment.

Extracting reagent Varlable Treatment
LG LCa Lp MC MCa MP
KCl A== 55+ 0.1 11.8%2 03 57"+ 0.1 5.2° % 0,04 7.5+ 0.1 5.4°+0.05
ALY <0.5 0.5 0.5 <05 0.5 <15
AP+ <0.5 0.5 0.5 =05 0.5 <15
T Al** 55"+ 0.1 11.8°+ 03 5.7+ 0.1 5.2°+ 0.04 7.5+ 0.1 5.4%+0.05
Al ™= 11% 2 Qi1 0.1 10722 107+ 1 129+ 1 11921
H0 AT == 33"+ 041 58%+03 35%+0.1 2.8°+ 0.1 4.0° +0.04 3.2% %01
MY * <0.5 0.9%+ 0.1 0.6 £ 0,05 <05 0.5 <05
AP <05 0.7+ 0.1 0.6%+0.1 <05 0.5 <0.5
T A== 3.3™ 201 74+ 04 48%+0.1 2.8°+ 005 4.0°™ + 004 3201
Al oy ¥ 817"+ 3 7042 1067+ 5 207 4 4 15°+ 1 21™ 41

limit of detection (mg'kg): 0.5
Treatment abbreviations: LC—Litavka control soll without any additive, LCa—Litavka soil with lime, LP—Litavka soil with superphosphate, MC—Malin

contral soll without any additive, MCa—Malin soll with lime, and MP—Malin soil with superphosphate.
Calculated by Kruskal-Wallis test, differences betwaen reatments were not statistically significant (™=) or were significant at 0.05 (*) and 0.01 (**)
probability levels. According to the multiple compadsons of mean rmnks, treatments with the same letter were not significantly different.

dioi: 10, 1371 foumnal pane 012335100

Concentrations of water-soluble M(Y}lz' and AP were below the limit of detection (0.5 mg Alkg)
in most of the treatments (LC, MC, MCa, and MP). Liming (LCa freatment) and application of su-
perphosphate (LP treatment) increased the water-soluble concentrations of M(Y}E' and A in
soil (LC treatment).

Concentration of Al in the Plant Organs

The Al/total concentration was significantly affected by treatments and analysed plant organs
isee Table 3 for details). The concentration of Al/total in seeds ranged from 51+19 mg/kg in
LCa treatment to 7 18£213 mg/kg in MC treatment. No stems or seeds were produced in the
LCand LP treatments.

A tendency for higher Alftotal concentration in organs was recorded in Malin soil {MC,
MCa, and MP treatments) in comparison to Litavka soil (LC, LCa, and LP treatments).

A significant positive relationship was recorded between Alftotal concentration in leaves
and Al concentration in soil (all treatments all together; r = 0.756, p<<0.01}, and between Al/
total concentration in organs and Al concentration in soil (all treatments all together; stems:
r= 0652, p=0012;leaves r = 0.717, p<20.01; seeds: r = 0.560, p = 0.047).

Liming (LCa and MCa treatments) and application of superphosphate (MP treatment) af-
fected the distribution of Al/total concentration between organs in the order: belowground
organs < leaves in comparison to LCand MC treatments (belowground organs = leaves).

Concentrations of LMWOAs in the Organs

The concentrations of propionate, malate, maleate, and citrate were significantly affected by
treatments, and the concentrations of acetate, citrate, formate, lactate, malate, maleate, propio-
nate, tartrate, and oxalate differed between individual organs (see Table 4 for details).

In all treatments, a tendency for higher accumulation of citrate, maleate, and tartrate was re-
corded in belowground organs; a tendency for higher accumulation of malate was recorded in
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Table 3. Effect of treatment on concentration of total and Infusion Al (mg/kgDW; mean £ SE) in organs of R. obtusifolius.

Variable Treatment Organ
Belowground organs Stems Leaves

Alfiotal LC 1702 & 604 - 471%%4 78
deficient LCa 693™ + 244 4149 9335 4 044
nomnal <100-200" LP 1052 &+ 433 - 384 + BR
phytotoxic MG 514" & 1583 169™= s 63 34132 + 794
accumulation level >1000" MCa 584™ & 557 1338 5 49 1772%8C 4 528
hyperaccumulation level =3000° MP 176725 & 792 198 & 25 AB5E & TO4
Alfinfusion LC 10.2* - -

LCa 4.9 5 0.5 1.2+ 0.4 939 £ 40

LP 612 0.6 - 6.2 +26

MG 58424 4 1A 75 19

MCa 36205 6300235 3™ £ 14

MP 58™+13 . g7 & 21

References: 1=[32], 2= [33]
—indicales no material

Treatment abbreviations: LC—Litavka control soil without any additive, LCa—Litavka soil with lime, LP—Litavka soil with superphosphate, MC—Malin
contral soil without any additive, MCa—Malin sodl with lime, and MP—Malin =o0il with supemphosphate.

Differences batwean treatmeants and organs wene evaluated by Kruskal-Wallis test. For each elemaent, concentrations in organs within cne treatment
denoted with the same latter (a-b) and concantrations in treatmants within one ongan dencted with the same letter (A-C) were not significantly different.

diot:10. 1371 foumnal pane 0123351008

stems; and a tendency for higher accumulation of acetate, formate, lactate, propionate, and ox-
alate was recorded in leaves.

The distribution of total concentration of LMWOAs (65426 mg/kgD'W, ie, sum of the
mean value of all organic acids concentration in the organs) between organs was recorded in
the order: belowground organs (17091 mg/kgD'W; 26% of total LMWOAs) < stems (17951
mg/ kgD'W; 27% of total LMWOAs) < leaves (30384 mg/kgDW; 47% of total LMWOASs). Re-
presentation of LMWOAs in belowground organs was in the order: citrate (36%) > tartrate
(31%) = malate (14%) > oxalate (9%) = acetate, lactate (4%) > formate (1%) > maleate
(0.4%) = propionate (0.05%); in stems was in order malate (39%) > oxalate (32%) > citrate
(12%) = lactate (8%) = acetate, tartrate (4%) > formate (1.5%) > propionate (0.3%) > maleate
(0.1%); and in leaves was in the order: oxalate (39%) = lactate (17%) = citrate (15%) = malate,
tartrate (11%) == acetate (6%) = formate (1%) > propionate (0.5%) > maleate (0.03%).

A significant positive relationship was recorded between concentrations of Al/infusion and
LMWOAs in belowground organs (acetate: r= 0,670, p</001; formate = 0.574, p</0.01), be-
tween concentrations of Al/infusion and lactate in stems (r = 0.944, p= 0.016), and between
concentrations of Al/infusion and LMWOAs in leaves (acetate: r= 0.695, p<<0.01; lac-
tate = 0.773, p<0.01).

Liming (LCaand MCa treatments) and application of superphosphate (LP and MP treat-
ments) did not lead to the unambiguous changes in the distribution of LMWO As between
organs.

Resduits of PCA Analysis

Soil. The first axis of the PCA analysis explained 53%, the first two axes 75% and the first
four axes together, 99% of the variability of all analysed data (Fig 1). The first ordination axis
divided marks for individual pots into Litavka group on the right side and Malin group on the
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Table 4. Effect of treatment on concentrations of LMWOAs (mg/kgDW, mean + SE) in organs of R. obtusifolius.

Variable Treatrment Organ
Belowground organs Stems Leaves
Acetate LC am™ - -
LCa 674™+ 6 614" =+ 63 2028™ + 491
LP 629 + 47 - 64174 & 14
MG 623" + 86 108574 1888 + 368
MCa 643™ + 60 56570 & 7 1852* + 11
MP G2 & 52 18872 & 463
Citrate LC gass’s - -
LCa 58453 + 785 20247 + 858 5625 + 806
LP 7939™ & pAG - 67547 + 347
MC OGRS & 522 A 47753 4 630
MCa 58387 + 307 2930™" + 582 4742™% & 550
MP 5202 + 151 E7E™ + 487
Fomate LC 2448 - -
LCa 1847 £ 20 236700 5 22 32878 s g
LP 15338 4 12 - 26772 & 19
MC 251"+ 33 418" I8 . 27
MCa B 48 poal: e O | 44398 & 45
MP 20478 + 38 W78 6
Lactate LC 744" - -
LCa 814™ 4+ 113 130%™ + 70 5o82™ & 1398
LP 646" + 70 - 2424 + 40
MG 7335+ 14 1615984 G442 4 812
MCa 707" & 57 15877 & 226 4081 + 956
MP 72308 4 25 6385 + 466
Malate LC 24258 - -
LCa 2951 & 213 65047 + 340 37519048 4 25
LP 18772 £ 115 - 20062 + 508
MG 220078 + 72 Bye" 282128 4 245
MCa 2464™5 + 292 6679 + 1582 4507 + 487
MP 24082 + 240 2197 + 487
Maleate LC g™ - -
LCa 138™ + 19 16" ¢4 <2.43°4
LP 104%8 5 14 - =2 4398
MG <243 =243 =2.43%%
MCa TTE 4 55 174+ 10 12244+ 7
MP <2 438 174+ 6
Propionate LC <1.04"% - -
LCa <194 =194 9128 & 57
LP 48™ + 20 - 383748 & 152
MC <194 1324 =1.947%8
MCa =1.94°% =1.0470% 47N e 50
MP <1.84% <1.84°8
(Continuad)
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Table 4. (Corntinued)

Variable Treatment Organ
Belowground organs Stems Leaves
Tarrate LC Ga45" - -
LCa 5166™ + 335 6557 + 33 2324™5 & 341
LP 536234 4 211 - 40B3E & 370
MG 5313+ 230 1008~ 4168 + 560
MCa 5419 + 255 55074+ 12 76 & 111
MP 4565 + 85 - 4081™" £ 165
Oxalate LC 1510™ - -
LCa 135554 4 133 4477958 & OO 110157 + 85
LP 1401** + 61 - 108847 + 212
MC 157074 + 171 B445a0A 14594% + 543
MCa 1494 + 45 54867 + 158 13234™ + 1701
MP 1568°% + 6T 11180°* + 765

= indicaies no material, imits of detection (mg/kg): acetate 1.37, citrate 3.18, formate 0.61, lactate 1.13, malate 185, maleale 2.43 propionate 1.94,

tartrale 1.73, and oxalate 1.08.

Treatrment abbreviations: LC—Litavka control sl without any additive, LCa—Litavka soil with lime, LP—Litavka soil with superphosphate, MC—Malin
contral 2o0il without any additive, MCa—Malin soil with lime, and MP—Malin soil with supemphosphata.

Differences batween treatments and organs wene evaluated by Kruskal-Wallis test. For each LMWOA, concentrations in organs within one treatment
denoted with the same letter (a-b) and concentrations in treatments within one organ dencted with the same letter (A-B) wene not significantly different

diot:10. 137 1 fournal pone 0123351004

left side of the diagram. This indicates a high effect of used soils on the extractability of Al. In
both soils, marks for treatments (C, Ca, and P) were not clearly separated, which indicates min-
imal effect of treatments on all the recorded data The length and direction of the vectors relat-
ing to the Al concentrations indicate the association of the extractants with respect of studied
soil. Di- and tri-carboxylic acids such as OA and CA extracted more Al in alkaline Malin soi
and mono-carboxylic acid AA and H,O extracted more Al in slightly acidic Litavka soil.
Extractants KCl and CaCl, had minimal effect on extractability of Al in both soils as shown by
arrows not leading to any of the soils. Concentrations of Al and Al 4 were negatively corre-
lated with Aljg as indicated by opposing directions of vectars for CA (OA) and Hz0.

Plant Biomass. The firstaxis of the PCA analysis explained 42%, the first two axes 69%
and the first four axes together, 86% of the variability of all analysed data (Fig 3). In the dia-
gram, marks for treatments (LC, LCa, LP, MC, MCa, and MP) were not clearly separated indi-
cating a weak effect of soils and treatments on all the recorded data. Marks for organs
(belowground organs, stems, and leaves) were located in different parts of the diagram, which
indicates a high effect of organs on all the recorded data. The length and direction of the vec-
tors relating to the Al and LMWOA s concentrations indicate the association of the Al as well
as LMWOA s with respect of organ. Concentrations of citrate, maleate, and tartrate were accu-
mulated more in belowground organs. Concentrations of Al/infusion as well as concentrations
of acetate, formate, lactate, propionate, and oxalate accumulated more in leaves and malate ac-
cumulated more in stems. Alftotal accumulated more in belowground organs as well as
in leaves.
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Fig 3. Ordination diagram showing the results of PCA analysis with concentrations of Aland of
LMWOASs in organs (belowground organs, stems, and leaves) of R. obtusifolius grownon
contaminated soils. Treatment abbreviations: LC—Litavka control sail without any additive, LCa—Litavka
soil with lime, LP—Litavka soil with superphosphate, MC—Malin control soil without any additive, MCa—
Malin soil with lime, and MP—Malin soil with superphosphate. LMWOAs abbreviations: acetate—
concentration of acetate in organ infusions and etc. Alconcentration abbreviations: Al'total—total
concentration of Alin organs, Alinfusion—concentration of Al in organ infusions.

doi:10.1371 foumal pone 0123351.9003

Discussion
Fractionation of Al Using Soil Extractants

Efficiency of extracting agents in LC and MC treatments increased in the following order:
Alga, Alcar < Aliag < Alga < Alca < Algy representing 0.1,0.1 < 0.2-0.7 < 0.4~

1.0 < 11-15 < 28-38% of pseudo-total soil Al (Al,z). Exchangeable (KCl, CaCl,), water-solu-
ble (H,0), and carbonate (AA) bound fractions of Al do not present an important role in Al
mobility in slightly acidic and alkaline soils. The highest portions of Al were released by ex-
tracting with di- and tri-carboxylic acids (OA and CA), commonly identified in root exudates,
which can also release Al bound in the reducible fraction [8,10-13]. The efficiency of these
LMWOASs in soil can be explained by their dissociation constants: OA: pK; 1.25 (1), 4.26 (1T);
CA: pK, 3.13 (I), pK, 4.76 (IT), pK, 6.40 (ITT); AA: pK 4.76. The number of dissociation con-
stants corresponds to the number of COOH groups; a lower value of the negative logarithm of
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the dissociation constant of acid—pK, means a higher dissociation. ie. A higher acid strength)
[43] and therefore a decrease of soil pH (ie.,pHaa < pHea < pHoa; Table 1). Thus, we ob-
served that the ability of LMWOAS to release Al from reducible fraction increased in the order
AA < CA < OA . We can conclude from our experiment that ‘exudation’ of organic acids by R.
obtusifolius (mainly oxalic acid) significantly affected the mobility of Al in slightly acidic and
alkaline soils and helped to make a real estimate of Al uptake [12,22,44.45].

Reagents such as KCl and CaCl, were not suitable for the evaluation of available Al in all
treatments. It is connected with the sorption complex with a dominant representation of the
basic cations (Ca, Mg, and K) in comparison to the acidic cations (Al, Fe, and Mn) in slightly
acidic and alkaline soils. Reagents such as Hy0O and AA showed higher efficiency for extract-
ability of Al in LC, LCa, and LP treatments in comparison to MC, MCa, and MP treatments. It
is connected also with the exchangeable fraction, which has greater importance for Al in slight-
Iy acidic soil ('Litavka') than in alkaline soil ("Malin’). Deionised water and AA reagents with
their lower solution pH (H20 5.2 and AA 2.8) are able to release Al into soil solution with
higher efficiency than KCl and CaCl, reagents (KCl pH 5.8 and CaCl; pH 5.9) because of low
representation of Al on the sorption complex. Therefore, pH probably plays a key role rather
than the exchange of Al for K or Caions. Moreover, deionised water has high extraction power
due to low ionic strength [46]. The AA reagent probably showed greater importance in releas-
ing Al from the exchangeable fraction than from the carbonate bound fraction. It is because
more carbonates were determined in the MC treatment (above 2% of carbonates) in compari-
son to the LC treatment (below 0.3% of carbonates; data not shown). Nevertheless, higher effi-
ciency of the AA reagent was observed in slightly acidic soil (LC, LCa, and LP treatments). We
can speculate that carbonates do not present important binding sites for Al [9] as a sorption
complex in slightly acidic soils. Reagents such as CA and OA have higher efficiency for extract-
ability of Al in MC, MCa, and MP treatments in comparison to LC, LCa, and LP treatments. It
is probably connected with increased root exudates efficiency for organic acids exclusion in al-
kaline soil conditions (MC treatment) in comparison to slightly acidic soil conditions (LC
treatment) [15]. The effect of liming (LCa and MCa treatments) on increase of soil pH was ne-
glected with increasing strength of studied agents (see pHy 4, pHea, and pHp, in Table 1).

Liming and application of superphosphate has an ambiguous effect on the total extractable
concentration of Al (i.e. Algcy, Algacn, Alpao, Alga, Algs, and Alg 4 ) in soil indicating that our
tested additives are not able to significantly alter the mobility of Al neither in slightly acidic nor
in alkaline soils.

Speciation of Exchangeable (KCl) and Water-Soluble Forms of Al in the
Soil

In most of the treatments, total extractable Al (ie., Alyq and Aljn ) was determined to be
higher than the £ Al, indicating that the derivatization agent "Tiron (i.e,, 4,5 -dihydroxy-m-ben-
zendisulfonic acid)’ used in HPLC/IC did not react with certain strongly complexed Al forms
with presumably zero or negative charge. However, these Al species undetectable by HPLC/IC
can be determined by ICP-OES [5].

The most abundant exchangeable and water-soluble Al forms with positive charge in LC
and MC treatments were Al(X)'" species (i.e, AI(OH),", Al(50,)", AIF,", Al(org.)"'", etc;
[5,40] representing 51% and 8.5% of total Alyciand Al respectively. This can be explained
by the distribution of soluble Al forms in the pH range between 5.8 and 7.2, with dominant re-
presentation of less or non-toxic Al forms with positive charge [M(X}J ™) as well as with zero
[M(OH};’, Al-organic complex) and negative charge (Al{OH),, Al-organic complex)
[3,4.6,19].
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Liming (LCaand MCa treatments) increased the exchangeable and water-soluble ﬁ'd[l‘ﬁ'.}lJ -
form in comparison to the LC and MC treatments. Moreover, liming (LCa) and application of
superphosphate (LP) caused the occurrence of new forms of Al such as ALY)Y™ (1.3% and 0.6%
of Alyao, respectively) and AP (1% and 0.6% of Alyao, respectively) which were identified in
the HyO-soil solution. It is because lime caused mineralisation of organic matter (representing
an important binding site for Al) and decay of bound complexes to the individual forms of Al
determinable using HPLC/IC [47,48]. In the case of superphosphate, the release of new forms
of Al (ie., All{‘f}lz_ and Ma—} can be explained by a sufficient amount of available Ca from su-
perphosphate that caused the decay of organic matter with lower stability.

Concentration of Al in the Plant Organs

Concentration of Altotal in aboveground organs was clearly positively related to the concen-
trations of Al-, and Al in soil, indicating their important role in uptake of Al by plants.
Therefore, we can conclude that the Al availability for R. obtusifolius has been more affected by
the presence of root exudates releasing organic acids (mainly oxalic acid) than by "'mobile
forms’ of Al (Le., exchangeable, water-soluble, and carbonate) in slightly acidic and alkaline
soils. A considerable decrease of pH down to 2.3 (CA:soil solution) and to 1.4 (OA:soil solu-
tion) is connected with possible uptake of Al by plants in the form of A", as has been recorded
also by Maetal. [7].

Higher concentration of Alftotal in all organs was recorded in alkaline soil (MC treatment)
in comparison to slightly acidic soil (LC treatment). Itis probably due toa generally higher
pseudo-total Al concentration in MC treatment (see Table 1) resulting in more available Al-,
and Al present for plants, and in increased root exudates efficiency for organic acids exclu-
sion in alkaline soil conditions than in slightly acidic soil conditions, as has been recorded by
Amnakumara et al. [15].

A tendency for restricted transport of Al/total from belowground organs into the leaves was
recorded in the LC treatment, in comparison to MC treatment. We can speculate that differ-
ences in the distribution can be connected with a different mechanism for detoxification of
higher concentrations of Al/total in R. obtusifolius planted in slightly acidic (probably external
detoxification of Al) and alkaline (probably internal detoxification of Al) soils. Low transport
from belowground organ to leaf as a defence mechanism against high concentration of Alin
plants was described in study of Poschenrieder et al. [21]. The effectiveness of both mecha-
nisms for Al detoxification in the same plant is not unique (e.g. Fagopyrum esculentum)
[49,50]. The mechanisms are known also for relatives to R. obtusifolius—R. acefosella (external)
and R. acetosa (intemnal) planted in strongly acidic conditions [ 26 48],

R. obtusifolius is able to tolerate a high concentration of Al/total because in its leaves sub-
stantially higher Al concentration was recorded than is normal in many other plants (<200
mg/kg) in LC and MC treatments. In MC treatment, the concentration of Al/total in leaves was
higher than 1000 mg/kg therefore we can speculate that R. obfusifolius belongs among the *Al
accumulators’ or even the "Al hyper-accumulators’ (3000 mg/kg) if planted in alkaline soils.
High Al tolerance is probably connected with internal Al detoxification {formation of Al-com-
plex, mainly with organic acids, in parts of leaves that are insensitive to Al, e.g., epidermal cells
of vacuoles and cell walls) typical for *Al-accumulators’ but known mainly in acid soils
[21,26,32,44,51,52].

In MC treatment, the concentration of Al/infusion in leaves was higher than in stems and
belowground organs. In all treatments, higher leaching of Al from leaf and stem infusions (2-
10% and 2-5% of Al/total, respectively) were recorded in comparison to belowground organ
infusion (0.2-0.7% of Alftotal), indicating higher representation of Al-organic complexes with
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weak stability constants [16,53] in aboveground organs. The concentration of Al leached from
leaf infusion of R. obtusifolius (in most treatments—2% of total Al) was lower in comparison to
plants commonly used as beverages (i.e., Hibisaus sabdariffa petals—50% of total Al, Rosa
caninag receptacles— 30% of total Al, Camellia sinensis leaves—10% of total Al, Cymbopogon
citratus leaves—=8% of total Al or Ginkgo biloba leaves—4% of total Al) [41,54]. Nevertheless,
potential risk of a harmful effect of Al for humans remains becanse of the use of R. obfusifolius
as a component of salad and soup, rather than asa beverage [55,56].

