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1 Uvod

Clovék a jeho hospodaiska &innost se béhem historicky pomérné kratkého obdobi (zejména
za poslednich 100 let) staly vyznamnym cinitelem, ktery silné ovliviiuje chod biosféry i jeji
celkovou dynamiku. Populacni rist atechnologicky pokrok vedou v zivotnim prostiedi
K vyznamnym zménam v kolobéhu chemickych latek a prvkd na rtiznych méfitkovych
trovnich. Cinnost ¢lovéka vyznamné ovliviiuje piirozené cykly prvki v biosféte, a zaroven
do nich vstupuji latky nové. Technologicky pokrok pfinasi vys$si dynamiku vzniku novych
chemickych sloucenin, co do objemu, mnozstvi druhti i zptisobu jejich uplatnéni v ekonomické
¢innosti i kazdodennim zivoté ¢loveéka. Pudni prostiedi hraje v kolobéhu latek vyznamnou roli,
nebot’ vyznamné ovlivituje transport chemickych latek mezi dil¢imi slozkami Zivotniho
prostfedi. Vzhledem ke svym vlastnostem je vyznamnou sorp¢ni slozkou, kde se chemické
latky mohou nejen hromadit, ale také interagovat, transformovat ¢i inaktivovat.

Udolni nivy patii k ekosystémiim s piirozené vysokou dynamikou transportu chemickych
latek mezi jednotlivymi slozkami zivotniho prostfedi a vysokou mirou ovlivnéni hospodaiskou
¢innosti. Dle Yu et al. (2007) jsou udolni nivy ustiednim ekosystémem biogeochemickych
cykla (tzv. biogeochemicky hot spot) v souvislostech kolob&éhu zivin a dynamiky znecisténi.
Procesy ovliviujici chemické, fyzikalni ¢i biologické vlastnosti se od ostatnich pid lisi
z divodu castych fluktuaci hydrologickych a hydraulickych vlastnosti, a tim tedy z hlediska
dostupnosti kysliku v téchto pidach. Tato dynamika v zavislosti na periodickém stiidani
zaplavovych a suchych obdobi pak ma klicovy vyznam pro vlastnosti téchto pid nejen
z hlediska jejich schopnosti zadrzovat znec€istujici latky, ale také jejich imobilizace ¢i pfemény.
Vysoka trodnost téchto pid byla znama nasim piedkiim jiz v davné historii, a proto byly tyto
oblasti dlouhodobé vyuzivany pro osidlovani a rané zemédélské vyuziti. Vyznamné
a dlouhodobé piisobici antropogenni ¢innosti v disledcich vysoké populacni hustoty v idolnich
nivach vedly k mnohym zménam tohoto ekosystému. Obecné pravé zemédelské ekosystémy
jsou spojeny se znacnymi zménami transportnich cykli prvki a latek v disledku kombinace
podstatnych vstupii latek (hnojeni, zavlahy, pomocné ptidni latky) a dynamiky odnosu latek
(odnos skliznémi, erozi aj.). Nivni pasma vodnich tokii jsou vysoce produkénimi oblastmi,
pfitom vSak byla prokdzdna jejich zvySend zatéZ rizikovymi prvky a perzistentnimi
organickymi polutanty. Lze tedy ocekavat zvySena rizika plynouci z pfitomnosti zvysenych

koncentraci kontaminantii v téchto pidach.



Vyse uvedené diivody naznacuji, ze citlivé a zna¢n€ proménlivé prostiedi ¢ini ptidy idolnich
niv vhodnym modelovym tzemim pro hodnoceni vyznamu rizik a kumulativnich G¢inka
chemickych latek na riznych méfitcich. Pro Gspésné feSeni problematiky bylo potieba ziskat
V prvni fazi poznatky o obsahu vybranych stopovych prvkii a znecistujicich latek (zejména
perzistentnich organickych polutantl) v nivnich ptidach. Hlavnim cilem bylo ovéreni parametra
zatéze pud pomoci vhodné nastavenych metod pro hodnoceni diferencovanych rizik pro rizné
transferové cesty tykajici se potravniho fetézce, bezprostiedni ochrany ¢lovéka ¢i ekologickych
funkci pidy. Vysledkem je pak hodnoceni potencialnich rizik v zaplavovych tzemich v CR,
jejich prostorova regionalizace pomoci pokro¢ilych statistickych metod a interpretace téchto
rizik v souvislostech potencidlnich zdroji kontaminace v povodich. Piredkladana disertacni
prace je souborem komentovanych publikovanych ¢lanka, které vznikly v pribéhu feSeni
problematiky. V praci a publika¢nich vystupech je zaroven Kkladen diraz na prostorové
souvislosti environmentalnich dat, nebot’ metody prostorové analyzy dat umoziuji sledovat
a interpretovat vliv riznych zdroji na celkovou miru znecisténi a zaroven profil zatéze
a souvisejicich rizik z hlediska kompozi¢ni struktury. Vlastni prostorova analyza pouziva
pro vizualizaci vysledkti moderni nastroje z riznych geovédnich oblasti, jako je eostatistika,
geografické informacni systémy ¢i statisticka analyza dat. Publikacni vystupy v praktické ¢asti
prace detailnéji popisuji jednak nékolik pfipadi Gspésné aplikace téchto nastroji pro odhad
rizik kontaminace pud rizikovymi latkami, jednak vysledky experimentalniho ovéteni dil¢ich

rizik vyplyvajicich z kontaminace pid zaplavovych oblasti.



2 Literarni prehled

2.1 Vymezeni a vlastnosti adolnich niv

Udolni nivy jsou komplexnim, dynamickym ekosystémem s neustalou interakci mezi
terestrickym a vodnim prostfedim (Reddy & Patrick 1993). Systém tdolnich niv a nivnich pad
je soucasti obecného transportné-akumulaéniho cyklu a globalnich biogeochemickych cykld,
zahrnujicich procesy zvétravani, eroze, fi¢niho transportu, sedimentace, redistribuce sedimenti
¢i pedogeneze. Z ekologického hlediska predstavuje ficni krajina komplexni vysek krajiny
charakterizovany jako sled propojenych biotopt s pfirozenymi ekologickymi gradienty
a vyznamnymi ekologickymi funkcemi (Ward 1998; Luster et al. 2014). Ekologicka
diferenciace environmentalnich gradienti a povrchovych struktur fiéni nivy (ptda, biota)
odhaluje klicovy dynamicky charakter a pfirozenou heterogenitu projevujici se v prostoru
i v ase (Ward 1998). Vysoka trodnost téchto pid byla znama nasim ptedkim jiz v davné
historii, a proto byly tyto oblasti dlouhodobé vyuZivany pro osidlovani a zeméd¢lské vyuziti,
coz vedlo k mnohym zménam udolnich niv (Vaska 2003). Jak uvadéji Tockner a Stanford
(2002), 79 % biehovych z6n evropskych fek je dnes intenzivné vyuzivano.

Z hlediska geomorfologického vymezeni udolnich niv je zasadni otazkou evoluce fi¢nich
niv vinterakci zmén fi¢niho koryta a sedimentace fi¢nich aluvii. Vysledkem vyvoje je
nejcastéji podobu akumulacniho plochého rovinatého uzemi, mirn€ uklonéného ve sméru toku
urcujici vodotece, které je, nebo diive bylo, béhem povodni zaplavovano (Vaska 2003).
Nicméné, jak uvadi Vaskl (2003), detailni tvainost reliéfu niv nebyva vzdy Uplné€ jednotvarna
a v nivach lze rozlisit z hlediska podrobngjsi amplitudy reliéfu fadu dil¢ich geomorfologicky
odlisnych tutvar vzniklych dynamikou koryta (ramena vodnich tokt) a dynamikou
akumulac¢nich procesi (tzv. hrudy jako vyvySena mista v nivé, zrnitostné a fytocenologicky
vystupujici z nivnich sedimentd, ¢i tzv. kolky jako konkdvni terénni utvary v nivach, které
zustavaji vlh¢éi nez okolni polohy nivy). Z geomorfologického hlediska je klicové pochopeni
mnozstvi sedimentovaného materialu a prostorovych vzorct sedimentace v udolni nivé. Zména
pficemz fada z nich ma antropogenni charakter S uzkym vztahem k historickym zménam
krajiny (de Moor et al. 2008). S tim souviseji i vztahy mezi depozici sedimentl a vazanych

kontaminanti v nivach, sledované v fad¢ regionalnich geochemickych studii (napf. Hudson-



Edwards et al. 1999; Macklin et al. 1994; Hren et al. 2001; Walling et al. 2003), coz vyustilo
méfitcich (Otesen et al. 1989; Bolviken et al. 1996) ¢i nové ve vyuziti prvki pro geochemické
datovani fluvialnich sedimentd (Babek et al. 2015; Grygar et al. 2010; 2014).

Z pedologického hlediska byvaji oblasti, které jsou pravideln¢ zasahovany povodnémi,
obvykle vymezeny pasmem vyskytu fluvizemi na aluvialnich sedimentech. Jak ukéazali Novak
et al. (1998) na piikladu Moravy, velké recentni povodné svym rozlivem dobie korelovaly
s arealy fluvizemi. Nicméné lze ptedpokladat, ze pedogeografickd situace se v ruznych
povodich lisi jednak pod vlivem charakteristickych ptidotvornych faktorti v povodi, jednak pod
vlivem antropogennich zasahti, které ovliviiovaly erozné-depozi¢ni podminky v povodi
a prirozenou dynamiku vodnich tokl (zmény vedeni trasy koryta, upravy podélného a pti¢cného
profilu toku, zmény hydrického rezimu nivy). Nivni polohy se zpravidla vyznacuji slozitymi
katénami synlitogennich fluvizemi, ale i Cernic, (pseudo)glejii a také svéraznou vegetaci,
ovliviiovanou jednak zatopami za povodni, hladinou podzemni vody a rdznorodosti
zrnitostniho sloZeni padné-litologického prostiedi (Vaskl 2003; Némecek & Tomasek 1983).
Pokud budeme hovofit o pfirozené variabilit¢ pid v zéplavovych zoénach, lze vyjit
z diferenciace fi¢nich gradientti dle Warda (1998) na longitudinalni, vertikalni a lateralni.
Z hlediska pudni diverzity se longitudinalni gradient projevuje diferenciaci ¢i kontinuitou
zastoupeni pudnich typl v nivé odrazejici ve svém poradi zménu pidotvornych Ciniteld podél
toku. Jurca (1974) prokézal zakonity sled vlastnosti fluvizemi v korelaci s klimatickymi
podminkami a charakterem sedimentace od horniho po dolni tok. Vertikdlni gradient vyjadiuje
podle Stanforda a Warda (1993) interakce mezi tekouci vodou v fi¢nim toku a zdroji podzemni
vody a souvisejicimi procesy, které z hlediska pedogeografie maji izkou vazbu na hydromorfni
rezim pud navazujicich niv. Z pedogeografického hlediska lze nivu chépat jako cast
komplexniho systému pedogeomorfni katény, kde se lateralni heterogenita projevuje
toposekvenci pid rozvodi-svah-niva-vodni tok, pfi¢emz vymezeni fluvizemi viéi pudam
navazujicich svahii je nejednoznaéné z davodd rozostiené hranice fluvidlnich,
deluviofluvialnich a deluvialnich sedimenti a pedogenetické ptibuznosti ptidnich typti (Sefrna

2008; Zadorova et al. 2008).



Z hlediska pochopeni dynamiky znecisténi udolnich niv a hodnoceni rizik znecisténi jsou
klicové ctyti faktory — zdroje, (re)distribu¢ni mechanismy, vlastnosti kontaminantl a sorp¢ni

vlastnosti ptdy.

2.1.1 Zdroje a distribu¢ni mechanismy zne¢isténi v zaplavovych oblastech

V piipad¢ kontaminace rizikovymi prvky (RP) se dopliuji zdroje ptirozené (tj. geologicky
podminéné) se zdroji antropogennimi. Jinak je tomu u perzistentnich organickych polutantt
(POP), kde je zhlediska kvantitativnich vstupii otazka piirozenych koncentraci spiSe
marginalni (Alcock et al. 1998). V piipad¢ odlehlych povodi s minimalnim antropogennim
vlivem jsou hydrologické procesy eroze pudnich ¢astic hlavnimi mechanismy vstupu
rizikovych prvki do ficniho systému. Jak uvadéji Janecek et al. (2005), erozni splaveniny jsou
vysledkem selektivniho procesu, pii némz jsou jemnéjsi ¢astice prednostné odnaseny odtékajici
vodou, a sedimenty tim obsahuji obecné vice jilovitych, prachovitych a organickych latek nez
zdrojové pudy. Tyto plidni frakce Ize obecné charakterizovat velkou schopnosti vazby
kontaminanti. Quinton a Catt (2007) ¢i Jiao et al. (2012) sledovali vyznamné obohaceni
erozniho sedimentu RP spolu s obsahem jilové a organické slozky, pfi¢emz vysledné trendy
odnosu pudnich prvka kopiruji trendy ztraty pudy, ale pfili§ nekoresponduji s obsahy RP
ve zdrojové pudé, coz ukazuje na vyznamny vliv celkové produkce sedimentu na diftizni cesty
RP z pudy vlivem eroze.

V mnoha oblastech svéta je dnes patrné, Ze ficni systémy mohou byt ovlivnény mnohem
vice antropogennimi tlaky nez pfirozenymi piirodnimi vlivy (Messerli et al. 2000). Meybeck
(2003) charakterizuje soucasné zmény fi¢ni krajiny jako soubor antropocennich syndromu
(regulace, fragmentace, zmény sedimentace, chemické a mikrobidlni kontaminace, eutrofizace,
acidifikace) s popsanymi ptiznaky a pii¢inami stavu. Jednotlivé antropogenni ¢innosti maji
specifické distribu¢ni mechanismy kontaminace V povodich a jejich nivach. Zemédélstvi
ovliviiuje distribuéni mechanismy piimou aplikaci rizikovych latek do pud prostrednictvim
zavlahy zneciSténou vodou, dotaci hnojiv a pomocnych padnich latek se zvySenymi obsahy
rizikovych latek (hnojiva, komposty, Cistirenské kaly, sedimenty) ¢i oSetfenim produkce
Vv zaplavovych oblastech ptipravky na ochranu rostlin. Primysl je odpovédny za piimé
distribuéni mechanismy v podobé vypousténi neciSténych ¢i  zneciSténych vod
do hydrologického recipientu, kde mohou nasledné vlivem hydrologickych redistribu¢nich

mechanismi migrovat ve vodnim toku (v sedimentech) ¢i mimo vodni tok (do nivnich pid).



Druhym piimym mechanismem vstupu rizikovych latek je atmosféricky vstup z imisnich spadt
Z primyslovych podnikd uvniti ¢i vné povodi. Tfeti moznosti jsou nahodilé vstupy ve formé
havarii ¢i jednordzovych tnikt rizikovych latek z primyslovych zdrojt ¢i starych ekologickych
zatézi. Z hlediska vlivu na chemické vlastnosti fi¢nich systémii ma vyznamné postaveni tézba
a zpracovani nerostd, kde hlavnimi distribu¢nimi mechanismy jsou eroze materidlu
Z pozustatkli dulni ¢innosti a piimy vstup dilnich vod do vodoteci. Dalsi zdroj uzce souvisi
S urbanizaci niv — tj. koncentraci obyvatel a dopravy, kdy lze sledovat vyznamné piimé
distribucni mechanismy znecisténi do fi€nich systéml v podobé splachu vod nasycenych
znecisténim z méstského prostiedi vlivem zvysené zatéze dopravnimi kontaminanty (dopravni

cesty, parkovaci plochy) ¢i vlivem splachu z budov (zejména stiech).
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Obr 1 Historicky vyvoj zne€isténi fi€nich systémil a jejich ovlivnéni ¢lovékem v zépadni
Evrop¢ dle Meybecka (2003) - (1 — organické znecistujici latky, 4 — rizikové prvky, 6 — dusikaté

znecisténi, 8 — pesticidy)

Vyznam jednotlivych zdroji kontaminace se v priibéhu historie méni, pfic¢emz tyto zmeény
probihaji odlisné v riznych Castech svéta s disledky pro pohyb znecist'ujicich latek (Lohman
et al. 2007). Na Obr. 1 lze sledovat vyvoj chemické kontaminace v Evropé od prvotnich
lokalnich vlivi Gpravy rud (Hong et al. 1996; Macklin et al. 1997) pies masivni rist
kontaminace v 19. stol. v souvislostech se spotfebou kovii béhem prumyslové revoluce
(Middlekoop 2000) az po vrchol kontaminace kovy mezi roky 1950-1970 vlivem emisi

ze spalovani uhli. Narast POP je spojen dominantné s industrialnim obdobim i S intenzifikaci



zemédelstvi a Sirokym vyuzitim pesticidi od 40. let 20 stoleti. Emise POP do prostiedi jsou
od 70. let 20. stoleti v Evropé a Severni Americe snizovany diky zakazim a kontrole emisi
nékterych POP (Jones & Vogt 1999), zaroven dochazi ke geografickému posunu produkce POP
vlivem fady faktort, jako jsou globalni pfesuny vyrobnich kapacit do Asie, spalovani biomasy
a lesni pozary Vv tropickych oblastech ¢i nartst vyuziti pesticidd v zemé&délstvi a regulace
roz§ifeni tropickych nemoci (Lohman et al. 2007). V CR lze od 90. let 20. stoleti sledovat
vyznamné zlepSeni kvality povrchovych vod vlivem politicko-ekonomickych zmén, které
ptinesly snizeni intenzity prumyslové a zemédélské vyroby i rozvoj legislativni ochrany

zivotniho prostiedi (Langhammer 2010).

2.1.2 Redistribu¢ni mechanismy kontaminace pudy v zaplavovych oblastech

Vyslednici zdroju a distribuce jsou obsahy rizikovych latek v fi¢nich systémech. Tyto
obsahy jsou veli¢inou s vyznamnou dynamikou, pfiC¢emZ V nivnich oblastech muze tato
dynamika vzrustat vlivem zmén interakce s ¥i¢ni vodou. Baborowski et al. (2007) ¢i Zonta et al.
(2005) prokazali, ze ocekavané kontaminace povodnovych sedimenti RP jsou umérné obsahu
jejich forem vazanych na suspendované ¢astice ve vodnim prostiedi béhem povodiiové viny.
Nasledky povodiiové redistribuce zneciSténi 1ze sledovat v fi¢nich systémech pod silnym
vlivem jedinecného zdroje — naptiklad v pfipadech odnosu a sedimentace toxickych dilnich
odpadi v diasledku extrémnich hydrologickych udalosti (Bortivka et al. 1996; Cabrera et al.
1999; Diaz-Barrientos et al. 1999). Podobné Zak et al. (2009) sledovali toky RP v silng
kontaminované nivé feky Litavky a potvrdili povodiovou redistribuci RP do dolnich ¢asti toku
ve vazbé na obsahy suspendovanych ¢astic vzniklych erozi kontaminovanych biehovych
sedimentt. Navratil et al. (2008) pak sleduji vlivy redistribuce kontaminace horni Litavky
V navazujicim povodi Berounky. Podobny posun znecisténi byl sledovan v navazujicich ficnich
systémech feky Mulde (oblast soutoku Mulde a jeji zdrojnice Spittelwasser), kde v regionu
Bittefeld (Némecko) byly v navaznosti na chemickou vyrobu sledovany anomalni obsahy POP
I RP v nivnich ptidach a sedimentech (Brack et al. 1999; Schwartz et al. 2006; Gotz et al. 2007).
Podobné¢ je dlouhodobé sledovan vliv hot spotu kontaminace POP na fi¢ni systémy
Vv industrializovaném povodi feky Passiac ve stat¢ New Jersey (USA) (Bopp et al. 1991,
Wenning et al. 1994; Barabas et al. 2004).



Slozitost procesu povodnové redistribuce kontaminace byla prokazana celou fadou
srovnavacich studii, kdy byly sledovany koncentracni zmény polutantd vlivem povodnovych
udalosti. Cebula et al. (2005) dokumentovali zvySeni obsahu RP v povodi Odry vlivem povodné
v roce 1997. Elhotova et al. (2006) ¢i Pulkrabova et al. (2008) sledovali narust zneéisténi
rizikovymi latkami na lokalitach v povodi Vltavy a Labe po povodni v roce 2002. Naopak
Vacha et al. (2003) nesledovali signifikantni nardst obsahu rizikovych latek v povodi dolniho
Labe po povodni v roce 2002, podobné Maliszewska-Kordybach et al. (2011) prokazali
na piikladu povodi Vistuly, ze v oblastech bez vyznamnéjSich urbannich a primyslovych
zdrojii znecisténi nedoslo vlivem povodiiové udalosti v roce 2010 k vyznamnéj$im zméndm
hygienického stavu plidy. Podobné zavéry potvrdila ekotoxikologicka srovnévaci studie
Mullera et al. (2003), ktera neprokazala narust toxicity povodnovych sedimentu v dusledku
povodné. Rada studii na druhou stranu potvrdila, ze v disledku extrémnich hydrologickych
udalosti se mohou sedimenty (dnové ¢i deponované na pidach) docasné stat zdrojem
kontaminace kvuli remobilizaci a redistribuci zakonzervovaného znecisténi (Forstner 2004;
Krueger et al. 2005; Hilscherova et al. 2007). Ri¢ni systémy (koryta, povodiiové ploginy,
ptibiezni mokfiny) jsou tedy dle fady autorti do¢asnym ulozistém kontaminantt, které v ptipadé
zmén podminek mohou predstavovat ,,chemickou ¢asovanou bombu* (Stigliani et al. 1991;
Japenga a Salomons 1993; Cappuyns et al. 2006). Schwartz (2006) analyzoval stabilitu dnovych
sedimentii na stfednim Labi se zavéry, ze zvysené povodnové pritoky v roce 2002 vedly
k remobilizaci star§ich pohibenych sedimentii s vyznamné vys$si zatézi a rizikem jejich
redepozice do Fi¢nich niv. Podobné Kaiglova et al. (2015) popsali rizika ptipadné mobilizace
dnovych sediment na piikladu Biliny a Labe. Umlauf et al. (2005) pozorovali, Ze pudy
za povodinovymi valy, které nebyly pfi povodni v roce 2002 na dolnim Labi zaplaveny, byly
zanedbateln¢ kontaminované latkami POP ve srovnani s pravidelné zaplavovanymi ptidami
ficni nivy. Autofi zaroven konstatovali, Ze se kontaminacni toky v dobé této extrémni udalosti
posunuly od wvnosu kontaminace povodinovou vinou spiSe k vyplavovani historicky
zakonzervované kontaminace. Jak ukazuji Macklin (1992) ¢i Hudson-Edwards et al. (1998)
na piikladu olova a zinku v siln¢ kontaminovaném aluviu feky Tyne v severovychodni Anglii,
k redepozici sedimentarné pohibené kontaminace mize dochéazet po relativné dlouhé dobé

od primarniho vstupu.