Liming {LCaand MCa treatments) and application of superphosphate (MP treatment)
caused increased transport of Al/total from belowground organs into leaves in comparison to
LC and MC treatments. It is probably due to the presence of oxalate (R. obtusifolius belongs to
the group of ‘oxalate plants’) [29] that was precipitated with Ca as Ca-oxalate and thus avail -
able Al can be easily transported to leaves in LCa, MCa, and MP treatments. In LC and MC
treatments, Al was probably immobilized as Al-oxalate in belowground organs, as has been re-
corded also for micro- (Cu, Fe, Mn, Ni) and risk elements (As, Cd, Cr, Pb, Zn) by Vondrackova
et al. [31]. Nevertheless, the used methods did not allow us to determine the specific metal-or-
ganic complexes in plants or to distinguish the proportion of total metal-organic complexes
(e.g. metal -oxalate complex) to the free organic acids (e.g. oxalic acid). Therefore, we are not
able to verify the above-mentioned mechanism.

Concentrations of LMWOAs in the Organs

The LMWOAs were divided into three groups according to the detected concentration in or-
gans. Citrate, maleate, and tartrate were recorded more in belowground organs. Malate was re-
corded more in stems, and acetate, formate, lactate, propionate, and oxalate were recorded
more in leaves. The chemical structure of LMWOAs (position of OH/COOH groups on their
main C chain} in connection with the stability constants (logks) of Al-organic complexes can
explain the ability of LMWOAs to create various strong complexes with Al in organs (higher
value of the stability constant means higher stability of Al-organic complex) [16.43,53,57,58].
We can conclude that strong complexes of LMWOASs with Al (Al-citrate—logks = 7.98 and
Al-tartrate—logks = 5.62) were recorded in belowground organs, moderate complexes of
LMWOAs with Al (Al-malate—logK5s = 5.40) were recorded in stems and weak complexes of
LMWOAs with Al (Al-acetate—logKs = 1.60, Al-formate—logKs = 1.36, Al-lactate—

logKs = 2.41, and Al-propionate—logKs = 1.78) were recorded in leaves. Nevertheless, two ex-
ceptions were recorded; Al-maleate complex with weak stability constant (logKs = 1.93) in be-
lowground organs and Al-oxalate complex with strong stability constant (logKs = 6.16) in
leaves. Concentration of Al in leaf infusions was deady positively related to the concentrations
of acetate (representing 6% of total LMWOAs) and lactate (17% of total LMWOASs); concen-
tration of Al in stem infusions was cleady positively related to the concentration of lactate (8%
of total LMW O As); and concentration of Al in belowground organ infusions was dearly posi-
tively related to the concentrations of acetate (4% of total LMWOAs) and formate (1% of total
LMWO As), which indicates a weak stability complex of Al with these LMWOASs in organs.
Therefore, possible release of Al into infusions was recorded with increasing order: below-
ground organs < stems < leaves.

The highest concentration of all LMWOAs all together was recorded in leaves, followed by
stems and belowground organs. Oxalate, citrate, malate, and tartrate were dominant LMWOAs
in leaves; malate, oxalate, and citrate were dominant LMWOAs in stems; and citrate, tartrate,
and malate were dominant LMWOAs in belowground organs. Miyagi et al. [34] have recorded
asimilar result, i.e. oxalate asa major LMWOA in leaves of R. obtusifolius grown for a period
of 2and 5 weeks in a hydroponic experiment. A higher concentration of citrate in leaves in
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comparison to stems was inconsistent with results for R. obtusifolius published by Miyagi et al.
[34]|—ie., concentration of citrate was higherin stems. Discrepancies between concentrations
of citrate in organs can be connected with the age of R. obtusifolius plants—i.e., 5-week-old
plants have more citrate in stems and 6-month-old plants have more citrate in leaves. Citrate,
oxalate, tartrate, and malate can create strong or moderate organic- Al complexes in organs
[48,53]. Therefore we can speculate that these LMW As can partially contribute to the protec-
tion of R. obfusifolius against intemal Al toxicity (Le., mechanism of internal detoxification of
Al known in plants that accumulate Al) [7.24.30,51].

Liming and application of superphosphate has an ambiguous effect on the concentration of
LMWOAs in organs. We can thus conclude that our tested additives are not able to unambigu-
ously alter the distribution of LMWOAs between organs of R. obfusifolius neither in slightly
acidic nor in alkaline soils.

Conclusions

Reducible Al fraction represented by the CA and OA solution agents can serve as simulating
exudation of organic acids by R. obtusifolius and play an important role in potential Al mobility
and availability for these plants mainly in alkaline soils.

Less or non-toxic exchangeable and water soluble monovalent Al cations are dominant sol -
uble Al forms in slightly acidic and alkaline soils with pH ranging from 5.8 to 7.2,

Rumex obtusifolius is an Al-hyperaccumulator but only in untreated alkaline soils. We can
speculate that mechanism for detoxification of Al is affected by different soil chemical proper-
ties. Itis possible to change distribution of total Alin plant organs by the manipulation of Al
availability using lime and superphaosphate in tested soils. Restricted transport of total Al from
belowground organs into leaves was recorded in both untreated soils and in superphosphate-
treated slightly acidic soil. On the other hand, elevated transport of total Al from belowground
organs into leaves was recorded in both lime-treated soils and in superphosphate-treated alka-
line soil. Therefore, we can speculate that sufficient amount of Ca available from soil solution
as well as from superphosphate can change distribution of total Al in plants of R. obtusifolius.

The highest concentration of Al was recorded in leaf infusion, followed by stem and below-
ground organ infusions as a result of Al release from weak stability Al-organic complexes. Con-
centrations of LMWOAs were not affected by different soil chemical properties but were
greatly affected by plant organs. In belowground organs more citrate, maleate, and tartrate
were recorded; in stems there was more malate, and in leaves higher concentrations of acetate,
formate, lactate, propionate, and oxalate were recorded. Citrate and tartrate create strong or-
ganic-Al complexes in belowground organs and conversely oxalate creates strong organic- Al
complexes in leaves. The distribution of LMWOAs in plant organs can play a crucial role in in-
ternal Al tolerance but the used methods did not allow us to distinguish the proportion of total
Al-organic complexes to the free organic acids. Therefore the future research should be focused
on this issue.
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‘Department of Ecology, Faculty of Envirenmental Sciences, Czech Universite af Life Sciences,
Eamycka 128 165 21 Prague 6 — Suchdol, Czech Rspublic

Abstract

Weakly acidic Litavka and alkaline Malin souls are some of the most confaminated soils by multiple nsk elements m the Czech
Republic. The aum of this paper was to determune the effect of P sowrces (rock phosphate, superphesphate), each appled at three
rates on the mobuity of nsk element= (Cd, Zn, Pb, As) and microoutrients (Fe, Mo) 1n souls and to compare thew effectrvensss
with hme and dolomite tested in our previous study. In 7, 14, 28 and 42 days, we deternumed CaCl,-extractzble and acid-
extractable concentrations of elements by ICP-0OES. In alkaline soil there was an inerease in Cd, Zn A=, and Mn CaCl,- and
acid-extractable concentrations after superphosphate application but no effect on concentrations of these elements after rock
phosphate application. In acidic soil, there was a decrease in CaCls-extractable concentrations of Cd and Zn and no effect on
CaCly-extractable Pb, A=, Fe, and Mn after rock phosphate apphication. With the exception of a decrease m Pb and Mo the same
fremds were mecorded for acid-extractable concenfrations. Superphosphate was less effectme than rock phosphate for
mmobihsation of Cally-extractable Zn, A<, and Mn Phosphate addifives were meffectrve for mmmebiization of all tested
elements m alkahne soils. In acidic sculs, phosphate additrves were weffectve in momobilising As and Fe compared to lme
appheation and were substanhally less effective in Cd and Zn immobibsation than lmme. Superphosphate application was a
surtable measure to decrease acid-extractable Fo concentranions onby in acidic scals at hizher rates and was comparable with hime
applhication at lower rates.

Eey werds: acetic acid-extractable concenfrations, CaCls-extractable concentrations, chemical mmobibisation, mmeromitrients,
nsk elements

Recetved: Jamuary, 2013 Revized final: November, 2013, Accepted: November, 2013

"Anthor to whom all cormespondence should be addressed: e-mmil: hejomanimfp.co.cz

83



34
35
36
37
38
39

41
42
43

45

47

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

65
66
67
68

1. Introduction

In the Czech Republic as in many other countries. there are areas that are heavily
contaminated by several risk elements and environmentally friendly cleanup methods such as
phytoextraction are not possible to use because the high concentrations of risk elements are toxic
for plants and consequently canse their mortality (Dan et al.. 2008; Hejcman et al.. 2012; Nagayjoti
et al.. 2010). Chemical stabilisation 15 a remediation method suitable for soils contaminated with
high concentrations of heavy metal(loid)s that use some non-toxic materials for reducing the
solubility of heavy metal(loid)s (Alkorta et al.. 2010; Epelde et al., 2009; Vacha et al., 2002).
Contanunated soils with high concentrations of heavy metal(loids) can induce deficiency of
essential elements such as Fe and Mn for plants. Soil additives can reduce metal(loid)s mobility and
bioavailability by adsorption, complexation, (co)precipitation, or their combination, although total
concentrations of metal(loid)s are not sigmficantly reduced (Bolan et al, 2010; Miretzky and
Femandez-Cirells, 2008). The mobility and bioavailability of heavy metal(loid)s 1n so1l depends on
many parameters, e.g. pH, organic matter, cation exchange capacity, soil redox potential, the time
elapsed after contamunation by metal{loid)s, concentrations of heavy metal(loid)s 1n the soil
solution or the release of heavy metal(load) 1ons from the solid phase (Violante et al., 2010). The
mobility of metal(loid)s 1n soi1l can be sufficiently studied using vanous chemical extractants, e.g.
neutral salts for assessment of ‘effective bioavailable metal fraction” or muld acids for ‘potentially
bioavailable metal fraction’ (Sahuquillo et al., 2003; Szikova et al., 2000; Tlustos et al.. 1997).

Phosphate compounds as non-toxic materials react with many heavy metal(load)s and
radionuclides to form secondary phosphate precipitates that are stable over a wide range of
environmental conditions (Mignardi et al. 2012; Vangronsveld et al. 2009; Xemdis et al.. 2010).
The use of phosphate additives for Pb immobilisation has been very successful in many studies
(Cao et al . 2008a; Fang et al.. 2012; Munksgaard and Lottermoser, 2011). Several studies indicated
that phosphate additives can mobilise As (Impellitters, 2005; Kilgour et al.. 2008; Theodoratos et
al., 2002). Phosphate additives can be applied to immobilise other risk elements. e g. Cd and Zn,
which frequently occur simultaneously with Pb in soils (Baker et al.. 2012; Lambert et al., 2007;
Spuller et al., 2007; Wang et al., 2008). Nevertheless, the effectiveness of phosphate additives on
immmobilisation of other risk elements such as Cd and Zn has been investigated less, and thus the
type and rate of phosphate additives on mobility of Cd and Zn should be carefully studied (Baker et
al., 2012; Chen et al_, 2007; Miretzky and Fernandez-Cirelli. 2008).

In our previous smudy (Vondrickova et al. 2013), the effect of quick lime (lime) and
dolomite application on the mobility of Cd. Zn, Pb. As. Fe, and Mn was studied. Dolomite

immobilised elements less than lime and only under higher application rates. Liming significantly
2
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mmmobilised Cd and Zn only i weakly acidic soil Dolomite and lime were meffective to
mmmobilise Pb and As Using the same contaminated soils, the aim of this paper was to study the
effect of rock phosphate and superphosphate application on Cd, Zn, Pb, As. Fe, and Mn mobility
with regard to the application rates and incubation davs. The effectiveness of phosphate additives
was then compared with the effectiveness of alkaline additives in our previous study.

2. Material and methods

2.1. Soil sample collection

Two heavily multi-contaminated soils diffening in physicochemical properties were selected
for the incubation experiment. Weakly acidic so1l called “Litavka™ from the alluvium of the Litavka
River in the willage of Trhové Dusniky, located 60 km south of Prague (49°43N. 14°0'E).
containing 54 mg Cd'kg. 6172 mg Zn'kg. 3305 mg Pb/kg and 334 mg As'kg (extracted by dgua
Regia) was contaminated by waste from smelter settling pits (Boriivka et al.. 1996: Sichorovi et al._
2004). Alkaline soil called “Malin® from a bank of the streamlet Beranka near Malin village located
82 km east of Prague (49°58'N. 15°17E) containing 11 mg Cd'’kg, 1022 mg Zn'kg and 688 mg/As
kg was contaminated due to tailings of silver mining in the 13—16™ centuries (Hordk and Hejcman.
2013). The specific characteristics of the soils used in this study are given in Vondriackova et al.
(2013).

2.2. Design of the incubation experiment

The incubation experiment was composed of seven treatments for each soil therefore 14
treatments for both soils in total (rock phosphate application i rates w/w (additive/soal). P1 — 0.2%,
P2 — 0.6%, and P3 — 1.7%; superphosphate application in rates w/w (additive/so1l), S1 —0.1%, 52 —
0.4%. S3 — 1.2%; control without any additives, C). Each treatment was replicated ten times_ and
mcubation of soils was performed for 7. 14, 28 and 42 days. Therefore the experiment was
comprised 140 bottles for each incubation time and 360 in total Fifty grams of dry soil were
applied into each acid-clean polyethylene 250-ml plastic bottle. In P1, P2, P3, 51, 52, and 53
treatments, the soils were muxed with a particular amount of additive (see Table 1 for chemical
properties of used additives). Deionised water at a volume equivalent to 60% of maximum water
capacity was then applied into each bottle (18 ml for Litavka soil and 17 ml for Malin soil). The
mcubation was performed at a constant temperature of 25°C. Bottles were opened and aerated with
fresh air every week.
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Table 1. Basic chemical characteristics of applied phosphate additives. Mean values together with

standard error of the mean (SE) are provided in the case of additives chemical properties.

Concentrations of P and Ca were provided by distributor of superphosphate, and therefore 1t was not
analysed. Concentrations of Cd. Zn, Pb. As. Fe, and Mn were not determined (marked as dash) in

superphosphate because of guaranteed analytical grade purity by distributor. All analysed

concentrations and values of pH were performed in three replications (n=3).

Property Rock phosphate ° (P) Superphosphate b (s)
pHeacn 7.8+0.01 2.2+0.003
P (g'kg) 6711 246
Cagkg) 17422 159

Cd (mg/kg) 32403 -

Zn (mg'kg) 83 5+13.7 -

Pb (mg'kg) 0.8£0.2 -

As (mg/kg) 58+15 -

Fe (mg'kg) 46977 -

Mn (mg/kg) 7913 -

* - distributor TIMAC AGRO CZECH Ltd.. Czech Republic

® _ analytical grade purity (Ca(H,POs),-H,0). distributor Lach-Ner Ltd.. Czech Republic
Legislation limits for total concentrations of elements in nuneral phosphate fertilizers (mg'kg): Cd
50, Pb 15, As 10 (Anonymous, 2009).

2.3 Chemical analyvses

The pseudo-total concentrations of elements in soils were determuned using inductively
coupled plasma—optical emission spectrometry (ICP-0OES; VARIAN Vista Pro. Varian, Australia)
after Aqua Regia digestion m a microwave oven (Ethos 1, MLS GmbH, Germany). The details of
other chemical procedures before start of the incubation experiment (soil pH. cation exchange
capacity. concentration of organic carbon, concentrations of Ca, Mg, K. and P determined by
Mehlich ITI extraction procedure) can be found in Vondrackova et al. (2013). At days 7, 14, 28, and
42 CaCly-extractable and acetic acid- (acid-) extractable concentrations of elements in soils were
determined by ICP—0OES, and a standard edition procedure was used for evaluating the data. Soil
samples were extracted using a 0.01 mol/L CaCl; aqueous solution at a solid/liquid ratio of 1/2 .4 for

six hours. and with a 0.11 mol/L. aqueous solution of CH;COOH at a solid/Tiquad ratio of 1/2.4
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overnight. Hettich Umiversal 30 RF (Germany) equipment was used for centrifugation of the

reaction mixtures at 3000 rpm for 10 nun.

2 4. Data analyses

Obtained data were evaluated by repeated-measures and one-way analysis of vanance
(ANOVA) using Statistica 9.0 program (StatSoft. Tulsa, USA) as m our previous study
(Vondrackova et al.. 2013).

3. Results

Calculated by repeated measures ANOWVA, CaCl;-extractable Cd, As, Fe, and Mn and acid-
extractable Cd. Zn. and As concentrations were significantly affected by treatment. time and by
treatment * time interaction in both soils. CaCl,-extractable Pb concentrations were significantly
affected by treatment. time. and treatment * time mteraction only m Litavka soil and CaCl,-
extractable Zn concentrations by treatment and treatment * time mnteraction. Acid-extractable Pb
concentrations were significantly affected by treatment and by treatment » time interaction only in
Malin soil. Acid-extractable Fe concentrations were significantly affected by treatment and time in
Litavka soil and by time and treatment * time interaction in Malin soil. Acid-extractable Mn

concentrations were sigmficantly affected by treatment and time only m Litavka soil.
3.1. Cadmium

In companson to the control, CaCl;-extractable Cd concentrations were decreased and
significantly affected by application rates of rock phosphate as well as of superphosphate with the
exception of an increase in S2 and S3 treatments on the 7® day of the experiment in Litavka soil
(Fig. 1a). In Malin soil. concentrations of CaCl:-extractable Cd in rock phosphate treatments were
the same as in the control as well as in superphosphate treatments, with the exception of a shight
increase i S3 treatment on all days of the experiment (Fig. 1b).

Rock phosphate application did not affect or slightly decreased acid-extractable Cd
concentrations, and in superphosphate treatments significant decreases (strong positive effect of
rate) of acid-extractable Cd concentrations m Litavka soil (Fig. 1c) were recorded. In Malin soil,
concentrations of acid-extractable Cd in rock phosphate treatments were the same as in the control

but in superphosphate treatments were significantly increased (strong negative effect of rate) (Fig.
1d).
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Fig. 1. Effect of treatment on mean concentrations of CaCl,-extractable Cd (a. b) and acid-
extractable Cd (c, d) in Litavka and Malin soils. Error lines represent standard error of the mean
(SE). Calculated by one-way ANOVA, differences between treatments were significant based on a
0.01 () probability level. Treatment abbreviation: rock phosphate with application rates P1 — 0.2%
wiw, P2 — 0.6% w/w and P3 — 1.7% w/w; superphosphate with application rates 51 —0.1% w/w_S2

—0.4% wiw, 83 — 1.2% w/w; control without any additives — C.

3.2 Zinc

In comparison to the control, a decrease in CaCli-extractable Zn concentrations was
significantly affected by application rates of rock phosphate, but an effect of superphosphate
application on CaCl;-extractable Zn concentrations was not sigmficant as in the case of rock
phosphate m Litavka soil (Fig. 2a). Rock phosphate application did not affect or slightly decreased
CaCls-extractable Zn concentrations in Malin soil. and superphosphate application did not affect
(lower rates 51, S2) or increased CaCly-extractable Zn concentrations in the case of elevated
application rate (53) (Fig. 2b).

In both soils. an effect of rock phosphate and superphosphate application on acid-extractable
Zn concentrations (Figs. 2c and d) was similar to the Cd.
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Fig. 2. Effect of treatment on mean concentrations of CaCl,-extractable Zn (a, b) and acid-
extractable Zn (c. d) m Litavka and Malin so1ls. Error lines represent standard error of the mean
(SE). Calculated by one-way ANOVA. differences between treatments were significant at 0.05(")
and 0.01 () probability levels. See Fig. 1 for more details about treatments.

3.3 Lead

In comparison to other tested elements, extraction of Pb with using solutions of CaCl; and
acetic acid was very low, and therefore the usefulness of phosphate additives was negligible. In
comparison to the control, no effect on CaCl;-extractable concentrations of Pb was recorded after
rock phosphate and superphosphate applications in both soils (Figs. 3a and b).

There was slight decrease in acid-extractable Pb concentrations in rock phosphate treatments
and substantial drops i acid-extractable Pb concentrations in superphosphate treatments in Litavka
soil. Concentrations of Pb were sigmficantly affected by the application rate of rock phosphate and
superphosphate (Fig. 3c). In Malin soil. concentrations of Pb were very low (Fig. 3d).
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Fig. 3. Effect of treatment on mean concentrations of CaCl,-extractable Pb (a, b) and acid-
extractable Pb (c, d) in Litavka and Malin soils. Error lines represent standard error of the mean
(SE). Calculated by one-way ANOVA. differences between treatments were not statistically
significant (**), were significant at 0.05(") and 0.01 (*") probability levels. See Fig. 1 for more
details about treatments.

3.4 Arsenic

In both soils. concentrations of CaCly-extractable and acid-extractable As in rock phosphate
treatments were the same as in the control but substantially increased in superphosphate treatments
(Figs. 4a, b, ¢ and d). CaCl;-extractable and acid-extractable concentrations of As were significantly
affected by application rate of superphosphate and slightly decreased duning the experiment.
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Fig. 5. Effect of treatment on mean concentrations of CaCly-extractable Fe (a. b) and acid-
extractable Fe (c. d) in Litavka and Malin so1ls. Error lines represent standard error of the mean
(SE). Calculated by one-way ANOVA, differences between treatments were not statistically
significant (**). or were significant at 0.05(") and 0.01 () probability levels. See Fig. 1 for more
details about treatments.

3.6. Manganese

In both soils, concentrations of CaClz-extractable Mn in rock phosphate treatments were the
same as in the control (Figs. 6a and b). In companson to the control, superphosphate application
mereased concentrations of CaCly-extractable Mn in Litavka soil, and Mn concentrations were
considerably affected by the application rate of superphosphate (Fig. 6a). In Malin soil
concentrations of CaCl;-extractable Mn in superphosphate treatments were the same as in the
control with the exception of substantial mcreases in S3 treatment on all days of the expenment
(Fig. 6b). There was decrease in CaCly-extractable Mn concentrations in S3 treatment during the
experiment.

In comparison to the control, there was no or little effect of rock phosphate application on
acid-extractable concentrations of Mn in both soils (Figs. 6c and d). In comparison to the control,
superphosphate application sigmficantly decreased concentrations of acid-extractable Mn in Litavka
so1l (Fig. 6¢) and substantially mcreased concentrations of acid-extractable Mn in 53 treatment
Malin soil (Fig. 6d).
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Fig. 6. Effect of treatment on mean concentrations of CaCl;-extractable Mn (a, b) and acid-
extractable Mn (c. d) in Litavka and Malin soils. Error lines represent standard error of the mean
(SE). Calculated by one-way ANOVA, differences between treatments were significant at a 0.01

(*") probability level. See Fig. 1 for more details about treatments.