V piipad¢ POP a rtuti je tfeba uvazovat o i dalSich mechanismech redistribuce, kdy
semivolatilni kontaminanty maji tendenci vstupovat do plynné faze s potencialem K pienosu
a redepozici. Kruh volatilizace a depozice muze byt mnohokrat opakovan, a tak miize dochazet
k jejich akumulaci v oblastech vzdalenych od oblasti jejich pouziti (Koblizkova et al. 2009).
Dalkovy pienos zneciSténi jako dilezity mechanismus globalni distribuce POP (Lunde &
Bjorseth 1977) je dnes intenzivné zkoumdn, dochdzi neustdle k rozSifovani znalosti
0 globalnich tocich latek na zakladé globalnich modelt distribuce (Wania & Mackay 1999).
Otazce rtuti v kontaminovanych fluvialnich ptidach a mozné redistribuci s ohledem na volatilni
charakter dil¢ich sloucenin rtuti (Lindberg et al. 2002) je vénovana velka pozornost v oblasti
sttedniho Labe — Wallschldger et al. (2000); Devai et al. (2005); Rinklebe et al. (2010).
V neposledni fad¢é lze za dil¢i proces redistribuce latek v zaplavovych zonach povazovat
ptestup rizikovych latek do rostlin (a odnos sklizni v zemé&dé€lsky vyuzivanych ptidach), coz je

zasadni 1 z hlediska rizik vstupt do potravniho fetézce (viz kapitola 2.2.1).

2.1.3 Pudni vlastnosti jako faktory sorpce zneciSt'ujicich latek

Z hlediska kli¢ovych faktort bude odd¢len¢ diskutovana dynamika rizikovych prvka
a perzistentnich organickych polutantt, pficemz diskuze poznatki z odborné literatury je
smérovana K vlivu téchto faktord v nivnich pudach. Skupina RP zahrnuje stopové prvky, které
se ptirozené vyskytuji v padach v nizkych koncentracich, nicméné prekroceni vazebné kapacity
pud miZe vést k zdvaznym environmentalnim dasledklim (toxicita, zvySeni mobility, ptestup
do rostlin) (Alloway 1990). POP jsou S$irokou skupinou chemickych sloucenin organické
povahy a jejich hlavnim rysem je perzistence v prostiedi a rizika pozdnich uc¢inku kvili jejich
dlouhodobému biologickému pisobeni v organismech s potencialnimi u¢inky genotoxickymi,
karcinogennimi a mutagennimi (Jones & de Voogt 1999) ¢i s potencidlnim narusenim
fyziologickych funkci endogennich hormont (Kavloc 1996; Kelce et al. 1995).

Hlavnimi charakteristikami pudy, které ovliviiuji mobilitu RP a jejich transport, jsou pH,
redox potencidl, kationtova vymeénnd kapacita, mnozstvi a kvalita organické hmoty, oxida
a jilovych minerald, stupen provzdusnéni pudy ¢i mikrobialni aktivita (Alloway 1990). Cely
tento provazany komplex vlastnosti se méni s hydrickymi vlastnostmi pliidy a dostupnosti
kysliku v padé, které se v nivach méni pod vlivem stfidani suchych podminek podobnych

terestrickym pudam s podminkami zaplavenych (mokiadnich) pud. Dynamiku RP uréuji



interakce mezi procesy sedimentace, adsorpce, srazeni, kationtové vymeény, tvorby komplex,
mikrobialni aktivity a pfijmu rostlinami (Matagi et al. 1999). Vysledkem interakce je
ustanoveni rovnovahy pro jednotlivé RP mezi jilovymi mineraly, ptidni organickou hmotou
a hydratovanymi oxidy, pficemz pidni pH a redoxni podminky maji klicovy vyznam
pro ustanoveni rovnovaznych stavu (Zunkel & Krueger 2009; van Griethuysen et al. 2005).
Cyklické zmény rezimu hraji klicovou tlohu ve zménach redoxniho potencialu s vlivem na
mobilitu prvkd, coz bylo potvrzeno jak Vv terénnich studiich (Shiller 1997), tak v laboratornich
experimentech (Chuan et al. 1996). Schwartz (2001, cit. v Zunkel & Krueger 2009) popsal
redoxni zmény V riznych fazich povodné na sttednim Labi a zaznamenal vyznamné rozvolnéni
vazeb Fe a Mn vlivem rozpousténi oxida v dob¢ sniZeni redoxniho potencialu, coz vede jednak
ke ztraté adsorp¢nich mist pro RP, a jednak ke zvysené kompetici mezi Kationty pii vyménné
sorpci s vysledkem potencialni mobilizace RP. Obecné ptitomnost ostatnich iontli vyznamné
ovliviiuje speciaci RP v pidach (Sims 1986), kdy vlivem rizné vytésnovaci sily riznych iontt
dochazi ke kompetici pii obsazovani adsorpénich mist (Hoins et al. 1993). Shaheen et al. (2013)
prokazali, ze siln€ji vazané prvky v pudée (Pb, Cu) jsou méné ovlivnény kompetici nez mobilni
prvky (Cd, Ni, Zn). Proti procesu rozpusténi oxo-hydroxida ptisobi tvorba sulfidt a karbonatt
Fe ¢i Mn ¢i sulfidickych precipitati s imobilizaénim efektem, ptfi¢emz v béznych pidach
pievazuje spiSe efekt imobilizace (Forstner 1992). VIiv jednotlivych faktort je slozity
a mnohdy antagonisticky, coz v ptipadé zaplavovanych pid umociuje dynamika padnich
vlastnosti. Naptiklad Schwartz (2001, cit. v Zunkel & Krueger 2009) zjistil, Ze k vyznamnym
zménam redoxnich podminek dochazi v pifipadé pfiznivych podminek z hlediska obsahu
organické hmoty a teploty, coZ vede dle autorti jednak k vyznamnéjSim fluktuacim redoxniho
potencialu v ptidach bohatych na humus (depresni pudy niv), jednak k sezénnim rozdilam
mobilizace prvkd mezi povodnémi v letnim a zimnim obdobi, coz lze ptisoudit zejména vlivu
vys$si teploty na mikrobidlni aktivitu S naslednym nardstem obsahu RP v pidnim roztoku
v dusledku komplexace s organickymi ligandy. Vlivu organické hmoty na sorpci RP v pudach
je vénovana fada studii a napt. Carrillo-Gonzalez et al. (2006) nabizeji ucelené zpracovani
tématu. Obecné lze fici, ze pidni organicka hmota ma pfimy vyznam pro sorpci RP diky tvorbé
organokovovych komplexti a zaroven jako adsorpéni povrch, na druhou stranu se podili
na tvorbé rozpustnych organickych komplext, které naopak mohou chranit prvky pred adsorpci

nebo vysrazenim (Carrillo-Gonzalez et al. 2006). Sedimentace a postdepozi¢ni degradace
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organické hmoty povodnovych sedimentd jsou vyznamnymi biogeochemicky procesy
s moznymi dopady na RP (Zunkel & Krueger 2009). Krueger et al. (2005) sledovali vztah
obsahu organické hmoty, elevace terénu a Cetnosti zaplav a zjistili vy$si obsahy organické
hmoty a RP v niz8ich partiich zaplavové oblasti stiedniho Labe. Eisenmann (2002) ¢i Albering
etal. (1999) na piikladu Labe resp. Meuse determinovali linearni korela¢ni vztah mezi obsahem
organické hmoty a RP. V laboratorni studii byl tento korelaéni vztah vysvétlovan spise
vyznamem organické hmoty pro zvySovani vazebné kapacity povrchu jilovych minerali
(Zunkel & Krueger 2009). Nicméné jak uvadégji Kalbitz a Wennrich (1998), vliv organické
hmoty na mobilizaci v zaplavovych pudach se 1isi u jednotlivych RP a vyznamné zavisi
na kvalité¢ organické hmoty a vlastnostech piidniho roztoku. Napiiklad vyznam organické
hmoty signifikantné klesal pii poklesu pH pod 4,5 (Kalbitz & Wennrich 1998). Obecné snizeni
pH pidy vede u vétsiny RP ke zvySeni mobility (Alloway 1990), nebot’ pH patii ke klicovym
faktoram rozpustnosti RP v pad¢ (Brallier et al. 1996). Vyznamny vliv pH souvisi s velkou
senzitivitou jilovych mineralti, hydratovanych oxidi Fe a Al ¢i ptdni organické hmoty
ke zménam pH (Harter & Naidu 2001). Dynamika pH ve vazbé na redox potencial se pak
projevuje signifikantnim vztahem zmén pH a mobility RP v zaplavovych zénach (Krueger &
Groengroeft 2004). Geller et al. (2004, cit. v Zunkel & Krueger 2009) sledovali ve vétsing
vzorkl zaplavovych pid v povodi Labe pH < 6, kdy lze oc¢ekéavat relativné vysokou mobilitu
Cd, Ni, Zn, mén¢ Cr a relativné nizké obsahy mobilnich forem Pb a Cu (Adriano 2001).
Sorpce prvku na oxo-hydroxidy Fe a Mn je vyznamnym faktorem speciace RP nejen
v zaplavovych pudach (Jenne 1968; Triverdi & Axe 2000). Ve vazbé na dynamiku rezimu pid
je kli¢ové stiidani tvorby jejich stabilnich krystalickych forem béhem oxida¢nich podminek
v suchych obdobich s piislusnym imobilizacnim efektem na RP (Tack et al. 2006) a jejich
reduktivniho rozpousténi vlivem inundace (Davranche & Bollinger 2000; Grybos et al. 2007).
Afinita jednotlivych RP na hydratované oxidy se vyznamné liS§i pfi soucasné existenci
vazebnych preferenci jednotlivych oxida k jejich adsorpci (Triverdi & Axe 2000). Obecné vétsi
vyznam pro Sorpci RP maji dominantné zastoupené oxidy Fe (ferihydrit > goethit > hematit)
oproti minoritnim oxiddm Mn, které v§ak maji vys§i vazebnou kapacitu (Zunkel & Krueger
2009). Podobné jilové mineraly maji z hlediska sorpéniho potencialu RP mensi vyznam oproti
hydratovanym oxidum ¢i organické hmoté, nicmén¢ jejich mnozstvi v pudach zvySuje jejich

vazebny potencial (Kabata-Pendias & Pendias 2001). Jak ukazuji Rinklebe et al. (2007)
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¢i Zunkel a Krueger (2009) na ptikladu dolniho Labe, obsah jilovych a prachovych ¢astic
vyrazn¢ dominuje ve fluvidlnich pidach v nivnich depresich, zatimco obsah pisku roste
na akumula¢nich rovinach. Zunkel a Krueger (2009) uvadéji, ze ve fluvialnich ptidach dolniho
Labe byl dominantnim jilovym mineralem illit, mén¢ pak kaolinit, coz ukazuje spise na stiedni
vazebnou kapacitu fluvialnich pid z hlediska obsahti jilovych mineralt. Eisemann (2002)
popsal linearni vztah obsahu jilu a RP v zaplavovych pidach stiedniho Labe, zatimco Albering
et al. (1999) v zaplavovych ptdach feky Meuse tento vztah neprokazali.

Chemické vlastnosti POP, pifedevs§im pak hydrofobni a lipofilni charakter, determinuji jejich
vyskyt a transferové cesty v ekosystému smérem k silngjs$i vazbé na pidy a organické matrice
a k omezenému vstupu do vodni faze (Jones & de Voogt 1999). Jejich vlastnosti umoznuji
cirkulaci mezi jednotlivymi ekosystémy, pti¢emz ovzdusi je hlavni sloZkou, v niZ k pfenosu
dochézi. Osud a chovani POP v pudach se odvijeji od jejich chemické struktury, fyzikalné-
chemickych vlastnosti a environmentalnich podminek, pti¢emz rozhodujici jsou nasledujici
vlastnosti a procesy:

« vlastnosti dilezité pro transport ve slozkach prostiedi — perzistence, bioakumulace, sorpce;

* chovani v jednotlivych slozkach prostfedi a jejich fazich — tj. mezifazova distribuce

Vv jednotlivych slozkach prosttedi (tuha—plynna, tuha—kapalna, kapalnd—plynna faze);

» abiotické degrada¢ni postupy — hydrolyza, oxidace, fotodegradace v jednotlivych fazich;

* biodegradace.

Vztahy mezi t€émito vlastnostmi a procesy pak urcuji toky mezi slozkami prostiedi, pfi¢emz
béhem tohoto transportu mohou byt jednotlivé latky abioticky i bioticky pfeménovany.
Z hlediska potencidlu k pohybu v plidnim prostiedi jsou urcujici faktory distribuce sloucenin
mezi pevnou, kapalnou a plynnou pidni fazi (Jones & de Voogt 1999). Toto rozd€lovani latek
Ize popsat pomoci distribucnich koeficientl, které vyjadiuji sumu molekularnich interakci
(zahrnujici iontové interakce, van der Waalsovy sily, vodikové miistky) mezi latkou a dvéma
fazemi (Ehlers & Loibner 2006). Rovnovazné rozdéleni hmoty mezi vodnou a plynnou fazi 1ze
charakterizovat pomoci Henryho konstanty. Rozdélovaci koeficient mezi oktanolem a vodou
(Kow) je dnes povazovan za indikator rozdéleni mezi pevnou a kapalnou fazi a spolecné
S obsahem organické hmoty v pudé slouzi k odhadu sorpce POP na pidu (Jones & de Voogt
1999). Obsah organické hmoty je povazovan za kli¢ovy pro obsahy POP (Sweetman et al. 2005;

Dalla Valle et al. 2005), nicmén¢ vétsinou nelze tento obsah snadno vyuzit pro predikci POP
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Vv ptud¢ linearnimi modely, nebot’ variabilita POP ve vztahu k obsahu organické hmoty je silné
maskovana dal§imi faktory — ptedevsim blizkosti zdroje (Meijer et al. 2003) ¢i vlivem teplotni
diferenciace (Ribes et al. 2002). Avsak obecné 1ze konstatovat, Ze V pfirozeném pudnim profilu
dochazi vlivem vyssich organickych obsaht ke kumulaci POP ve svrchni vrstvé pady (Cousins
etal., 1999; Krauss et al. 2000; Moeckel et al. 2008), nicméné v ornych pudach dochazi vlivem
kultivace k posunu i do hlubsich vrstev (Armitage et al. 2006). Fikarova et al. (2018) sledovali
odli$né vertikalni distribuce vybranych POP v profilech nivnich pid, coZz ukazuje na vyznam
ovlivnéni distribuce POP procesy evoluce nivy a sedimentace, ptedev§im pak jemnych
a organickych frakci v nize polozenych ¢astech nivy. Vliv téchto frakci potvrzuje také vysoka
lokalni variabilita POP v nivnich ptidach se signifikantni korelaci POP s obsahem jilovych
a prachovych c¢astic i obsahem organického uhliku (Witter et al. 1998; Kiersch et al. 2010).
Obecny vyznam pldni organické hmoty potvrzuji také Casto sledované zvysSené obsahy POP
V lesnich ptidach (Tremolada et al. 2008). Pudni organicka hmota je z hlediska chemického
slozeni velmi variabilni a vyznam frakcionace organické hmoty na specifické vazby POP byl
sledovan pro vybrané pesticidy (Piccolo et al. 1998; Ahmad et al. 2001), ale také
pro polychlorované bifenyly (PCB) a polyaromatické uhlovodiky (PAU) (Doick et al. 2005;
Pan et al. 2006), kdy byl dokumentovan dominantni vliv huminu na obsahy hydrofobnich POP.
Na podkladé terénnich vysledkt obsahu PCB v ptidach Svycarska navrhuji Tremolada et al.
(2012) obsah uhliku v huminu pidni organické hmoty jako vhodny ukazatel pro odhad
akumulac¢ni schopnosti piidy pro POP. Ackoliv u fluvizemi lze obecné ocekavat sttedni obsah
humusu s pievahou fulvokyselin ve frakénim slozeni, budou zde pravdépodobné vyznamné

rozdily zptisobené variabilitou ptidniho sloZzeni zaplavovych oblasti.

2.1.4 Variabilita zne¢isténi v zaplavovych pidach

Depozice polutantl v nivnich oblastech je dana predevsim ukladanim sedimentu a ma tedy
pfimou souvislost S geomorfologickymi procesy probihajicimi na povodfiové ploSing.
U pfirozenych, lateraln€ meandrujicich fi¢nich koryt tak dochazi k agradaci kontaminovaného
sedimentu na povodilové plosSing, pfi¢emz mira kontaminace se pak lisi v zavislosti na vyvoji
sedimentace, zejména stafi a celkového thrnu (Perry & Taylor 2007). Casto lze tedy sledovat
vy$$i miry kontaminace v bezprostiedni blizkosti vodniho toku s naslednym poklesem smérem

do distalnich ¢asti udolni nivy (Leigh 1997). Tento gradient neni vSak pravidlem a byly
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sledovany i vyrovnané obsahy v celém rozsahu plosiny (Bradley & Cox 1990; Martin 1994).
Popsané rozdily jsou s nejvétsi pravdépodobnosti ovlivnény zrnitosti sedimentu (Ladd et al.
1998; Walling et al. 2003). Kontaminanty vazané na jemnozrnné sedimenty se ukladaji
Vv topograficky nize polozenych oblastech povodiovych plosin (Bradley & Cox 1990).
Leenaers a Rang (1989) popsali rozdily mezi obsahy Cd, Zn a Pb v zavislosti na frekvenci
zaplav v povodi feky Geul, kde byl s vyssi Cetnosti zaplav pozorovan vyznamny nartst obsahu
téchto prvka v pfislusnych padach. Zapojeni podrobné amplitudy reliéfu v modelu
koregionalizace a vzajemného krigingu pak umoznilo lepsi odhad RP v aluvidlni padé
rizikovymi latkami v disledku sedimentace organickych latek a jemnych jilovitych castic
béhem zaplavovani (Devai et al. 2005; Overesch et al. 2007; Rinklebe et al. 2007). Podobné
vysledky byly sledovany také ve studii malého meéfitka na stfrednim Labi, kde byla sledovéana
vysoka variabilita obsaht 29 riznych POP pod vlivem ptdnich vlastnosti (textura, organicka
hmota) (Kiersch et al. 2010). Rinklebe et al. (2007) prokazali na dolnim Labi, ze obsahy Cd,
Zn a Cu byly vyssi v silné jilovitych pldach odpovidajicich terasovym cernicim, dale
Vv terasovych glejich a aZ nasledné v hlinitych fluvizemich. Autofi pak vyuzili znalosti pidnich

typt a substratli k odhadu obsahu RP v zaplavovych oblastech na ptikladu dolniho Labe.

cvwr

cvwr

terasach s vysokou frekvenci zaplav a vyssi ro¢ni sedimentaci (> 10 mm za rok). V regionalné
zamétené studii fluvialnich pid Labe byla potvrzena vysoka zatéz nivnich pid na aluvialnich
sedimentech celou skalou RP a POP (Podlesakova et al. 1994; Vacha et al. 2003). Na zakladé
porovnani obsahll vybranych rizikovych latek v geomorfologicky vymezenych ¢astech udolni
nivy bylo prokdzano, ze intenzita zatéze pud nivnich oblasti je statisticky vyznamné vyssi
ve srovnani s ostatnimi zemédélsky vyuzivanymi ptidami CR.

Ukazuje se, ze distribuce rizikovych latek v udolni nivé zavisi na vzdalenosti od fi¢niho
koryta, frekvenci zaplav, geomorfologii nivy a jejim vyvoji, pidnich vlastnostech, ale také
na existenci a pozici umélych bariér (ptehradni nadrze, protipovodnové hraze) omezujicich
kontinuitu fiéniho systému a jeho interakce s nivou (Japenga & Salomons 1993; Boriivka et al.
1996; Martin 2000; Middelkoop 2000; Du Laing et al. 2009; Majerova et al. 2018).
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2.2 Rizika znecisténi v nivnich pidach a metody jejich hodnoceni

Narus$eni pfirozeného biogeochemického cyklu prvki a vnaseni obtizné degradovatelnych,
perzistentnich cizorodych latek do prostiedi vede ke zménam distribuce téchto latek smérem
k selektivni akumulaci v prostiedi. Rizika spojena s touto postupujici akumulaci byla globalné
identifikovana jako vyznamna jak pro ekosystémy, tak pro ¢lovéka. Laboratorni i1 terénni
experimenty publikované v odborné literatufe potvrzuji skutecnost, ze fada rizikovych prvki
a perzistentnich organickych polutanti ma Skodlivé U¢inky na lidské zdravi, pfi¢emz
Vv souvislostech dlouhodobého biologického plisobeni polutantu v organismech s potencialnimi
genotoxickymi, karcinogennimi a mutagennimi ucinky (Jones & de Voogt 1999). Kombinace
vysoké intenzity zemédélstvi, populacni hustoty a zvySené environmentalni zatéze Vv nivnich
oblastech ukazuji na potiebu odborného hodnoceni rizik a vyvoj védecky odvozenych kritérii
pro posouzeni téchto rizik. S tim je spojeno hodnoceni potencidlu piestupu do potravniho
fetézce pies transferovou cestu pida-rostlina, hodnoceni G¢inku na zdravi ¢lovéka (ptimé
zdravotni ucinky zvySenych koncentraci toxickych prvki a latek), hodnoceni ekologickych
rizik (ekotoxikologickych ucinki) a stanoveni rizikového profilu z pohledu zdravotnich

i ekologickych rizik.

2.2.1 Rizika znecisténi pro potravinové retézce
Z hlediska piestupu kontaminace z pudy do rostlin lze v zaplavovych oblastech uvazovat

nékolik kritickych cest (upraveno dle Trapp & Mc Farlene 1999; Mikes et al. 2009):

a) piijem z pudniho roztoku kofenem,
b) absorpce kontaminantu na povrch kotene,
c) foliarni ptijem latek odpatenych z pidniho povrchu,

d) absorpce kontaminace na listovou plochu.

Pokud se podivame na jednotlivé cesty pro potencidlni ptijem rizikovych latek v rostlinach,
je patrné, ze prakticky vSechny cesty mohou byt siln€ ovlivnény v dobé povodniové udalosti
vlivem pfimého kontaktu s kontaminovanymi vodami a sedimenty. Absorpce kofenovym
systémem je hlavnim transportnim mechanismem pfijmu rizikovych prvka (Kabata-Pendias &

Pendias 2001), nicméné¢ bilance kofenového a mimokotenového (prevazné foliarniho) piijmu
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se mezi jednotlivymi prvky lisi. Harrison a Chirgawi (1989) sestavili potadi prvkia podle jejich
ptijmu z atmosféry: Pb > Cr > Ni > Zn = Cd. Pro pfijem rizikovych prvki koteny rostlin
je nezbytné, aby byly nejdiive uvolnény do ptidniho roztoku jako volné disociované ionty nebo
rozpustné anorganické a organické komplexy (Adriano 2001), proto klic¢ové ptidni faktory pro
ptijem latek koresponduji s faktory mobility téchto prvkt v pidé (Briimmer et al. 1986).
Z literarnich udaji lze urcit obecné potadi rizikovych prvki podle piistupnosti prvki pro
rostliny —napf. Harrison a Chirgawi (1989): Zn > Cd > Ni > Cr > Pb (n¢kdy Cd > Zn). Némecek
et al. (2010) uvadgji fadu: Cd > Zn, Tl > Cu > Mn > Ni, Co > Pb, As, Be > Cr > Hg
a pti zohlednéni mobility prvku jako klicového faktoru transferové cesty piida-rostlina Ize fadu
modifikovat na Cd, T1 > Mn > Zn > Co, Cu > Ni, Pb > As > Be > Cr, Hg. Prestup z pudy také
ovliviuji rostliny (druh rostliny, velikost, vyvojové faze, charakter kofenového systému,
kofenové exudaty, mykorhiza) (Kabata-Pendias & Pendias 2001). Na podkladé terénnich
a simulacnich dat prokazali Podlesakovd a Némecek (2001) pomoci faktorové analyzy
vyznamnou rozdilnost vztahl pfestupu jednotlivych prvki do rostliny a plidnich vlastnosti
a nasledné vicenasobnou regresni analyzou navrhli transferové rovnice, vyjadiujici interakci
pudnich sloZzek vyvolané piestupy jednotlivych RP do rostlin. Pravé linearni modely byly diive
nejcastéji vyvijeny a testovany pro jednotlivé rizikové prvky a jejich sorpci v piidé (Elzinga et
al. 1999; Streck & Richter 1997) a pro modelovani piestupu rizikovych latek z pidy do rostlin
(Efroymson et al. 2001; Némecek et al. 2001; Rodrigues et al. 2012). V soucasnosti se nove
uplatiiuji také pokrocilej$i metody strojového uceni pro parametrizaci sorpce prvka v ptdé.
Covelo et al. (2008) vyuZili metody regresnich a klasifikacnich stromi pro tvorbu modelu
sorpce RP v ptudé, kdy vyuzili celou fadu vysvétlujicich proménnych (zrnitostni sloZzeni pldy,
obsahy hydratovanych oxidii Fe a Mn, mineralogické slozeni ptid — jilové mineraly apod.)
a na podklad¢ vysledku definovali klicové prediktory sorpce prvki v pudach.

Z hlediska ptestupu POP z ptidy do rostlin jsou podobn¢ jako pro sorpci v ptidach urcujici
faktory distribuce slou¢enin mezi pevnou, kapalnou a plynnou ptadni fazi. Cousin a Mackay
(2001) se pokusili zahrnout terestrickou vegetaci do jiz vytvofeného multifazového modelu
a definovali zakladni procesy piijmu POP vegetaci, pficemz pro jednotlivé procesy jsou klicové
rozdelovaci koeficienty (distribu¢ni koeficient ptida-voda - Kq , rozdélovaci koeficient oktanol-
voda - Kow, bezrozmérna Henryho konstanta - Kaw, rozdélovaci koeficient organicky uhlik-voda

- Koc) (Briggs 1984; Trapp 2003). Potencial piechodu latek z atmosféry do prytu maji piedevs§im
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latky s niz§im Kaw, kdy, jak uvadi Trapp a Mathies (1999), se piestup vzduchem tyka latek
s Kaw do 104, které budou spise volatilizovat z ptdy a dale interagovat s nadzemni &asti rostlin.
Pro ptijem ze vzduchu jsou pak kromé¢ fyzikalnich vlastnosti latky dalSimi determinanty hlavné
lipidicka slozka povrchu rostlin (kutikularni vosk) a fyziologicka specifika rostlinnych druht
(Kylin & Bouwman 2012). Duarte Davidson et al. (1996) rozdélili organické chemikalie do tii
tiid dle intenzity sorpce v zavislosti na logKow, kdy latky s vy$simi hodnotami log Kow (< 4,0)
maji silnou tendenci k sorpci na povrchu kotend, zatimco latky s velmi nizkym log Kow (< 2,0)
se mohu snadno transportovat dale. Z vysledki MikeSe et al. (2009) plyne, ze piestup
z kontaminované zeminy do plodin vyznamné ovliviiuji také resuspendované pudni Castice,
které mohou ulpivat na listech plodin. Existuje také pfima piestupova cesta ptida-nadzemni ¢ast
pfi kontaktu prytu s kontaminovanou plidou, kterda mutze v disledku povodinovych udalosti
nabyvat vétSiho vyznamu.

Groengroeft et al. (2005) sledovali vyznamné zvySené obsahy rizikovych prvki v rostlinach
ithned po povodni v roce 2002 v némecké casti Labe vlivem depozice kontaminovanych
sedimentl na rostlinny povrch, pfi¢emz i pfes vyznamné snizeni obsaht ptiblizn€ po 1 mésici
hodnoty stale pickracovaly relevantni limity dle EU. Jak uvadéji Krueger a Groengroeft (2004)
¢i Overesch et al. (2007) na piikladu vysledki z Labe, nelze vétSinou nalézt pfimou vazbu mezi
obsahy prvki v pid¢ a obsahy v rostlin¢ kviili komplexni podminénosti procesu piestupu
do rostlin vlivem pudnich podminek (velka prostorova variabilita a dynamika pudnich
podminek) a variability rostlinnych spolecenstev (druh rostliny, obdobi odbé&ru, stadium vyvoje
rostliny). Umluaf et al. (2005) také neprokazali signifikantni ptestup pida-rostlina pro latky ze
skupiny polychlorovanych dibenzo-p-dioxinti a furani (PCDD/F). Autofi sledovali vysoké
obsahy v rostlinach na pidach mimo zaplavova tizemi, zatimco na pidach s nejvyssimi obsahy
byly naméfené koncentrace v rostlinnych vzorcich velmi nizké. Podobn¢ Stachel et al. (2006)
pti sledovani obsahii vybranych POP v nivach prokazali jejich zvySené obsahy v ptdach
I rostlinach, avSak bez jasnych signifikantnich korelacnich vztahii mezi obsahy v padé
a prislusnych plodinach. Nicméné vlivem povodnové udalosti v roce 2002 bylo prokazano
zvySeni obsahi POP, které se projevilo zvySenym obsahem POP v rostlinach a nasledné
Vv potravnim fetézci (kravské mléko) (Stachel et al. 2005). K jednoznaénym zaverim dosli také
autofi, ktefi sledovali na pastvinach s vysokou Cetnosti zédplav vyznamné zvySené obsahy POP

v mléku ¢i hovézim mase ve srovnani s kontrolnimi stanovisti nepostizenymi zaplavami
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(Alcock et al. 2002; Hendriks et al. 1996; Stachel et al. 2005; Lake et al. 2005; 2014),

kdy castecny vliv lze ptisoudit ingesci pudy spole¢né s piijimanou potravou.

2.2.2 Zdravotni a ekosystémova rizika zne¢iSténi v nivnich oblastech

Rizika environmentalnich koncentraci chemickych latek pro zdravi ¢lovéka ¢i ekosystém
vyplyvaji z potencialnich moznosti piestupu téchto latek z prostredi do zivého (vcetné lidského)
organismu (Holoubek 2003). Z hlediska cilového organismu tedy rozliSujeme hodnoceni rizik
humanotoxikologikych a ekotoxikologickych. Principialné Ize ob&é metody zalozit na principu
hazard indexu (AH/) — tj. na srovnani environmentalnich koncentraci mezi skute¢nou zatézi
matrice (¢) a na uCincich zalozenych referenénich hodnot (SSL) pro dil¢i polutanty
z itoxikologicky vyznamnych chemickych latek pro sledovany vztah stresor — receptor.
Formalné Ize tento vztah vyjadtit rovnici:

Hlpisi = e+ —2 o ! (-1-)
RISK ™ ¢SL, * SSL, SSL;

V piipadé¢ rizik pro zdravi ¢lovéka vyzaduje jejich hodnoceni exaktni ptistupy pro popis
podminek pro expozi¢ni transport — tj. kdy a jak je ¢loveék vystaven kontaktu s chemickymi
latkami. Klicovou otdzkou je mnozstvi, forma a toxicita chemickych latek v environmentalnich
matricich. Proto je monitoring vyskytu toxikologicky vyznamnych chemickych latek v ptidnim
prostiedi jednou z cest pro ziskavani uzite¢nych podkladi pro hodnoceni a interpretaci dat
0 predpokladech expozi¢niho transportu do lidského organismu, a z né¢ho plynoucich rizik pro
zdravi ¢lovéka (Holoubek 2003). Cilem hodnoceni rizik je tedy ziskat maximalné spolehlivé
a uplné informace o uvazovanych chemickych latkach a podminkach expozice. Ziskani vSech
podkladi je idealni situace, a proto je velmi dilezité zohlednit ¢i zahrnout nejistoty postupu
odvozeni zdravotnich rizik (Holoubek 2003). Spolehlivé informace pro nastaveni podminek

expozice piinasi predev§im experimentdlni stanoveni dané latky v tkanich sledovanych

1 Specifickym problémem je skutecnost, Ze analyticky stanovujeme omezené spektrum ldtek , zatimco v redlném prostiedi
Jsou chemické latky pritomny v podobé riizné komplikovanych smési a dosud nent dostatek informaci o vzajemnych interakcich
mezi jednotlivymi komponentami smési (Holoubek 2003). Proto kromé chemickych analyz polutantii v environmentdlnich
vzorcich Ize k indikaci rizikovych procesii v piidach i sedimentech vyuzit biologické metody zaloZené na laboratornim
sledovani vilivu znecisteného piidniho prostiedi na modelové piidni organismy (Zivocichové, rostliny, mikroorganismy)
¢i biologické (nejcastéji mikrobidlni) parametry piidy (Hofman et al. 2003; Vasickova et al. 2013) Ekotoxikologicka hodnoceni
maji celou rfadu vyhod ve srovnani s chemickou analyzou, nebot integruji vysledné piisobeni celé smési pritomnych polutantii
ajejich funkcni stav v piidé (biodostupnost), avsak zarover prindseji rizika vyssich nejistot z ditvodii vysoké variability vysledkai,
vlivu dalsich faktorii a nedostatku srovadvacich (referencnich) hodnot (Hofman et al. 2003, Sdiika et al. 2015; Sochovad et al.
2006, Vasickova et al. 2013).
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organismi. V pfipad¢é, Ze empirickd méfeni nejsou z nejriznéjSich divodu k dispozici,
vyuzivaji se expoziéni modely, které parametrizuji pifijem chemickych kontaminant
prostiednictvim piimé expozice z abiotickych medii (Holoubek 2003). Pro tyto potieby se
vyuzivaji screeningové predikéni vypocty expozice, kdy do vypoctu samotného rizika vstupuji
hodnoty environmentédlnich koncentraci chemickych latek a také parametry zvoleného
expozi¢niho scénafe pro vybrané expozi¢ni cesty (U.S. EPA 2002; Cupr et al. 2013).
Vystupnim parametrem pro dal$i hodnoceni je nabidnuta davka chemické latky, ktera zahrnuje
informaci o mnozstvi a frekvenci piijmu, ktery lze dlouhodobé piedpokladat. Finalni
kumulativni rizika pro zvolené polutanty jsou hodnocena jako suma dil¢ich rizik pro jednotlivé
polutanty. Jak uvadi Cupr (2016), obecny model pro screeningové predikéni vypodty expozice
lze vyjadfit rovnici:

CDI_CxIRxETxEFxED )
- BW x AT (=2-)

CDI — chronicky denni piijem (obecné piijem) [napi. v ng.kgt.den™]

C — koncentrace dané latky v expozi¢ni matrici

IR — piijmova rychlost (,,Intake Rate*; naptiklad inhalace vzduchu v m3.hod™)
ET — doba expozice (,,Exposure Time*)

EF — frekvence expozice (,,Exposure Frequency*)

ED — trvani expozice (,,Exposure duration*) [rok]

BW — vaha téla [kg]

AT — doba primérovani [den]

Jak ukazuje Cupr et al. (2010), Ize tento obecny model modifikovat zahrnutim réiznych
expozicnich cest do vypoctu, zvolenim cilového rizika pro karcinogenni a nekarcinogenni
efekty a tvorbou mistné specifickych expozi¢nich modeld. Toho bylo vyuzito pro screeningové
vyhodnoceni rizik u nivnich ptid v zaplavovych oblastech a nastaveni parametri pro mistni
expozi¢ni model s ohledem na charakter bézné expozice populace pohybujici se na podobnych
typech lokalit (Sanka et al. 2015).

Podobné¢ jako u zdravotnich rizik 1ze pro hodnoceni ekologickych rizik vyplyvajicich
z ptitomnosti chemickych latek v prostedi vyuZit poméru mezi skute€nou zatézi a na ucincich
zalozenymi referenc¢nimi hodnotami. Jednim z Castych zptisobl pro odvozeni téchto hodnot je

urc¢eni indikativni hranice moznych ekosystémovych rizik v padach, které vyjadiuji koncentraci
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polutantu, pfi niz lze ofekavat v pidnim prostiedi potencidlni ekotoxikologické ucinky
na n¢kterych trofickych trovnich. Hodnoty se odvozuji v ekotoxikologickych studiich
na zakladé hodnoceni u¢inki pro dany vztah stresor-receptor a definovanim nejzranitelnéjsich
slozek ekosystému pro danou latku (Lijzen et al. 2001; van Vlaardingen et al. 2007).

Zékladnim cilem hodnoceni zdravotnich ¢i ekologickych (ekosystémovych) rizik je nejen
komplexni predikce a popis moznych dopadl, ale také charakterizace profilu rizik
na jednotlivych lokalitach. Vyhodou screeningového odhadu rizik je pravé moznost jednotlivé
lokalité ptifadit konkrétni expozi€ni parametry a vypocitat mistné specifické hodnoty pro dalsi
hodnoceni. Vlastni hodnoceni profilu zatéze spoc¢iva ve vyjadreni podilu jednotlivych polutantti

¢i skupin polutantd na kumulativni predikci rizika a ndsledném hodnoceni profilu rizika.

2.2.3 Geoprostorové metody vhodné pro regionalizaci zneciSténi pad

Diilezitou vlastnosti vSech pozorovani pudnich vlastnosti, vcetné znecisténi a z né¢ho
vyplyvajicich rizik, je vztah jednotlivych pozorovani ke konkrétnimu mistu a Casu, coz
formalné vyjadiuje nasledujic vztah:

{zi(sp0):j=1,..ki=1,..,nt=1..,T}, (-3-)

kde z; vyjadiuje méteni j- tého atributu z celkem k atributli v i~ tém bodé ¢i arealu z celkem
n sledovanych prostorovych jednotek v dobé t z celkového poctu T sledovani v ¢ase (Haining,
2010). Vyuziti prostorové informace tak umoZznuje nejen exploraci variability cilové proménné,
ale pfi existenci prostorové autokorelacni struktury dat (tj. funkéni zavislost vyskytu ur¢itého
jevu v prostoru na vyskytu tohoto jevu v nejbliz§im okoli) umoziuje také predikci v mistech
bez ptimého pozorovani. V soucasnosti 1ze sledovat posun od metod zalozenych na modelovani
Cisté prostorového vztahu cilové proménné (napi. interpolace inverzni vzdalenosti ¢i bézny
kriging) smérem k zapojeni dal§ich proménnych do explorace prostorové struktury a predikce
pomoci kombinovani informaci odvozenych z Cisté¢ prostorovych vztah s informacemi
o statistické interferenci s dalsimi proménnymi v atributovém prostoru dat. To souvisi také
S extenzivnim narGstem dostupnych kovariantnich proménnych vlivem technologického
rozvoje (McBratney et al. 2003; McKenzie & Ryan 1999). Vysledkem je adaptace klasického
geostatistického pristupu v podobé¢ regrese-krigingu (Odeh et al. 1995; Hengl et al. 2004; Lado
et al. 2008) ¢i linearniho pristupu na zakladé smisenych efekt (Lark 2000), ale také vyznamné

zapojeni adaptivnich metod odvozenych z oblasti vytéZzovani dat. Hengl (2017) ukézal
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na datech o kontaminaci pud v nivé feky Meuse vyhody technik z oblasti strojového uceni
(metody zalozené na stromech a jejich varianty) ptfi analyze nelinearnich vztaht zapojenim fady
prediktor véetné prostorové informace jako kovariantni proménné a hovoii o o¢ekdvaném
rozvoji téchto technik s istupem geostatistickych metod krigingu. Walder et al. (2006) diskutuji
praktické aspekty vyuziti rliznych geostatistickych metod (bézny a vzijemny kriging,
geostatisticka simulace) pro sledovani puidnich vlastnosti zéplavovych zon kombinujici
analytickd data a kovariantni proménné (elevace terénu, vzdalenost od koryta, hloubka
podzemni vody ¢i biotop), pti¢emz vysledky porovnavaji s expertnimi znalostmi z konven¢nich
mapovani. Autofi upozoriiuji pravé na vyhlazovaci efekt nékterych geostatistickych metod,
ktery v ptipadé mnohdy ostrych ptechodii mezi biotopy a piidnimi vlastnostmi neni zadouct,
coz generuje potiebu dostatecné hustoty vzorkovani ¢i nasazeni pokrocilych postupti (vhodné
nastaveny model koregionalizace ¢i simulacni techniky), zatimco konvenc¢ni, expertni terénni
prazkum pudy tyto ptechody snadno odhalil.

Vyhodou geostatistickych modela krigingu stale ziistdivd moznost kvantifikace nejistoty
predikce (Goovaerts 1999), z tohoto pohledu jsou v oblasti znec¢isténi pidy hojné vyuzivany
nelinearni techniky, resp. linedrni techniky krigingu na nelinearné transformovanych datech
(Cressie 1993; Webster & Oliver 2009), kam patii zejména indikatorovy Kriging (Journel 1983)
a jeho varianty (Juang & Lee 2000). Podstatou je tedy stanoveni indikatorové funkce, ktera
nahodnou funkci v daném misté transformuje na podkladé€ splnéni podminky (ptekroceni
prahové hodnoty), pficemz vysledky nésledného geostatistického odhadu krigingem jsou
interpretovany jako podminéna pravdépodobnost naplnéni podminky této funkce v mistech,
kde nebylo provedeno méteni (Webster & Oliver 2009). Tento postup umoznuje tesit nesoulad
v predpokladech modeloveé zalozenych geostatistickych technik (ndhodna proménna jako
realizace z vicerozmérného normalniho rozdéleni — Marchant et al. 2011) se situaci realnych
environmentalnich dat, ktera reprezentuji ve vétSin€ ptipadui vice procest a zachycuji tedy vice
nez jednu populaci (Limpert et al. 2001; Reimann & Filzmoser 2000). Zaroven tyto techniky
umoziuji snadné zaclenéni doplitkovych informaci do pravdépodobnostniho odhadu (Brus et
al. 2002; Goovaerts et al. 1997; Van Meirvenne & Goovaerts 2001) ¢i modififikaci pomoci
geostatistickych simulaci pro situace, kdy nds vice zajimé detailni variabilita dat spiSe nez
nejlepsi odhad realizace nahodné funkce v daném misté, coz mnohdy plati pravé pro studium

kontaminace pidy (Goovaerts 2000). Burrough a McDonell (1998) nazorné demonstruji
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na datech kontaminace nivy feky Meuse, jak lze podminéné simulace vyuzit v kombinaci
s doplikovymi informacemi o pravdépodobnosti hodnot kontaminace v jednotlivych tfidach
Cetnosti zaplav. Zhao et al. (2007) pouzili rozsifenou metodu indikatorového krigingu
0 geostatistické simulace za pouziti dopliitkovych proménnych k vymezeni kontaminace pudy
v silné industrializované delté feky Jang-c'-tiang (Cina).