4. Discussion
4 1. Cadmium

Fock phosphate application decreased CaCl,-extractable Cd concentrations i Litavka soil,
probably due to phosphate-induced Cd™™ adsorption and formation or co-precipitation of insoluble
metal phosphate in the soil such as Cd:(PQO.); (Hong et al_, 2010; Chen et al.. 2007). Shght mncrease
of rock phosphate immobilisation efficiency with application rate 15 in agreement with
Thawomchaisit and Polprasert (2009). In Malin soil, no changes i CaCly-extractable Cd
concentrations after application of rock phosphate were connected with less soluble phosphate mput
into alkaline soil. In alkaline conditions. the insoluble calcium phosphates were unable to release a
sufficient amount of free phosphate 1ons for Cd immobilisation (Hong et al, 2010), but
simultaneously high levels of soil pH (ranging from 7.2 in C treatment to 7.2 and 7.3 m P1 and P3
treatments at the end of expeniment. respectively) were not able to mobilise Cd. Using rock
phosphate 15 therefore ineffective for Cd immobilisation m the alkaline soil. We can recommend the
rock phosphate application especially at lhigher application rates on acid soils, but the
immobilisation efficiency was approximately about two orders lower than the efficiency of lime
(Vondrackova et al.. 2013).

In Litavka soil, an increased concentration of Cd 1 52 and S3 treatments at the beginning of
the experiment were probably due to the mitial decrease i soil pH (ranging from 6.2 in C treatment
to 6.1 and 5.3 mn S1 and S3 treatments, respectively) as also observed by other authors (Cui et al .
2010; Wang et al, 2008). After one week of incubation expernnments, Cd concentrations
significantly decreased. probably due to formation of insoluble Cd forms as recorded by other
authors (Chrysochoou et al.. 2007; Spuller et al.. 2007). In Malin soil. an increase i CaCls-
extractable Cd concentrations in S3 treatment was probably related to the formation of soluble
phosphate complexes such as CdHPQO, that more likely occur i laboratory conditions due to high
phosphate mputs compared to the real field conditions (Lambert el al. 2007). Superphosphate
application 1s not effective for immobilisation of Cd on alkaline soils and can be recommended only
on acid souls especially at high rates. However, Cd immobilisation efficiency of superphosphate was
low mn comparnson to the efficiency of hme (Vondrackova et al.. 2013). In Litavka soil. mean
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CaCls-extractable and acid-extractable Cd concentrations in the control were 0.7 and 8.5 mg'kg. 0.4
and 7.4 mg'kg in rock phosphate. 0.4 and 2.2 mg'kg in superphosphate, 0.3 and 6.6 mg'kg 1n
dolomuate, and only 0.002 and 0.003 mg/kg mn lime treatments. To immobilise Cd m acid soils, use
of lime 15 therefore much more effectrve (more than 99% decrease in companson to the control)
than the use of superphosphate (43—74% decrease). According to very low mitial CaCl,-extractable
(0.01 mg/kg) and acid-extractable (0.2 mg'kg) concentrations of Cd and no signmificant changes in
concentrations after application of additives in Malin soil, use of all additives 1s ineffective or

slightly risky m alkaline soils.

42 Zinc

A slight decrease 1 CaCl;-extractable Zn concentrations after rock phosphate application i
Litavka soil was probably related to enhanced Zn adsorption on surfaces due to P inputs or Zn
precipitation of insoluble metal phosphate in the soil like Znz(POy), (Lambert et al., 2007). In Malin
soil, no changes in CaCli-extractable Zn concentrations after rock phosphate was probably
connected with the same reasons as in the case of CaCl;-extractable Cd because of Cd and Zn
chemucal smulanty (Jiang et al., 2007). Therefore, the use of rock phosphate 15 not effective to
mmmobilise either Cd or Zn in alkaline soils.

No or slightly mcrease in CaCl:-extractable Zn concentration after superphosphate
application in Litavka soil was probably connected with formation of hopeite — Zn;(PO,);-4H,0,
which 15 much more soluble than pyromorphite (Baker et al., 2012; Xu and Schwartz, 1994). This
explained sigmficant differences between immobilisation efficiency of rock phosphate and
superphosphate in Litavka soil. We concluded that the use of rock phosphate 1 acid soils 1s more
effective for the immobilisation of Zn than the use of superphosphate. but substantially less
effective than the use of lime (Vondrickova et al, 2013). In Malin soil, increases m CaCly-
extractable Zn concentrations after superphosphate application 1s probably connected with lower
pH. especially m 53 treatments (pH ranging from 7.2 in C treatment to 7.2 and 6.4 m 51 and 53
treatments. respectively). and it 1s in agreement with Theodoratos et al. (2002). According to other
authors (Mignardi et al.. 2012; Wang et al.. 2008). superphosphate application must be carefully
designed because of potential soil acidification. Rock phosphate can be applied to immobilise Zn
only 1n acid soils.

In Litavka soil, mean CaCl,-extractable and acid-extractable Zn concentrations mn the
control were 29 and 349 mg'kg. 12 and 341 mg'kg in rock phosphate. 28 and 179 mg'kg in
superphosphate, 8 and 271 mg/kg 1n dolomite and only 4 and 2 mg/kg in lime The most effective

for immobilisation 1s therefore lime on acid soils (86—99 4% decrease m comparison to the control).
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With respect to very low imtial CaCl;-extractable (0.1 mgkg) and acid-extractable (4 mgkg)
concentrations of Zn and no significant effect of all additives on Zn concentrations 1n Malin soil, we
concluded that all additives were meffective or partly nsky (53 — application rate of
superphosphate) 1n alkaline soils.

4 3 Lead

FRock phosphate and superphosphate applications had no effect on CaCl;-extractable Pb
concentrations in both soils because of generally low Pb mobality (Miretzky and Fernandez-Cirells,
2008). We supposed that low concentrations of CaCl;-extractable Pb, even on lughly Pb
contamunated Litavka soial. can probably indicate that the majonity of Pb was in the plant-
unavailable fraction as mdicate results by other authors (Padmavathiamma and Li. 2010). In this
view. we suppose that application of rock phosphate and superphosphate i1s ineffective in
mmmobilisation of CaCli-extractable Pb neither 1n acid soi1l nor in alkaline soils.

In Litavka soil. acid-extractable concentrations of Pb significantly decreased after rock
phosphate and superphosphate applications in contrast to CaCly-extractable Pb concentrations.
Acid-extractable Pb concentrations probably more reflect the dissolution—precipitation mechanisms
that are typical for Pb immobilisation caused by phosphate additives. In Litavka soil, significant
decrease 1n acid-extractable Pb concentrations after rock phosphate application was probably due to
slow dissolution of carbonate-bound Pb and quick precipitation of geochemucally stable Pb
phosphate formation (pyromorphite) due to its low solubility (Cw et al., 2010; Chen et al. 2007;
Miretzky and Fernandez-Cirelli, 2008). On the other hand. superphosphate application substantially
decreased acid-extractable Pb concentrations in Litavka soil probably via formation of less soluble
PbHPOy (Cao et al., 2008a). The higher Pb immobilisation efficiency of superphosphate than rock
phosphate 15 1n agreement with the findings of other authors (Cw et al., 2010; Wang et al, 2008).
This was because of good water solubility of superphosphate in contrast to rock phosphate.
Concentrations of acid-extractable Pb decreased with mncreases in superphosphate application rates;
therefore, immobilisation efficiency of superphosphate increase with application rate as was
recorded also by Thawomnchaisit and Polprasert (2009). No effect of rock phosphate and
superphosphate application on acid-extractable Pb concentrations in Malin soil was provided by
alkaline soil pH (ranging from 7.2 i C treatment to 7.2, 7.3, 7.2 and 64 m P1_ P3_ S1 and 53
treatments. respectively) as solubility of Pb and P minerals 1s low under alkaline soil reaction
(Miretzky and Fernandez-Cirells, 2008).

Acid soil pH 1s thus important for dissolution of original Pb minerals and consequent

mmmobilisation of Pb by formation of more stable Pb minerals after application of all phosphate
13
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additives (Cao et al.. 2008b). Finally. we concluded that both phosphate additives are suitable
measures to decrease acid-extractable concentrations of Pb only in acid soils. especially at higher
additive application rates. In Litavka soil. mean CaCly-extractable and acid-extractable Pb
concentrations were 0.08 and 17 mg'kg in the control, 0.06 and 12 mg/kg 1n rock phosphate, 0.09
and 0.7 mg'kg i superphosphate, 0.03 and 9 mg'kg 1n dolomite and 1.8 and 0.3 mg'kg in lime
(Vondrickova et al. 2013). With the exception of dolomite, application of all additives was
meffective to decrease CaCls-extractable concentrations of Pb. We concluded that acid-extractable
concentrations of Pb can be the most decreased by lime (98% decrease in comparison to the control)
followed by superphosphate (96% decrease) in acid soils. With respect to very low mitial CaClz-
extractable (0.009 mg/kg) and acid-extractable (0.02 mg/kg) concentrations of Pb and no changes i
concentrations after application of additives 1n Malin so1l, the use of all additives 15 meffective

alkaline zoils.

4.4 Arsenic

In both types of soil. concentrations of CaCl;-extractable As m rock phosphate treatments
were the same as i the control because of low solubility of the rock phosphate. Probably an
mcrease m As concentration after rock phosphate application requires more than 42 days as was
recorded by Cao et al. (2003).

Superphosphate application substantially increased concentrations of CaClz-extractable As
i both soils due to application of soluble phosphates. which compete for sorption sites on soil
particles with arsenate (Impellitters. 2005; Smith et al.. 2002). Arsenates were therefore released
mto the soil solution similarly as i other studies with superphosphate application (Theodoratos et
al., 2002).

Mean CaCly-extractable As concentrations were 0.1 and 0.3 mg'kg i the control. 0.1 and
0.3 mg'kg in rock phosphate. 0.1 and 2 mg/kg m superphosphate, 0.04 and 0.3 mg/'kg in dolomite
and 0.1 and 0.2 mg'kg m lime treatments in Litavka and Malin soils, respectively (Vondrackova et
al., 2013). We concluded that rock phosphate and superphosphate applications can be risky because

they can increase mobility of As in neither acid nor 1n alkaline soils.

4.5 Iron

No effect of rock phosphate and superphosphate on CaCly-extractable Fe concentrations was
probably connected with Fe bound in less soluble iron phosphate (strengite — FePO,4-2H20) in acid
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soils and in less soluble calcium phosphate in alkaline soils (House, 1990; Hsu. 1975; Maguire et
al.. 2001).

IMean CaCls-extractable Fe concentrations were 0.7 and 0.8 mg/kg in the control, 0.4 and 0.7
mg/kg in rock phosphate, 0.6 and 1.4 mg'kg i superphosphate. 0.3 and 0.6 mg/kg in dolomite and
0.3 and 0.3 mg/kg in lime treatments in Litavka and Malin soils. respectively (Vondrackova et al
2013). We concluded that application of all additives do not affect Fe mobility 1n either acid or in
alkaline soil.

4.6. Manganese

N No effect of rock phosphate application on CaCly-extractable and acid-extractable Mn
concentrations i both soils was probably due to high rock phosphate pH. According to Hossner and
Rachards (1967), plant Mn availability 1s highest when the pH of the phosphate additive 1s between
2 and 4, which 1s typical for superphosphate (see Table 1). Low solubility of rock phosphate m soil
did not allow release of sufficient amount of available phosphates for reaction with Mn.

Superphosphate application mncreased concentrations of CaCl;-extractable Mn in both soils,
and Mn concentrations were considerably affected by the application rate of superphosphate. This
conclusion 1s in agreement with other authors (Hawlans et al., 2008; Larsen, 1964). Mobilisation of
Mn 15 probably connected with the formation of soluble manganese phosphate complex at the
higher application rates (Larsen, 1964). Dunng mncubation, CaCl,-extractable concentrations of Mn
decreased 1 53 treatment 1 Malin soil. This was probably due to the high buffermg capacity of
Malin soil and the time required for balancing between soil pH and superphosphate pH. The slight
decrease 1n acid-extractable Mn concentrations after superphosphate application m Litavka soil was
probably because of formation of Mn-phosphate minerals such as MnHPO4 or Mnz:(POs): (Porter et
al.. 2004; Vangronsveld et al . 2009). Superphosphate application increased concentrations of acid-
extractable Mn in Malin soil and IMn concentrations were considerably affected by the application
rate of superphosphate. This is in agreement with CaCl;-extractable Mn concentrations. During
mcubation, the substantial decrease in acid-extractable Mn concentration in S3 treatment was
consistent with the decrease in plant-available Mn concentrations. Similarly, as in the case of
CaCly-extractable Mn concentrations. superphosphate application does not decrease acid-
extractable concentrations of Mn in acid or 1n alkaline soils.

In Litavka so1l. mean CaCls-extractable and acid-extractable Mn concentrations were 0.05
and 23 mg'kg i the control, 0.02 and 20 mg/kg in rock phosphate, 0.04 and 55 mgkg in
superphosphate, 0.01 and 14 mgkg in dolomite and 0.02 and 0.05 mg'kg in lime treatments

{(Vondrackova et al., 2013). We concluded that acid-extractable concentrations of Mn can be most
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97



417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438

439

441

442

443

445

447

449
450

decreased by lime (98% decrease in companison to the control) and followed by superphosphate
(76% decrease) 1n acid soils. With respect to very low initial CaCly-extractable (0.01 mg/kg) and
acid extractable (0.2 mg'kg) concentrations of Mn and no changes m concentrations after
application of additives 1n Malin so1l, the use of all additives 1s meffective 1 alkaline soils.

5. Conclusions

The efficiency of phosphate additives with different P release was tested for Cd. Zn. Pb. As.
Fe. and Mn mmmobilisation within period of 42 days. and 1t was compared with lime and dolomite
application used 1 a previous study. In alkaline soils, no immobilisation effect was observed after
all additives application. In acidic soils. phosphate and alkaline additives ineffective at
mmmobilising As, Fe and CaCl.-extractable Mn and Pb concentrations. On the other hand. higher
mmmobilisation effects on acid-extractable Cd. Zn. Pb. and Mn was observed for fast soluble
additives (lime>superphosphate) compare to slow soluble additives (dolomute-rock phosphate) 1n

acid souls.
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4.6 Vondrackova et al. Regulace prijmu makroprvki, mikroprvki a
toxickych prvki vrbou Smithovou vyvapnénim silné kontaminovanych

pud.

Nazev: Regulation of macro-, micro- and toxic elements uptake by Salix x smithiana using

liming of heavily contaminated soils.
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Abstract

Purpose

Willow cultivation in soils heavily contaminated by risk elements 1s a challenging issue due to
phytotoxic effects that restrict plant growth. Liming reduces the mobility of some sk
elements in contaminated soils and therefore can be a suitable measure for contamiated soils
but can also affect availability of nutrients for planted willows. We mvestigate how linmng
affects concentrations of macro, nucro, and toxic elements in the organs of willows planted in
contaminated sotls.

Materials and methods

We established a three-year pot experiment with S. x smithiana planted m weakly acid and

alkaline soils anthropogenically seriously contamnated by As, Cd. Pb, and Zn Soils were
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both untreated and treated with two doses of lime and dolonute m the first vear before
planting. We determined biomass production, mortality, and the concentration of macro- and
mucromutrients and toxic elements in the willows™ aboveground organs.

Results and discussion

Lime application increased biomass production m both soils; dose of lime played an
important role for its mcrease only m alkaline so1l. Lime m higher dose was mcompatible
with the vitality of just-planted willows in both soils. Doses of dolomute significantly affected
the biomass production and mortality of willows. where lower doses caused a permanent
decrease of biomass production and mortality m weakly acid soil. The toxicity of Cd and Zn
in leaves was recorded in both untreated soils; the latent deficiency of P and deficiency of Fe
in leaves was only recorded in weak acid untreated soil.

Conclusions

Lime application mrespective of dose with foliar Fe application seemed to be the most suitable
measure for ncreasing biomass production and decreasing toxic elements. especially Cd and
Zn, without decreasing the macro- and nucromutnients m the aboveground organs of willows
in weakly acid soil In alkalme soil only higher doses of lime had a positive effect on the
studied parameters. Dolomute application 1s not a suitable measure for planting willows in
both contamumnated soils. Dolomute m lower dose mmpams the growth of willows m weakly

acid soil.

Keywords Biomass production - Dolomite © Growing seasons - Mortality + Quack lime -

Silky-leaf osier
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1 Introduction

A high concentration of nisk elements 1 so1l 1s potentially toxic for most plants, and can lead
to thewr poor and mregular growth and development or even can cause ther mortality
(Nagajvoti et al. 2010; Solank: and Dhankhar 2011; Letenmaier and Kiipper 2013). Because
of the msufficient vegetation cover of extremely contamunated areas, risk elements can be
spread to the surroundings by wind or water erosion and can be leached off (Ruttens et al.
2006; Friesl-Hanl et al. 2009; Bolan et al. 2014).

Chemophytostabilisation appears as one of the most promising temporary phytoremediation
techniques for heavily contammnated soils for several risk elements (Alkorta et al. 2010). The
application of soil additives to reduce the mobility and bioavailability of risk elements in soil
(Le. in situ chemical immobilisation) 1s the first step of chemophytostabilisation (Kumpiene et
al. 2008; Alkorta et al. 2010). Consequently, it is possible to grow plants that are tolerant to
risk elements in stabilised soils and to utilise the site aesthetically and economically (Thistos
et al. 2007; Friesl-Hanl et al. 2009; Alkorta et al 2010). Liming of the contaminated soils can
reduce the bioavailability of risk elements and 1s the most widely used remediation treatment
(Lee et al 2004). Quick lime can cause a large increase of soil pH and thus immobilize risk
elements in soil (Alkorta et al 2010). Dolomite can immobilize risk elements by weak pH
changes and mncreased adsorption to the surface of dolomite (Bolan and Duraisamy 2003).
Possible differences in risk element mobility are not only affected by a wide range of soil
parameters (e.g. soil pH. the quantity and quality of organic matter, cation exchange capacity,
soil texture, or soil type) (Vacha et al. 2002; Kunhikrishnan et al. 2012; Alloway 2013) or by
the properties of the risk elements themselves; soil additives, thewr application doses, and the
period under consideration can also play mmportant roles. Soil additives do not only affect
toxic element mobility, but also the macro- and mucronutrients availability i the soil

Unsuitable soil additives or improper application doses can reduce the macro- and
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micromutrient uptake by plants, induce thewr deficiency, prevent plants from growing in
contamnated sites. and thus make the utilisation of soils impossible (Bolan and Duraisamy
2003; Tlustos et al. 2007; Friesl-Hanl et al. 2009).

There are a vanety of plants tolerant to risk elements (Baker 1981; Sheoran et al. 2011).
Considerable attention in terms of phyvtoremediation 1z focused on fast-growmg trees,
especially willows (Salix spp.. Salicaceae family); (Pulford and Watson 2003; Meers et al
2007). This focus 15 connected with the worldwide spread of willows, with their high biomass
production and their ability to tolerate or accunmlate risk elements i biomass, and
consequently with their possible utilisation for phytoextraction or phytostabilisation (Pulford
and Watson 2003; Meers et al. 2007; Thistod et al. 2007; Abhilash et al. 2012). Specific
willow clones (e.g. Salix = smithiana Willd.) are able to grow and accumulate substantial
concentrations of mobile elements such as Cd and Zn i their aboveground biomass in
moderately contaminated soils (Vyslouzilova et al. 2003b; Dos Santos Utmazian et al. 2007;
Tlustos et al 2007). In contrast. the biomass production of willows 1s limited in heavily
contaminated soils because of Cd and Zn phytotoxicity (Vyslouzilova et al. 2006; Jensen et al
2009). Therefore. willows can be used for phytoremediation in slightly or moderately
contaminated soils (VyslouZilova et al 2003b; Jensen et al. 2009). In heavily contaminated
soils 1t 15 necessary to reduce the mobility of nisk elements in the soil before planting willows
(Vwslouzilova et al 2003a; Lee et al. 2004; Puschenreiter et al. 2005; Tlustos et al. 2006).

In our previous study (Vondrickova et al. 2013), the effect of lime and dolonute application
on the Cd. Zn Pb. As Fe and Mn mobility was studied as the first step of
chemophytostabilisation mn a system with heavily contamunated soils differing in the soil
parameters. Dolomute application was less effective than lime at decreasing element mobalaty,
and only at higher doses. Liming only reduced Cd and Zn mobility mn weakly acid soil and

was meffectrve at reducing Pb and As mobility in slightly acidic and alkaline soils. In the
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present study, we deal with the long-term effects of liming on the concentrations of a wide
range of elements, mcluding macro- and micronutrients m willows as a maimn step of
chemophytostabilisation. According to our knowledge, there 1s a gap in the literature on the
long-term effect of hmung on concentrations of macro- and mucronutrients m the organs of
willows. Using the same long-term anthropogenically contammnated soils as m our previous
study, m this study we asked how (1) biomass production of 5. smithiana, (2) 1ts mortality,
and (3) the concentration of macro (Ca. Mg. K. P). micro (Cu, Fe, Mn Ni). and toxic
elements (Al Cd. Cr, Pb. Zn) m the aboveground organs of willows were affected by the
application of two doses of lime and dolomite in the three following years. Using multivariate

analysis, we also mvestigated how the studied parameters are related to each other.
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2 Materials and methods

2.1 Soils

The specific charactenistics of the two long-term heavily As-. Cd-, Pb-, and Zn-contanunated
soils are given in previous studies (Hejeman et al 2012, 2014; Vondrackova et al. 2014). The
main chemical properties of the soils are: (1) ‘Litavka Fluvisol’ — 354 mg As’kg (m all
elements pseudo-total concentrations were extracted with dgua regia), 54 mg Cd'kg, 3,305
mg Pb'kg. and 6.172 mg Zn'kg, pHeacrr 6.5, CEC 109 mmoly/kg, and Cy 3.6 %: and (2)
‘Malin Luvisol’ — 688 mg As'kg. 11 mg Cd'keg 98 mg Pb'keg and 1.022 mg Zn'ke. pHeac

7.3. CEC 333 mmoleykg. and Cors 2.7 %.

2.2 Pot experiment

The three-year experiment was established in May 2010. The whole soil profile of 5 kg of air-
dried so1l 1n each 5-L pot was nuxed with nutrient solution, consisting of 0.1 g N as NH,NO;
per 1 kg of soil, and 0.032 g P and 0.08 g K as K;HPO, per 1 kg of soil Application of quick
lime (hereafter abbreviated as lime) i doses — 7.3 g (dose 1) and 21.9 g (dose 2) per 1 kg of
soil contaming 686 g Ca'kg of material with pHeac 12.0 — and of dolomite in doses — 216 g
(dose 1) and 68.1 g (dose 2) per 1 kg of soil contammg 220 g Ca'kg and 100 g Mg'kg of
material with pHeacr 8.3 — was performed after the application of the nutrient solution.
Therefore, we set up a pot experiment with ten treatments each with four rephcations: LC
Litavka control soil without any addstive. LL1 Litavka soil with lime 1n dose 1, LL2 Latavka
soil with lime mn dose 2, LD1 Litavka soi with dolomite in dose 1, LD2 Litavka soil with
dolomite m dose 2, MC Malin control soil without any additive, ML1 Malin soil with lime in
dose 1, ML2 Malin soil with lime mn dose 2, MD1 MMalin soil with dolonute in dose 1. and

MD2 Malin o1l with dolonute in dose 2.
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Subsequently after limmg, one 20-cm-long cutting of Salix x smithiana Willd (clone no. 5-
218, the silky-leaf osier, hybnd of 5. viminalis L. and S. caprea L.); (Tlusto$ et al 2007;
Zarubovi et al. 2015) was planted i each pot (cutting was protruded approx. 1-2 cm above
the surface of the soil). Salix x smithiana plants were grown in the pots for three following
wears. The pots were regularly watered with deionised water to mamntam the optimal moisture
conditions for plant growth during the vegetation. Due to an Fe deficiency in the willows’
leaves (chlorosis) visible during the first growing season. foliar Fe application (6% solution of
Fe i the form of EDDHMA — 1e. ethylenediamine (o-hydroxy-p-methylphenylacetic) acid)
was regularly performed four tumes during vegetation (1e. m July and August) from the
second year. Before each growmg season, all the dead plants were replaced by new one of the
same clone.