Dalsi vyvoj v oblasti geoprostorového hodnoceni variability znecisténi lze sledovat
V posunu od analyzy prostorového vztahu jedné proménné k vyuziti vzajemnych vztahii mezi
proménnymi pro exploraci téchto vztaht ¢i jejich vyuziti pro predikci. Goovaerts a Webster
(1994) ¢i Webster et al. (1996) na ptikladu rizikovych prvka v ptidach ukézali, ze u fady prvka
Ize pozorovat tzv. koregionalizaci — tj. podobnosti v prostorové distribuci jednotlivych prvkd.
Toho vyuzili pro pokro¢ilé odhady jejich distribuce vyuzitim vzajemného krigingu, a tim pro
interpretaci rizného puvodu prvki. Pro ucely interpretace vztahl zneéist'ujicich latek jsou
hojné vyuzivany vicerozmérné metody zalozené na redukci rozmérnosti dat a exploraci
vicerozmérnych vztahti (Facchinelli et al. 2001; Lucho-Constantino et al. 2005; Micé et al.
2006). Velmi efektivni z hlediska interpretaéniho potencialu se ukazuje jejich spojeni
s geostatistickym odhadem prostorové distribuce. Jednim z pfistupti je redukce dimenzionality
dat a naslednd prostorova interpolace veli¢in vzniklych linedrni kombinaci vstupnich dat
(Bortivka et al. 2007; Sor3a et al. 2018). Alternativou jsou potom metody, které vyuzivaji
zaClenéni prostorové informace do vicerozmérné analyzy dat pomoci kvantifikace vztaht
sousedstvi mezi jednotlivymi pozorovanimi formou vazené prostorové matice ke vstupni matici
pro analyzu hlavnich komponent (Borcard & Legendre 2002; Dray et al. 2006), coz na ptikladu
obsahi RP ve francouzskych ptudach ovétili Arrouays et al. (2011). Podobné je vyuziti
regionalizovanych vicerozmérnych technik — zejména faktorialniho krigingu, ktery filtruje
vztahy proménnych dekompozici variability na riznych prostorovych méfitcich (Goovaerts
1992; Wackernagel 2003), coz umoziuje sledovat podobnost ¢i rozdily méfitkové zavislych
vzorcil prostorove variability jednotlivych prvki ¢i skupin prvki, a tim napft. rozlisit pfirozené
a antropogenni vstupy (Bourennane et al. 2003; Lin et al. 2002; Nanos & Rodriguez Martin
2012). Zhou et al. (2016) pak vyuzitim faktorialniho krigingu sledovali méfitkové podminéné
rozdily obsahu RP v pdach s riznym vyuZzitim pod vlivem rtiznych zdroj znecisténi v delté

feky Jang-c'-tiang.
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Pii aplikaci vicerozmérnych statistickych postupl zalozenych na korelacnich/kovarian¢nich
vztazich je tfeba zohlednit fakt, Zze vétSina environmentalnich dat méa zaroven kompozi¢ni
charakter — tj. méfeni ve vahovych ¢i mnozstevnich podilech (mg/kg, ppm, podil dil¢ich
polutanti na celkovém riziku) je vzdy vyjadienim dat jako ¢asti celku, a tim jsou omezeny
konstantnim souctem (sumou vsech ¢asti). To znamena, ze statistickd interpretace nameéienych
koncentraci je smysluplnd pouze v ptipadé, Ze jsou brany v uvahu vztahy ke zbyvajicim
proménnym (Aitchison 1982). Statistické feSeni tohoto problému oznacovaného pod riznymi
terminy (problém konstantniho souctu ¢i uzavieni dat) je hleddno od doby, kdy K. Pearson
Vv roce 1897 upozornil na problematiku nahodilych korelaci (,, spurious correlation **) pti pouziti
podilovych dat (Sarmanov & Vistelius 1959; Chayes 1960). Statistické feSeni pfinesla prace
Aitchisona (1982), ktery navrhl a formdln¢ definoval statisticky koncept pro analyzu
kompozic¢nich dat.

Kazdou D-slozkovou kompozici je tedy mozné vyjadiit jako uzavieny vektor:

K*Zy. K-*Z,. K ' Zp.
C[Z]JZZ’""ZD] = D ) D ryrrry D 4 (_4_)
ic1Zi Xie1Zi i=1%i

kde C je tzv. uzavér ke konstanté x (Aitchison 1986). Z toho plyne, ze kompozi¢ni data lze
reprezentovat v omezeném prostoru (tzv. simplexu) — tj. ve vyb&rovém prostoru dat
s konstantnim sou¢tem, kdy jednotlivé slozky kompozice nabyvaji kladnych hodnot mezi nulou

a danou konstantou, coZ lze formalné vyjadfit vztahem:
SP = {(z4,23,..,2p) + 2, >0,z >0,..,2p>0; 2y +2, ++ zp = Kk} (-5-)

Hlavnim motivem statistického konceptu simplexu bylo vytvofeni podminek ke statistické
analyze kompozi¢nich dat, nebot’ pfi aplikaci standardnich metod (zalozenych na vlastnostech
euklidovské geometrie) na neupravena kompozi¢ni data nelze zarucit, ze vysledky nejsou
artefaktem uzavieni dat do konstantniho souctu vlivem jejich relativniho charakteru (McKinley
et al. 2016). Prvotnim feSenim bylo vyuziti relativni informace v kompozi¢nich datech
odvozenim pomért jednotlivych komponent, coz vedlo k navrZeni tzv. log-pomérovych
transformaci, zobrazujicich kompozice z SP do (D-1)-rozmérného realného prostoru (RP1),
tj. opusténi vybérového prostoru simplexu (Aitchison 1982; 1986; Egozcue et al. 2003).
Detailni pochopeni problematiky kompozi¢nich dat pfineslo definovani vztahu mezi redlnym

vybérovym prostorem a omezenym vybérovym prostorem simplexu, coz umoziuje prechod
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ze simplexu do kartézské soustavy soutradnic. Euklidovskd struktura vybérového prostoru
simplexu se oznacuje pojmem Aitchisonova geometrie (Pawlowsky-Glahn & Egozcue 2001)
avedla kdefinovani Aitchisonovy vzdalenosti, kterdA ma fadu vhodnych vlastnosti pro
naslednou statistickou analyzu kompozi¢nich dat. Formaln¢ se jedna o upravenou euklidovskou
vzdalenost pro v§echny ptipustné kombinace logaritmt podilti slozek kompozic x ay (Aitchison

et al. 2000).

Rozvoj metodické zakladny vedl k apravam a aplikaci vicerozmérnych metod pro potieby
kompozi¢ni analyzy dat. Filzmoser et al. (2010) ¢i Filzmoser a Hron (2009) ukézali moZnosti
analyzy dvourozmérnych vztahii kompozi¢nich geochemickych proménnych na upravenych
datech ze sledovani obsahu RP v mechorostech a ptidnich horizontech lesnich pad poloostrova
Kola (Rusko). Stejny datovy soubor byl vyuzit pro ovéfeni robustnich metod vicerozmérné
analyzy pomoci analyzy hlavnich komponent, faktorové analyzy (Filzmoser et al. 2009a;
2009b), shlukové analyzy (Templ et al. 2008) ¢i regresniho feSeni pro vysvétlovanou
proménnou s kompozi¢nim charakterem (Egozcue et al. 2011). Tolosana-Delgado a McKinley
(2016) wvyuzili robustni kompozi¢ni analyzu hlavnich komponent pro interpretaci
geochemickych vazeb RP a makroprvkl v pidach Severniho Irska, kde sledovali projevy
riznych geologickych formaci na kompoziéni strukturu dat. Buccianti et al. (2015) pak pouzili
komplexni kompozi€ni analyzu piidnich dat s obsahy RP pro stanoveni geochemického pozadi
a anomalii v litologicky pestrém tzemi. Reimann et al. (2012) pak demonstrovali moznosti
vyuziti kompozi¢ni analyzy na plidnich datech z celoevropského geochemického mapovani
V rdmci programu geochemického mapovani zemédélskych ptid GEMAS. Problematické ¢asti
geochemickych databazi (nulové hodnoty, hodnoty pod detekénim Ilimitem) je moZzno
V soucasnosti fesit pomoci vhodnych metod imputace hodnot (Martin-Fernandez et al. 2011).

Metodicka zakladna v oblasti statistickych a geostatistickych metod je v sou€asnosti velmi
Sirokd a vybér vhodné analyzy je mozné pfizpusobit vyzkumnym otazkam (predikce

vs. explorace), avsak pfi korektnim dodrzeni pfedpokladi a zohlednéni omezeni téchto metod.
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3 Védecké hypotézy a cile prace

Pro hodnoceni variability rizik vyplyvajicich z kontaminace nivnich oblasti byly stanoveny

nasledujici hypotézy:

1)

2)

3)

Znecisténi pud v zaplavovych oblastech vykazuje vyznamnou prostorovou variabilitu
Vv zavislosti na existenci zdrojii znecisténi. Pfedpokladame, ze existence jedinecnych
zdroju znec€iSténi a jejich prostorové rozmisténi podél vodniho toku ma vliv nejen
na celkovou miru znecisténi, ale také na kompozicni charakter znecisténi (tj. vztahy mezi
jednotlivymi znecist'ujicimi latkami v dil¢ich ¢astech niv).

Existuje variabilita v rizicich vyplyvajicich z kontaminace pid mezi jednotlivymi
vodnimi toky a jejich ¢astmi, pfiCemz tato variabilita je vysledkem riiznych procest
(atmosférické vstupy, redistribuce zne€isténi, bodové zdroje, difuzni zdroje,
geochemicky anomalni pudy).

Pfi vyznamném vyuziti nivnich pud pro zemédélskou produkci existuji relativné nizka,
avSak nezanedbatelna rizika piestupu rizikovych latek do zemédélské produkce. Rizika
tohoto transferu mohou byt v nivnich oblastech zvySena z divodu vys$si mobility,
¢i dostupnosti rizikovych latek, dynamiky pudnich vlastnosti a zaroven v souvislosti

S péstovanim citlivé zemédélské produkce pro ptimy konzum.

V souvislosti s vyse uvedenymi hypotézami byly stanoveny nasledujici cile:

1)

2)

3)

Jednim z hlavnich cilti prace je pomoci vhodnych metod sledovat gradient zne€isténi
Vv zavislosti na existenci a typech zdroji v povodich (zvySené litogenni obsahy v povodi,
metalogenni loZiska, primyslové zdroje, urbanizované oblasti, zeméd¢€lstvi), a tim ovéfit
miru ovlivnéni zdrojem. Kromé vlivu jednotlivych zdroji znecisténi na celkovou
magnitudu bude sledovan Kompozi¢ni charakter jak parametrti znecisténi, tak rizik
vyplyvajicich z tohoto znecisténi toxikologicky vyznamnymi latkami.

Zhodnotit regionalni rozdily mezi ekosystémovymi a zdravotnimi riziky kontaminace
pid, definovat prioritni toxikologicky vyznamné latky v jednotlivych povodich a jejich
castech a na zakladé vysledkt nabidnout referen¢ni hodnoty pro hodnoceni rizik.
Posoudit miru pfestupu do zemédé€lskych plodin u vybranych polutantd, které jsou
toxikologicky vyznamné a =zaroven byl prokazan jejich vyznamny piispévek
do celkového odhadu ekosystémovych a zdravotnich rizik v nivnich oblastech CR

Vv experimentalnich podminkéch.
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Abstract

Skila J., Vacha R., Hofman J., Horvéthova V., Satika M., Cechmankovi J. (2017): Spatial differentiation of ecosystem
risks of soil pollution in floodplain areas of the Czech Republic. Soil & Water Res., 12: 1-9.

Extensive soil sampling and screening assessment of ecosystem risks combined with a multidimensional statistical
analysis were used to estimate and spatially characterize the ecosystem risks stemming from the contamination
of floodplain soils in the Czech Republic. We proved structural differences in regional pollution patterns where
different regional/local pollution sources led to various nature and extent of the environmental load of floodplain
soils. The established spatial patterns helped reveal the areas where soils do not meet soil quality standards and
where the ecosystem risks were elevated. Furthermore, the results allowed to establish priority contaminants of
flood affected areas in various catchments in the Czech Republic. Combining both the magnitudes of estimated
ecosystem risks and structural characteristics of pollution profiles, the highest estimated risks showed the lo-
calities with high contents of organochlorine pesticides, several samples connected to geochemical anomalies
of metallogenic zones (deposits), and localities with a long history of industrial load. Since extreme weather
events have recently become more frequent, our results highlight the importance of a continual monitoring of

pollutant turnover in floodplain soils with a high flood frequency.

Keywords: floods; persistent organic pollutants; soil contamination; spatial patterns; trace elements

In recent years, extreme weather events have be-
come still more frequent and intense (BENISTON
& STEPHENSON 2004). As for the Czech Republic,
intensive floods caused significant damages in last
two decades. A high and long term anthropogenic
alteration of floodplains in the consequence of a high
population density (TOCKNER & STANDFORD 2002)
resulted in enhanced anthropogenic pressures on
fluvial ecosystem. Although the quality of surface
waters in Czech rivers underwent significant changes
during the 1990s due to a decline in industrial and
agricultural activity associated with political changes
(LANGHAMMER et al. 2010), increased concentrations
of various pollutants can still be found in alluvial
soils in Central Europe (PODLESAKOVA et al. 1994;
STACHEL et al. 2003). As for the floodplains in the
Czech Republic, soil contamination in the alluvial

zones of the sites strongly affected by mining and
metallurgy has been studied (BORUVKA et al. 1996;
ETTLER et al. 2006; ZAK et al. 2009). Regional studies
attempted to describe the contamination situation
in the Elbe catchment (PODLESAKOVA et al. 1994;
HEINISCH et al. 2007) or in the Morava River basin
(GRYGAR et al. 2012; NOVAKOVA et al. 2013) and
especially the flood impacts on soil contamination
in case studies (VACHA et al. 2003; ELHOTTOVA et
al. 2006; HILSCHEROVA et al. 2007; PULKRABOVA el
al. 2008). Since our knowledge regarding magnitudes
and pollution profiles of floodplain contamination
in the Czech Republic is still fragmentary, a rigorous
analysis of soil contamination was conducted by an
extensive soil sampling and screening assessment
of ecosystem risks combined with a multidimen-
sional statistical analysis. The study has provided

1
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a comprehensive spatial analysis of ecosystem risks
of soil contamination in cultivated floodplains in
the Czech Republic with the objectives of revealing
both the spatial patterns of pollution magnitude as
well as the composition of pollutants.

MATERIAL AND METHODS

Soil sampling. Since we endeavoured to charac-
terize pollution profiles of fertile soils and potential
ecological threats in cultivated floodplains, the sam-
pling sites (n = 100) were preferably located in the
areas where a high flood frequency has met a high
agriculture intensity. An extensive spatial analysis
of land use and soil diversity in Czech floodplains
(SKALA et al. 2013) had forgone field work so that
the target sampling areas could be established using
a spatial overlap of the 5-year flood inundation areas
from the DIBAVOD geo-database (Digital database of
water management data) and agricultural areas from
the digital Land Parcel Identification System (LPIS).
For each sampling site, a set of 10 individual probes
was collected from an area of 1 ha using handheld
auger (samples were homogenized by quartation).
The sample depth was 0-10 cm for pastures and
0-30 cm for arable land. The soil samples were ana-
lyzed for a wide range of pollutants (Table 1) and
basic soil properties (e.g. total organic carbon, soil
texture characteristics).

Laboratory analysis. Analyses for trace elements
(TEs) and soil properties were performed in the
Research Institute for Soil and Water Conservation,
Prague. Trace elements were determined using the
aqua regia digestion (ISO 11466 1995) followed by
atomic absorption spectrometry in flame (VARIAN
FAAS 240; Agilent Technologies, Inc., Mulgrave,
Australia — Cu, Ni, Pb, Zn), atomic absorption spec-
trometry with electrothermal atomization (VARIAN
ETA 240Z; Varian, Mulgrave, Australia — Cd) and
hydride generation mode (As). The total Hg content
was assessed using the AMA method (AMA254).
The analytical results underwent rigorous quality
assurance procedures — analytical replicates with a
relative standard deviation tolerance lower than 5%,
the sample spiking and certified reference materials
analyses (RM 7001, 7003). Chemical measurements for
persistent organic pollutants (POPs) were performed
in the Laboratory of trace analyses in the Research
Centre for Toxic Compounds in the Environment,
Brno. Contents of POPs were determined by gas
chromatography—mass spectrometry (GC-MS) (an

2
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Agilent 7890 GC coupled to an Agilent 7000B Series
Triple Quadrupole GC/MS System; Agilent Technolo-
gies Inc., Wilmington, USA) after dichloromethane
extraction of samples spiked with recovery standards
and clean up. Certified reference materials (Cambridge
Isotope Labs soil standard RM-0002) and laboratory
blanks were analyzed with each set of POPs samples.

Estimation of ecosystem risks. A screening risk
assessment of soil contamination was accomplished
using the Dutch method from the National Institute
for Public Health and the Environment (L1JZEN et al.

Table 1. List of pollutants determined in soil samples and
their serious risk concentration (SRC) values

Pollutant SRC (mg/kg)
Trace elements

As 85
Cd 13
Cu 96
Hg 36
Ni 100
Pb 580
Zn 350
Organochlorines

YXPCBs (7) 34
PeCB 16
HCB 2.0
a-HCH 17
B-HCH 13
Lindane 1.2
o,p'-DDE, p,p'-DDE 1.3
0,p'-DDD, p,p'-DDD 34
0,p-DDT, p,pDDT 1.0
Polycyclic aromatic hydrocarbons

Naphthalene 17
Phenanthrene 31
Anthracene 1.6
Fluoranthene 260
Benzo(a)anthracene 2:5
Chrysene 35
Benzo(k)fluoranthene 38
Benzo(a)pyrene 7.0
Indeno(123-cd)pyrene 1.9
Benzo(ghi)perylene 33
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2001; VAN VLAARDINGEN ef al. 2007) . The method is
based on the estimation of potential ecological risks
by a confrontation of environmental concentrations
(PEC) with referenced values for potential ecosystem
risks of soil contamination (serious risk concentra-
tion — SRC) (Eq.1). The SRC values (Table 1) are
simultaneously derived using all reliable toxicity
data reflecting both acute and chronic toxicity for
species representing different trophic levels as well
as using data for microbial processes and enzymatic
reactions, where the final choice is most frequently
the lowest value representing the most sensitive
ecological response (RIVM 2007). The SRC values
provide the effect base level where some ecotoxico-
logical effects may be expected.
PEC

RISK,, = ﬁ (1)

A resultant ecological hazard index for # pollutants
at each locality (HI,., in Eq. (2)) is then calculated
as a sum of quotients calculated for each i pollut-
ant in Eq. (1) and poses an estimation of potential
ecosystem risks (ERs).

Hlgeo = Z?:lRISKECO (2)

In the last step (Eq. (3)), we calculated relative con-
tributions of each element/substance to the overall

hazard index (HI,.).
" _ RISK;, -
RISKgco HIF,CO

Regionalization of ecosystem risks. Regional pat-
terns of ERs were assessed by a hierarchical cluster
analysis (HCA) using an average linkage clustering.
A matrix transformation of relative contributions
of each analyte to total HI ., in each sample was
performed prior to the HCA. The dataset was trans-
formed by a range transformation after the matrix
had been constant-row-sum normalized to generate
homogeneity of variance among all variables ac-
cording to MiEscH (1976). The constant-row-sum
transformation can reduce the influence of samples
with high proportions, while the range transforma-
tion reduces the influence of determinants with a
high variability. An optimal number of clusters was
determined by the Mantel test as an algebraic equiva-
lent of the Pearson’s correlation between the values
in the original distance matrix and binary matrices
computed from the dendrogram cut at various levels

(LEGENDRE & LEGENDRE 1998). The Kruskal-Wallis
test was used to verify significant differences in pol-
lutant concentrations by the cluster grouping. All
the processes were performed using R programme
(R Core Team 2012). The results were spatially visu-
alized using ArcGIS 10.2 (ESRI, Redlands, USA).

RESULTS AND DISCUSSION

Regional patterns of soil pollution profiles. Clus-
ter analysis was processed to verify whether soil pol-
lution composition tends to form regional patterns
in the dataset. The HCA results proved a satisfactory
cophenetic correlation coefficient (r = 0.8) with the
optimal number of 9 clusters (dendrogram in Fig-
ure 1). Basic statistics for main pollutants (Table 2)
and average relative contributions of pollutants to
total estimations of ERs (Figure 2) were calculated
after the dataset partitioning in the HCA.

The most substantial cluster was formed of lo-
calities characterized by high contributions of TEs
(Ni ~ Zn > Hg ~ Cd ~As) together with elevated
contributions of industrial POPs (PCBs, HCB). Lower
contributions of pesticides (especially lindane) and
individual PAHs were also characteristic for this
cluster. The cluster constituents reached lower or
average magnitudes of estimated ERs (Figure 4).
Searching for a spatial scatter of the cluster, it can
be concluded that member localities can be found
in all major Czech river systems (Figure 3). Cluster 1
can be considered as a characteristic profile of an
overall fluvial pollution in the dataset.

Cluster 2 can be characterized by high contributions
of PAHs compounds to estimated ERs. The increased
PAHs contents were evident in fluvial systems of the
broader North Moravian region (in the Odra and
Bec¢va River basins). In North Moravia, manifold
anthropogenic pollution sources (coal processing,
metallurgy) have generated higher Cd and PAHs con-
tamination of agricultural soils (VAcHA et al. 2015).
The elevated PAHs contents were also recorded along
the Jizera River past the industrial centre of Mlada
Boleslav. Impacts of local industrial enterprises in
the Jizera floodplain were proved in a complex geo-
chemical study of TEs enrichment in the floodplain
sedimentary fill by GRYGAR et al. (2013). High PAHs
contributions together with above-average values of
HI, ., were surprisingly found in the upper courses
of the Elbe and the Morava Rivers. This could only be
explained by a high propensity of PAHs to atmospheric
transport that may result in high concentrations of

3
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Figure 1. Dendrogram characterizing the partitioning of sampling localities according to relative contributions of pol-

lutants to estimation of ecosystem risks (ERs)

airborne POPs in remote and unpolluted freshwater
ecosystems (GRIMALT et al. 2004).

Cluster 3 involved a toposequence of 4 soil samples
near the confluence of the Morava and the Dievnice
Rivers. There was a series of higher concentrations
of organochlorine pesticides (especially HCHs and
PeCB) in this region (Figure 2a). Studying POPs dy-

namics in the dissolved phase in the water column of
the Morava and the Dfevnice Rivers, PROKES et al.
(2012) found the highest concentrations of organo-
chlorine hydrocarbons (especially PCBs, HCHs) at
the Dievnice sampling site.

There were higher contributions of organochlorine
pesticides (DDT and its metabolites) to estimated

Table 2. Medians for main pollutants after the data partitioning in hierarchical cluster analysis (HCA) and the results of
Kruskal-Wallis (K-W) test for significant differences on pollutant concentrations by the cluster grouping

YXPCB PeCB

HCB XHCH XDDX XPAHs As Cd Cu Hg Ni Pb Zn

Sample (n) gk

(mg/kg)

Dataset (100) 1.32 0.12 1.21 1.58 9.7
Cluster 1 (56) 121 0.12 121 1.58 9.2
Cluster 2

(

Cluster 3 (4) 1.59 1.52 226  29.50 10.1
Cluster 4 (3) 1.72 0.14 0.60 2.94 715
Cluster 5 (5) 112 010 1.48 1.48 72.0
Cluster 6 (3) 1.16  0.07 2.47 1.71 8.3
Cluster 7 (3) 113 0.04 0.96 1.58 14.5
FB18 0.70 0.10 1.12 0.82 157
FP24 3.16 0.16 0.92 1.26 3419
K-W test e * i ‘ i

362 88 038 243 011 256 237 96.6
249 85 031 232 011 257 221 94.0

24) 247 0.13 1.27 1.64 3.8 1748 82 040 248 011 251 234 934

755 85 034 188 0.07 282 179 679
404 12.7 095 37,5 013 272 401 128
262 16.3 1.50 106 0.12 258 47.6 188
400 98 055 355 025 237 516 180
151 354 023 195 0.08 201 162 76.1
147 9.0 029 202 0.07 699 165 796
434 30 074 288 015 249 459 136

P ESs o % 3 *

- not significant; *, **, ***a = 0.05, 0.01 and 0.001, respectively
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ERs characteristic for Cluster 4. The cluster was
spatially confined to the catchment of the Berounka
River and to the lower reach of the Ohfte River near
the confluence with the Elbe River. Enhanced Cd
and Cu contributions to ERs estimation followed the
organochlorine pesticides dominance in this cluster.
Pollution patterns observed in the cluster may refer
to a prevalence of agricultural activity in those areas.

Cluster 5 can be characterized as a complex pol-
lution profile where various pollutants contributed
to estimated ERs and involved most of the sampling
sites along the Ohre River. High TEs contributions
(especially of Cd, As, Cu) may be attributed to a spatial
interaction of various pollution sources in the North
Bohemian region (long-term airborne pollution due
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to combustion of fossil fuel and chemical industry,
geochemical anomalies of metallogenic zones) (VACHA
et al. 2015). Higher TEs contents are accompanied by
higher contents of various POPs of industrial as well
as agricultural origin (HCB, HCHs, DDT, and me-
tabolites). Similar ecosystem contamination caused by
anthropogenic sources was reported by KoHUSOVA et
al. (2011) in the adjacent watershed of the Bilina River.

In Cluster 6, dominant Pb and Zn contributions
to estimated ERs were reported and there prevailed
localities with soils contaminated by mining- and
smelting-related pollutants in historical Pb-Zn-Ag
mining districts of the Pfibram and Stribro deposits.
The previous studies showed a strong effect of the
metal works on the sediment contamination from
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Figure 2. Average relative contribution of individual pollutants (groups) to the total estimation of ecosystem risks (ERs)
for individual clusters: (a), (b) — major and minor pollutant groups, respectively
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Figure 3. Spatial regionalization of the
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the Litavka stream (BORUVKA ef al. 1996; ETTLER
et al. 2006; ZAK et al. 2009) as well as on the overall
contamination of flood sediments of the Berounka
River past the Litavka stream inflow (NAVRATIL
et al. 2008). The enhanced Pb concentration was
also recorded in the sample from a wet meadow in
a foreland of the Rozmberk fishpond. The high Pb
content trapped by the fluvic Gleysol may correspond
to organic matter binding (C, = 8.5) and might be
connected with the regional lead glassworks (VESELY
1994). Further work incorporating broader analysis
with a more detailed sampling programme would be
needed to verify the lead origin.

Cluster 7 involved 3 samples that are featured by high
contributions of As to estimated ERs. One sample was
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located in a floodplain of the Klejnérka stream drain-
ing the Kutna Hora ore region renowned for its high
contamination by TEs (especially As, Zn) (HORAK &
HejcMmAN 2013). The predominant As contribution to
estimated ERs was accompanied by elevated contribu-
tions of Cu and Zn in the sample. Other two samples
were derived from the floodplains of the Otava River
where the higher As contributions reflected the influence
of the geological situation as well as an abundance of
gold deposits with a high accessory As content (FILLIPI
et al. 2004; SKALA et al. 2011).

There were reported two singular localities in the
dendrogram cut at the optimum level. The first local-
ity (No. FB18) may be considered as an outstanding
branch of Cluster 1 (the dendrogram in Figure 1). A

Hazard index — Hlgco
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Figure 4. Spatial differentiation of
ecological hazard index (HI)
magnitude (ecosystem risks es-
timation) and regional hot spots
(Hlo > 2.0)
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Table 3. Priority pollutants for samples with topmost estimation of ecosystem risks (HI.., > 2.0) — their concentrations

and relative contribution to HI .,

Priority pollutants (relative contribution) [measured concentration; mg/kg]

Sample Cluster Hl.,

1 2 3

FB22 g 33 YPAHs (0.66) [14.6] Cu (0.12) [36.9] Ni(0.10) [33.2]
FBO7 2 25 YPAHs (0.40) [7.3] Zn (0.23) [209] Cu(0.13) [31.6]
FP17 4 26 Cu (0.42) [104] ¥DDX (0.24) [0.72] Zn (0.14) [128]
FPO1 4 25 £DDX (0.28) [0.82] Zn (0.20) [177] Cu (0.15) [37.5]
FPO5 5 3.0 Cu (0.55) [157] Zn (0.18) [188] Ni (0.08) [23.7]
FPO2 5 247 Cu (0.40) [106] Zn (0.22) [208] As (0.14) [33.6]
FP41 5 35 Cu (0.34) [116] Zn (0.16) [201] ¥DDX (0.15) [0.59]
FP43 6 35 Zn (0.36) [438] Pb (0.33) [680] Cu (0.11) [35.5]
FP25 6 25 Pb (0.35) [516] Zn (0.20) [180] Cu (0.19) [44.9]
FP29 7 26 As (0.37) [82.9] Zn (0.27) [246] Cu (0.18) [45.8]
FP24 = 41 YDDX (0.72) [3.4] Zn (0.10) [136] Cu (0.07) [28.8]

strong influence of high Ni content and DDTs con-
tent and low contributions of industrial pollutants
(PCB, HCB, PAHs) distinguished it from Cluster 1
(Figure 2a). The higher Ni content may be associated
with its geochemical position in regional ultrabasic
rocks (QUANTIN et al. 2008). Similarly, the singu-
lar locality FP24 is spatially as well as structurally
connected to Cluster 5 because an exceptional pre-
dominance of DDT and its metabolites was proved
in this sample from the Berounka River.

Regional differentiation of the estimated eco-
logical hazard index. Since magnitudes of the
ecological hazard index were calculated (Eq. (2))
and cartographically represented (Figure 4) for all
sampling sites, regional hot spots of potential eco-
logical impacts of complex soil pollution can be
determined. Higher values of estimated HI ., were
proved for the samples collected along the Ohre River
(especially at its lower course). An increase of HI .,
was recorded for the Elbe River past the Pardubice
centre and floodplains adjacent to the Neratovice
site confirming spatial pollution patterns in various
environmental compartments of the Elbe River basin
reported by PODLESAKOVA et al. (1994), HEINISCH et
al. (2007), RANDAK et al. (2009), and KOLARIKOVA
et al. (2012). Higher magnitudes of HI.., were re-
corded for the whole length of the Berounka River
with its increase in a consequence of some hot spots
(the Litavka stream inflow or Ag-Pb-Zn deposit in
Sttibro). Similarly, the elevated HI, ., followed the
Odra River with a regional increase near the Ostrava
agglomeration. Several local contamination abnor-

malities were detected in a consequence of spatially
confined pollution sources (Kutnd Hora deposit,
industrial centre of Mladd Boleslav or the Svitava
River near Boskovice).

Relative pollution profiles for the localities with
elevated values of hazard index (HI;., > 2.0) are
reported in Table 3. When combining both the magni-
tudes of estimated ERs and constituent compositions
of pollution profiles, 11 samples (from 6 clusters)
are to be explained. Three samples (FP01, FP17,
FP24) can be characterized by high contributions of
organochlorine pesticides (especially DDT and its
metabolites) to total ERs. A high dominance of some
TEs (As, Cd, Pb, Zn) featured several samples which
are spatially associated with geochemical anomalies
of metallogenic zones and deposits (FP24, FP29,
FP43). A pair of samples (FBO7, FB22) with priority
pollutants from PAHs group also exhibited elevated
HIp . Last but not least, the samples from the Ohfte
catchment with a more complex anthropogenic load
(As, Cu, Cd, Zn, HCB, DDT) reached an upper limit
of HI, variability.

CONCLUSION

The general pollution profile of flood affected
areas in the Czech Republic and several regional
pollution abnormalities with different pollution
characteristics were defined. Regional hot spots
of the potential ecosystem impacts of complex soil
pollution were estimated using the screening risk
assessment of soil contamination. When combining

7
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both the magnitudes of estimated ERs and structural
characteristics of pollution profiles, the highest es-
timated ERs were associated with several localities
characterized by enhanced contents of organochlorine
pesticides, samples connected to geochemical anoma-
lies of metallogenic zones (deposits), and samples
with a higher anthropogenic load (airborne PAHs
and TEs contamination). This suggests that the soil
contamination (magnitude, pollutant associations)
of Czech floodplain soils followed the character of
local pollution sources (geochemical anomalies)
as well as regional diffuse contamination sources
(organochlorine pesticides, PAHs). The screening
risk assessment of sample contamination estimated
only potential ecotoxicological effects for the most
vulnerable trophic levels for particular pollutants. A
high probability of ecological impacts of soil pollution
may be expected at several sampling sites however full
consequences and details of ecotoxicological effects
are beyond the scope of this paper. Obviously there
is a need for the present results coupling with our
consecutive results of ecotoxicity testing using vari-

ous bioassays similarly to VASIiCKoVA et al. (2013).

Acknowledgements. Financial support for the study was
provided by the Ministry of the Interior of the Czech Repub-
lic, Project No. VG20102014026 and by the Ministry of Agri-
culture of the Czech Republic, Project No. MZE 0002704902.

References

Beniston M., Stephenson D.B. (2004): Extreme climatic
events and their evolution under changing climatic condi-
tions. Global and Planetary Change, 44: 1-9.

Bortivka L., Huan-Wei C., Kozak J., Kristoufkova S. (1996):
Heavy contamination of soil with cadmium, lead and zinc
in the alluvium of the Litavka river. Rostlinna vyroba,
42: 543-550.

Elhottova D., Kristafek V., Triska J., Chrastny V., Uhlifova E.,
Kal¢ik J., Picek T. (2006): Immediate impact of the flood
(Bohemia, August 2002) on selected soil characteristics.
Water, Air, and Soil Pollution, 173: 177-193.

Ettler V., Mihaljevi¢ M., Sebek O., Molek M., Grygar T., Ze-
man J. (2006): Geochemical and Pb isotopic evidence for
sources and dispersal of metal contamination in stream
sediments from the mining and smelting district of Pribram,
Czech Republic. Environmental Pollution, 142: 409-417.

Filippi M., Golias$ V., Pertold Z. (2004): Arsenic in contami-
nated soils and anthropogenic deposits at the Mokrsko,
Roudny, and Kasperské Hory gold deposits, Bohemian
Massif (CZ). Environmental Geology, 45: 716-730.

doi: 10.17221/53/2016-SWR

Grimalt ].O., Van Drogge B.L., Ribes A., Fernandez P., Ap-
pleby P. (2004): Polycyclic aromatic hydrocarbon com-
position in soils and sediments of high altitude lakes.
Environmental Pollution, 131: 13—24.

Grygar T., Sedlacek J., Biabek O., Novikové T., Strnad L.,
Mihaljevi¢ M. (2012): Regional contamination of Moravia
(south-eastern Czech Republic): Temporal shift of Pb
and Zn loading in fluvial sediments. Water, Air, and Soil
Pollution, 223: 739-753.

Grygar T., Novakova T., Babek O., Elznicovd J., Vadinova N.
(2013): Robust assessment of moderate heavy metal con-
tamination levels in floodplain sediments: A case study
on the Jizera River, Czech Republic. Science of the Total
Environment, 452-453: 233-245.

Heinisch E., Kettrup A., Bergheim W., Wenzel S. (2007): Per-
sistent chlorinated hydrocarbons (PCHCs), source-oriented
monitoring in aquatic media. 6. Strikingly high contaminat-
ed sites. Fresenius Environmental Bulletin, 16: 1248-1273.

Hilscherovd K., Dusek L., Kubik V., Cupr P., Hofman J.,
Kléanova J., Holoubek I. (2007): Redistribution of organic
pollutants in river sediments and alluvial soils related to
major floods. Journal of Soils and Sediments, 7: 167-177.

Horak J., Hejecman M. (2013): Use of trace elements from
historical mining for alluvial sediment dating. Soil and
Water Research, 8: 77-86.

Kohusové K., Havel L., Vlasak P., Tonika J. (2011): A long-
term survey of heavy metals and specific organic com-
pounds in biofilms, sediments, and surface water in a
heavily affected river in the Czech Republic. Environmen-
tal Monitoring and Assessment, 174: 555-572.

Kolafikova K., Stuchlik E., Liska M., Horecky J., Tato-
sové J., Hardekopf D., Von Tampling W. (2012): Long-
term changes in the bioaccumulation of As, Cd, Pb, and
Hg in macroinvertebrates from the Elbe River (Czech
Republic). Water, Air, and Soil Pollution, 223: 3511-3526.

Langhammer J. (2010): Water quality changes in the Elbe
River basin, Czech Republic, in the context of the post-
socialist economic transition. GeoJournal, 75: 185-198.

Legendre L., Legendre P. (1998): Numerical Ecology. 2"
Ed., Amsterdam, Elsevier Scientific Publisher.

Lijzen J.P.A., Baars A.]., Otte P.F, Rikken M.G.]., Swartjes
F.A., Verbruggen E.M.]., Van Wezel A.P. (2001): Report
711701 023. Technical Evaluation of the Intervention
Values for Soil/sediment and Groundwater Human and
Ecotoxicological Risk Assessment and Derivation of Risk
Limits for Soil, Aquatic Sediment and Groundwater.
Bilthoven, RIVM.

Miesch A. (1976): Q-mode Factor Analysis of Geochemical
and Petrologic Data Matrices with Constant Row-sums.
U.S. Geological Survey Professional Paper: 574-G, Wash-
ington, Geological Survey U.S.



Soil & Water Res., 12, 2017 (1): 1-9

Original Paper

doi: 10.17221/53/2016-SWR

Navritil T., Rohovec J., Zak K. (2008): Floodplain sediments
of the 2002 catastrophic flood at the Vitava (Moldau)
River and its tributaries: Mineralogy, chemical compo-
sition, and post-sedimentary evolution. Environmental
Geology, 56: 399-412.

Novikové T., Grygar T.M., Bdbek O., Fimera M., Mihal-
jevi¢ M., Strnad L. (2013): Distinguishing regional and
local sources of pollution by trace metals and magnetic
particles in fluvial sediments of the Morava River, Czech
Republic. Journal of Soils and Sediments, 13: 460-473.

Podlesdkova E., Némecek J., Halova G. (1994): The load of
Fluvisols of the Labe river by risk substances. Rostlinna
vyroba, 40: 69-80.

Prokes$ R., Vrana B., Klanova J. (2012): Levels and distri-
bution of dissolved hydrophobic organic contaminants
in the Morava river in Zlin district, Czech Republic as
derived from their accumulation in silicone rubber pas-
sive samplers. Environmental Pollution, 166: 157-166.

Pulkrabové J., Suchanovd M., Tomaniovad M., Kocourek V.,
Hajslovd J. (2008): Organic pollutants in areas impacted
by flooding in 2002: A 4-year survey. Bulletin of Envi-
ronmental Contamination and Toxicology, 81: 299-304.

Quantin C., Ettler V., Garnier J., Sebek O. (2008): Sources
and extractibility of chromium and nickel in soil profiles
developed on Czech serpentinites. Comptes Rendus —
Geoscience, 340: 872-882.

R Core Team (2012): R: A Language and Environment for
Statistical Computing. Vienna, R Foundation for Statisti-
cal Computing. Available at http://www.R-project.org/

Randik T., Zlabek V., Pulkrabovi J., Kolatova J., Kroupova
H., Siroka Z., Hajslova J. (2009): Effects of pollution on
chub in the River Elbe, Czech Republic. Ecotoxicology
and Environmental Safety, 72: 737-746.

Skala J., Vacha R., Cechménkova J. (2011): Evaluation of
arsenic occurrence in agricultural soils of the Bohemian
Forest region. Silva Gabreta, 17: 55-67.

Skéla J., Cechménkova J., Vacha R., Horvathova V., Safika M.,
Sanka O. (2013): Regional Differentiation of Agricultural

Soils in Relation to Floodplain Zoning. Praha, VUMOP.
(in Czech)

Stachel B., Ehrhorn U., Heemken O. P,, Lepom P, Reincke H.,
Sawal G. (2003): Xenoestrogens in the River Elbe and its
tributaries. Environmental Pollution, 124: 497-507.

Tockner K., Stanford J.A. (2002): Riverine flood plains:
present state and future trends. Environmental Conser-
vation, 29: 308-330.

Vacha R., Poldcek O., Horvathova V. (2003): State of con-
tamination of agricultural soils after floods in August
2002. Plant, Soil and Environment, 49: 307-313.

Vécha R., Skala J., Cechmankovd J., Horvathova V., Hladik J.
(2015): Toxic elements and persistent organic pollutants
derived from industrial emissions in agricultural soils of
the Northern Czech Republic. Journal of Soils and Sedi-
ments, 15: 1813-1824.

Van Vlaardingen P.L.A., Verbruggen E.M.]. (2007): Report
601782001/2007. Guidance for the Derivation of Envi-
ronmental Risk Limits within the Framework of Inter-
national and National Environmental Quality Standards
for Substances in the Netherlands’ (INS), Revision 2007.
Bilthoven, RIVM.

Vasic¢kova J., Kaldbova T., Komprdova K., Priessnitz J.,
Dymdak M., Lana]J., Skulcova L., Sindelafova L., Saitka M.,
Cupr P, Vicha R., Hofman J. (2013): Comparison of ap-
proaches towards ecotoxicity evaluation for the applica-
tion of dredged sediment on soil. Journal of Soils and
Sediments, 13: 906-915.

Vesely J. (1994): Pollution of Czech rivers by trace elements.
The first regional study of river sediments in the Czech
Republic. Vesmir, 73: 558-562. (in Czech)

Zak K., Rohovec J., Navratil T. (2009): Fluxes of heavy metals
from a highly polluted watershed during flood events: A
case study of the Litavka River, Czech Republic. Water,
Air, and Soil Pollution, 203: 343-358.

Received for publication March 18, 2016
Accepted after corrections June 20, 2016
Published online October 31, 2016

35



4.2 Skala et al. (2018): Které slouceniny nejvice prispivaji ke zvySené
kontaminaci nivnich pid a s tim souvisejicim zdravotnim rizikim v

pramennych oblastech stredoevropského povodi?

Nazev: Which compounds contribute most to elevated soil pollution and the corresponding
health risks in floodplains in the headwater areas of the Central European Watershed?

Autori: Skala, J.; Vacha, R.; Cupr, P.

Publikovano v ¢asopise: International Journal of Environmental Research and Public Health
15 (6): 1146. (IF = 2,145).

36



rl ‘ International Journal of /
"y Environmental Research rM\Dpl
L /| and Public Health 2

Article

Which Compounds Contribute Most to Elevated Soil
Pollution and the Corresponding Health Risks in
Floodplains in the Headwater Areas of the Central
European Watershed?

Jan Skéla 1*, Radim Vacha ! and Pavel Cupr 2*

1 Research Institute for Soil and Water Conservation, Zabovieska 250, 15627 Prague, Czech Republic;

vacha.radim@vumop.cz
Research Centre for Toxic Compounds in the Environment, Masaryk University, Kamenice 753-5,
62500 Brno, Czech Republic
*  Correspondence: skalajan@vumop.cz (J.S.); cupr@recetox.muni.cz (P.C);
Tel.: +42-025-702-7274 (].S.); +42-054-949-3511 (P.C.)

check for
Received: 13 April 2018; Accepted: 29 May 2018; Published: 1 June 2018 updates

Abstract: The main topic of this study is a human health risk assessment of a defined exposure
scenario in the floodplain soils of the headwater areas of the central European watershed, with the
aim of exploring both multivariate and regional data structures. Flood-prone areas are recognized
worldwide to be susceptible to contamination and its redistribution. Contributions of various classes
of toxic compounds (organochlorine pesticides (OCPs), polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs)) to human health risks were assessed in a screening risk assessment.
However, due to the relative nature of our data and a high PAH dominancy over the data ensemble,
reliance solely on the standard statistical processing of raw data might lead to incomplete insight
into the structure of the multivariate data. Explanatory analysis of the data structure using the
compositional approach was found to be beneficial to elucidating human health risk profiles and
provided robust evidence that a contrast between agricultural and airborne industrial pollution
controlled the whole human toxicological variation of persistent organic pollutants (POPs) in
floodplain soils. These results were effectively quantified with the subcomposition of benzo(a)pyrene,
DDT, and alpha-hexachlorocyclohexane (aHCH), allowing for an interpretation of structural
differences in regional pollution patterns, which conferred different extents and compositions of
human health risks in floodplain soils.

Keywords: soil pollution; floodplain; human health risk; compositional data

1. Introduction

The contamination of the environment by hazardous substances such as persistent organic
pollutants (POPs) is a worldwide public health concern. POPs show serious toxic effects on humans
as well as wildlife in very low concentrations [1]. One of the matrixes that acts as an effective sink of
these toxic chemicals is soil [1,2]. Whilst floodplain soils are renowned for their fertility, attributed
to nutrient inputs, the same enrichment process renders these soils susceptible to contamination
by various pollutants [3]. They are subject to further redistribution and transformation processes,
which are a matter of great importance in floodplain soils [4]. Although the rivers in the Czech Republic
underwent significant changes in the quality of surface waters during the 1990s due to a decline in
industrial and agricultural activity associated with political changes [5], increased concentrations of
various pollutants in alluvial soils in Central Europe can still be found [6-8]. The Czech Republic, as a
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typical Central European country, is located in the European Watershed area; hence, several European
great rivers have their headwaters located there. Since ongoing climatic changes may increase the
risk of extensive floods in Europe [9], both the health and environmental consequences of the old
burdens as well as of emerging pollution should be monitored and controlled in the floodplains.
Humans are a sensitive target of POP bioaccumulation and its associated adverse effects [10]. Also,
potential transfer to the human body may occur through different pathways of direct exposure [11-13]
or dietary exposure [14].