At the end of each growing season before the leaves started to fall (Le. September). plant
biomass was harvested, drvided mto twigs and leaves. weighed for the determmation of dry
biomass (DM total — dry mass of twigs and leaves together. DM organ — dry mass of twigs
and leaves separately). ground. and analysed. Concurrently. soil samples were collected from

the whole so1l profile of each pot.

2.3 Chemical analysis

At the end of each growmg season. soil samples were extracted with 0.01 mol'l. CaCl;
(hereafter abbreviated as Ca; pH 5.9; mobile — plant-available portions of elements) mn a 1:10
ratio (w/v); (Tlustos et al 1994) and with 0.11 mol/L. acetic acid (hereafter abbreviated as
AA: pH 2.8; mobilisable — acid-extractable portions of elements) in a 1:20 ratio (w/v);
(Quevauviller 1998). The plant-available and acid-extractable concentrations of elements in
so1l extracts (Table 4) were deternmuned using mductively coupled plasma-optical emussion

spectrometry (ICP-OES. VARIAN Vista Pro. Varian, Australia; for P, Cu. Fe, Mn N1 Al
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Cd. Cr, Pb, Zn) and flame atomic absorption spectroscopy (FAAS, VARIAN, SpectrAA-280,
Australia; for Ca. Mg, and K). Soil pH was measured m a suspension of soil and 0.01 mol'L
CaCl (1:5, w/v; Table 1).

The total concentrations of elements i plant organs (twigs and leaves; awr-dried at 60°C and
stainless-steel milled) were determined with ICP-OES and FAAS after the dry ashing of the
sample at 500°C under atmospheric pressure (Mader et al. 1998). Certified reference material,
NCS DC 73348 Bush Branches and Leaves, was applied for quality assurance of the

analytical data.

2.4 Statistical analysis

All statistical analyses were performed using the Statistica 12.0 (www statsoft. com) and
CANOCO 4.5 (ter Braak and Smulauer 2002) software. Soil and biomass data were evaluated
with the non-parametric Kruskal-Wallis test. We assessed the effects of 1) treatment and
growing season on the soil pH, biomass production. mortality, and on the concentration of
elements in the soil and biomass, and 2) organ on the concentration of elements m the
biomass. After obtaming significant results from the Kruskal-Wallis test, we used multiple
comparisons of mean ranks for the detection of sigmficant differences between different
treatments, growing vear, and organs. The relationship between selected soil and biomass data
was analysed by linear regression. A principal component analysis (PCA), i the CANOCO
4.5 program. was appled to all collected data together (soil pH. total and organ biomass.
mortality, and concentration of elements in the soil and biomass) i mdividual soils after three
growmg periods separately. We used the standardisation of species data because data of a
different character were analysed together. The PCA was used to make any correlations
between all the analysed data and any similarity of the different treatments visible. The results

were visualised i the form of a bi-plot ordination diagram m the CanoDraw program.
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3 Resulis

3.1 Seil pH

Soil pH was increased m all lime and dolomite treatments (LL1, LL2, LDI1. LD2) in Litavka
soil but in lime treatments with considerably higher effect (Table 1). On the other hand. soil

pH was mcreased only m lime treatments (ML1 and ML2) 1 Malin so1l.

3.2 Biomass production

Total and organ (total'organ) biomass of 5 x smithiana was significantly affected by
treatment, soil growing time (tune), and additive (Table 2).

The leaf biomass tended to have ligher biomass production than twig biomass m most of the
treatments m the Litavka soil over time (Table 2). A sigmificantly higher twig biomass than
leaf biomass was recorded in the Malin soil (all treatments all together) over time. The
twig:leaf biomass ratio was posttively related to soil pH m both soils over time (r = 0.413;
p=0.01).

Total/organ biomass was sigmificantly increased m the control (MC). lime (LL1. LL2 MIL1.
and ML2), and dolomute (LD1. LD2, MD1. and MD?2) treatments over tume (Table 2). A trend
towards decreasing twig biomass was recorded m the control treatment (LC) over time.

In the Litavka soil, a tendency towards a decrease in total'organ biomass after the first year
and a sigmificant increase of totallorgan biomass after the next two growing vears were
recorded in the lime (LL1 and LL2) treatments compared with the control treatment (LC.
Table 2 and Fig. la.c.e). After the first vear. biomass production was negatively related to soil
pH (total DM: r = —0.551, p = 0.018; organ DM: 1 = —-0.521, p = 0.027) mn the LC, LL1, and
LL2 treatments all together. A significant decrease of total/organ biomass was recorded m the
LD1 treatment m comparison to the LC treatment over tume. In the Malin soil. all the dead

plants after the first growing season and a sigmficant mcrease of total'organ biomass after the
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next two years were recorded i the ML2 treatment m comparison to the MC treatment (Table
2 and Fig. 1b.d.f). After the last two growing seasons, biomass production was positively
related to soil pH (total DM r = 0.666, p < 0.01; and organ DM r = 0.569, p < 0.01) mn the MC
and ML2 treatments.

The application dose of lime only played an important role in the total/organ biomass i the
Malin soil (1e. an mcrease of biomass m ML2 treatment only occurred m the last two years)
and the application dose of dolomute only playved an important role i the organ biomass in the

Litavka soil (1e. decrease of biomass mn the LD1 treatment).

3.3 Mortality

Mean mortality of S x smithiana was sigmficantly affected by treatment. soil, and tume
(Table 3).

Higher mortality of cuttings was recorded m the Litavka soil than in the Malin soil and after
the first season than after the following seasons (Table 3). Higher mortality of cuttings at the
harvest of the first year tended to treatments with the highest pH m both soils (LL1, LL2, and
ML2; Tables 1. 3). The mortality of other cuttings was always recorded after winter i the
Litavka soil (Table 3). All the dead plants were replaced.

Immediate planting of the cuttings after lime application i the higher dose (LL2 and ML2
treatments) was recorded as mcompatible with willow development in both soils (Tables 2
and 3). Regular mortality of cuttings was recorded only i the treatment with dolomite applhed

i lower doses (LD1).

3.4 Concentration of elements in biomass
The concentrations of Mg, Mn, N1, Cr, Pb, and Zn were significantly affected by treatments,

while the concentrations of P, Cd. Cr. Pb, and Zn were significantly affected by soil. The
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concentrations of P, Cu. Fe, Mn, N1 Al Cd, Cr, and Pb were significantly affected by tume,
the concentrations of Mg, Mn, N1, and Zn were significantly affected by additive, and the
concentrations of Ca, Mg, K. P, Fe, Mn, N1, Al Cd, Cr, and Zn differed between mdrvidual

organs (Table 5).

3.4.1 Macronutrients

No significant differences in Ca, Mg, or K concentrations in organs (leaves and twigs
together) were recorded between soils (all treatments together): the concentration of P in
organs was significantly higher in the Malin so1l than i the Litavka soil. The concentration of
P m leaves was positively related to acid-extractable concentrations of P in both soils over
time (r =0.458; p = 0.01).

There was no significant effect of time on concentrations of Ca, Mg, or K in organs (leaves
and twigs together and all treatments in both soils together); the concentration of P mn organs
was significantly higher m the first vear than m the second vear.

The application of hme (LL1, LL2, MLI, and ML2 treatments) and of dolomute (LD1, LD2,
MD1, and MD?2 treatments) did not signmificantly affect the distribution of Ca, Mg, K, or P
concentrations between organs (twig < leaf) in comparison to the control treatment in both
soils (LC and MC).

The application dose of lime and of dolomute plaved no sigmificant role in the potential
change of the concentration of all macronutrients in the organs of the willows m both

contaminated soils.

3.4.2 AMicronutrients
No sigmificant differences i Cu, Fe. Mn. or Ni concentrations mn organs (leaves and twigs

together) were recorded between soils (all treatments together).
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The Cu concentration m organs (leaves and twigs together) was significantly lower m the first
year than i the second vear (all treatments i both soils together); the concentration of Fe 1n
organs was significantly higher in the last growing season than i the first season; the
concentration of Mn in organs was significantly higher in the last two years than i the first
year; and the concentration of N1 in organs was sigmficantly lower m the last growmng season
than mn the first two years.

The application of lime (the L1, L1.2, ML1, and ML2 treatments) and of dolomite (the LDI.
LD2. MDI1. and MD?2 treatments) did not sigmficantly affect the distnibution of Cu. Fe, Mn.
or N1 concentrations between organs (Cu: twig = leaf, Fe, Mn. and Nt twig < leaf) m
comparison to the control treatment m both soils (LC and MC).

The application dose of lime and of dolomute played no significant role i changing m Fe,
Mn, and Ni concentrations in the organs of willows m any of the contamunated soils. The
application dose of dolomite played an important role i changing i Cu concentration in the

organs of the willows 1n Litavka soil.

3.4.3 Toxic elements

Mo significant differences m Al concentration in organs (leaves and twigs together) were
recorded between soils (all treatments together); the concentrations of Cd. Pb. and Zn m
organs were sigmificantly higher in the Liavka soil than m the Malin soil: and the
concentration of Cr in organs was sigmficantly lhugher mn the Malin soil than i the Litavka
soil

The concentrations of AL Cd, and Cr in organs (leaves and twigs together) were significantly
higher i the last growing season than in the first season (all treatments m both soils together);

the concentrations of Cr and Pb m organs were significantly higher m the first year than in the
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second year; no sigmficant differences m Zn concentration i organs were recorded between
SEASOnS.

In the Litavka soil, the application of lime (the LL1 and LL2 treatments) and of dolomite (the
LD1 and LD2 treatments) did not significantly affect the distribution of Al Cd. Cr. or Zn
concentrations between organs (twig = leaf) i comparison to the LC treatment. The
application of lime (the LL1 and LL2 treatments) significantly affected the distribution of Pb
concentration between organs (twig = leaf) in companson to the LC treatment (twig = leaf);
and the application of dolomute (the LD1 and LD2 treatments) did not sigmficantly affect the
distribution of Pb concentration between organs (twig = leaf) i comparison to the LC
treatment. In the Malin soil. the application of lime (the ML1 and ML2 treatments) and of
dolomite (the MD1 and MD2 treatments) did not significantly affect the distribution of AL
Cd. Cr. or Zn concentrations between organs (Al Cd. and Zn: twig < leaf; Cr: twig = leaf) mn
comparison to the MC treatment. The application of lime (the ML1 and ML2 treatments) and
of dolomite (the MD1 and MD?2 treatments) significantly affected the distribution of Pb
concentration between organs (twig < leaf) in comparison to the MC treatment (twig = leaf).
The application dose of lime and of dolomite plaved no sigmficant role in changing m Al Cd,
Cr. and Zn concentrations m the organs of the willows m any of the contanunated soils. The
application dose of dolomute played an important role i changing m Pb concentration i the

organs of the willows in Litavka soil.

3.5 Results of the PCA analysis

In the Litavka soil the first axis of the PCA analysis explammed 31% (Fig. la.c) and 26%
(Fig. le) of the vanability of the analysed data; the first two axes explamed 48% (Fig. 1a).
50% (Fig. 1c). and 42% (Fig. 1e) of the variability of the analysed data; and the first four axes

together explamed 71% (Fig. 1a). 74% (Fig. 1c), and 63% (Fig. le) of the vaniabality of all the
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analysed data. In the Malin soil. the first axis of the PCA analysis explamed 24% (Fig. 1b).
28% (Fig. 1d). and 22% (Fig. 1f) of the variability of the analysed data; the first two axes
explamed 40% (Fig. 1b), 47% (Fig. 1d), and 38% (Fig. 1f) of the variability of the analysed
data; and the first four axes together explamed 64% (Fig. 1b), 63% (Fig. 1d), and 60% (Fig.
1f) of the variability of the analysed data.

The length and direction of the vectors of the parameters (soil pH. DM total/organ. mortality,
and concentration of elements in the soil and biomass) indicate links among themselves with
respect to the treatment. For example, the mortality of cuttings was positively correlated with
soil pH at the first growing vear (Fig. 1a; the angle between vectors was less than 90°) and
was negatively correlated with soil pH at the second vear in the Litavka soil (Fig. 1c). A long
vector for a particular variable indicates a large effect on the results of the analysis. For
example, there was low effect of mortality on all the analysed data after the third season i the
Litavka soil (Fig. 1e). as the vector for mortality was very short.

In the Litavka soil the first ordmmation axis divided marks for individual pots mto the lime
group on the right side and dolonute/control group on the left side of the diagram for the first
two growing seasons (Fig. 1 a.c). For the last growing year (Fig. 1e). the first ordination axis
divided marks for imndmvidual pots into positive lime groups on the left side. dolomite 1 dose 2
in the middle, and negative dolomute in dose 1/control group on the right side of the diagram.
This indicates a high effect of lime addition over tume and the mcreasing efficiency of
dolomite in dose 2 from the last season on the analysed data m the Litavka soil In the Malin
soil. the first ordination axis divided marks for individual pots mto lime in the dose 2 group
on the right (2nd year) or the upper side (3rd year) and lime in the dose 1/dolomite/control
group on the left (2nd vear) or the bottom side (3rd year) of the diagram (Fig. 1d.f). Ths
indicates a high effect of lime in dose 2 on the analysed data in the Malin soil in the last two

growing seasons. In the last two growing years in both soils (Fig. 1c.d.e.f). in contrast with
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334 the first year (Fig. 1a.b). the data for leaves (circles) were clearly separated from all marks for
335  twigs (squares). This mdicates a large effect of organs on all recorded data m the last two
336  growing seasons and a mumimal effect m the first year 1 both soils.
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4 Discussion

4.1 Biomass production

Higher leaf biomass i the slightly acidic Litavka so1l and higher twig biomass in the alkaline
Malin soil was connected with different soil pH and the original level of risk elements m both
soils. Similar results (1e. twig biomass = leaf biomass of willows i soil with higher pH and a
lower level of risk elements) have been recorded by Thistos et al (2007). A reduced twig
biomass and stabile low leaf biomass with visible symptoms of Zn toxicity mducing Fe
chlorosis i the Litavka control soil over time was probably caused by extremely high
concentrations of Cd and Zn i the leaves (36.5-73 mg Cd'kg; 2.074-3.488 mg Zn'kg)
exceeding ther normal levels m plants (0.05-2 mg Cd'kg, 10-150 mg Zn'kg); (Pugh et al
2002). A decrease of leaf biomass over time recorded in other studies with heavily acidic
contamunated soils (Vyslouzilova et al. 2003b; Tlustos et al. 2007) were not observed, which
15 probably because of foliar Fe application from the second growmg season m our
experiment. Moreover. foliar Fe application in combination with lime application seems to be
an appropriate measure for mereasing the biomass production of willows m shghtly acidic
heavily contammnated soils. In heavily acidic contammated soils, it 15 necessary to immobilise
the risk elements before planting willow cuttings. which has also been recorded by other
authors (Vyslouzilova et al 2003a; Lee et al 2004; Puschenreiter et al. 2005; Tlustos et al.
2006).

Lime application mrespective of dose was the most sutable measure for increasing biomass
production m the slightly acidic Litavka soil from the second season (1.e. after the reduction
of the negative effect of the lugh soil pH induced by the lime application in the first vear).
Stmlar results (1Le. increased biomass production of willows and poplars after liming) were
recorded by other authors (Tlustod et al 2006; Vamerali et al 2009; Trakal et al. 2011).

Dolomite application in the lower dose was recorded as the least suitable measure for
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mcreasing the biomass production m the shightly acidic Litavka soil. In the alkaline Malin
soil lime application m the higher dose was recorded as the most suitable measure for
increasing biomass production because of the adequately high soil pH and the reduction of N1,

Cd. and Zn concentrations in organs, especially mn the second growng vear.

4.2 Mortality

Lower mortality of willows over time as well as tripled biomass production in the third season
were recorded m the alkaline Malin control soil compared with the slightly acidic Litavka
control soil This 15 in contrary to the results of Tahvanainen and Rytkénen (1999). in which
the optimum soil pH for cultivation of willows ranges from 5.5 to 6.5. This inconsistency is
connected with the lugh concentration of risk elements i our soils (1e. high soil pH helps to
decrease risk element mobility and the mortality of plants, and to increase biomass
production); (Trakal et al. 2011).

Lime application m the higher dose m the slightly acidic Litavka soil and the alkaline Malin
so1l was incompatible with the witality of just-planted cuttings due to the lugh soil pH.
Therefore, an artificially increased soil pH rangmg from 7.9 up to 8.3 1s not appropriate for
willows m the early stages of thewr growth This finding 15 m contrary to results of Hvtonen
and Kaunisto (1999), m which 1t was shown that willows require high soil pH for their good
root development. This inconsistency is probably comnected with the formation of free
hydroxides released from lime that can burn the roots and the presence of high loads of risk
elements in the soil which can be released mto the soil due to the mineralisation of orgamc
matter mnduced by the high dose of lime (Muhlbachova and Tlustos 2006).

The dose of dolomite plaved an important role 1n the mortality of willows and in ther growth.
Dolomite application in the lower dose s not a suitable measure for mereasing the growth of

willows in slightly acidic contaminated soils because of thewr lugh mortality. The dolomute
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application 1n the higher dose 1s possible a measure for better growth of willows mn slightly
acidic contaminated soils. but only from the third year because of its poor and gradual

efficiency (Mayfield et al. 2004).

4.3 Concentration of elements in biomass

4.3.1 Macronutrients

Concentrations of Ca, Mg, and K 1n leaves m both the contaminated control soils were m the
range or ligher than thewr foliar level for the optmmal growth of willows m non-contaminated
soils (4.5 g Ca'kg. 2-2.5 g Mg/kg. 8-18 g K/'kg): (Jug et al 1999). The concentration of P
leaves in the slightly acidic contaminated control soil was usually below or at foliar P content
for the optimal growth of willows i non-contaminated soils (2.1 g P/’kg); (Jug et al. 1999),
which was probably caused by an msufficient supply of P m the so1l (the value of 9 mg P'kg.
determined with the Mehlich ITT extraction procedure, belongs to the category of low
available concentration of P in soil 1.e. <50 mg P/kg m arable land). In heavily contaminated
control soils differing in so1l pH, there 1s no limit to the cultvation of willows due to Ca, Mg,
and K deficiency i leaves. Latent deficiency of P can be a problem for willows grown in
shghtly acidic contanunated soils.

The higher concentration of P 1n leaves of willows grown i the Malin soil compared with the
Litavka soil 15 connected with the higher mobilisable concentration of P (1.e. acid-extractable)
in the Malin soil and thus with the higher P availability for plants.

The concentration of P m twigs was lugher after the first growing year than after the second
year, which 1s probably due to the growth lmitation m the first growmg season.
Concentrations of other macronutrients in organs were stable throughout the experiment.

In both contaminated control soils. a tendency for higher transport of all macronutrients from

twigs mto leaves (i1e. info the most metabolically actrve organ with high nutrient
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requirements); (Lopez-Lefebre et al 2001) was recorded. Lime and dolomite applications do
not restrict transport from twigs mto leaves of willows grown i any of the contanunated
soils.

Concentrations of Ca, Mg, and K m leaves i most cases in both lime- and dolomite-treated
soils were in the range or lugher than their foliar level for the optimal growth of willows. The
ML2 treatment with 0.9 g Mg/kg m leaves was the exception. This was probably due to a
dilution effect because biomass production was quadrupled due to the lime application n the
higher dose. The concentration of P in leaves in lime- and dolomite-treated shghtly acidic soil
was lower than the foliar P level for the optimal growth of willows because hming 1s not an
appropriate measure for increasing the concentration of P m leaves m shghtly acidic
contaminated soil with an msufficient supply of P m the soil. The concentration of P i leaves
in most of the cases in lime- and dolomite-treated alkaline soil was higher than the foliar P
level for the optimal growth of willows. The ML2 treatment with 1.7 g P/kg in leaves was the
exception, and was probably because of the dilution effect. In heavily contamunated lime- and
dolomite-treated soils differing in soil pH there 1s no limit for the cultivation of willows due
to Ca. Mg, and K deficiency in leaves. Latent deficiency of P also remains a problem for

willows in lime- and dolomite-treated shghtly acidic contaminated soils.

4.3.2 Micronutrients

Concentrations of Cu and Fe i leaves in most of the cases m all of the contanunated control
soils were in the range or shghtly higher than their commeon foliar concentrations m willows
grown in acidic non-contaminated soils (3.5-9.2 mg Cu'kg; 50-1,524 mg Fe'kg); (Syso et al
2014) with the exception of the LC treatment after the first growing year with 38 mg Fe'kg m
leaves. The visible deficiency of Fe for willows (also confirmed by the deficiency level <40

mg Fe/kg): (Levy et al 1999) was probably caused by the phytotoxicity of Zn (phytotoxicity
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level =100-500 mg Zn'kg); (Kabata-Pendias 2011). Smular results were recorded by other
authors (Vyslonzilova et al 2003b; Tlusto$ et al. 2007). Concentrations of Mn and N1 mn
leaves in both contanunated control soils were lower than ther common foliar concentrations
in willows grown i acidic non-contanunated soils (168-779 mg Mn'kg, 5.3-13 mg Niukg);
(Syso et al. 2014). The deficiency of Fe in leaves 15 a serious problem for the cultivation of
willows in shghtly acidic heavily contaminated soils and can be somewhat solved by foliar Fe
application during vegetation.

Concentrations of Cu_ Fe, and Mn in organs were lower after the first season than after the
following seasons because of therr precipitation by the high soil pH caused by liming i the
first growing season. The higher Fe concentration i leaves after the last two years was also
caused by foliar Fe application from the second growing season.