Since our knowledge of POP pollution profiles in floodplain soils in the Czech Republic is still
fragmentary and there are many data gaps regarding nondietary exposure pathways, extensive soil
sampling combined with a screening assessment of human health risks was conducted. To assess the
health risks connected to the presence of POPs in floodplain soils, we proceeded as follows. In the first
step, a countrywide inventory of floodplain soils was performed with a focus on the properties and
contamination levels of cultivated soils. As a second step, an established model [15] was adapted to
field data for evaluation and interpretation of exposure to toxicologically important organic chemicals.
Contributions of various classes of toxic compounds (PCBs, organochlorine pesticides (OCPs), PAHs)
to total human health risks were then assessed using the main principles of statistical analysis for
compositional data in this study.

2. Materials and Methods

2.1. Sampling and Data Acquisition

The target areas for soil sampling were selected using a geographic information system
(GIS)-based approach, bringing together nationwide digital data on soil distribution, land use,
and hydrological floods in the Czech Republic. The soils were preferentially sampled in those areas
vulnerable to inundation (the five-year floodplains) where the risk of extensive inundations met a
high cropland extent. For each sampling site (1 = 100), a mixed sample consisting of 10 individual
probes with depths of 0-30 cm was collected between 2010 and 2015. The basic soil properties (e.g.,
total organic carbon, soil texture characteristics) were also determined.

2.2. Laboratory Analysis

Chemical measurements for POPs (PAHs, PCBs, OCPs) were performed in the accredited
laboratory of in the Trace Analysis Laboratories in the Research Center for Toxic Compounds in
the Environment. All soil samples (10 g) were spiked with a 50 uL solution of perdeuterated PAHs and
extracted using automated Soxhlet extraction for 40 min with dichloromethane in a Biichi extraction
unit (Biichi, Uster, Switzerland). The extract was divided into a ratio of 1:9 for PAHs and PCBs + OCPs.
For PAH analysis, the volume was reduced under a gentle nitrogen stream at ambient temperature
and further covered by silica purified using Soxhlet for 8 h with dichloromethane. The fractionation
achieved on a silica gel column was then used for the analysis of the PAH content. The sample was
eluted using a mixture of dichloromethane and hexane, and spiked with deuterated p-terphenyl
(50 uL, 4 pg/mL) surrogate standard. PAH contents were quantified using gas chromatography-mass
spectrometry (GC-MS) (Agilent GC 7890/MS-MS Triple Quadrupole 7000B-Agilent, Santa Clara,
CA, USA) equipped with a 60 m x 0.25 mm x 0.25 um DB5-MS capillary column (J&W Scientific,
Folsom, CA, USA). The isotope dilution method was used for quantification of the compounds.
Helium was used as an inert carrier gas. For PCBs and OCPs, the volume was reduced under a
gentle nitrogen stream at ambient temperature, covered by purified silica, and transferred into a vial.
Finally, PCB 121-81 (0.2 ug/mL) was added as an internal standard. The extract was cleaned on an
H,SO4-modified (44% w/w) silica column, and analytes were eluted with a 20 mL DCM/n-hexane
mixture (1:1, v/v). Samples were quantified using gas chromatography-mass spectrometry (GC-MS)
(Agilent GC 7890/MS-MS Triple Quadrupole 7000B) equipped with a 60 m x 0.25 mm x 0.25 um
HT8 SGE column (SGE Analytical Science, Ringwood, Australia) and with helium as a mobile phase.
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The isotope dilution method was used for quantification of the compounds. Certified reference
materials (Cambridge Isotope Labs soil standard RM-0002) and laboratory blanks were analyzed with
each set of POP samples.

2.3. Human Health Risk Assessment

In this study, a screening risk assessment was performed for the estimation of the human intake
of soil contaminants and consequent risks as suggested by the United States Environmental Protection
Agency [16]. The risks were quantified under the present environmental conditions for the selected
exposure scenario for those compounds that may pose the most significant potential risk to humans.
The selected human exposure pathways addressed in this study included the inhalation of particles,
dermal contact, and ingestion. Risk characterization was considered separately for carcinogenic and
noncarcinogenic effects.

From a numerical perspective, the potential human health risks were estimated by a confrontation
of the actual environmental concentration (PEC) with the calculated soil screening level (SSL) for
human health risks of soil contamination (see Equations (1) and (2)). The SSLs represented the
risk-based soil concentrations determined for the involved chemicals from equations combining
exposure assumptions with common toxicity criteria. The SSLs based on noncarcinogenic risks were
estimated using the site-specific exposure parameters (in Table 1) substituted into Equation (1).

Human exposure risks were assessed for certain exposure scenarios. Setting the exposure
parameters specified the extent to which the model accurately represented reality. The site-specific
exposure parameters were set out according to typical conditions of these soils in alluvial areas
(Tables 2 and 3). As such, they are a fair reflection of the exposure of farmers, although other
population groups, such as residents and bystanders, may also be exposed to these compounds
due to soil pollution. The detailed methodology is also described in Cupr et al. [15], whose paper
includes a discussion of the factors that may result in either an overestimation or an underestimation
of the risks.

e THQ-BW.,- AT, @
EF,~EDL-[( 1 . IRS. ) +< 1 .SA‘--AFL»-ABS) +( 1 . IRA, )]
RfD, "108mg/kg RfD, "~ 108mg/kg RfD; VF; or PEF
Table 1. Exposure parameters for noncarcinogenic risk calculation.
Symbol Parameter (Unit) Value
THQ Target hazard quotient 1
BW, Body weight, child (kg) 15
ATq Averaging time, noncarcinogens (days) ED x 365
EF, Exposure frequency, resident (day year!) 250 (8 h/day)
ED. Exposure duration, child (years) 25
IRS, Soil ingestion rate, child (mg day’l) 100
RfD, Oral reference dose (mg kg ™! day~!) Chemical-specific
SA Dermal surface area, child (cm? day™') 3470
AF Soil adherence factor, child (mg cm~2) 0.12
ABS Skin absorption factor (unitless) Chemical-specific
TRA. Inhalation rate, child (m3 day’l) 20
RfD; Inhalation reference dose (mg kg 1 day 1y Chemical-specific
VF; Volatilization factor for soil (m? kg’l) Chemical-specific
PEF Particulate emission factor (m® kg~!) Chemical-specific

The SSLs based on carcinogenic risks were estimated using the site-specific exposure parameters
(in Table 2) substituted into Equation (2). The results were compared with the carcinogenic
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benchmark level, i.e., exposure posing an upper-bound lifetime excess cancer risk of 1 x 107 (one
cancer occurrence in one million people).

TR-AT.
SSLi = EF [ (5w CSFo SFS,q ABS-CSF, TnltF,y,-CSF; @
'[( 106mg/kg ) 7 ( 106mg /kg ) + ( VF, or PEF )]

Table 2. Exposure parameters for carcinogenic risk calculation.

Symbol Parameter (Unit) Value
SSL; Contaminant concentration (mg kg~ 1y Chemical-specific
TR Target cancer risk 1x 107
AT, Averaging time, carcinogens (days) 25,550
EF; Exposure frequency, resident (day year~!) 250 (8 h/day)
IFS, 4 Age-adjusted soil ingestion factor ((mg year~')/ (kg day)) ™! 100
CSF, Oral cancer slope factor (mg kg" day’l) Chemical-specific
SFSadj Age-adjusted dermal factor ((mg year~!)/(kg day ")) 361
ABS Skin absorption factor (unitless) Chemical-specific
InhF,g; Age-adjusted inhalation factor ((m? year !)/(kg day 1)) 11
CSF; Inhalation cancer slope factor (mg kg day) ! Chemical-specific
VFs Volatilization factor for soil (m® kg 1) Chemical-specific
PEF Particulate emission factor (m® kg™!) Chemical-specific

The hazard quotient assumes that there is a level of exposure below which it is unlikely for
even sensitive populations to expect any adverse health effects. In our case of exposure to multiple
chemicals, a final cumulative health risk (hazard index for n pollutants) related to each sampling site
was calculated as a sum of the partial quotients for the i involved compounds in Equation (3). A final
HI < 1 indicates that no adverse health effects are likely to occur at the present exposure dose, and the
human health risks (HHRs) are currently acceptable.

HQnuman = PEC;/SSL; (3

n
Hlguman = Y HQuuman 4
i=1
In the last step we calculated the relative contribution of each substance to an overall hazard
index (HIguman):

Pirisguan — 1 IHUMAN; / HQHUMAN- (5)

2.4. Data Manipulation and Statistical Analysis

Principal component analysis (PCA) and cluster analysis were performed to evaluate the
compositional similarities among samples. PCA is a widely used explanatory technique in terms
of variance explanation and dimension reduction. The goal of any cluster analysis is to recognize
homogenous clusters with the assumption that an underlying group structure exists. Following the
expository potential of both tools, these were applied to explore the compositional variability of major
components in our health risk survey. Nevertheless, these techniques cannot be directly applied to
compositional data (objects described by vectors comprising parts of some whole) because they do
not agree with the geometrical structure of the feature space [17]. Since the benefits of using the ratios
between components have been recognized in statistical theory [18], the log-ratio transformations were
proposed to overcome the shortcomings of analyzing compositional data. The advantages of both the
centered log-ratio (cIr) transformation [18] and the isometric log-ratio (ilr) transformation [19] may be
exploited in the framework of a robust PCA [20]. A matrix of relative contributions of each pollutant
to total HIuman for each locality was prepared before the statistical analysis (Equation (5)). In order
to avoid misinterpretation of the results, half of the detection limit was used in all summations
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and for statistical analyses. However, a sizeable proportion of all data with an identical value
can influence the multivariate analysis of compositional data [21]. This may be the case of some
PCBs and hexachlorocyclohexane isomers (HCHs), where congeners PCB 52 and PCB 118 as well
as the bHCH isomer proved to have especially significant proportions of observations below the
detection limit (see Table 3). This effect of abundant identical values may be relieved by using the
relative contributions of each compound to calculate the human risks from our point of view. Hence,
all of the compounds were included in the multivariate analysis. PCA was performed after the
matrix had been transformed using the ilr transformation and the resulting loadings and scores were
back-transformed to the clr-space—for details, see Filzmoser et al. [20]. For clustering purposes,
the fuzzy c-means algorithm (FCM) was employed to provide a degree of membership to each one
of the resulting clusters. The fuzzy clustering problem can be characterized as classifying a given
set of objects to fuzzy subsets, each of which is represented by its prototype with the most typical
group characteristics [22]. Palarea-Albaladejo et al. [23] and Templ et al. [21] empirically tested
various clustering algorithms on compositional datasets adopting a log-ratio approach. Following
their experience, the clustering results were obtained using the FCM on ilr-transformed data. In the
last steps, some graphical tools were used to pool the multivariate results. Therefore, a biplot [24]
was used to graphically represent the variability in the entire composition and to assist the selection
of relevant subcompositions that retain as much of the total variability in the entire composition
as possible. The exact procedure for constructing the biplot adapted to compositions was presented
in Filzmoser et al. [20]. For its statistical interpretation, see Aitchison and Greenace [25]. Finally,
PCA results led to a ternary diagram, enabling readers to obtain lower-dimensional insights into
the nature of the compositional dataset. These plots were subsequently used to represent clusters
using the well-suited subcomposition defined according to the PCA results. The compositional biplots
constructed on the basis of PCA and ternary plots have been shown to be powerful exploratory
tools for various compositions [20,25]. Following this, we used them for visualization and deeper
understanding of the survey results.

Since we analyzed only some of the possible compounds in the soil sample, our chemical dataset
actually represents a subcomposition. Moreover, we replaced some measured values (mass ratios,
ug/kg) by some computed ones (health risk estimations combining exposure assumptions with toxicity
criteria) in our analysis. When applying any statistical method to compositions, three conditions should
be fulfilled: scale invariance, permutation invariance, and subcompositional coherence [18]. Thus,
using a log-ratio approach was an essential step to avoid the pitfalls of compositional data.

All of the computations and visualizations were conducted with the “robCompositions” [26],
“compositions” [27], “ape” [28], and “cluster” [29] packages for the R statistical software (R CORE
TEAM, Vienna, Austria). The regional patterns of the multivariate analyses results were spatially
visualized using ArcGIS 10.2 (ESRI, Redlands, CA, USA).

3. Results

When our findings were compared to concentrations of POPs in Czech agricultural soils reported
by Holoubek et al. [1], a similar trend could be observed for all POP compounds. Median concentrations
were lower in our dataset (PAHs, DDTs, HCHs, PCBs, hexachlorobenzene (HCB); see Table 3),
but usually with a wider range of values (PAHs, DDTs, HCHs). The results revealed a general
high variability of POP concentrations in floodplain areas. In a previous study, both the magnitude
of the estimated human health risks and the magnitude of hazards quotients of involved POPs were
surveyed. Moreover, the highest estimated human health risks were found only in floodplain areas
with high contents of PAHs exceeding the Czech legislation limits for agricultural soils [30]. In a closed
system of compositional data (summing up to a constant), there is little space for all other compositional
parts to vary in the case of exceptionally high relative contributions of carcinogenic PAHs (c-PAHs) to
the estimation of HHRs (i.e., benzo(a)pyrene > benzo(b)fluoranthene > benzo(a)anthracene in Table 3).
These proportional effects may be relieved by applying a log-ratio approach to the compositional
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dataset [31]. This approach allows researchers to explore those variable relationships that may be forced
by the overall predominance of PAHs in health risk estimations and hence allows an interpretation of
both known and unexpected patterns in the opened data.

Table 3. Summary statistics for the chemical concentrations of persistent organic pollutants (POPs)
in the floodplain soil dataset (minimum: MIN; median: MED; maximum: MAX; spread expressed as
median absolute deviation (MAD) and percentage of observations below the detection limit (% <DL))
and a summary of the hazard quotient calculation (median (MED_HQ) and its relative proportion to
the median of the hazard index (%_HI)).

POPs Chemical Measurement Risk Estimation
MIN MED MAX MAD %<DL  MED_HQ  %_HI
Compound Abbreviation

ng/kg % & %

PCB 28 PCB28 0.06 0.10 1.37 0.02 38 0.0001 0.05

PCB 52 PCB52 0.05 0.10 0.56 0.00 58 0.0001 0.05

PCB 101 PCB101 0.03 0.13 1.18 0.05 37 0.00014 0.07

PCB 118 PCB118 0.02 0.10 0.34 0.07 57 0.0001 0.05

PCB 153 PCB153 0.08 0.32 4.66 0.25 6 0.000318 0.15

PCB 138 PCB138 0.06 0.32 3.36 0.25 15 0.00032 0.15

PCB 180 PCB180 0.05 0.28 4.68 0.24 9 0.00028 0.13
Pentachlorobenzene PeCB 0.01 0.12 1.82 0.09 16 1.79 x 1077 0.00
Hexachlorobenzene HCB 0.13 1.21 8.66 0.95 0 0.000843 0.39
alpha-Hexachlorocyclohexane aHCH 0.12 0.44 952 0.41 16 0.001189 0.56
beta-Hexachlorocyclohexane bHCH 0.03 0.10 11.0 0.00 74 7.69 x 1075 0.04
gamma-Hexachlorocyclohexane gHCH 0.10 0.41 3.88 0.19 15 0.000164 0.08
o,p’-DDE opDDE 0.01 0.10 354 0.02 41 1.47 x 1075 0.01
p,p’-DDE ppDDE 034 38 1923 405 0 0.000551 0.26
o,p’-DDD opDDD 0.01 0.13 123 0.07 29 1.35 x 107° 0.01
p,p-DDD ppDDD 004 052 38 052 8 542x 1075 0.03
o,p’-DDT opDDT 0.05 0.49 329 0.55 9 5.58 x 1075 0.03
p.p-DDT ppDDT 0.12 4.28 1082 477 0 0.000493 0.23
Naphthalene N 4.38 10.4 648 5.09 0 0.000614 0.29
Acenapthene Ace 0.06 1.67 589 1.39 1 3.73 x 1078 0.00
Fluorene Fluor 0.92 2.86 477 1.74 0 9.58 x 1078 0.00
Anthracene Ant 0.67 527 791 5.58 0 22 %1078 0.00
Fluoranthene Fl 1058 89.31 4268 95.2 0 295 x 107 0.00
Pyrene Pyr 831 7193 2966 755 0 311x 106 0.00
Benz(a)anthracene BaA 3.00 35.84 16,705 36.4 0 0.012255 5.73
Chrysene Chr 4.58 45.81 1368 45.5 0 0.000158 0.07
Benzo(b)fluoranthene BbF 558 5330 1818  53.7 0 0.018431 8.62
Benzo(k)fluoranthene BKF 2.08  23.05 624 223 0 0.000792 0.37
Benzo(a)pyrene BaP 3.62 4450 1475 437 1 0.152897 71.53
Indeno(1,2,3-cd)pyrene Ipyr 2.77 33.05 966 313 0 0.011278 528
Dibenz(ah)anthracene DBahAnt 0.10 329 5843 337 1 0.011179 5.23

Multivariate Results

Figure 1 summarizes the compositional biplot obtained with the robust PCA using the log-ratio
approach and allows the interpretation of compositional variability. The origin of the compositional
biplot represents the center of the compositional dataset; links between ray vertices represent the
variance of the log-ratios between two components; and rays represent the clr-transformed variables.
If several rays are collinear, the relative variability within the subcomposition formed by these variables
might be one-dimensional and might represent a process influencing these components in a similar
way [31]. If ray vertices coincide, then the two involved compositional parts may be assumed to be
redundant. Nevertheless, when interpreting rays, one has to consider their dependency on the center
as they represent clr-transformed variables. Hence, the constellation of links is fundamental when
interpreting the compositional covariance structure in these biplots. Short links indicate variables that
are highly proportional. Orthogonal links suggest two involved subcompositions to be uncorrelated.
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Figure 1. Biplot of the first two robust principal components (PCs) for the centered log-ratio
(clr)-transformed major components (explained variation: PC1, 51%; PC2, 20%).

By applying these principles, we can clearly see several coincident rays consistently pointing
towards diverging directions and connected with relative short links indicating three distinct groups
of variables in Figure 1:

1 PAH compounds,
2 DDTs and metabolites, and
3 PCBs, HCHs, and PeCB.

Short links between those compounds in each group indicate variables that are highly proportional
and predetermine redundant variables. On the other hand, the orthogonality of the three groups
suggests some uncorrelated log-ratios (for instance, PAHs/DDTs vs DDTs/HCHs). This may be useful
in the investigation of subcompositions for possible independence and the selection of variables to be
visualized in ternary plots. Since such clear patterns were found in the preceding descriptive analysis,
a well-suited ternary diagram of the subcomposition formed by the distinctive rays from each group
could record the whole variability exceptionally well [31]. This is the case for the subcomposition
(BaP, gHCH, ppDDT) in Figures 2 and 3. Since the proportion of explained variance captured by the
two first principal components (PCs) reached 71%, the PCA results as well as the derived ternary
diagrams may be considered a good approximation to the real structures in the data set. The robust
PC1 can be seen as a contrast between the components of the PAH group and DDT group, while PC2
is dominated by elements of the third group in both Figures 1 and 2. The analysis of the compositional
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biplot suggests that most of the variability was controlled by two main factors—PAH contamination
connected to higher atmospheric pollution inputs in the catchment, and DDT contamination connected
to the agricultural intensity.

BaP

Cluster 1

Cluster 2

Cluster 3

HI>1.0

18t principal component
of subcomposition

2" principal component
of subcomposition

gHCH ppDDT

Figure 2. Ternary diagrams of the subcomposition (benzo(a)pyrene (BaP), gamma-HCH (gHCH),
ppDDT) with distinguished three-group fuzzy partitions and the first two principal components (PCs)
of the presented subcomposition (note that the samples with Hlyyyman > 1.0 are highlighted with a
yellow circle).

BaP

gHCH ppDDT

Figure 3. Ternary diagrams of the subcomposition (BaP, gHCH, ppDDT) using raw data components.
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A three-group solution was considered as the optimal grouping of the dataset in the
cluster analysis. The membership probabilities from the FCM approach are graphically shown for each
sample in Figures 4 and 5. Comparing clustering and ordination results can be beneficial to explaining
the differences between groups of sites. Compositional biplots summarize the variance relationships
within the compositions; nevertheless, they are chosen to maximize the variance of the projected data
cloud and are not tailored to highlight between-group differences [31]. For this purpose, a graphical
representation of principal coordinate analysis (PCoA) was used on the Aitchison distance matrix,
in which the eigenvectors are scaled to the square root of the corresponding eigenvalues (Figure 4).
Gower [32] showed that eigenvectors scaled in this way preserve the original distance among the
objects in the distance matrix. We can see that the clusters are basically defined by their projections
along the first two principal components, according to their human risk patterns and the differences in
relative contributions of DDTs, HCHs, and PAHs to the calculated human risks. Hence, the three-group
clustering corresponded well to the variation within the composition.

PCoA2

W Cluster 1
B Cluster 2
M Cluster 3

Figure 4. Membership probabilities and assigned cluster number in a graphical representation of
principal coordinate analysis (PCoA) on Aitchison distances between sampling localities.
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Figure 5. Membership probabilities and assigned cluster number in a geographical representation for
regional interpretation (note that the samples with HIgguman > 1.0 are highlighted with a yellow circle).

In fact, if we used a ternary plot (Figure 2) to represent the established subcomposition (designed
by representative compositional parts formed by some of the longest rays from each group in the
compositional biplot in Figure 1), the clusters are clearly distinguished. The data as much as the grid
lines were centered and the first two principal components of the subcomposition were added to the
ternary plot. The data were centered by calculating the closed geometric mean, which was obtained
as the closure of the vector of geometric means of each component. In this way, the geometric center
of the observed data could be moved to the barycenter of the simplex space, allowing us to better
visualize the structure of the sample [33]. When comparing the ternary diagram obtained for raw
data (Figure 3) with that obtained for the centered log-ratio-transformed data (Figure 2), we could
see that the raw data tended to collapse on a vertex, obscuring the structure (BaP in our case). Hence,
only limited information can be extracted from raw proportions due to the proportionality effect [31].
Comparing both diagrams, the actual benefits of the log-ratio approach can be seen. Note that the
positions of the clustering groups within the subcompositional representation using ternary diagrams
(Figure 2) agree with the partition results of fuzzy clustering in Figure 4. It can be again seen that
Clusters 1 and 3 are the groups with the most similar characteristics, and also that Cluster 2 is the most
different group. This may be explained by the fact that Cluster 1 and 3 are both dominated by relatively
high contributions of various OCP compounds and thus may be both influenced to some extent by
long-term intensive husbandry. Finally, the processes behind the clusters were investigated according
to the relative weight of each POP component in every group using centered data, according to
Palarea-Albaladejo et al. [23] (Figure S1).

4. Discussion

Cluster 1 included samples with a higher proportion of organochlorine pesticides with prevailing
agricultural origin (HCHs, PeCB, HCB) together with samples with higher organochlorine compounds
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of industrial origin (PCBs). On the contrary, Cluster 2 was composed of samples with relatively high
contributions of PAH compounds to the estimated HHRs (see Figure S1 for each cluster profile in
more detail). The increased PAH content in the environment was evident in the fluvial systems of
the broader Moravian Silesian region (the Odra and Bec¢va Rivers). In this region, the anthropogenic
pollution sources (coal processing, metallurgy) have generated higher PAH air concentrations [34] and
greater contamination of agricultural soils [35]. The PAH contamination in floodplains of the Be¢va
River may be significantly influenced by the coal tar refinery (Deza Corporation) producing aromatic
hydrocarbons [36]. Elevated concentrations of PAHs were also recorded in the floodplains along the
Jizera River near the industrial center of Mlada Boleslav (automobile manufacturing). Last but not
least, traffic-related emissions increased exposure to PAHs at several locations with a lower distance
to highways. PAHs have been determined to be elevated in soils affected by highway traffic [37,38]
and have been proved to significantly contribute to AhR-mediated activity and adverse health effects
of traffic-associated pollution [39,40]. Ollivon et al. [41] described how car traffic and atmospheric
washout might impact river contamination in the highly urbanized area within the Seine catchment.
Elevated PAH contributions, associated with above-average health risks, were surprisingly recorded
in the headwaters of the Elbe and Morava Rivers. This could only be explained by an atmospheric
transport of PAHs that may increase their concentrations in remote freshwater ecosystems with no
other pollution sources [42]. Using a regression tree model, Kubo$ova et al. [43] confirmed the crucial
role of industry and other primary anthropogenic sources in soil contamination by PAHs. Yet, they
also identified precipitation as the main transfer route of atmospheric PAHs to soils. The resulting
regional patterns of PAHs in their stochastic approach using regression trees [43] corresponded well to
our results of health risk patterns in floodplain areas.

Concerning Cluster 1, two regional centers could be distinguished. One was probably associated
with the former contamination of the Spolana chemical plant at the middle reach of the Elbe River.
The chemical plant grounds were contaminated with dioxins, chlorinated aliphatic hydrocarbons,
and OCPs [44,45]. Studying the POP bioaccumulation in the Elbe River, Randak et al. [46] also found
the highest concentrations of PCBs in chub muscle in fish from the Neratovice site. Thus, multiple
sources may interact, resulting in a more complex soil pollution profile and corresponding health risks.
The second regional occurrence of Cluster 1 was observed at the middle reach of the Morava River,
where higher concentrations of organochlorine pesticides (especially HCHs and PeCB) were found.
Studying POP dynamics in the dissolved phase in the water column of the Morava River and its
tributaries, Prokes et al. [47] found high aqueous concentrations of organochlorine hydrocarbons
(especially PCBs and HCHs).

Finally, the characteristic features of Cluster 3 included higher contributions of DDT and its
metabolites to the estimated HHRs. DDT and its metabolites dominated most soil samples from the
catchment of the Berounka River (Central Bohemia), from the lower reach of the Eger River, and from
a wider region of the South Moravian catchments. The floodplains of these lowland regions belong to
traditional areas of intensive agricultural production over a long period of time. The observed regional
pattern of Cluster 1 showed exceptional agreement with the predicted concentrations for DDTs in a
regression tree model [43] and with some field observations of sediment geochemistry [48].

Given the results of the total estimation of HHRs for all soil samples, potential regional hot spots
of human health impacts may be recognized (note the yellow circles in Figures 2 and 5 highlighting
the samples with HIjuyman > 1.0). In fact, if we display these samples in a ternary plot (Figure 2) or in
the results of fuzzy clustering (Figure 5), the predominance of PAH-induced human health risks is
clearly evident. Some exceptions to this included the Elbe samples collected close to the confluence
with the Eger River and samples taken near the Neratovice site, which both showed more complex
pollution profiles (elevated contributions of PCBs, HCHs, DDTs, and PAHs).
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5. Conclusions

An elevated probability of human health impacts of soil pollution may be expected at
several sampling sites under exactly defined exposure conditions. When combining both the
magnitude of estimated HHRs (noncarcinogenic and carcinogenic effects) and the compositional
variation of pollution profiles, several localities with high contents of PAHs proved to have
the highest estimated HHRs. Concerning the intensive agricultural utilization of floodplains,
the exposure of farmers can be considerable when they are exposed to polluted soils with significantly
increased concentrations of POPs (mainly c-PAHs) and over long working hours. Since other
population groups, such as residents and bystanders, may also be exposed to these compounds due to
environmental pollution, a high degree of attention should be dedicated to human risk assessments
associated with nonoccupational exposure in floodplain areas. This may especially be the case for
the North Moravian region, where the population generally suffers from higher residential exposure
due to air pollution. This study only focused on certain POPs and exposure scenarios and did not
consider additional routes of exposure (dietary intake) or special vulnerable populations with specific
exposure scenarios [49]. However, in agricultural areas it must be considered that concentrations of
additional contaminants (especially formerly used or emerging pesticides [50,51], polychlorinated
dibenzo-p-dioxins and dibenzofurans [52], heavy metals [3,53], or other micropollutants [54,55]) may
also contribute to a higher probability of adverse effects. Likewise, health risks may be underestimated
owing to the nature of the simple additive model avoiding all compound interactions and their
synergic effects. According to the intensive farming in the floodplains and potential pathways for POP
transfer to the human food chain, dietary exposure is expected to significantly contribute to HHRSs.
Various studies have provided strong evidence that the flooding of pastureland can indeed result in
elevated concentrations of POPs in milk and meat produced on flood-prone land [52,56,57]. POPs are
adsorbed on soil organic matter or in the plant rhizosphere so strongly that they are marginally
transported to plant tissues [58]. Some problems might arise from the growing of feed crops for direct
consumption, especially for plants producing consumable parts in the soil [59-61], since Trapp [58]
presented a comparable adsorption of lipophilic organic substances within the rootzone with their
adsorption to soil organic carbon. These risks may come into question for the localities in Cluster 3,
where a high contribution of DDTs and metabolites to HHRs meets areas of intensive vegetable farming
in floodplains near the Elbe and Eger confluence or in South Moravia. The regional patterns obtained in
our floodplain study corresponded well with results of model-based predictions of POP concentrations
in soils [43] and with some field observations of sediment, water, and biota [46-48]. This indicates
the general role of floodplains as an effective sink of overall regional pollution. Since microbial
degradation is a potential mechanism for the removal or transformation of POPs [62] and soil microbial
characteristics have been proven to be very dynamic in human-altered riverine landscapes [63],
special attention should be paid to the bioavailability mechanisms of POPs in these soils in the future.
Moreover, filling the data gaps in understanding contaminant bioaccessibility is advisable to accurately
assess human exposure to POPs via direct pathways [64].

Since a recent evolution of riverine landscape tends toward higher flood control in urban areas and
flood-retarding inundation out of populated areas, agricultural floodplain soils will suffer the impacts
of high water events. Hence, the results of this study were implemented in a national certified guideline
for a complex assessment of soil pollution in flood-prone areas [65]. Additionally, these results were
used to verify the relevancy of the human health limits recently adopted within the national soil
protection legislation [30]. Purely from a methodical point of view, an exploratory analysis of the
results of human health assessments using a compositional approach might be worth modeling and
interpreting, especially when a clear dominance of c-PAH contributions outweighs the contributions
of most other elements.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/6/1146/
s1, Figure S1: Visualization of cluster profiles: relative weights of POP components for every cluster in the robust
cluster analysis (isometric log-ratio (ilr)-transformed and centered data).
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Abbreviations

FCM fuzzy c-means algorithm

HCHs hexachlorocyclohexane isomers

HCB hexachlorobenzene

DDTs DDT isomers and their metabolites

HHRs human health risks; OCPs: organochlorine pesticides
PAHs polycyclic aromatic hydrocarbons

c-PAHs  carcinogenic polycyclic aromatic hydrocarbons

PC principal component

PCA principal component analysis
PCBs polychlorinated biphenyls
PeCB pentachlorobenzene

POPs persistent organic pollutants
SSL soil screening level
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Supplementary Materials: The following are available online at www.mdpi.com/link, Figure S1: Visualisation of
clusters’ profiles: relative weights of POP components for every cluster in the robust cluster analysis (ilr-
transformed and centered data).
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4.3 Vacha et al. (2015): Rizikové prvky a perzistentni organické polutanty
pochazejici z priimyslovych emisi v zemédélskych ptadach severni ¢asti
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Abstract

Purpose This study reports on the surface distribution of toxic
elements (TEs; As, Be, and Cd) and persistent organic pollut-
ants [POPs; e.g., polycyclic aromatic hydrocarbons (PAHs)]
in agricultural soils affected by mining and heavy industry
from the industrial regions of North Bohemia and North Mo-
ravia. In this study, these regions are considered as test regions
to study the impacts of heavy industry emissions on agricul-
tural soils.

Materials and methods From 2000 to 2010, agricultural soils
were sampled and their physicochemical properties and con-
tamination levels of TEs (As, Be, and Cd) and POPs (PAHs)
determined. The pseudototal content (from Aqua regia ex-
tracts) and plant available fraction (from 1 M NH4NO; ex-
tracts) of TEs, as well as the total PAH content in humic
horizons of arable soils and grasslands, were analyzed. The
surface spatial variability of these contaminants was evaluated
using the kriging method. Threshold values for the probability
estimation were adapted from the limit values provided by
newly proposed Czech legislation.

Results and discussion We show that the soil environments of
the study area are polluted by anthropogenic material directly
connected to historical mining and industrial activities, includ-
ing lignite mining in North Bohemia and hard coal mining and
heavy industry in North Moravia. The increased As contents
in the soils contribute to the most important environmental
problems in North Bohemia, where anthropogenic and
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vacha.radim@vumop.cz

Rescarch Institute for Soil and Water Conservation Prague,
Zabovreska 250, Prague 5, Zbraslav 156 27, Czech Republic
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geogenic sources of As interact. In North Moravia, anthropo-
genic pollution linked to coal combustion and metallurgy has
increased Cd and PAH contents in agricultural soils. However,
concentrations of these pollutants do not exceed limits for
food safety in soils from these regions.

Conclusions This study shows that agriculture can coexist in
regions impacted by heavy industry emissions, like the study
regions documented here. Such activity requires that a suitable
methodology is implemented to evaluate soil contamination
and a risk assessment is carried out. In addition, suitable pre-
cautions should be undertaken in areas close to industry, such
as grassing over contaminated arable lands to reduce wind
erosion.

Keywords Agricultural soil contamination - Heavy
industry - Mining areas - North Bohemia - North Moravia

1 Introduction

The paper describes the impact of mining activities and heavy
industry on agricultural soils in two mining and industrial
regions of the Czech Republic: North Bohemia and North
Moravia. The history of soil contamination by toxic elements
(TEs; As, Be, and Cd) and persistent organic pollutants
[POPs; especially polycyclic aromatic hydrocarbons (PAHs)]
close to industrial sites began in the 19th century. The most
intensive industrial activity occurred during the socialist peri-
od from 1948 to 1990, which was characterized by the devel-
opment of heavy industry, resulting in a huge negative impact
on the environment. Data from the Czech Hydrometeorolog-
ical Institute reveal that emissions reached their highest re-
corded values in the 1990s. At this time, the concentrations
of airbomne dust were typically 70-100 and up to 150 pg/m®
close to the coal-mining areas of North Bohemia

@ Springer
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(Podlesakova 1992). The environmental situation in North
Bohemia improved during the 1990s, in spite of continuing
anthropogenic contamination (Jahn et al. 2013). This reflected
technological adaptation of five coal-fired power plants in the
region. Data from the CEZ Group (2012) show huge reduc-
tions in emission outputs over the period 1996-1999, espe-
cially for SOx (=92 %), NOx (=50 %), CO, (=77 %), and
particulate matter (—93 %). Modernization is ongoing and will
be finalized in 2020. Further decreases in pollutant emission
levels are expected to attain even lower levels: SOx (=57 %),
NOx (=59 %), CO, (=31 %), and particulate matter (=39 %).
In addition, all mining activities continue to be followed by
landscape rehabilitation. In contrast, environmental contami-
nation remains a serious problem in North Moravia, where
emissions are connected with metallurgy and heavy industry
(Sram et al. 2013). The Czech Hydrometeorological Institute
(CHMI 2009) confirmed high concentrations of dust (200 mg/
m?; highest value in the Czech Republic) with particle sizes
below 10 pm (PM10). The daily concentration limit for PM10
is exceeded on more than 100 days/year in many contaminat-
ed localities in this region. Likewise, levels for PAHs are
exceeded in most areas (Sram et al. 2012), leading to human
diseases (Rossnerova et al. 2011; Dostal et al. 2013a; Svecova
ctal. 2013).

The scope of this study is to provide a review of the envi-
ronmental situation in these industrial regions as a test case for
the study of the impacts of heavy industry on agricultural
soils. A recently proposed legislation for regulating the con-
tents of TEs and POPs in agricultural soils (Sanka et al. 2002;
Vicha et al. 2014) and geostatistics is used as a baseline for
our evaluation and risk assessment.

2 Materials and methods
2.1 Regional setting

The two regions selected for our test cases are North Bohemia
and North Moravia, both regions known for their strong links
to heavy industry. North Bohemia comprises eight districts
with a total area of 6,500 km? and almost 925,000 inhabitants.
The landscape has four main geomorphologic formations,
comprising various lithologies: one sandstone, two intrusive
rock, and one effusive rock formations. The altitude ranges
between 115 to 1,225 m a.s.l., with an average altitude of
272 m a.s.l. The Labe River traverses the northern part of
the region, while the Ohre River crosscuts the southern part
of the region. The mining areas in the North Bohemian coal
basin (lignite deposits) are situated below the Ore Mountains.
Mines were first opened in 1819, and active open mines still
exist today. The current lignite-mining area is 870 km?. A
number of soil types, after the World Reference Base for soil
resources (Food and Agriculture Organization of the United

@ Springer

Nations 2014), are observed in this region. podzols and
cambisols are developed on intrusive rocks in highland areas,
while eutric cambisols are developed on effusive rocks includ-
ing chernozems, gleysols, and gleyic cambisols. typically, for-
ests cover mountainous areas, while agricultural land occurs at
lower altitudes. Forests cover 37.5 % of the total area (Kozak
et al. 2010). Agricultural lands cover 38 % of the total area,
yielding a ratio of 0.21 ha of agricultural land per inhabitant.
The use of agricultural land is as follows: 47 % arable land,
46.7 % grassland, and 6.3 % vineyards, hop fields, gardens,
and orchards (Ministry of Agriculture of Czech Republic
2012). Production areas comprise beet (19.2 %), potato
(42.8 %), potato oat (23 %), and highland production areas
(15 %). The annual precipitation is very low in the pan area
(500 mm/year), but rises sharply on the slopes of the Ore
Mountains (1,100 mm/year). The average annual temperature
in the pan area is 8 °C (Czech Hydrometeorological Institute).

North Moravia comprises three districts, encompassing a
total area of 1,834 kmz, with 800,000 inhabitants. There are
three main geomorphologic formations: two coal beds and
one Carpathian shale formation. The region’s highest peak is
Lysa Mountain (1,323 m a.s.l.) in the Moravian—Silesian
Beskydy Mountains, located in the eastern part of region.
The average altitude of the mining area is 210 m a.s.l. The
Odra River (west) and the Olse River (cast) are the most im-
portant rivers in this arca. The area is renowned for black coal
mining (hard mining), but maximum production occurred in
the 1980s (about 20 million tons/year). Ostrava-Karvina coal
area is located in the Czech Republic, forming part of the
Upper Silesian Coal Basin, which extends into Poland. The
black coal is extracted using deep mining technology (OKD
2012). About 1.7 billion tons of coal have been extracted from
this area. Cambisols and Podzols are developed on the
Carpathian shale, occurring in mountainous area, while
luvisols, gleyic cambisols, and gleysols occur at lower alti-
tudes. Forests cover 25 % of the total area, dominating moun-
tainous area (50 %), but sporadic in mining areas (12%)
(Kozak et al. 2010). Agricultural lands cover 43.5 %, yielding
aratio of 0.11 ha of agricultural land per one inhabitant. The
use of agricultural land is as follows: 61 % arable land, 26 %
grassland, and 13 % vineyards, hop fields, gardens, and or-
chards (Ministry of Agriculture of Czech Republic 2012). The
production areas comprise beet (14.7 %), potato (41.3 %),
potato oats (14.4 %), and highland production area (29.6 %).
The average annual precipitation is lower in pan areas
(700 mm/year) compared with mountainous areas (1,
300 mm/year). The average annual temperature in the pan area
is 8 °C (Czech Hydrometeorological Institute).

2.2 Soil sampling

Soil sampling was carried out in North Bohemia and North
Moravia from 2000 to 2010 as part of a monitoring
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programme of the Czech Ministry of Agriculture. Since the
focus was on food chain quality, only agriculturally relevant
soils (arable soils, pastures, and meadows) were included. No
forest soils were sampled. Only natural soils were sampled,
since the history of urban soils and anthrosols on restored
agricultural land is not well known and can involve humic
horizons of different origins (Kohel 1994).

Soil samples were extracted from humic horizons of agri-
cultural soils (to a depth of 515 c¢m) using a soil auger. This
depth encompasses the main humic horizons of agricultural
soils (with tillage to about 20 cm) and most grassland soils.
Sampling depth was reduced in shallow soils with respect the
thickness of the humic horizon. The top 0—5 cm was omitted
to avoid secondary contamination by agrochemicals, agricul-
tural traffic, etc. Each sample was compiled from ten partial
samples at each locality. The sampling point net is given in
Fig. 1. Sampling was carried out at least 50 m from any public
highways, in accordance with the unified procedure for soil
sampling to avoid traffic influence. An equidistant matrix for
sampling was adhered to wherever possible, with a density of
sampling of around one sample/25 km?’. In addition, individ-
ual sets of soil samples were collected for analyses of
polychlorinated dibenzo-p-dioxins and dibenzofuranes
(PCDDs/Fs). In this pilot study, 12 samples were from North
Bohemia and 11 samples from North Moravia. All the sam-
ples were stored and transported in jars and stored frozen at —
18 °C. Every locality was described and the geographic coor-
dinates recorded using a GPS.

2.3 Laboratory analyses

Soil characteristics, including soil type, soil subtype and tex-
ture, pH value (CSN ISO 10390 1996), and Cor content
(Zbiral et al. 2004), were documented for each sample. In
addition, the contents of TEs and POPs were determined for
cach sample using professional laboratories. TE analysis was
done at the Research Institute for Soil and Water Conservation
in Prague, while POP analysis was done at accredited com-
mercial laboratories.

The pseudototal content of TEs (As, Be, Cd, Cu, Ni, Pb, V,
and Zn) in an extract of Aqua regia (CSN EN 13346 2001)
was analyzed using atomic absorption spectroscopy. The total
Hg content was assessed using the Advanced Mercury Ana-
lyzer (Altec, Czech Republic) (Zbiral et al. 2004). The plant
available fraction of TEs in an extract of 1 mol/l NH;NO;
(DIN ISO 19730 2008) was determined in selected samples
and compared with the pseudototal contents and soil charac-
teristics (pH, Cyy). The soil reaction (pH, KCI) was analyzed
following CSN ISO 10390 (1996), and C,,, was analyzed
using the method ISO 14235 (1998).

Our study focused on the main POPs groups. The mono-
cyclic aromatic hydrocarbons [benzene, toluene, e-benzene,
and xylene (BTEX)] were measured using the US

Environmental Protection Agency (EPA) Method 8260 B
(1996), involving gas chromatography coupled with mass
spectrometry (GC/MS). The 12 PAHs (anthracene, benzo(a)-
anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(a)pyrene, benzo(ghi)perylene, phenanthrene, fluoran-
thene, chrysene, indeno(1,2,3-cd)pyrene, naphthalene, and
pyrene) were measured using the methodology TNV 75
8055 (2004), involving high-performance liquid chromatog-
raphy (HPLC) coupled with a fluorescence detector. But the
polychlorinated biphenyls were measured using seven indica-
tor congeners (PCB;)—(28, 52, 101, 118, 138, 153, and 180)
in the EPA Method 8082A (2000)—involving gas chromatog-
raphy with an electron capture detector (GC/ECD). A dichlo-
rodiphenyltrichloroethane (DDT) sum was calculated as the
sum of DDT, dichlorodiphenylethylene (DDE), and
dichlorodiphenyldichloroethane (DDD) measurements using
EPA Method 8082A (2000), involving a GC/ECD.
Polychlorinated dibenzo-p-dioxins and dibenzofuranes
(PCDDs/Fs) were observed, when 17 congeners were ana-
lyzed using a high-differentiated mass spectrometer (Ultima
2; Waters Corp., MA, USA). The International Toxic Equiva-
lent (I-TEQ) value was calculated for each sample (Van den
Berg et al. 2006).