In both contanunated control soils, a tendency for the higher transport of Fe, Mn. and Ni from
twigs into leaves was recorded. Lime and dolomite applications do not restrict thewr transport
from the twigs mto the leaves of willows grown in any of the contaminated soils. In the
weakly acidic contammated control soil. a tendency for restricted transport of Cu from twigs
mto leaves was recorded as well as in the lime and dolomite treatments. In the alkaline
contammnated control soil a tendency for higher transport of Cu from twigs into leaves was
recorded as well as i the lime and dolonute treatments. Simlar results (1e. higher
concentration of Cu m twigs than m leaves of willows in slightly acidic and soil slightly
contamnated by Cd. Cu. and Zn and ambiguous transport of Cu 1n aboveground organs of
willows in alkaline non-contamunated soil) have been recorded by Kacalkova et al (2015).
Dufferent agrochemical charactersstics of contammated soils could probably change the
distribution of Cu in aboveground biomass.

Concentrations of Cu and Fe in leaves in most cases in the lime- and dolomite-treated soils

were in the range or slightly higher than the common foliar concentrations in willows grown
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m acidic non-contammated soils. The LL1 treatment with 28 mg Fe/kg mn leaves, the LL2
treatment with 24 8 mg Cuw'kg in leaves, and the LD1 treatment with 15.0-24 5 mg Cu'kg in
the leaves of the willows were the exceptions. It 15 obvious from previous results that the
lower dose of dolomite was connected with lower biomass production and higher mortality of
willows in slightly acidic contaminated soil. Concentrations of In and N1 in leaves in lime-
and dolomite-treated soils were lower than their common foliar concentrations in willows
grown i acidic non-contaminated soils. The dolomite application m the lower dose is not an
appropriate measure for the cultivation of willows i slightly acidic contanmnated soils. The
deficiency of Fe m leaves of willows i shghtly acidic contaminated soils can be partially

solved by lime application m combination with foliar Fe application durmg vegetation.

4.3.3 Toxic elements

In the present study, we are not concern with As concentration because willows are not
suitable plants for As uptake and accummlation (Tlustos et al. 2007).

Concentrations of Cd and Zn in leaves m both contanunated control soils were considerably
higher (27.7-76.8 mg Cd'kg; 732-3.488 mg Zn'kg) than ther common foliar concentrations
mn willows grown m acidic non-contaminated soils (0.5 mg Cd'kg. 175-256 mg Zn'kg); (Syso
et al 2014). Concentrations of Al and Cr m leaves in both contanunated control soils were
lower than their common foliar concentrations m willows grown in acidic non-contaminated
sotls: <100-200 mg Al'kg valid for general plant species (Watanabe and Osaki 2002). 153 mg
Alkg valid for Salix ‘Brekkavier” (Vike 2005), 1.1-6.4 mg Cr'kg (Syso et al 2014). The
concentration of Pb i leaves was lugher in shightly acidic contaminated control soil and was
lower m alkaline contammnated control soil than 1ts common foliar concentration m willows
grown in acidic non-contaminated soils (1.0-1.1 mg Pb/kg); (Lopéz-Lefebre et al 2001). In

heavily contanunated control soils with different soil pH. cultivation of willows 15 limited by
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Cd and Zn toxicity, which induces Fe deficiency in leaves. especially in slightly acidic soil
conditions.

The higher concentrations of Cd. Pb, and Zn in willow organs m the Litavka soil are
connected with the higher original level of these elements i the soil The higher
concentration of Cr in organs in the Malin soil 15 connected with possible Cr uptake as anion
(Cr047) (higher soil pH is connected with higher Cr availability for plants); (Kabata-Pendias
2011).

Concentrations of Al Cd, and Cr i organs were higher after the last growing vear than after
the first vear because of the reduced mmmobilisation effect of iming over time (Lee et al
2004). Concentrations of Cr and Pb in organs were lugher after the first year than after the
second vear, which is probably because of the reduced effect of liming on the mineralisation
of organic matter and subsequently on the reduced release of Cr and Pb bound m the hme
over time (Yobouet et al 2010; Kabata-Pendias 2011).

In both contamunated control soils, a tendency for higher transport of AL Cd. and Zn from
twigs into leaves was recorded. Lime and dolomite applications do not restrict the transport of
Al Cd. or Zn from twigs mto leaves of willows grown m any of the contaminated soils.
Sinular results (1.e. higher Cd and Zn concentrations i leaves than in twigs of willows) were
recorded by other authors (Thustos et al. 2007; Kacalkova et al 2015). In shghtly acidic
contaminated control soil, a tendency for lugher transport of Cr from twigs mnto leaves was
recorded as well as in the lime and dolonute treatments. In the alkaline contaminated control
and treated soils, a comparable concentration of Cr i twigs and in leaves was recorded. In the
shghtly acidic contaminated control soil. a tendency for restricted transport of Pb from twigs
mto leaves was recorded. Similar result (1e. higher concentration of Pb in twigs than in
leaves) was recorded by Tlustos et al (2007). Lime and dolomite application mcreased the

transport of Pb from twigs into leaves at comparable level in willows (twigs = leaves) grown
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in shghtly acidic contaminated soil In the alkaline contanunated control soil, a comparable
concentration of Pb in twigs and in leaves was recorded. Lime and dolomute application
mcreased the transport of Pb from twigs mto leaves of willows grown m alkaline
contammated soil.

The comparison of concentrations of all risk elements i leaves in lime- and dolomite-treated
contaminated soils with their commeon foliar concentrations in willows grown in acidic non-
contaminated soils was the same as i both contanunated control soils. The dolomite
application n the lower dose 1s not an appropniate measure for the cultivation of willows n
shightly acidic contaminated soils because of low biomass and higher mortality of willows.
Nevertheless, lime application in combination with foliar Fe application during vegetation
caused a reduction of Cd and Zn mn leaves (not below the limit of thewr phytotoxicity) as well
as a reduction of the Zn-Fe ratio mn leaves of willows, thus mdicating that 1t can partially solve
the Zn phytotoxicity that mduces Fe deficiency and biomass reduction in slightly acidic

contammnated soils.
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5 Conclusions

Contamunated soils with different soil pH had an effect on the amount of organ biomass
production of willows m our three-vear study. Higher twig biomass than leaf biomass was
recorded m alkaline soils and vice versa m slightly acidic soils.

Lime application was the most effective measure for mcreasing biomass production of
willows m heavily contammated soils with slightly acidic to alkaline soil pH. The dose of
lime only plaved a significant role mn increasing biomass production in alkaline contammnated
soils (1e. the higher dose). The time that had passed since the lime application affected the
biomass production and mortality of willows m both heavily contaminated soils. Immediate
planting of cuttings afier lume application m higher doses was fatal for them Dolomite
application did not mcrease the biomass production of willows m heavily contanunated soals
with slightly acidic to alkaline soil pH. Lower doses of dolomite caused a decrease in biomass
production as well as regular mortality of willows in slightly acidic contaminated soils due to
the low mmmobilisation of risk elements.

Liming 15 not an appropriate measure for changing the distribution of all macro, all nucro. or
almost all toxic elements except Pb between aboveground organs of willows in heavily
contaminated soils. The latent deficiency of P m leaves can be questionable in untreated as
well as i lime- and dolomite-treated shghtly acidic contanunated soils. Willow cultivation 1n
shghtly acidic contanmunated soils treated with dolomite in lower dose 1s not sumable. The
toxicity of Cd as well as the toxicty of Zn which mduces Fe deficiency m leaves and 1s
comnected with biomass reduction. can be partially solved by lime application with a

combination of foliar Fe application during vegetation m slightly acidic contaminated soils.
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Fig. 1 Ordmation diagrams showmng the results of the PCA analysis with element
concentrations m organs of 5. smithiana grown m contanunated soils at the end of growmg
season— 172 b: 2% ¢ d: 3% f

Treatment abbreviations: control C; lime application m doses (g'kg so1l) L1 — 7.3 and L2 —
21.9, dolomute application i doses (g'kg soil) D1 — 21.6 and D2 68.1.

Element abbrewviations: /B — total concentrations of elements m plant biomass; /Ca — plant-
available concentrations of elements m soil (extracted with 0.01 molL CaCly); and /AA —
acid-extractable concentrations of elements in soil (extracted with 0.11 mol'L CH;COOH).
Other abbreviations: DM total — dry mass of twigs and leaves biomass together; DM organ —
dryv mass of organ biomass (twigs and leaves biomass separately) and pH mean soil pH
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Table 1 The effect of treatment on soil pH (mean + SE) at the end of the three growing

seasons of the experiment

Variable Treatment Growing season
lst EE 3 2 EX3 er EE ]
pHeacn LC™ 6.0+ 0.02 6.2"%+£0.04 6.1"* £ 0.06
1™ 7.7+ 0.03 7.6™42 + 0.03 7472 £ 0.03
1122 7.9+ 0.01 7.8+ 0.02 7.7 +0.07
LDl " 6.6+ 0.02 6.7°8 + 0.03 6.7°% + 0.06
LD2 " 6.6"%+0.02 6.9"B + 007 6742 + 0.04
MC ™ 7.3 +0.03 72771002 727+ 001
ML1° 7.7%% + 0.04 7672+ 004 7472 2002
wML2 ™ 831004 7948 + 002 76*E+£0.02
MD1 ** 74™ 1+ 0.03 732002 731002
MD?2 ** 731001 74™4 2003 73+ 003

710 Treatment abbreviations: LC — Litavka control soil without any additive; LL1 —Litavka soil
711  with lime m dose 1; LL2 — Litavka so1l with lime in dose 2; LD1 — Litavka soil with dolomute
712 m dose 1; LD2 Litavka soil with dolomite i dose 2; MC Malin control soil without any
713 additive; ML1 Malin so1l with lime m dose 1: ML2 Malin soi1l with lime in dose 2; MD1
714 Malin so1l with delomuie mn dose 1; and MD?2 Malin so1l with delomite mn dose 2.

715  Calcolated with the Kruskal-Wallis test, differences between treatments within the growing
716 season and differences between the growing seasons within the treatment were not
717  statistically significant (**) or were significant at 0.05() and 0.01 () probability levels.
718  According to the multiple comparisons of mean ranks, treatments within the growing season
719 with the same letter (a—) and growing seasons within the treatment with the same letter (A—
720  B) were not significantly different.
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Table 2 The effect of treatment on dry mass of organ biomass (DM organ; twig and leaf separately) and on dry mass of total biomass (DM total;
twig and leaf together) of S. smmithiana (g/plant: mean = SE) at the end of three growing seasons in the Litavka and Malin soils

Treatment Growing season
]sr ,I_d 3ru 15(_ 3m
DM organ i DM total DM organ b DM total DM organ i DM total mean DM organ mean DM total
twig - leaf twig N leaf = twig = leaf ™ twig" leaf
LC 10.0™%£13 102508  202%%18  7.6+23 13.0%%35  206™%%58 557223 103°%432  158%%55  77°212  112%#15 18.9°22.6
T 11.5._ 1 n.s.‘ tot ns.
LL1 58230 68707 126%B:56  14.6™3:30  198™Bi3s 344™864 3224413 33622 658%M31 175436 20.1°:36 37.6%7.1
C1 ot ™
LL2 2,604 5.7 g.3™4 26.1%4478  28.5%4473 5464150 2667488 2017467 4677154 23.7°:55 222°4438 45.9%10.0
t_ 11.5.- l D.S.‘ I'Ot .S
LD1 2.0%40.5 3.4™405 54%+09 2.6%42 3 2.4%49 0 5.0°%+43 33™+15 6122 94436 2.6°£09  4.0%1.0 6.67=18
t n.s._ 1 n.s.j tot ns.
LD2 1.7°%0.5 22™4+07 38™+11 1017422 10.7"222  208™%44 177756 188™%45 3657498 98227 105725 20.3°+52
t2 1" tot "
MC 8175402 6470203 14570204 860206 640205 1507205 2837%17 165°0%12 447°225 150229 9.7°%l5 247+43
t51" tot ™
ML1 150810 1173208 267217  9.6"°:0.6 6.5"B+0 5 16.1%809  233%426 175417 407436 16019 11.9%%15 27.8%433
1 ot
ML2 died died died 3269416 26.1%+12  58.7T426  499%+12 263404  76.2%:14 412434 26206 67.4%+3.6
£ 1% tot
MD1 857404  75%Bi05 16007 8506 567B:00 14.1%Ba13 233406 1580421 39146 134°423 96™+1 5 23.1°%3.7
1" 1ot
MD2 11.8™4+02  93®Ep2  210™%x03 887503 52"+ 5 1399802 233%423  152™4+16 3850438 14620 9.9%:13 24.5%433
1% o™

See Table 1 for more details about the treatments.

Calculated with the Kruskal-Wallis test. differences between treatments of the same organ (ie. twig. leaf and total DM separately) within the
growing season and differences between the growing seasons within the treatment of the same organ were not statistically significant (**) or
were significant at 0.05() and 0.01 (7) probability levels. According to the multiple comparisons of mean ranks, treatments between the same
organ within the growing season with the same letter (a—c) and growing seasons within the treatment between the same organ with the same
letter (A—B) were not significantly different.
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730

731
732
733
734
735
736
737

Table 3 The effect of treatment on mortality (%) of S. smuthiana after wimter m the Litavka

and Malin soils
Treatment Mortality
Growing season

lst :nd jrd lst _ Jrﬂ oI Ind B 3rd. ms.
LC 0 230 8+8 12.5%+12.5
LL1 50 0 0 17°£17 0°*+0
LL2 75f 0 25 33'122  12.5%+125
LD1 25 50 25 33%+8 375125
LD2 100 0 0O 33%£33 0*+0
MC 0 o 0 =) 0*+0
M1 ] 0 0 0"+0 0"+0
ML2 100f 0 0O 33°+33 0°*+0
D1 ] 0 0 0*+0 0*+0
MMD2 ] 0 0 0°*+0 0°*+0

T mortality (%) at harvest

See Table 1 for more details about the treatments.

Calculated with the Kruskal-Wallis test. differences between treatments between growmg
seasons were not statsstically significant (**) probability level According to the mmltiple
comparisons of mean ranks treatments between growing seasons were not significantly

different.
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738

739
740
741
742
743

744
745
746
747
748
749
730
751
752

Supplementary material

Table 4 The effect of treatment on plant-available (mg'kg; extracted with 0.01 mol/L. CaCl;;
Ca) and acid-extractable (mg/kg: extracted with 0.11 mol’. CH;COOH:; AA) concentrations
of elements (mean = SE) at the end of two or three growing seasons (2™ — 3™ for Ca. Mg, K:
and 1% — 3™ for P, Cu. Fe. Mn. N1 AL Cd. Cr. Pb. and Zn) of the experument

Variable Treatment Growing season
2 3™

Ca Ca AA T Ca AAT
LC (AA ™) - 4781 =147 - 4,556 = 2257
LL1(AA™) - 3.031%=801 - 5.323% =240
LL2 (AAT) - 5048"F =376 - 16417 = 586
LDI1 (AA ™) - 3,830 =078 - 4,028 = 1336
LD2 (AA ™) - §833™ =723 - 7607 = 1251
MC (AA™) - 78887150 - 8.831%=1320
ML1 (AA ) - 30,087 = 1463 - 10,179 + 2750
ML2 (AA ™) - 23435+ 1138 - 20,108 = 3608
MD1 (AA ™) - 16,901 = 1969 — 22,619 = 5111
MD2 (AA ™) - 21.060%4 =747 - 23.071* = 3740

Mg Ca” AAT Ca’ AAT
LC(Ca" AA") 8255202 2L 7 1045™=2 131% =14
LL1(Ca" AA") 415F 14 40%B=12 57427 133 =%
LI2(Ca™ AA")  400™=27 43™=z14 48" =25 160™ =3
LDI(Ca’ AA™) 1505%B =86 2120™4:581  182%+7  1.705%4 =506
LD2 (Ca®™ AA™) 187.7%4+87 33032705 106¥+15 3003+ 700
MC(Ca™. AA™) 160 =34  4207%:5 147222 4157205
ML1(Ca  AA")  03™®=3 10354 = 30 1745 356" =80
ML2(Ca" AA™)  65™B=06 304%4 1 8 104426 4084 =11
MDI(Ca’” AA™) 1208225  3144™ 20283 167425 3266™4 1012
MD2(Ca  AA™) 128%=3 6.008™ + 478 140™*=5 7305 = 1698

K Ca AAT Ca" AAT
LC (Ca®™ AA®) ~72™5:3 1007533 63" =65 101™=0
LL1(Ca" AA") 34ELg 58%=5 67°*=10  108™=12
LL2(Ca™ AA")  46™=0 T =115 684105 122™4=0
LDI1 (Ca™ AA™) 82™=7 07"+ 14 go™* =18 02™*=31
LD2(Ca”  AA™) 704 72A g 455 TP =4
MC (Ca™ AA™) 4027 =6 5657 = 14 306% =16 534 =20
MLI1(Ca™ AA™) 325™%=:%§ 513%4 =10 334" 218 397 =106
ML2(Ca". AA")y  312%4:3 54074 1 12 2707B 5 447"B 115
MDI(Ca" AA™) 379217 6584z 84 456" =19 6374228
MD2 (Ca™ AA™) 373*=13 507223 36174210 507 =23

— mdicates not determine

See Table 1 for more details about the treatments.

Calculated with the Kmskal-Wallis test. differences between treatments of the same
extraction (1e. Ca and AA separately) within the growing season and differences between the
growing seasons within the treatment of the same extraction were not statistically significant
(**) or were significant at 0.05(") and 0.01 (7) probability levels. According to the nmltiple
comparisons of mean ranks. treatments between the same extraction within the growmng
season with the same letter (a—c) and growing seasons within the treatment between the same
extraction with the same letter (A-B) were not significantly different.
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Table 4 (Continued)

Variable Treatment Growing season
lst 2nd 3rd

P Ca™" AAT Ca™* AAT Ca’ AAT
LC(Ca". AA" <0.3% 3016 245206 17951 2175206 1455 :43
LL1(Ca” . AA") <0.3% 1.9%8+01  0.9¥=x01 1647236 0698+01 35F=07
LL2(Ca’ AA™)  <0.3® 11.5%4 0.5 0.7 =04 127213 13201 10.9%* = 1.0
LDI (Ca®*, AA")  <0.3* 138+05  1.2*=04 764404  1.2%£03 7.0048 17
LD2(Ca’.AAD <0.3® 16204 13204 6452035 00%5:03 6474204
MC (Ca™ AA™)  <0.3* 1727276 0.9%=02 2174 £ 2 LI =01 16.84 = 1.0
MLI1 (Ca’, AA™)  <0.3® 1664 =090 1.0%=02 170" =18 0.7%8=x01  182%=20
ML2(Ca ™. AA")  <03*# 14.9%% +£13 12¥=+02 240405  0.7E=x01 1918 =24
MDI1 (Ca ™, AA™*)  <0.3® 195441 0.7*=0.1 166" =17 0.7%x01 150" =13
MD2 (Ca ", AA™)  <0.3* 14474210 09404 137413 0.8%=0.1 1294+ 1.7

Cu Ca AAT Ca AAT Ca’ AAT
LC(Ca™. AA™) 012" =003 0.6=01 0257=003 1.2™=001 0248°=004 11°°=0.004
LL1(Ca™  AA™)  029™4£003 1.3*x01 020™£004 1.6*£007 055%£005 1902
LL2(Ca™ AA™) 0.584=002 19%=0.1 0454=0.04 2.0%=0.1 0.78%%=0.15 2.6%=03
LDI (Ca™". AA ") 012%8£002 078001 01882001 1202003 0254002 12%8=001
LD2 (Ca . TLAATY 009 £0.02 0.6™%=£002 024™F =003 1.27F=005 0472007 1442006
MC (Ca ", AA ) 0.10°%=0.01 0901 04™F=£0.07 12™=002 0.6°5=003 0.75=0.01
ML1 (Ca 0.14%2=0.02 08"8x005 03®B=005 1.3"=005 0702 1.2™*8 = 0.01
ML2 (Ca ", AA ) 1.054£016 1.54£0.09 0.5%=0.01 1.64£0.06 0.9*2+0.04 1.8°*£0.08
MDI1(Ca™. AA")  006%=001 07°%+004 03°Fx004 122004 07201 1248201
MD2 (Ca”, AA ) 006001 05*=003 038003 09°=003 05=01 09"*=0.09

Fe Ca’ AAT Ca AAT Ca™* AAT
LC(Ca’. AA™) 0904 124™ =20 3077 =04 158712 28%=04 2037 =21
LL1(Ca’ ,AAD) 288104 88108 34™4£03 130810 1.7%£02 18.5*4 =29
LL2(Ca’” AA™)  62*=08 1864 =1.8 50%%=08 16274 =24 253=02 1974 =17
LDI (Ca . AA™) 1.6 =02  378x04  3.0%4=02 121204 24%%2£05 2454:69
LD2(Ca” AA™) 157804 348201 3.0 =01 145238 1603 416 =46
MC (Ca™, AA") 2301  89™x64 18702 4357200 23%£01 17.6°F = 0.8
ML1 (Ca™, AA™) 087*=06 43.64+7 1.5**=0.2 383" =261 1.6%=03 34992
ML2 (Ca™, AA™) 1507 266 =58 31702 434%2£50 24206 40.7%£11.9
MDI (Ca®* AA") 09%*+£08  322% 456 ".’?""A 0.04 632*x02 25404 50.3*=6.2
MD2 (Ca™*, AA™) 0.8 0.6 27.9%4£2.6 24 £04 408" £84 13%£03 5054 £5.6

limit of detection (mg/kg): P — 0.3 (Ca)
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Table 4 (Continued)

Variable Treatment Growing season
lst an 3rd

Mn Ca AAT Ca AAT Ca AAT
LC(Ca™ AA™) 135206 507°5:85 18612 191.7%£3.6 122%F =14 1504 =36
LL1(Ca" . AA ™) 065005 848%=108 0.7 =01 140.1F£76 104™£80 350.0*=1424
LL2(Ca" . AA™) 0575007 71617 0.7F=x01 1439834 23% 104 169574 =509
LD1(Ca’. AA™) 1.84 =03 483 =26 4.6¥=0.1 12278 z=68 550 =11 1283 =113
LD2 (Ca™, AA") 2.3=13 470%=20 384203 11397267 62704 1115832
MC (Ca ,AA™)  010°°=0.01 268 =78 09°°=02 101.5"%3.1 1.4°%£04  100.0°%=10.9
ML1 (Ca’. AA") 0.15%8 =002 352™=x06 07801 112.7°8:103 1.0°%=x0.1 12144 =50
ML2(Ca™,AA™) 022®F =001 33.1*%=09 0.1%=001 824324 26016 12184 =100
MDI1(Ca™™.AA")  012%=002 287°F=11 12®F=01 1209°%x144 18™4203  113.7%%236
MD2(Ca' AAT)  0.088=001 23.6%=10 13™Fx03 050"*F=x118 163*’A 0.1  98.2°%%13.0

Ni Ca™ AAT Ca™* AAT Ca™ AAT
LC(Ca™ AAT) 0.19%=0.05 L17°=01 <0.05% 2.1 =005 «::0.051‘* 227802
LL1(Ca™ AA") 0.12%=0.02 122007 <0.05 1.9%F £ 0.06 <0.05* 2.1 £0.08
LL2(Ca" AAD) 0154008  09%5£007 <0.05* 1.6 = 0.02 <0.05** 1.6™4% £ 0,08
IDI (Ca™ AA™) 015*£003 1.1™°x002 <0.05* 1.8 = 0.02 <0.05** 2.0% =01
LD2(Ca™" AA")  017**£0.07 11*x004 <0.05 1.7%% £ 0.06 <0.05** 1775 £0.1
MC (Ca .AAT) 011 =001 08"x02 <0.05" 1.87%£0.04 <0.05* 1.2 £0.08
MLI(Ca™ AAT)  0.13*=002 0901 <0.05* 1.7 £ 0.05 <0.05** 178 £0.1
ML2(Ca” ™ AAT)  0.16%=001 08°°x006 <0.05* 1.4% 0,04 <0.05** 1.3 0.1
MDI1(Ca ™. AA")  009*%*£003 09*x003 <0.05* 1.7 = 0.09 <0.05% 1.7%48 £ 0.09
MD2(Ca .AAD  0.19%=01 078004 <0.05** 1.4%% £ 0,07 <0.05** 1.47%5 £ 0,00

Al Ca AAT Ca AA ™ Ca AAT
LC (Ca™. AA™) 1.3 =06 30977 =66 627708 5217 =19 577508 57.1°°=34
LL1(Ca" AAD 41807 209%™ +40 65206 50.1%=21 33%104 540" =52
LL2(Ca",AA") 9.64=15 37.1*8 =37 064=£14 5454B=x68 474 +04 53.2%%=22
ILD1 (Ca”  AA™) 258205 1388207 58x04 426%F=08 46809 63.1%=124
ID2(Ca’.AA™)  24%8=05 105804 58204 42069 3.5B =06 867474
MC (Ca . AA) 1.2%%£0.1 1077956 1.7 02 553%+82 2272201 1827 =009
MLI (Ca™, AA™) 1.2%%x0.1 24462 144202  503%=58 164203 4529202
ML2 (Ca™ AAT) 12%%£02 254%™ 46 27%x02 51.7*=54 23 =06 353B=11
MDI (Ca™ AAT) 1.3 =x02 200%8 38 20%£004 68.6¥=77 224203 554%F =43

2(Ca’” AA™) 1.17°=0.1 2421 23%x04 52.7%=x75 1.3*""B =03 57.90%=s54

limit of detection (mg/kg): Ni—0.05 (Ca): Al— 0.5 (Ca)
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Table 4 (Continued)

Variable Treatment Growing season
1sl 2nd 3rd

cd Ca AAT Ca AAT Ca AAT
LC (Ca™. AA”) 317 =01 159+ 1.8 3.9%=0.1 249°% £ 04  44% 205 234202
LL1(Ca™ . AA") 03" =004 2018214 03™ =002  260"Fx04 04004 271711
LL2 (Ca™ ‘m’g 0.1**£0.01 162" 0.6 01001  226%=02 01*=0.01 22,3506
DI (Ca™. AA") 2 A =01 15578 =02 22%=x01 2370406 2.17%=02 23448 = (7
LD2 (Ca’. AA ) 2.4 20,6 1404 +0.5 1.6%+0.1 21.2%4 07 208 +0.1 21.0°4 = 0.3
MC (Ca™*. AA") 0.05°% 0002 2.5F=02 0.05"4£0.003 4301 0.05%4£0.002 2.8 =01
ML (Ca™, AA™) 0.04®4£0.002 32"=01 004"=001 49™=02 005001 39®F=02
ML2 (Ca AA “) 0.05%2+0.004 2.78=01 <0.01*2 434 :01  0.02*B=0003 3.45F=p2
MD1 (C'a JAAT } 0042420002  2.7%=001 005"4x0004 47%=01  0054=0.001 3.9%F=(]1

2(Ca™ . AA™) 0047400002 242006 006™+001 4001 0.05%4=x0.01 33**F =01

Cr Ca ™ AATS Ca™ AAT Ca®™* AAT
LC (Ca”. AA™)  0.067=0.003 <0.1¥ <0.05% <0.1%% <0.05* <0.1%%
LL1(Ca™ AA™) 0.06*=0.005 <0.1* <0.05** <0.1>4 <0.05** <0.1™4
LL2(Ca™ AA™)  0.08*=0.01 <0.1** <0.05* 02#+£002  <0.05* 0.2**£0.02
LDI1 (Ca ™, AA™)  0.07*£0.01 <Q.1* <0.05* <Q.1%* <0.05 <0.1%®4
LD2 (Ca’ TLAATY) 0072001 <0.1* <0.05** <0.1®* <0.05* 0.2+ 0.01
MC (Ca ™, AA } 0.06£0.005  <0.1* <0.05** <(.1°4B <0.05* <0.1°°
ML1 (Ca LAAT) <005 <0.1* <0.05** <0.1°% <0.05* <0.1%*
ML2 (Ca ™. AA™)  0.06*=0.002 <0.1* <0.05* <0.1®* <0.05** <0.1®*
MDI1 (Ca ”, AA™) 0.08**=0.01 <0.1% <0.05% <0.1%4 <0.05%* <, 1%
MD2 (Ca ™. AA™*) 0.06*=0.001 <0.1** <0.05% <015 <0.05*% <0.1%4

Pb Ca AAT Ca’ AAT Ca™ AAT
LC (Ca™ AA™) <02 21,878 £33 <0.2®* 467224 <02 34.9%F =13
LL1(Ca®,AA) 0.3 £ 0.05 577847 <0.2®® §2.0%%=£21 <02® 97.2** = 14.0
LL2(Ca " AAD) 0.54=0.05 383°% 1.7 04*8=0.1 68.0°% =30 <0.2% 66.5%* = 0.9
LDI1 (Ca™, AA")  <02®* 304" =12 <2®4 7814 =10 <02 76,08 =20
LD2 (Ca™ AAT)  <02®* 4008 £0.7 <0.2®4 76584808 <02% 77.54£32
MC (Ca™, AA™) <0.2™% <0.4™% <0.2®™% <0.4™% <0.2% <0.4™=
MLI (Ca®™*, AA®™) <02 <0454 <. 2%4 <0.454 <0.2% <0.4*4
ML2 (Ca ™, AA™) <0.2®* <0.4°* <(.2®4 <0.4™4 <0.2* <0.4**
MDI1 (Ca’. AA™) <02 <.4%4 <(.2®4 <0.47P4 <0.2* <0.4**
MD2 (Ca™.AA™) <02 <(.4™4 <(.2** <0.4™4 <0.2** <0.4*

limit of detection (mg/'kg): Cd - 0.01 (Ca): Cr —
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Table 4 (Continued)

Variable Treatment Growing season
lst an 3rd

Zn Ca AAT Ca AAT Ca AAT
LC (Ca™, AA) 1755 =6 1.852°F =111 1777 =8 2214% =0 210%=7 2.059°F £ 3
LL1(Ca’,AA™) 904™ =27 2160%=115 49 =04 2121™ =32 8.0 =090 21484 =0
LL2 (Ca®™ AA™) 5206 155174200 3474205 173640 45£07 1.633%4 =43
IDI (Ca’. AA™) 110™%=3 1.883*4+£20 71*48 1) 1.991%4 32 62*B =6 1,983 = 43
LD2(Ca™ AA™) 119 =44 1623 £53 44%+3 172804 +30 5848 =) 1.731%4 =17
MC (Ca .AA")  02™=004 203"Fx34 058201 4117=5 0.9%%+003 283"B=s
ML1(Ca" AA™) 038=01 202"B=x12 09804 3084 =4 1.6 £05 35248112
ML2 (Ca”, AA " 02%%x01 185 =17 0.1°%£0.01 278*=6 0.4%£002 220" =14
MDI (Ca".AA")  0.4™B£01 206=8 04"F£0.04 378%*=10 0.7°%=01 315F=10
MD2(Ca™ . AAT) 032002 217%=13 1.3 =07 275=7 0.5%=01 231"™%=7
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763  Table 5 The effect of treatment on the total concentrations of elements (mean + SE) in organs
764  of 5. smithiana at the end of two or three growing seasons (2™ — 3™ for Ca. Mg, K: and 1% —
765 3™ for P, Cu. Fe, Mn, Ni Al Cd, Cr, Pb, Zn) m the Litavka and Malin soils
Variable Treatment Growing season
ln.d 3n:l
twigs i leaves twigs "™ leaves
Ca(ghke) LC(t™.1%%) 147217 200%+21 141+08 228%+24
LL1 (™. L™ 114%*+12 250*+23 151*%£20 249™+382
LL2(t.". L™)  97%+£02 305%+61 156x15 269=15
LD1 (t. ™, 1% 13.6%=15 384%=x67 15031 21808
LD2 (t ™.1.%%) 83*+08 214%+22 108*x07 204™+21
MC (™. 1*) 12609 195+07 10509 1557+23
ML1(t L%  167%=15 288%+12 120¥%x05 184" x02
ML2 (£.2% L ®%) 122%x22 188%x10 11.7%x06 18230
MDI(t 17  162*x09 245%+09 120%:08 190" +04
MD2(t. L)  165%=13 281%+22 123®F+10 189™=+16
Mg (g'ke) twigs ” leaves twigs - leaves
LC(t. 1% 08" 1006 19°°£02 06°°+£0.03 49+ 04
LL1(t.*. L") 06”x005 20™x02 05™£005 3.0™=z01
LL2(t. %, L ™) 06™+005 27206 07x01 34=:03
LD (£ ™12 12™x02 48%x08 13*z04 43™x05
LD2 (£ ™17 07™+01 39%x02 07™+004 5605
MC(t .1 ) 09 +£004 372004 057°+005 207=05
ML1(t L7  1.0™=x01 33™=x02 05Fx003 22"F=:01
ML2 (. **.1L™%) 06™=+01 09*£005 05+002 20™+04
MDI (t. L™ 11*+006 33™:02 06%+005 2.7%+03
MD2(t. L")  1.1"+005 387 =01 06Tx004 2601
K (gke) twigs | leaves twigs leaves
LC(t.%*. 1) 665 +x14 17.7%+13 87%x15 211226
LL1(t.™. L™ 34¥+02 130™+22 31":02 7603
LL2(t. ™ L™ 54™+£17 179%+82 10.7x66 174276
LD (£ ™12 95+21 21.7+29 14470 159*%11
LD2 (£ ™. 1% 3.1*x05 151%+20 40™+05 122*:30
MC(t .1L™) 56901 176704 4304 175540
ML1(t. L™ 63%:£05 148404 44x02 15110
ML2 (.17 54%+05 22202 43™+03 125% =219
MDI (t. L™ 63*+02 172**:08 46 °+03 206%=13
MD2(t. " L™ 6304 162%x17 46Tx02 189*=15
766  The concentrations of Ca, Mg, and K were not determined after the first year because of low
767  total'organ biomass i almost all lime and dolomite treatments.
768  See Table 1 for more details about the treatments.
769  Calculated with the Kruskal-Wallis test, differences between treatments of the same organ
770 (1e. twig and leaf DM separately) within the growmg season and differences between the
771  growing seasons within the treatment of the same organ were not statistically significant (**)
772 or were significant at 0.05() and 0.01 () probability levels. According to the mmltiple
773  comparisons of mean ranks. treatments between the same organ within the growing season
774  with the same letter (a—) and growmg seasons within the treatment between the same organ
775  with the same letter (A-B) were not significantly different.
776
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Table 5 (Continued)

Variable Treatment Growing season
lst znd 3rd
twigs leaves twigs leaves twigs ~ leaves ™*

P (zkg) LC(t. . L) 1.1 £0.07 137201 08°=007 1802 1.3*=01 217 £02
LL1(t. *.1.7) 17402 1.7 +01 068006 1.5%F=x02 088005 1.18x01
LL2 (t.®. 1.2 1.6% 2.2 0.7%4£0.1 15402 12%£03  1.8%£03
LDl (t.*. 1%  0.9*+007 1.0 =004 0.7%+02 14¥8x015 09% =02 1.7%+02
ID2(t.°. 1)  1.1*£0006 1.0™=01 04*=01 14%+015 09" =01 1.4%£0.2
MC (t. . L. =) 1LO*£0.04 3203 06005 28%£03 09™5£0.02 197°x04
MLI (t. ©,1.7) 1442008 22%Bx01 0.7°x002 2702 09™3:002 1.96%=0.1
ML2 (t.". 1) died died 0.62+£004 1.7%+0.1 1.0%4+004 24%+05
MDI (t. L)  1.1%*£007 23%£009 08%=002 28%+03 09®™5x004 23*x03
MD2(t. L) 1.3*+006 2.1™=+03 082+005 28403 095004 22*+03

Cu (mg'kg) twigs - leaves ** twigs leaves ™ twigs leaves **
LC(t. .17 7.5°=0.8 51706 1057 £55 89514 21.5%=24  14.0% =13
LL1 (t.**.1.%) 165%=27 64%*£06 9.7°=£15 115*+£26 82%x009 7.6 £0.6
LL2 (t.®*, 1.2 203 24.8*4 14.0%* =45 12247 17554200 12.4% x40
LD1(t. . 1*) 7.5%+1.0 15.0% 296 143*=15 245%+£53  16.0™Fx45 8216
LD2 (t.**,1.*%) 6.84+08 85421 7 =£35 76409 153 =51 80%=£12
MC (t.*. 1) 121 =24 154431 66=07 121 =21 95%=08 6.6%+09
MLI (t.**.1L.7) 9.3*£03 50801 04®=08 11.7%+£12 89®4 =07 738 =10
ML2 (t.". 1)  died died 6.0 £0.4 9.74+15 97" +£03  854£06
MDI1 (t. .15 6.5% 0.2 67216  0.0™ =07 1274=05 80™Px02 82¥B=04
MD2 (.. 1L*) 68*=06 74424 8.0™=09 13.5*+38 7806 7.8°=08

Fe (mg'kg) twigs leaves twigs ™ leaves ™* twigs leaves
LC(t. "1™ 16.7°% £1.1 38 =7 108F =11 122 x20 49 =10 3055 22
LL1 (.17 173%™ =54 28%+3 21544  095¥Biriss5 20PA=3 180.5%4 =125
LL2 (t.™5, 1.2 12.0®* 5674 266 =88  108*=17 33" =13 1684 =15
IDI(t 1" 8.1°%+13 6178 =14 211¥8+65 16534 66 =10.5 181"+ + 20
LD2(t.". 1)) 6.0°5£0.5 5578 =15 101¥8=11  110%B=x17  34% =0 1674 £23.5
MC (t.®,1%%)  342%%£231 15720 128¥£27 93*=7 11.62£09 92 =16
MLI (t. ©,1.2%) 32.7*=45 61® =15 163808  1155%=16 21.2%B=08 143 =305
ML2 (t. . 1)  died died 140%+14 147 =14 203%x23 1464 =28
MDI (t. ", 1L™%) 468 =27 76°%=22 180822 104* =15 17.0%8 =17 142 =30
MD2(t. L™ 124.0*+231 168*=79 18.7#8=33 107*=10 165*%=20 112**=20
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Table 5 (Continued)

Variable Treatment Growing season
lsl 2nd 3rd
twigs leaves " twigs leaves twigs leaves "™

Mn (mgkg) LC(t. .1>%) 2.87+0.3 1.8 +19  101™%+£58 1937490 3004  28%=10
LL1 (.17  64*%25 1778208  87™4=22  495™B 1114 23078  102**£29
LL2 (t.®*. 1) 10.5* 133 78417 563" =111 183 x40 104437
LD1(t.". 17 278 £02 272%%+68 20%=04 13.6% =22 200*+128 53*=14
LD2(t.". 1>  2.7%=x01 20187  3.3°B=07 349 =30 12150 30.5%=17
MC (t.>5. L)  23¥£06 24.6%£35 33P2£03 269 =18  48%=1.0 23 =7
MLI (t. .15 48806 234717 100%=14 550 =62 6.54%=13 40%B=10
ML2 (t.2*.1.7)  died died 1014 =17  64.2%+89 17.1%# =28 338 =2
MD1 (t. . 1L*%)  2.8%=04 18664  7.0%Bx24  334P4=50  744=08 3% x6
MD2 (t.**,1.%%) 44*+04 2684105 67°*£10  364™£53 7.5%x20 60.5** = 35

Ni (mg/kg) twigs leaves © twigs ™ leaves twigs leaves
LC (t.>*.17) 0555011 0.7°=03 0.93*%=046 1.8%=03 120402  1.2%9=008
LL1 (.. 1) 051*=011 0.7%=02 0.43**£0.09 0.9*=0.02 0224 £0.05 041°*£0.06
LL2(t.>*. 1) 0094 0.7 0.49°*£0.07 0.8*=0.08 038403  0.23*=0.08
LD1(t.**. 17  034%£008 1.648x07 1.73*=115 24%x06 24174198 0478 =01
LD2(t.**. 1.7  030%=007 11*%=02  031%*=003 12%=01 0222014 0357005
MC (t. .17 054012 L1LI=01 037Fx006 1.2*=0.16 0.15°%£0.04 0.56°F=0.1
MLI(t.".17) 086*=0.14 0.5%=0.1 0388 £0.07 1.6%=0.13 020" £0.05 0.602™*% =0.06
ML2 (t.**. 1) died died 0244£0.07 094026 024" £0.05 0.696°4+0.07
MDI1 (t.*,1.%)  034*=008 0.7%=01 027%=006 13*=0.16 0.18%4=0.05 0.56"%=0.04
MD2 (t.**.1)) 057005 0.6°=01 0.200.090 115004 023"%£0.06 0.696%=0.1

Al (mg/kg) twigs leaves twigs ** leaves twigs leaves ™*
LC(t.".17) 10.0%=12  324™F=71  10.78=10 780%F =07 250 =38 108.1*=88
LL1 (.2 1.7) 133™ =10 237%+35 265%£05 77.6%%=77 188%™ =57 1285100
LL2(t.". 1=  2.8®4 41,754 202469  83.6% =88 223" =x00 91.6%4=142
LD1(t.". 17 49%+08 428" +32  308%F£17.0 95.674£09  66.0* =125 80.4*Fx71
LD2(t. . 1>  46%=05 51.0° =159 166“P=58 811" =66 271" =00 88.5%=30
MC (t.25. L™  15.9™=11.6 922*+156 11.3¥=13 4954 =356 100" =13 748%=59
MLI (.. 1.7 143%™ =18 334®Fx01 144206 546™5=58 143" =22 09002232
ML2 (t.**.1.%%) died died 14508  106.5*=11.8 11921 8884=75
MDI (t.**.1.7) 188™ =15 383®Fx05 13630 508"Fx75 113™M=14 020*=124
MD2 (t. . L®%)  53.7%%£92 931%™ =x421 15645  42.6"+£26 127426  85.4* =87

limit of detection (mg/kg): Ni— 0.1
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781  Table 5 (Continued)
Variable Treatment Growing season
lst 211d 311{
twigs leaves twigs leaves twigs leaves

Cd (mgkeg) LC (1 . 1. ") 25177205 365735 228" x22 69372104 3957728 73.0% =86
L1 (t.*® =) 28.0%4 =52 533*+g86 21746 6767024 245423 66.6%=53
LL2 (t. ’. 1.1-) 21128 81.2* 171%8 21 56.0™ =143 310 =18 60.64=55
IDI(t.°. 1) 246¥=16 584* =156 23.7%2=33 1054*=197 525*=40 586=25
LD2(t. 1>  209™B+24 51.2*+124 154%+15 6177 £54 402" £28 57.0%+67
MC (t.**.17) 17.7°% 203  46.6°° =84 1947 £30 7687 =01 220°=10 27.78:55
MLI (t. .15 13288210 1528+ 14 274¥B=135 804®4 =03 303" =20 204¥F x40
ML2(t.".15) died died 8013 19.8 4.2 31.6%4 =12 414%+381
MDI (t.**, 1.7 238 =07 32.0%=£74 274*=11 889" =86 224%=28 442883
MD2(t.®*.1L.7) 19 s’“ 1.8 32.0%+£84 218" +14 097288  23.6%=x52 501*B=125

Cr (mg/'kg) twigs leaves ™ twigs ** leaves - twigs ™" leaves ™*
LC (t. . 1) 0272003 022%003 0172002 0I™=003 017004 027=003
LL1 (£.*. 1) 0.1®™=0.04 01*=001 01*=003 03=01 0.1%=002 034007
LL2 (t.% 1% 0.1 0.3 0.2%=0.1 02401 0.1*=0.06 0.3*=0.05
LDI (t.>, 1> 02%=0.03 11*£09 08%=05 0.6 £0.1 1009  04%=01
LD2 (.. 1™ 01°=002 07%+03 02**+£005 03200 0.1*=001 0.2*=0.04
MC (t.®.17) 0301 1.0¥=03 3.0%£29 0152003  0.05* =001 0.17=0.02
MLI(t.°. 1)  02®%£002 01*£003 02*£003 03™=01 018002 02003
ML2 (t.**, 1) died died 0.1¥£002 01001 01*£001 0.2*=£0.06
MDI (t. L)  0.2%4=0.02 03*=01 01*=004 0201 0.1%=001 0.1*=0.03
MD2(t.".1%%) 03*%=008 0402 01*2=002 01®™£002 01%£002 015004

Pb (mg'kg) twigs | leaves twigs leaves twigs leaves
LC(t. . 1) 4.0 £04 22%£06 27Fx02  1.0%05 50415  3.0%=04
LL1(t.". 1)  61*=11 464510  22%=07 2704 1.0%=03 264202
LL2 (t.°1.>) 8.5 11.7%4 15%4206 22%+10 3% =15 3317
LDI (t.®5,1.%%) 44™ =05  30%=£09 105%=40 35407 5.8 =0.1 2.5%4+0.2
LD2(t 1>y 42®F:08 32%+12 1.6%8 =02 1.84+03 41*=08 1.6%4=0.3
MC (t. .1y  0.1%=001 07501 03™5=006 047=02 047 =000 04%=0.1
MLI (t.**.1.*%) 0.1®*£0.03 09*=£01 0.1%£005 042%=z01 0.3*#=008 1.0%=03
ML2 (t.**.1.%%)  died died 0.3°4£0.07 04*x02 0.4*£0.08 0.9"=03
MDI(t.".1%%)  01®£002 09*£02 03*P=006 05%x02 0.64=0.15 0.7=02
MD2 (t."*. L) 0502 07403 022007 04*202 0.3*£0.10 0501

782  limit of detection (mg/'kg): Pb— 0.4
45

148



783

784

Table 5 (Continued)

Variable Treatment Growing season
lst an 31‘1:1
twigs leaves twigs leaves twigs leaves
Zn(mgkg) LC(t. .1L™) 7577 =17 2.0747% 138 913+ 104 3483 =515 1326 =118 3.4207=170
LLI(t.™5, 1L ™) 374™%=125 1.722™%+198 488" +105 2,142 =132 625 =88 1942 =195
LL2 (t. 2% 1 2% 3254 2.620™4 3374 +£35 18194 +384 7344110 197204 +132
ILD1 (.. 1 2% 681.5%%+55 2588+430 880 +128 4.104*+514 1.075%+182 2,002 =119
LD2(t. . 1)) 507.5%4B 72 228181272 448"B+67 2831169 9831 =45 20598 + 107
MC (t. .1 7))  221.5B+4 11468126 38681 24794323 387™2+13 7322105
MLI (t. .17 1788 =11 450" = 48 376 226 20034119 43404141 689" £ 109
ML2(t. ,17)  died died 1388 +30 494"+ 44 305"+ 18 9924+ 77
MDI1(t. .17 2585™Bxg  603BL126 @ 4500 +16 214142279 36804135 101448112
MD2 (t. .1 ) 224%™ +15 6925 +139 358%+g8 2248+ 104 375 +64  968™*P 105
46
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5 Sumarni diskuse

V prvni ¢asti sumarni diskuse (podkapitola 5.1) jsou shrnuty poznatky z védeckych
¢lankd (detaily viz podkapitoly 4.2 a 4.5), ve kterych je diskutovana stabilizace toxickych
prvka (As, Cd, Pb, Zn) a mikroprvka (Fe, Mn) ve dvou ptidach silné kontaminovanych témito
rizikovymi prvky. V modelovych inkubac¢nich experimentech byly vapenaté hmoty (palené
vapno, dolomit) a fosfore¢na aditiva (trojity superfosfat, mlety fosfat) aplikovany do slabé
kyselé fluvizemé glejové (Piibram — Litavka, kontaminace As, Cd, Pb a Zn) a alkalické
luvizemé modalni (Kutnd Hora — Malin, kontaminace As, Cd a Zn); (detaily pud viz
podkapitola 4.3). Aplikace byly realizovany ve tiech davkach. Labilni koncentrace (mobilni a
potencialné mobilizovatelné) rizikovych prvka byly hodnoceny v riiznych dnech (7, 14, 28,
42) v systému pida a aditivum. Mobilni (extrakce roztokem CaCl. o koncentraci 0,01 mol.I*%)
a potencialné mobilizovatelné koncentrace (extrakce roztokem CH3COOH o koncentraci 0,11
mol.I'Y) As, Cd, Pb, Zn, Fe a Mn byly stanoveny metodou optické emisni spektrometrie
s induk¢né vazanym plazmatem (ICP-OES).

Ve druhé casti diskuse (podkapitola 5.2) jsou sumarizovany znalosti z dalSich
publikovanych praci (detaily viz podkapitoly 4.1, 4.3, 4.4 a 4.6), ve kterych jsou posuzovany
reakce rostlin vysetych, ptipadné vysazenych do pldy stabilizované vapnénim nebo aplikaci
fosforecnych aditiv. Pro nadobové pokusy byly vybrany zastupci bylin a dievin (Stovik
tupolisty — kosmopolitn¢ rozsiteny druh Sirokolistych $toviki a vrba Smithova -
vysokoprodukéni, rychle rostouci dievina) pro rozsifeni poznatkt z inkubacnich experimentt.
V ramci pokust byl hodnocen rast a mortalita rostlin, produkce biomasy rostlin, labilni
koncentrace Siroké Skaly prvki v padé a dale jejich celkové obsahy v rostlinné biomase.
Obsahy makroprvki (P, K, Ca, Mg), mikroprvka (Cu, Fe, Mn, Ni) a toxickych prvka (Al, As,
Cd, Cr, Pb, Zn) byly stanoveny pomoci metod ICP-OES (mikroprvky, toxické prvky) a
plamenové atomové absorp¢ni spektrometrie — FAAS (makroprvky). Vlastnimu stanoveni
obsahti jednotlivych prvki predchéazel vysokotlaky mikrovinny rozklad ve smési HNOs a
H202 (stoviky) nebo klasicky rozklad nasuché cesté, tj. zpopelnéni vzorku s naslednym
rozpu$ténim popela ve ziedéné HNO3z (vrby). Obsah dusiku ve Stovicich byl stanoven
metodou podle Kjeldahla po mokrém rozkladu koncentrovanou H2SOs za pfitomnosti
praskového selenu. Po vyluhu rostlinnych organi v horké vode byly pomoci iontové-vyménné
chromatografie s potlacenou vodivosti ve Stovicich stanoveny 1 obsahy aniontd

nizkomolekularnich organickych kyselin.
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5.1 Regulace mobility prvki v ptudach silné kontaminovanych rizikovymi

prvky
Mobilita prvka v piadach byla regulovana vapenatymi hmotami (viz podkapitola 4.2) a
fosfore¢nymi aditivy (viz podkapitola 4.5).
Ve slab¢ kyselych pidnich podminkach byly potencialné mobilizovatelné koncentrace

Cd, Pb, Zn a Mn béhem 42 dnli inkubace vice imobilizovany aplikaci rychle rozpustnych
aditiv (vapno>superfosfat) nez pomalu rozpustnych aditiv (dolomit~mlety fosfat). Divodem
byl vyznamny nartst ptdni reakce az na pH=12 po aplikaci vapna (viz graf la v podkapitole
4.2) a okamzita reaktivita G¢inné slozky superfosfatu (H2POg4) s prvky v ptdnim roztoku
(Dermatas a Meng, 2003; Guo et al., 2006; Alkorta et al., 2010). Naopak labilni koncentrace
As a Fe a mobilni koncentrace Pb a Mn nebyly stabilizovany vapnénim ani aplikaci
fosfore¢nych aditiv. Podle G¢innosti imobiliza¢nich ptdnich aditiv ve slabé kyselé pudé byly
rizikové prvky rozdéleny do dvou skupin:
1) bez poklesu koncentraci

— mobilnich a potenciadlné mobilizovatelnych: As, Fe

— mobilnich: Pb, Mn
2) vyznamny pokles koncentraci

— potencidlné mobilizovatelnych: Pb, Mn
Utinnost paidnich aditiv se zvy$ovala pro prvky v nasledujicim poradi:
Pb: mlety fosfat<dolomit<superfosfat<vapno. Pfidavkem mletého fosfatu byly koncentrace
Pb snizeny o 29 %, dolomitem o0 47 %, superfosfatem o 96 % a vapnem o 98 % ve srovnani
s kontrolnimi variantami ptd.
Mn: mlety fosfat<dolomit<superfosfat<vapmo. Piidavkem mletého fosfatu byly
koncentrace Mn omezeny o 13 %, dolomitem o 39 %, superfosfdtem o 76 % a aplikaci vapna
témet o 100 % v porovnani s kontrolnimi variantami ptd.

— mobilnich a potenciadlné mobilizovatelnych: Cd, Zn
Utinnost ptidnich aditiv stoupala pro prvky v pofadi:
Cd: mlety fosfat<dolomit<superfosfat<viapno. Aplikaci mletého fosfatu byly labilni
koncentrace Cd snizeny o 13-43 %, dolomitem o 22-57 %, superfosfaitem o 43-74 % a
aplikaci vapna témet o 100 % v porovnani s kontrolnimi variantami pid.
Zn: superfosfat<mlety fosfat<dolomit<vapno. Aplikaci superfosfitu byly labilni
koncentrace Zn omezeny 0 3-49 %, mletym fosfatem o 2-59 %, dolomitem o 22-72 % a

vapnem o 86-99 % ve srovndni s kontrolnimi variantami pad.
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Aplikaéni davky imobilizac¢nich aditiv sehraly u toxickych prvkl dulezitou ulohu
v regulaci jejich mobility v pad¢ (viz grafy v podkapitolach 4.2 a 4.5). Nizsi davky vapna a
vyssi davky superfosfatu vice mobilizovaly labilni koncentrace As. Labilni koncentrace Cd a
potencialné mobilizovatelné koncentrace Pb byly vice imobilizovany vyssimi aplikacnimi
davkami dolomitu, superfosfatu i mletého fosfatu. Podobné tomu bylo i u mobilnich
koncentraci Zn. Vyjimkou byly pouze rostouci davky superfosfatu, které okyselenim Zn vice
mobilizovaly (viz graf 2 v podkapitole 4.5). Koncentrace Pb byly regulovany i aplika¢nimi
davkami véapna a vliv mélo téz pouzité extrakéni ¢inidlo. Vliv aplikacnich davek aditiv
na mobilitu toxickych prvkd vpadé potvrzuji i dal§i studie (Elkhatib et al., 1991;
Thawornchaisit a Polprasert, 2009; Yan et al., 2015). Skute¢nost, Ze nevhodné zvolené ptadni
aditivum nebo jeho aplikac¢ni davka mize regulovat i mobilitu zivin v pudé, uvadéji Bolan a
Duraisamy (2003) a potvrzuji i publikované prace (viz podkapitoly 4.2 a 4.5). Aplikacni
davky dolomitu a superfosfatu sehraly dulezitou roli v regulaci labilnich koncentraci Mn.
Rostouci davky dolomitu snizovaly potencidlné mobilizovatelné koncentrace Mn. Vyssi
davky superfosfatu zvySovaly mobilni koncentrace Mn. Vliv €asu na zmény v mobilité prvki
Vv pudé popisuji autoti (Calace et al., 2006; Yan et al., 2015) a potvrzuji i publikované prace
(viz podkapitoly 4.2 a 4.5).

V alkalickych ptdnich podminkach byla imobilizace prvkid pomoci vapnéni i
po aplikaci fosfore¢nych aditiv netG¢inna. Tyto vysledky jsou v souladu s dal$imi studiemi,
které potvrzuji, ze pii alkalickém pH ptd je rozpustnost fady prvkll minimalni (Podlesédkova
et al., 2001a; Némecek et al., 2010; Kabata-Pendias, 2011). Pfi¢inou netispéchu imobilizace
rizikovych prvkl po aplikaci fosforeénych aditiv byla i pritomnost fosforecnani ve velmi
malo rozpustnych formach (fosfore€nany vapenaté); (Hong et al., 2010; Moradi et al., 2012).

Mozné pfi¢iny vzniku imobilizacnich a mobilizacnich zmén prvkll po vépnéni a
po aplikaci fosfore¢nych aditiv ve slabé kysel¢ padé jsou podrobnéji diskutovany

Vv nasledujicich podkapitolach (viz 5.1.1 a 5.1.2).

5.1.1 Vapenaté hmoty

Imobilizace. Stabilizace Cd a Zn pomoci vapnéni byla vyvolana podobnymi
imobilizaénimi mechanismy. Vzhledem k vyznamné zavislosti Cd a Zn na pudni reakci
(Podlesakova et al., 2001a) byly jejich labilni koncentrace po aplikaci vapna snizeny.
Okamzity pokles Cd a Zn po aplikaci vapna souvisel s vysoce rozpustnou formou vépna
(Mayfield et al., 2004). Labilni koncentrace Cd a Zn byly pridavkem dolomitu pozvolna
snizovany precipitaci dvojmocnych kationtii Cd a Zn s uhli¢itany (Bradl, 2004). Aplikace
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dolomitu omezovaly potencidlné¢ mobilizovatelné koncentrace Pb a Mn méné€ nez vépno.
Pokles Pb a Mn po ptidavku dolomitu byl vyvolan precipitaci dvojmocnych kationtd Pb a Mn
s uhlic¢itany (Elkhatib et al., 1991; Otero et al., 2009).

Mobilizace. Mobilni slouceniny As zformované po aplikaci vapna mirné zvySovaly
labilni koncentrace As (Szakova et al., 2007; Wilson et al., 2010). Mobilni koncentrace Pb
byly po ptidavku vapna zvySeny, protoze kationty Pb byly pravdépodobné uvolnény z ptdni
organické hmoty pfisunem okamzité ptistupného Ca (Tlustos et al., 2006¢). Nasledn¢ vznikly
rozpustné hydroxidové komplexy Pb typické jen pro silné alkalické pidy — pH>12 (Bradl,
2004).

5.1.2 Fosfore¢na aditiva

Imobilizace. Stabilizace labilnich koncentraci Cd pomoci fosfore¢nych aditiv byla
spojena s precipitaci volnych fosfore¢nanovych iontti s dvojmocnymi kationty Cd do podoby
nerozpustnych fosfore¢nanti kademnatych — Cds(POa)2 (Chrysochoou et al., 2007; Spuller et
al., 2007; Hong et al., 2010). Vzhledem k chemické podobnosti Cd a Zn (Kabata-Pendias,
2011) se imobilizace Zn pomoci aplikace fosfore¢nych aditiv ve vétSin€ pifipadid podoba
imobilizaci Cd. SniZzené potencidlné mobilizovatelné koncentrace Pb v porovnani
s neménnymi mobilnimi koncentracemi Pb po aplikaci fosforecnych aditiv naznacuji, Ze
potencialné mobilizovatelné koncentrace 1épe vystihuji rozpoustéci — srazeci mechanismy Pb
v pudé. Vodorozpustnéjsi superfosfat s okyselujicim uc¢inkem byl schopny poskytnout vice
volnych fosfore¢nanovych iontd pro reakce s Pb v piidé (Wang et al., 2008; Thawornchaisit a
Polprasert 2009; Cui et al., 2010). Potencialné¢ mobilizovatelné koncentrace Pb byly vice
omezovany aplikaci superfosfatu (tvorba malo rozpustného hydrogenfosfore¢nanu olovnatého
— PbHPO,); (Cao et al., 2008) nez aplikaci mletého fosfatu (pozvolna formace geochemicky
stabilniho fosfore¢nanu olovnatého — pyromorfitu v rozmezi pH 4 az 5); (Zhang a Ryan,
1998, 1999; Miretzky a Fernandez-Cirelli, 2008; Cui et al., 2010). Mirné sniZeni potencialné
mobilizovatelnych koncentraci Mn souviselo s tvorbou nerozpustnych fosfore¢nanovych
komplexti s Mn — MnHPO4 a Mn3(PO4)2 (Vangronsveld et al. 2009).

Mobilizace. Mobilizace labilnich koncentraci As byla vyvolana dostate¢nym
mnozstvim rozpustnych fosforeCnant v pidé. Fosforecnany, uvolnéné ze sttedné rozpustného
superfosfatu, byly pfednostné vazany na sorpéni mista pudnich ¢astic a tak byly arseni¢nany
uvolnény do ptidniho roztoku (Bolan et al., 2013). Mirné zvySeni mobilnich koncentraci Zn
po aplikaci nejvyssi davky superfosfatu souviselo s okyselenim pudy az na pH=5,3 (viz

podkapitola 4.5), coz potvrzuji i Thawornchaisit a Polprasert (2009). ZvySené mobilni
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koncentrace Mn po aplikaci superfosfatu byly také vyvolany okyselenim piady a
pravdépodobné souvisely i s pfitomnosti Mn v rozpustnych fosfore¢nanovych komplexech.
Uvedené vysledky potvrzuji ve svych studiich i dal$i autofi (Larsen, 1964; Hossner a
Richards, 1967; Munksgaard a Lottermoser, 2011; Munksgaard a Lottermoser, 2013).

5.2 Péstovani rostlin na stabilizovanych pidach
5.2.1 Sirokolisté §t'oviky

Stovik tupolisty byl péstovan na pudach neoSetienych (kontrolnich) a osetienych
vapnem nebo superfosfatem. Okamzitd rozpustnost a reaktivita €innych slozek pouzitych
aditiv stejné jako predpokladané vyraznéjs$i zmény po jejich aplikaci i v alkalické padé
podpotily volbu pouZzit pro vegetacni experiment rychle rozpustnéa imobiliza¢ni aditiva.

Pocateéni rist a mortalita rostlin. Pocate¢ni rist a mortalita Stoviki
v kontaminovanych ptidach byl ovlivnén agrochemickymi parametry pid i pidnimi aditivy.
Ve  slabé  kyselé pudé byla  prosperita  Stoviki  zvySovdna v pofadi:
kontrola~superfosfat<vapno. Naopak v alkalické pud¢ vzrustalo vzchazeni a prezivani
stoviku v fadé: vapno<superfosfat~kontrola.

Rychleji a ve vétSim poctu vzchazely drobné rostliny S$tovikid s nacervenalymi
uzkymi, dlouhymi listy (viz obrazky 3a, 3e v podkapitole 4.1) ve slabé kyselé kontrolni pudé
a ve varianté se superfosfatem. Nicméné byla pozorovana jejich vyrazné vyssi mortalita (viz
graf 2a v podkapitole 4.1). Divodem thynu §tovikt v pocatecnich fazich rastu byla vysoka
biodostupnost Cd, Pb a Zn (viz tabulka 2 v podkapitole 4.1). Po vyvapnéni slabé kyselé pudy
doslo k vyraznému poklesu mobility Cd 0 94 % a Zn 0 82 % a byl pozitivné ovlivnén vyvoj
ranych fazi $toviku. Rostliny mély $ir§i, méné nacervenalé listy (viz obrazek 3c v podkapitole
4.1).

V alkalické kontrolni pidé a ve varianté se superfosfaitem byly pozorovany zelené,
vice zivotaschopné rostliny (viz obrazky 3b, 3f v podkapitole 4.1). Pocatecni vyvoj Stovika
ve vyvapnéné alkalické pudé byl vyrazné horsi. Stradani rostlin (viz obrazek 3d v podkapitole
4.1) bylo spojeno s alkalickym pH pudy (pH=7,6) a s vysokou pocate¢ni dostupnosti Ca
Vv kontrolni padé€. Nizka mobilita rizikovych prvki, stanovend jiz v alkalické kontrolni piidé,
neméla vliv na kvalitu §tovikii v poc¢atecnich fazich rtstu. Citlivost dospé€lych rostlin stovika
k vysokym obsahiim Ca a Mg v nekontaminované pidé pozorovali jiz Humphreys et al.
(1999) a Hann et al. (2012). Stoviky jako tzv. oxalatni rostliny (White a Broadley, 2003)

dokazi vysoké obsahy Ca ve svych pletivech inaktivovat tvorbou vysoce nerozpustnych
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komplext Ca se $tavelany a jejich zabudovanim do vakuol nebo bunéénych stén (Franceschi
a Nakata, 2005; Tolra et al., 2005). Novym poznatkem publikované studie (podkapitola 4.1)
byla prokazana citlivost stoviki v ranych fazich ristu k vysokym obsahiim Ca ve vyvapnéné
alkalické pid€. Novym zjisténim také bylo, ze pro pocatecni rist Stovikll je nevyhovujici
vysoka biodostupnost Cd, Pb a Zn veslabé kyselé kontrolni pidé¢ i ve varianté se
superfosfatem.

Produkce biomasy. Chemické vlastnosti pid a pudni aditiva vyznamné ptisobily také
na produkci biomasy dospélych rostlin v kontaminovanych pudéach. Celkova produkce
biomasy Stoviki 1 produkce jednotlivych organii rostla v obou piidach v poradi:
kontrola~superfosfat<vapno. Vysokymi obsahy mikroprvki (>5 mg Ni.kg?; Giileryiiz et al.,
2008) a toxickych prvki v rostling (>5 mg Cd.kg?, >30 mg Pb.kg?, >100 mg Zn.kg*; Pugh et
al.,, 2002; Kabata-Pendias, 2011) bylo pravdépodobné inhibovano bun&tné déleni a
prodluzovani bun¢k (Barrutia et al., 2009) a tim snizena produkce biomasy stoviku. Vysoké
obsahy toxickych prvkt dokonce omezily vyvoj stonkd a generativnich organti ve slabé
kyselé kontrolni piid¢ a ve varianté se superfosfatem. Aplikace superfosfatu nebyla vhodnym
opatienim pro zvySeni produkce biomasy S$toviki ve slabé kyselé ani v alkalické pudé.
Podobné¢ 1 Tiecher et al. (2014) popisuji pouze nepatrné navySeni biomasy picnin a trav
v nekontaminovanych ptidach ofetienych superfosfatem. Stoviky prosperovaly v ptidach
stabilizovanych vapnem. I dalsi autofi (Tlusto$ et al., 2006¢; Alvarenga et al., 2008) popisuji
zvySenou produkci biomasy polnich plodin i plevelnych rostlin ve vyvapnénych kyselych
pudach kontaminovanych Cd, Cu, Ni, Pb a Zn.

Obsahy a distribuce makroprvkii, mikroprvkii a toxickych prvki v organech
§toviku. V kontrolnich pidach byly nejvyssi obsahy makroprvku stanoveny v listech (N, P,
ve stoncich (N, P, Ca, Mg) a v podzemnich organech $tovika (K). Uvedené vysledky jsou
v souladu s dalsimi studiemi (Lopez-Lefebre et al., 2001; Gaweda, 2009; White a Veneklaas,
2012). Nakonci vegetacniho experimentu se Stoviky byly zjiStény sniZzené obsahy N a Ca
V podzemnich organech ve vyvapnéné slabé kyselé pidé. Projevil se zde tzv. fedici efekt
obsahii N a Ca (viz tabulka 3 v podkapitole 4.3). Ke stejnému zavéru se ve svych studiich
ptiklanéji i dalsi autofi (Chen a Wong, 2006; Tlustos et al., 2006¢). Obsahy P v semenech
Stoviku byly ve variantach bez piidavku superfosfatu (tabulka 3 v podkapitole 4.3)
pod kritickym limitem 0,3 % P. Pfi obsahu fosforu v semenech niz§im nez 0,3 % P byl
ve studii Hrdlickové et al. (2011) pozorovan pokles kliceni semen $toviku tupolistého i

Stoviku kadefavého. Vapnénim ani aplikaci superfosfatu nebyla zménéna distribuce
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makroprvkl (K, Ca, Mg) mezi rostlinnymi orgény stoviku ve slabé kyselé¢ ani v alkalické
pude.

Nejvyssi obsahy vétSiny mikroprvkli byly zjistény v podzemnich organech
pudach byl také zjistén omezeny transport mikroprvkid z podzemnich organti do listl.
Podzemni organy Stovikd fungovaly jako bariéra, kterd omezovala pfesun nadbyte¢nych
obsahii mikroprvki do nadzemnich orgént. Podobné vysledky popisuji 1 dalSi autofi
(Gaweda, 2009; Héansch a Mendel, 2009; Zhang et al., 2010). Ve vyvapnénych ptdach a
v alkalické padé po aplikaci superfosfatu byl zjistén zvySeny transport Cu, Fe, Mn a Ni
Z podzemnich organti do listl. Zmény v distribuci mikroprvki byly pravdépodobné spojeny
s pfitomnosti organickych kyselin. Jak jiz bylo uvedeno diive, Stoviky se mohou branit
proti vysokym obsahiim Ca ve svych pletivech tvorbou stabilnich komplexti Ca se $tavelany
(Tolra et al., 2005; Miyagi et al., 2013). Je pravdépodobné, ze na podobném principu funguje
vnitini obranny mechanismus $tovikll i proti vysokym obsahiim mikroprvkil v podzemnich
organech v kontrolnich piidach. Stoviky ziejmé vice ohrozuji vysoké obsahy Ca neZ vysoké
obsahy mikroprvkll. Ve vyvapnénych piidach Stavelany prednostné tvofily stabilni komplexy
s Ca nez s mikroprvky. Volné mikroprvky mohly byt dale transportovany do listl. Zvyseny
transport mikroprvki z podzemnich organti do listd v alkalickych pidach osetfenych
superfosfatem lze vysvétlit dostatecnym mnozstvim Ca uvolnénym ze superfosfatu a
z pidniho roztoku.

Obsahy a distribuce toxickych prvkt v biomase $toviku se shodovaly s obsahy i
s distribuci mikroprvkt v kontrolnich piidach i v pidach osetienych vapnem a superfosfatem.
Vnitini obranna strategie $toviki proti vysokym obsahim mikroprvki byla G¢inna i
pro toxické prvky. ZvySeny transport toxickych prvkiti do nadzemni biomasy po vapnéni byl
v rozporu s dal$imi autory (Tlusto$ et al., 2006¢; Jiang et al., 2007; Qiu et al., 2011). Tito
autofi ale pro své experimenty pouzivali rostliny, které nepattily do oxalatnich rostlin (pSenice
obecnd, kukufice setd, Cinské zeli). Nizky obsah Stavelani v neoxaldtnich rostlindch
pravdépodobné neumozioval uplatnit vnitini obranny mechanismus proti vysokym obsahiim
vapniku.

Na zéklad¢ vysledkil vegetatniho pokusu byl §tovik tupolisty v kontrolnich ptidach
zafazen mezi rostliny s nizkou akumulaci As, Cd, Pb a Zn (viz podkapitola 4.3), mezi tzv.
exkludacni rostliny (Baker, 1981). K podobnému zavéru — ale u stoviku kyselého — dospéli i
dalsi autofi (Barrutia et al., 2009; Gaweda, 2009). Nové bylo béhem vegetacniho pokusu

zjisténo, ze v pudach vyvapnénych nebo v pud¢ alkalické oSetiené superfosfatem se $t'ovik
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tupolisty s nizkou akumulaci (exkluda¢ni) choval jako rostlina sbéznou (indikacni) az
s vysokou akumulaci (akumulaéni) rizikovych prvkil (viz podkapitola 4.3). Urcovani rostlin
vhodnych pro fytoremediace by proto mélo byt provadéno obezietné s ohledem na vlastnosti
rostlin a chemické vlastnosti piid. DalSim zjiSténim pii pokusu byla zvysSena tolerance st'oviku
tupolistého k vysokym obsahtim Al ve vSech variantich (viz podkapitola 4.4). Celkové
obsahy Al vrostlinich se b&zné pohybuji do 200 mg.kg? susiny (Kinraide, 1990).
Pii péstovani stoviku v alkalické kontrolni pad¢ byl experimentalné zjistén zvyseny transport
Al z podzemnich organi do listi. V listech bylo stanoveno dokonce 3413 mg Al.kg'susiny
(viz tabulka 3 v podkapitole 4.4), coz vedlo k piekvapivému zavéru, Ze $tovik tupolisty patii
mezi hyperakumulaéni rostliny Al (>3000 mg AlLkg?; Huang et al., 2009). K opa¢nému
efektu doslo u Stoviku péstovaného ve slabé kyselé kontrolni pudé (viz tabulka 3
v podkapitole 4.4), kde byl transport Al do listi omezen. Stanovené obsahy Al v listech byly
sedmkrat niz8i nez v alkalické kontrolni pudé. Je pravdépodobné, Zze se Stovik tupolisty
ve slabé¢ kyselé pudée brani proti vysokym obsahtim Al vnéj§im mechanismem, tzv. uvolnénim
organickych kyselin zrhizosféry a naslednou chelataci s Al (Ma et al,, 2001). Vnitini
detoxikaci Al, tzv. formace stabilnich komplexti Al s anionty organickych kyselin uvnitf
rostliny (Ma et al., 2001), stovik pravdépodobné uplatiiuje v alkalickych pudach. V literatute
byly obranné¢ mechanismy proti vysokym obsahiim Al v rostlinach sledovany pouze v silné
kyselych podminkach (Arunakumara et al., 2013). Vnitini mechanismus detoxikace Al byl
popséan u Stoviku mensiho (Schéttelndreier et al., 2001). Vnéj$i mechanismus detoxikace Al
uvedli Tolra et al. (2005) ustoviku kyselého. Vyuziti obou obrannych mechanismi
proti vysokym obsahtim Al u §toviku v literatufe popsano zatim nebylo.

Obsahy a distribuce aniontii nizkomolekularnich organickych kyselin v organech
stoviku. Obsahy ani distribuce anionti organickych kyselin v biomase stoviki nebyly
ovlivnény agrochemickymi parametry pid ani pddnimi aditivy. Zastoupeni aniontl
organickych kyselin ve §tovicich ovliviiovaly pouze rostlinné organy (viz obrazek 3
v podkapitole 4.4). Celkové mnozstvi aniontli organickych kyselin vzrlstalo v pofadi:
podzemni organy<stonky<listy. Pii hodnoceni obsahli aniontli jednotlivych kyselin
v organech $tovikii bylo nejvice citronanti, maleinan a vinani zastoupeno v podzemnich
organech. Nejvyssi obsahy jablecnanli byly zjistény ve stoncich. MléEnany, mravencany,
octany, propionany a Stavelany pievladaly v listech. Nejvyssi obsahy Stavelant stanovené
v listech $toviku se shodovaly s vysledky Miyagi et al. (2010). Vyssi obsah citronant
Vv listech nez ve stoncich byl v rozporu s Miyagi et al. (2010), coz muze souviset se stafim

rostliny. Schopnosti organickych kyselin tvofit s Al komplexy o ruzné stabilité souvisi
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s chemickou strukturou kyselin a s konstantou stability vzniklych komplexti (Hue et al., 1986;
Strobel, 2001). Komplexy anionti organickych kyselin s Al se stfedné silnou az silnou
stabilitou byly zastoupeny ve vSech organech $tovika (podzemni organy — Al-citronany, Al-
vinany, stonky — Al-jableénany, listy — Al-§tavelany). Uvedené komplexy
s nizkomolekularnimi organickymi kyselinami pravdépodobné souvisi s vnitini obranou

Stoviku proti vysokym obsahtim Al (Ma et al., 2001; Singh a Chauhan, 2011).

5.2.2 Rychle rostouci di‘eviny

Vrba Smithova byla péstovana na pudach neosetienych (kontrolnich) a oSetfenych
vapnem a dolomitem.

Rist a mortalita rostlin. Béhem tfilet¢ého obdobi vrby vice hynuly ve slabé kyselé
kontrolni pudé¢ (pH=6,1) nez v alkalické kontrolni pudé (pH=7,3); (viz tabulka 3
v podkapitole 4.6). Uvedeny vysledek je v rozporu s optimalni padni reakci (pH=5,5-6,5)
pro rist vrb (Tahvanainen a Rytkonen, 1999). Nesrovnalost v reakci vrb na pH pady muze
souviset s ptitomnosti rizikovych prvku v pudé€. Vyssi hodnota pH pidy pomaha omezovat
mobilitu nékterych rizikovych prvka v piidé a zvySovat produkci biomasy vrb (Trakal et al.,
2011). Okamzité sazeni vrb do pud oSetienych vyssi davkou vapna bylo neslucitelné s jejich
zivotaschopnosti. Pro po¢ate¢ni vyvoj vrb byla siln¢ alkalicka reakce pady vyvolana aplikaci
vysoké davky vapna nevhodna. Nesoulad s potiebou vysokého pH pidy pro dobry rozvoj
koteni vrb (Hytonen a Kaunisto, 1999) pravdépodobné souvisel s destrukci kofent
hydroxidem vznikajicim reakci vapna s vodou. Dalsi pti¢inou mohly byt vysoké koncentrace
rizikovych prvkd po mineralizaci organické hmoty ve vyvapnéné pudé (Miihlbachova a
Tlustos, 2006). Davka dolomitu sehrala dalezitou roli v thynu vrb. ZhorSeny riist a zvySena
mortalita vrb byly pozorovany ve slabé kyselé ptidé oSetiené niz$i davkou dolomitu.

Produkce biomasy. Vyssi vynosy listt vrb ve slabé kyselé pudé a vyssi vynosy vétvi
v alkalické ptid€ byly pravdépodobné zpiisobeny rozdilnou plidni reakci a mirou kontaminace
pud (Tlusto$ et al., 2007). Aplikace vapna v prvnim roce pokusu, bez ohledu na pouzitou
davku, pfispéla ke zvySeni vynosu nadzemni biomasy vrb ve druhém a tfetim roce ve slabé
kyselé pude. Vyssi davka vapna prispéla ke zvyseni vynosu vrb od druhého roku pokusu i
v alkalické ptidé. Behem ttilet¢ho obdobi byl vynos vrb omezen aplikaci nizs§i davky dolomitu
ve slab¢ kyselé ptidé. Naopak vyssi davka dolomitu (pozvolné u€innost; Mayfield et al., 2004)
pfispéla ke zvySenému ristu vrb az od tieti vegetacni sezony.

Obsahy a distribuce makroprvkii, mikroprvkii a toxickych prvkii v orginech

vrb. Vyssi obsahy P, K, Ca a Mg v listech nez ve vétvich byly stanoveny v kontrolnich
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pudach. Zvyseny transport makroprvki z vétvi do listi vrb nebyl vapnénim ovlivnén.
Vapnéni ve vétsiné piipadit nezménilo ani obsahy makroprvki v nadzemni biomase. Vyssi
obsahy P ve vétvich v prvnim roce pokusu souvisely s ristovym omezenim vrb po vapnéni.
Obsahy vétSiny makroprvka stanovené ve vrbach v kontaminovanych kontrolnich pidach se
podobaly hodnotdm makroprvkd ve vrbach péstovanych v nekontaminovanych pudach (4,5 g
Ca.kg?; 2-2,5 g Mg.kg!; 8-18 g K.kg; Jug et al., 1999). Pouze zjistény pramémy obsah P
v listech vrb (1,7 g.kg?') ve slab& kysel¢ kontrolni piadé je mozné povazovat za skryty
nedostatek P (< 2,1 g.kg*; Jug et al., 1999).

Vyssi obsahy Fe, Mn a Ni v listech nez ve vétvich vrb byly zjistény v kontrolnich
pudach. Vapnéni nezménilo zvySeny transport Fe, Mn ani Ni z vétvi do listd. Na rozdil
od ostatnich mikroprvkti obsah i distribuci Cu v nadzemni biomase ovliviiovaly ptdni
vlastnosti. Ve slab¢ kyselé pidée byl zjistén omezeny transport Cu z vétvi do listi. V alkalické
pudé byl naopak pozorovan transport zvyseny. Podobné vysledky popisuji i Kacalkova et al.
(2015). Vépnéni distribuci Cu v nadzemni biomase vrb nezménilo (viz tabulka 5
v podkapitole 4.6). B&hem prvni vegetatni sezony byly u vrb ve slabé kysel¢ pade
pozorovany viditelné ptiznaky nedostatku Fe, tzv. chlordzy, snejvyssi pravdépodobnosti
vyvolané fytotoxicitou Zn (>100 mg Zn.kg?; Kabata-Pendias, 2011). K podobnym zavértim
dospéli 1 dalsi autoti (Vyslouzilova et al., 2003b; Tlustos et al., 2007). Stanovené obsahy Cu
v listech (viz tabulka 5 v podkapitole 4.6) byly vyssi nez bézné obsahy Cu v listech vrb
Vv kyselych nekontaminovanych pidach (3,5-9,2 mg Cu.kg?; Syso et al., 2014). Zjisténé
obsahy Mn a Ni v listech (viz tabulka 5 v podkapitole 4.6) byly nizsi nez bézné obsahy Mn a
Ni v listech vrb vkyselych nekontaminovanych pudach (168-779 mg Mn.kg?; 5,3-13
mg Ni.kg?; Syso et al., 2014). V prvnim roce pokusu byly obsahy Cu, Fe a Mn v nadzemnich
organech vrb niz§i neZz v naslednych letech. Divodem byla jejich precipitace vyvolana
alkalickym pH pidy po vapnéni v prvni vegetacni sezoné. Vyssi obsahy Fe v listech vrb
souvisely také s listovou aplikaci Fe provadénou od druhé vegetacni sezony.

Vyssi obsahy Al Cd a Zn v listech nez ve vétvich vrb byly zjiStény v kontrolnich
pudach. Podobné vysledky popisuji 1 dalsi autofi (Tlustos et al., 2007; Kacalkova et al., 2015).
Vapnéni neovlivnilo zvySeny transport Al, Cd a Zn zvétvi dolistd vrb (tabulka 5
v podkapitole 4.6). Obsahy i1 distribuce Cr a Pb ve vrbach se odliSovaly od ptedeslych
toxickych prvkii. Chrom VvV nadzemni biomase ovliviiovaly chemické vlastnosti piid. Na Pb
ve vrbach vyznamné plsobily plidni vlastnosti i vapnéni. Vliv sledované doby plsobeni aditiv
se projevil na obsahu vétsiny toxickych prvkl. Zvysené obsahy Al, Cd a Cr v nadzemnich

organech po tieti vegetatni sezoéné byly pravdépodobné vyvolany snizenou imobilizacni
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Gi¢innosti vapnéni (Lee et al., 2004). Hranice fytotoxicity pro Cd a Zn (>5 mg Cd.kg?, >100
mg Zn.kg?; Pugh et al., 2002; Kabata-Pendias, 2011) byly piekroceny v obou kontrolnich
pudach. Stanovené obsahy Pb v listech vrb ve slabé kyselé pudé (viz tabulka 5 v podkapitole
4.6) byly vyssi nez bé€zné obsahy Pb v listech vrb v kyselych nekontaminovanych padach
(1,0-1,1 mg Pb.kg?; Syso et al., 2014). Hranice fytotoxicity pro Pb (>30 mg.kg™; Pugh et al.,
2002) vsak ptekrocena nebyla.

Aplikace nizsi davky dolomitu nebyla vhodnym opatfenim pro péstovani vrb ve slab¢
kyselé pudé. Po aplikaci vapna nebyly zvySené obsahy Pb v listech vrb zmirnény, ale
nepiedstavovaly pro riust vrb takové omezeni, jako vysoké obsahy Zn. Stabilizace pidy
vapnem v kombinaci s listovou aplikaci Fe ¢aste¢né pomohlo omezit vysoké obsahy Cd a Zn
v listech vrb. Uvedeny postup pomohl snizit pomér Zn:Fe v listech a tim zmirnit nedostatek

Fe v listech vrb ve slabé kyselé pade.
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6 Zavér

Dosavadni vyzkum v in-situ chemickych imobilizaci byl zaméfen piedevsim
na hodnoceni mobility toxickych prvkl a jejich dostupnosti pro rostliny. Ve védeckych
studiich byl vsak zfidka posuzovan soucasné i vliv aditiv naregulaci mobility a
biodostupnosti makroprvkl a mikroprvki. Predlozena diserta¢ni prace hodnotila ob¢ hlediska
a to toxické prvky a ziviny v pudach 1 v rostlinach. V préci byla velka pozornost vénovana
zejména studiu vlastnosti tolerantni byliny a dieviny péstované na pudach stabilizovanych
imobilizacnimi aditivy. V tomto kontextu mulze spravné pochopeni biologickych i
chemickych vlastnosti tolerantnich rostlin vést k jejich uspéSnému péstovani na pidach
kontaminovanych vysokymi obsahy rizikovych prvkil a tim ke smysluplnému vyuZziti
takovychto lokalit.

V regulaci labilnich (mobilnich a potencidlné¢ mobilizovatelnych) koncentraci
mikroprvki a toxickych prvkt v kontaminovanych pudach sehraly dulezitou ulohu pudni
vlastnosti, pudni aditiva i jejich aplikaéni davky. Neméné podstatnou roli piedstavoval téz
samotny prvek. Béhem 42 dni inkubace byla imobilizace As, Cd, Pb, Zn, Fe a Mn v alkalické
pudé pomoci aplikace vapenatych hmot a fosforeénych aditiv neti¢inna. Ve slabé kyselé piadé
byly naopak prvky pfidavkem aditiv vyznamné regulovany. Vyvolané zmény u prvka byly
rozdéleny do dvou skupin — 1) pokles koncentraci (imobilizace) a 2) bez poklesu koncentraci
(mobilizace nebo bez zmény). Padni aditiva imobilizovala labilni koncentrace Cd, Zn i
potencidlné mobilizovatelné koncentrace Pb a Mn. Jako nejvhodné;si pro imobilizaci vétSiny
toxickych prvki se ukazaly aplikace rychle rozpustnych aditiv, predev§im ptidavek vapna.

Vyse zminované parametry ovliviiovaly také uplatnéni aditiv pro péstovani rostlin
Vv ptiidéch silné kontaminovanych rizikovymi prvky. Podstatny byl 1 konkrétni rostlinny druh.
Kazdé uspésné péstovani rostlin zacina vranych fazich vyvoje, jinak tomu neni ani
pii péstovani Stovikd a vrb na kontaminovanych ptdach. Védecké studie se podle dostupnych
informaci ale zatim nezabyvaly vlivem imobiliza¢nich aditiv na pocatecni faze ristu Stovika
v pudach siln¢ kontaminovanych rizikovymi prvky. Dle vysledkii prace byl rany vyvoj
Stovikt ovlivnén pidnimi vlastnostmi. Pudy s vysokou dostupnosti Ca, Cd, Pb a Zn negativné
ovlivnily vzchazeni a piezivani §toviki. Stoviky ve slab& kyselé kontrolni ptdé stradaly,
naopak Vv alkalické kontrolni pidé prosperovaly. Ptridavek vapna do slabé kyselé pudy
prosperitu Stovikl zlepSoval, naopak v alkalické piid€ vzchazeni a prezivani rostlin zhorSoval.
Pocatecni faze ristu vrb byly také vyznamné ovlivnény pidnimi vlastnostmi a aditivy. Jako

nejméné¢ vhodné prostiedi pro péstovani vrb se ukézala slabé kyseld pida oSetfend nizsi
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davkou dolomitu. Ani pidni podminky navozené v obou pudach okamzité po aplikaci vyssi
davky véapna nebyly pro pocatecni rust vrb vhodné. Pro efektivni péstovani vrb je podle
zjisténych vysledkl nezbytné vysazovat tizky do piid oSetfenych vapnem az ve druhém roce
po jeho aplikaci. Pro hospodaiské vyuziti kontaminovanych lokalit je nutné znat vyslednou
produkci biomasy péstovanych rostlin. Vlastnosti pid ovlivnily produkci biomasy $tovikl i
vrb. Vyssi produkci biomasy vykazovaly stoviky v alkalické pad¢. Pridavek vapna do obou
pud produkci biomasy Stovikd vyrazné zvysil. Behem vyvoje Stoviki vymizel negativni
ucinek Ca na jejich rlst, pozorovany v pocateCnych fazich ristu stovikii v alkalické padé.
Vrby produkovaly vice listd ve slabé kyselé pudé a vice vétvi v pudé alkalické. Nadzemni
biomasa vrb byla zvySena v piidach osetfenych vapnem az druhym rokem od jeho aplikace,
v alkalické pd¢ jen po ptidavku vyssi davky vapna. Dolomit ovlivnil produkci biomasy vrb
pouze ve slab¢ kyselé pidé. Nizsi ddvka dolomitu omezila produkci nadzemnich organii vrb.
Vrby zacaly produkovat vice biomasy az tteti rok po aplikaci vyssi davky dolomitu. Nezbytna
pro péstovani rostlin na kontaminovanych pudach je i informace o prvcich v biomase.
Na rozdil od vrb (tzv. zdstupci neoxalatnich rostlin) byla distribuce mikroprvki i toxickych
prvkll mezi rostlinnymi organy S§toviku (tzv. zéastupci oxaldtnich rostlin) ovlivnéna aditivy.
Omezeny transport mikroprvki a toxickych prvki z podzemnich organt do listi Stoviki
v kontrolnich ptidach byl vyvapnénim ptd a oSetienim alkalické pidy superfosfatem zvysen.
Zmény v distribuci prvkil byly pravdépodobné spojeny s piitomnosti organickych kyselin
ve stovicich. Na zéklad€ vysledkli doktorské prace se nabizi moznost vyuzit stovik tupolisty,
tzv. exkludacni rostlinu As, Cd, Pb a Zn, pro vegetatni mapovani pid podle vizudlnich
symptomll pozorovanych na jeho nadzemnich orgénech v odlisnych fenologickych fazich.
Oxalatni §t'ovik tupolisty je mozné doporucit i pro péstovani v silné¢ kontaminovanych ptdach
stabilizovanych vapnem. Nové bylo zjisténo, ze ve vyvapnénych plidach a v alkalické pidé
osetfené superfosfatem se Stovik snizkou akumulaci (exkluda¢ni) choval jako rostlina
S béZznou az s vysokou akumulaci (indikac¢ni az akumulacni) rizikovych prvki, coz vybizi
k jeho vyuziti pfi rekultivaci krajiny. Moznosti dal$iho vyzkumu a vyuziti §toviku nabizi i
prekvapivy vysledek hyperakumulaéni schopnosti §toviku pro Al v alkalické ptde. Vysledky
prace naznacuji, Ze dosavadni znalosti ve zkoumané oblasti nemusi byt kompletni. Budouci
vyzkum by se tedy mohl sohledem na druhy rostlin, jejich vlastnosti, padni aditiva a
chemické vlastnosti pad, zaméfit 1 narozdily mezi dalSimi oxalatnimi a neoxalatnimi
rostlinami, zkoumat mozné souvislosti a to v¢etné potencialniho nebezpeci, které predstavuje

vstup rizikovych prvkl do potravinového fetézce.
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