2.4 Threshold limits, descriptive statistics, and spatial
interpolation

The proposed updated limit values for TEs and POPs (Vacha
et al. 2014) currently under legislative review were used to
evaluate our results. The new limit values for the dominant
contaminants are given in Table 1. The background values for
TEs and POPs (Podlesdkova et al. 1994a; Némecek et al.
1996a) are characterized as a “prevention limit.” The second
level limit (an indication limit) is derived, assuming an in-
creased transfer of TEs from the soil to plants (Podlesakova
etal. 2002) and taking into account the health risks of POPs in
the soil (US EPA 2002; Zimova et al. 2001). The concentra-
tions of TEs and POPs in soils were analyzed to provide de-
scriptive statistics for each parameter in North Bohemia
(Table 3) and North Moravia (Table 4). A log-normal trans-
formation was carried out to reduce the effect of high skew-
ness in the data. The log-transformed data were used for in-
terpolation and were back-transformed to produce the final
spatial distribution map. The descriptive statistical parameters
were calculated using Microsoft EXCEL and Statistica (ver-
sion 10.0; Statsoft). Subsequently, probability maps for As,
Be, Cd, and PAH concentrations exceeding regulation limits
in soils in these regions were generated using probability
kriging, a method based on threshold values for the pollutants
derived from the Czech legislation. The probabilities for ex-
ceeding for the proposed limit values for agriculture soils
(Sanka et al. 2002) are mapped for As, Be, Cd, and PAHs with
GIS software ArcGIS (version 10.2), and its extension
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Table 1 Proposed limit values

(Vécha et al. 2014) for selected Limit level/contaminant As Be Cd  SumPAHs Benzo(a)pyrene PCDDs/Fs

TEs (extract in Aqua regia) and

POPs (mg/kg) Preventive limit (background value) 20 2 0.5 1 0.1 1
Indication limit for food chain protection ~ ° No 1.5° No No No
Indication limit for health protection 40 No 30 30 0.5 100"

*The value of I-TEQ PCDDs/Fs (ng/kg)
" Indication limit proposed only for As in the extract of 1 M NH4NO;
¢ Indication limit for soils with pH 5-6.5

component, Geostatistical Analyst. The method of probability
kriging also was used for the spatial characterization of con-
tamination in this study. Probability kriging proved to be bet-
ter than indicator kriging for delineating contaminated soils
(Goovaerts 1997; Juang and Lee 1998). Geostatistical model-
ing was customized to include the agricultural land use cate-
gories outlined in the sampling strategy and available thresh-
olds. The estimated probabilities for other soils (urban and
forest) are purely theoretical, and there is no relevance at-
tached to exceeding the TEs and POPs limit values proposed
for agricultural soils. Despite this, the location of urban and
forest soils is provided in the GIS output.

3 Results
3.1 North Bohemian region

The basic characteristics of samples, separated into their main
soil groups, are presented in Table 2. The TE contents of these
soils were evaluated using the newly proposed limit values
(Vachaetal. 2014). Only two TEs (As and Be) exceeded these
values. All other TEs were below their background values in
Czech agricultural soils (Podlesakova et al. 1994a; Vacha
et al. 2014). Cd and Pb levels were elevated close to some

industrial towns. Statistical data for TE concentrations in
North Bohemia are presented in Table 3. As and Be —
(pseudo)total contents for North Bohemia are presented on
maps, showing the probability of exceeding their limit values.
Figure 2 presents the probability distribution of TE contami-
nation in this region. The black squares show the positions of
thermal power plants in the region. It can be seen that preven-
tion limits were often exceeded for both As and Be in this
region. Levels exceeding the limit values for human health
risks were previously detected in agricultural soils from the
Ore Mountains and close to the Sokolov industrial district,
despite the fact that human risks are usually defined for urban
or restored soils (Pena-Fernandez et al. 2014; Wang et al.
2014). Be levels exceed the prevention limit (background
values) in the Ore Mountains, where geogenic sources exist,

¢., in soils developed on acid-ncutral magmatic rocks. A
geogenic origin for Be and associated As and Pb was con-
firmed by profiling soils in a previous study (Vacha et al.
2002). A limit for Be was not proposed for legislation (Vacha
etal. 2014).

PAH contamination presents a low risk in this region. Ele-
vated PAH content was only sporadically detected in North
Bohemia. PCB; and DDT levels were below their background
values in agricultural soils and do not present any serious risks
in North Bohemia. However, BTEX limit levels were

Table 2 Summary of soil

properties in the samples of Nord Regions and their major soil groups ~ Relative frequency (%)  Soil texture ~ pH Corg

Bohemian and Nord Moravian Range Mean (standard deviation)

Regions
North Bohemian Region (n=620) 5.45(1.29) 2.25(1.18)
(1) Cambisols 32 SL-CL 5.87(0.83)  2.15(1.07)
(2) Dystric cambisols 24 LS-SL 493 (1.16)  2.46(1.07)
(3) Stagnosols 12 C 5.64 (0.88) 1.94 (0.89)
(4) Chernozems 9 L-CL 6.42(0.62)  2.01(0.59)
North Moravian Region (n=181) 5.67 (1.47) 1.58 (0.72)
(1) Stagnosols 27 e 5.62 (1.61) 1.53 (0.68)
(2) Luvisols 23 SL-L 5.59 (1.49) 1.24 (0.45)
(3) Cambisols 22 SL-CL 5.52 (1.57) 1.60 (0.93)
(4) Dystric cambisols 8 LS-SL 4.50 (0.80) 1.96 (0.88)

In North Bohemian Region (7=620), grassland is 62 %, while in North Moravian Region (2=181), arable land is

56 %

LS loamy/sandy, SL sandy/loamy, L loamy, CL clay/loamy, C clay
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Table 3  Descriptive statistics of TEs (extract in Aqua regia) and POPs contents in soils of North Bohemian Region

Statistics As Be Cd Cu
(mg/kg)
Samples 620 620 620 620
Mean 33.77 3:11 0.33 35.67
Median 20.90 2.50 0.25 27.50
Min 1.00 0.03 0.04 5.00
Max 1568.0 21.50 3.62 580.9
Standard deviation 93.89 231 0.33 39.18
Skewness 14.08 3.12 5.80 8.20
Statistics YMAHs YPCB, YDDT SPAHs
(ng/kg)
Samples 208 208 208 208
Mean 59.1 14.7 24.6 883
Median 40.0 10.0 3.0 2555
Min 4.0 5.0 3.0 54.4
Max 1,390 520.0 1,609 46,521
Standard deviation 141.0 383 140.7 3,508
Skewness 8.1 11.7 9.5 11.2

Hg Ni Pb v Zn
620 620 620 620 620
0.17 32.66 51.55 123.14 107.96
0.11 25.00 40.00 105.00 98.00
0.01 0.90 0.30 1.20 8.00
2.86 680.0 6344 490.0 856.0
0.24 3441 43.15 7229 69.90
725 10.34 5.67 1.37 446
Benzo(a)pyrene

208

64.5

8.0

1.0

8,390

581.7

142

exceeded in the Most District which is linked to the petro-
chemical industry. This local contamination, with a maximum
value of 0.9 mg/kg, does pose a risk, but confirms an anthro-
pogenic input into soils in this areca. The POPs statistical data
for North Bohemia are presented in Table 3.

The I-TEQ PCDDs/Fs values for the 12 selected soil sam-
ples show enhanced contaminant content in North Bohemia.
The proposed prevention limit for Czech agricultural soils
(1 ng/kg I-TEQ PCCDs/Fs) was exceeded in eight samples,
with the maximum value reaching 6 ng/kg I-TEQ PCCDs/Fs.
This contamination does not pose a health risk, since the pro-
posed indication limit for human health protection is 100 ng/
kg I-TEQ PCDDs/Fs (Vacha et al. 2014). Neither does it pres-
ent a risk for plant production, following limit values for
PCDDs/Fs for agricultural production in Netherlands (10 ng/
kg I-TEQ) or Switzerland (20 ng/kg I-TEQ PCDDs/Fs)
(Vegter 1993). Using the stricter German standards (LABO
2003), two localities were identified, where soil samples ex-
ceed the content of 5 ng/kg I-TEQ PCCDs/Fs. However, these
values do show a trend toward increased environmental con-
tamination in the North Bohemian Region. The values of I-
TEQ PCDDs/Fs and I-TEQ PCB in soils from selected local-
ities are presented in Fig. 5.

3.2 North Moravian region

The basic characteristics of samples, separated into their main
soil groups, are presented in Table 2. Total Cd contents are
presented on a map, showing the probability of exceeding its
limit value. Clearly, these values show a wide-ranging con-
tamination (Fig. 3). Highest probability of Cd exceeding its

@ Springer

preventive limit occurs in the Moravian—Silesian Beskydy
Mountains (Fig. 3). However, these values do not exceed the
Cd indication limit value for food chain protection. Neither do
they exceed the Cd indication limit for human health protec-
tion. Thus, this arca does not pose a direct risk to human health
(dermal, oral or inhalation). The TE contents of the other
species only sporadically exceed the prevention limits (back-
ground values) and do not represent any serious risk to human
health. TE statistical data are presented in Table 4.

PAH content and carcinogenic benzo(a)pyrene are shown
in Fig. 4. While the PAH content indicates the magnitude of
this contamination, benzo(a)pyrene content shows its toxicity.
A map showing the probability of exceeding their preventive
limit values confirms elevated surface soil contamination in
North Moravia, especially for PAHs. The probability kriging
maps show greater uncertainty in the southern part of this
region, reflecting lower sampling density because of a higher
proportion of forest soils (only agriculture land was sampled
in this study). Nevertheless, benzo(a)pyrene levels above the
preventive limit can be seen in this area. In particular, Ostrava
is polluted by benzo(a)pyrene, with levels exceeding the indi-
cation limit for human health.

The concentrations of the other POPs (BTEX, PCB, and
DDT) in agricultural soils do not exceed their preventive
limits and therefore do not present any specific health risks
in North Moravia. POP statistical data are presented in
Table 4.

The quantities of PCDDs/Fs in agricultural soils from
North Moravia are slightly higher than for North Bohemia.
Values exceeding the preventive limit for PCDDs/Fs (1 ng/
kg I-TEQ PCDDs/Fs) were detected in all 11 selected



J Soils Sediments

As > preventive limit

As > indication limit

Be > preventive limit

Legend

W thermal powerplant
~ urban areas
Probability of limit exceeding - %

0-200

20.1-40.0

0 50Km I 40.1-60.0
|

o I 60.1 - 80.0
I s0.1 - 100

Fig. 2 The probability of limit values exceeding in the North Bohemian Region for As and Be
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Fig. 3 The probability of prevention limit exceeding in the North Moravian Region for Cd

samples. The maximum value was 8 ng/kg I-TEQ PCDDs/Fs.
As for the North Bohemian Region, this does not present any
risk to human health or to the food chain. Two localities had
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values, where soil samples exceeded the threshold of 5 ng/kg
I-TEQ PCCDs/Fs for plant production control according to
German standards (LABO 2003). The values of I-TEQ
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Tabled4  Descriptive statistics of TEs (extract in Aqua regia) and POPs contents in soils of North Moravian Region

Statistic As
(mg/kg)
Samples 182
Mean 13.62
Median 12.10
Min 215
Max 51.20
Standard deviation 7.64
Skewness 1.91,
Statistic >MAHSs
(ng/kg)
Samples 106
Mean 5.7
Median 4.0
Min 0.4
Max 86.0
Standard deviation 10.1
Skewness 5.5

Be

182
1.64
142
040
403
078
081
SPCB;

34.0
10.0
0.01
429.0
727
3.8

Cd

182
059
052
0.06
267
033
216
YDDT

106
224
75
3.0
434.0
51.9
59

Cu

182
24,05
1935
6.60
133.00
16.79
383
SPAHs

106
8,022
1,616
153.0
336,169
33,988
89

Hg

182

0.14
0.12
0.02
0.95
0.10
4.06

Benzo(a)pyrene

106

626.9
103.0

6.3

32,500
3,178

9.7

Ni

182
2134
18.60
3.70
69.8
9.86
1.42

Pb

182

44.99
39.25
5.00

540.0
40.28
10.39

182
96.15
92.00
32.80
305.0
41.04
248

Zn

182
127.97
113.30
41.70
555.0
73.13
258

I PAHs > preventive limit

', urban areas
7% forest soils

Benzo(a)Pyrene > preventive limit

Probability of limit exceeding - %

0-200
I 201-400
I <0.1-600
I so.1 - c00
I so0 - 100

~ /Benzo(a)Pyrene >j_r!diﬁonllini 2

Fig. 4 The probability of limit values exceeding in the North Moravian Region for PAHs
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PCDDs/Fs at specific localities in North Bohemia and North
Moravia are compared with I-TEQ PCB values in Fig. 5.

4 Discussion

Arsenic poses the most severe soil contamination issue in
North Bohemia. It has both anthropogenic and geogenic
sources (Podlesakova et al. 1994b). E: missions from pow-
er stations, where brown coal with high As content is
combusted, contribute to high levels of As in local agricul-
tural soils as confirmed in previous works (Vacha et al.
2002, 2008; Skala et al. 2011). The As content of brown
coal ranges from 0.1 to 1,290 mg/kg, with an average value
of 14.6 mg/kg. In addition, historical coal combustion also
contributed to contamination in this region (Safafova and
Rehoft 2006). The occurrence of soil contamination close to
the Ore Mountains area is not unexpected, given the high
number of anthropogenic sources (Jahn et al. 2013). How-
ever, in many other localities, there was contamination
from anthropogenic and geogenic sources (Némecek
et al. 1996b; Vacha et al. 2002; Drahota et al. 2012). The
risk of As transfer into plants from root uptake shoot is
limited because of the low mobility of As (Moreno-
Jimenez et al. 2010). However, As contents that exceeded
the indication limits for human health were obscrved in
North Bohemia (Fig. 2). These localitics could have an

increased carcinogenic risk (Dostal et al. 2013b). This
finding is supported by health assessments in the region
(Zimova et al. 2001). The increased contents of Be in the
soil caused by geogenic sources does not have any associ-
ated risks.

In contrast, the North Moravian Region is seriously pollut-
ed by Cd and PAHs. As for PAHs, Cd is derived from anthro-
pogenic sources in North Moravia (Galuskova et al. 2011).
High Cd contents in the soils are linked to emissions from
black coal combustion and metallurgy in the area. However,
given that the Cd indication limit for food chain protection
(Table 1) was not exceeded, it could be concluded that these
agricultural soils are suitable for plant production.

Elevated PAH content in the environment represents the
most serious problem in North Moravia, especially with re-
spect to health risks (Svecova et al. 2013; Sram et al. 2013),
PAH emissions affect the soil quality to a serious degree,
causing soil levels to frequently exceed PAH preventive limits
in North Moravia. The toxicity of this contamination was con-
firmed at Ostrava, where benzo(a)pyrene exceeded safe limits.
These findings are supported by Sram et al. (2012).

The trend toward increasing PCDDs/Fs contents in the
soils of polluted regions, especially in mountainous areas, also
was observed by Kukucka et al. (2009). Although PCDDs/Fs
contents were well under safe limits, their clevated contents
clearly indicate contamination of the environment by anthro-
pogenic pollutants.

I North Moravia
[] North Bohemia
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Fig. 5 The values of I-TEQ PCDDs/Fs and I-TEQ PCB in soil on individual localities
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5 Conclusions

This study investigates heavy industry impacts on agri-
cultural soils in two major industrial regions. Evaluation
of their soil contamination with TEs and POPs
highlighted specific regional environmental problems,
namely:

— Elevated As and Be contents in the North Bohemian
Region

— Elevated Cd and PAH contents in the North Moravian
Region

Clearly, the soil environments of the North Bohemia and
North Moravia are polluted by anthropogenic sources, directly
connected with mining and heavy industry. These data con-
firm that agricultural activities in industrial regions need not
be restricted, as long as some specific guidelines are
implemented.

The North Bohemian Region is affected by lignite
mining in open mines and the combustion of lignite
with increased As contents in thermal power plants.
Thus, agricultural soils may be used for plant produc-
tion, except at the most polluted localities. Here, crop
production for direct consumption (crops in the contact
with soil environment—especially potatoes and other
root vegetables) should be limited, and grassing over
of arable soils to avoid wind erosion should be carried
out.

The North Moravian Region is affected by black coal
mining (hard mining), coal processing, and metallurgy. An-
thropogenic Cd and PAHs influence the soil quality in this
region. Control of soil acidity through liming presents a
suitable solution for farmers and gardeners in areas with
elevated Cd soil contents (to avoid Cd transfer into plants).
The production of plants for direct consumption (e.g., po-
tatoes, vegetable, etc.) is not recommended in areas where
PAH contents exceed indication limits. Grassing over of
arable soil should be carried out to avoid wind erosion of
contaminated soil.

The pilot study of PCDDs/Fs contents in soils from both
regions confirmed elevated PCDDs/Fs levels, consistent with
anthropogenic impacts on soil environments. Our study shows
that agriculture need not be restricted in areas impacted by
heavy industry, as long as suitable precautions are undertaken
in these regions. We present a practical methodology for soil
contamination evaluation and risk assessment. Our data were
provided to the Ministry of Agriculture for the
Czech Republic to support monitoring of food production in
these regions.
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ABSTRACT

The upper values of the extractability of trace elements (As, Be, Cd, Co, Cr, Cu, Ni, Pb and Zn) in 2 mol/L HNO,
and 0.025 mol/L ethylenediaminetetraacetic acid (EDTA) (compared with their pseudototal content in aqua regia)
for determination of prevailing anthropogenic and geogenic soil load were proposed and compared with the results
of the other 30 Fluvisol samples collected from the Labe fluvial zone. The increased geogenic load of Fluvisols was
confirmed in the case of Be and As in some localities where low extractability with increased pseudototal contents
were detected as opposed to the other elements when their increased pseudototal contents were followed by their
increased extractability. The maps of probability of increased geogenic soil load in the area of the Czech Republic
based on the comparison of geological substrates and trace element load were constructed. The combination of
proposed elements extractability values for geogenic load together with developed maps is a suitable tool for the
definition of prevailing Fluvisol or sediment load on some localities in the whole area of the Czech Republic. The
results can be also a useful tool in the decision making processes regarding dredged sediment application on agri-

cultural soil (support tool for legislative norms, Direction No. 257/2009 Sb.).

Keywords: soil; dredged sediments; soil contamination; geological substrates

The soil load with trace elements is caused by
natural (geogenic) and anthropogenic sources
of contamination. The frequent aim of chemical
methods is the evaluation of critical trace element
contents in soils reducing their transfer into food
chains, and respectively the other matrices of the
environment (Hellmann 2002). Anthropogenically
induced contents of trace elements in soil support
an increase of their mobility and bioavailability,
generally (Némecek et al. 1996, Szakova et al. 2005).
Although the geogenic load is connected with low
element mobility, in some cases of extreme geo-
genic loads an increased trace element mobility was
observed (Filipinsky and Kuntze 1990, Némecek et
al. 2002). These findings show the importance of
contamination source determination for the pre-
diction of trace element mobility and their subse-
quent transfer into plant production when different

methods for prevailing contamination source; like
geoaccumulation index, enrichment factor or pol-
lution index, were described (Rafiei et al. 2010).
Generally, the load of sediments and Fluvisols is
predominantly connected with anthropogenic fac-
tors in the Czech Republic (Podlesdkova et al. 1994,
Vaneék et al. 2005). Similar results were presented
by Netzband et al. (2002) and Zerling et al. (2006)
in Germany. Some authors, however, pay attention
to more detailed principles of Fluvisols and sedi-
ments contamination by respecting the geogenic
sources of trace elements load (Schwartz et al. 2006,
Anawar et al. 2010, Deng et al. 2010). The Fluvisol
contamination can markedly limit the agricultural
use of these soils with high fertility potential.
Similarly, the increased trace element load of river
sediments was described (Heise et al. 2005). These
results restrict the use of dredged sediments in ag-

Supported by the Ministry of the Interior of the Czech Republic, Project No. VG 20102014026, and by the Ministry of
Agriculture of the Czech Republic, Project No. MZE 0002704902.
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riculture when trace element contents in dredged
sediments exceed valid limits (Directive No. 257/2009
Sb.) in many cases in the Czech Republic (Vacha
et al. 2011). This legislative norm allows the use of
sediment with increased trace element contents of
geogenic origin in agriculture (direct application on
the soils) but unfortunately does not provide a suit-
able tool for geogenic load determination (especially
mobile trace element contents criteria in sediments
and soils are missing).

We utilized the results of studies focused on
sensitivity of the extract of 2 mol/L. HNO, and
0.025 mol/L EDTA for the assessment of anthro-
pogenic and geogenic load with trace elements in
the soils (Bortivka et al. 1996, Véicha et al. 2002)
and we verified this data on a set of 30 Fluvisol
samples. These extracts seem to be promising
for Fluvisols and sediments contrary to weaker
extracts of 1 mol/L NH,NO, or 0.01 mol/L CaCl,
for mobile trace elements contents determination
because of their low contents in Fluvisols and
sediments thanks to continual leaching by water
in an aquatic environment (Vacha et al. 2011).
The connection of proposed upper limit values of
trace elements extractability for geogenic load in
combination with constructed maps to determine
the areas with increased geogenic load potential
and the areas of Fluvial zones (polygons of the
river basin of 4" order) in the area of the Czech
Republic was developed as a suitable support tool
for current legislation to assess the prevailing soil
and sediment load (geogenic, anthropogenic) ap-

pointed to the local authorities responsible for the
decision making process for example.

MATERIAL AND METHODS

The set of 30 soil samples from fluvial zones of
the Labe river was collected. The Fluvisol sam-
ples (soils developed on alluvial sediments) were
taken from Ap horizons of agriculturally used soils
(meadows, arable soils) in widths of up to 50 m from
river channels. This area is periodically flooded (in
the spring usually). The length of the study area
was up to 100 km (Figure 1). The coordinates of
sampled localities and soil characteristics (pHy,_,
C,, depth of humic horizon) were specified. The
contents of trace elements (As, Be, Cd, Co, Cr, Cu,
Hg, Mn, Mo, Ni, Pb, V and Zn) were analysed in
soil samples in the following extracts.

Aqua regia extraction (CSN EN 13346) — pseu-
dototal content. The extract is quantified in Czech
legislation giving limit values to trace elements
in agricultural soils (Direction No. 13/1994 Sb.)
and limit values in sediments for agricultural use
(Direction No. 257/2009 Sb.).

The procedure is provided in the laboratory
temperature 2 mol/L. HNO, extraction (20°C,
reciprocating shaker, 200 cycles per minute, 6 h,
Zbiral et al. 2004). The extract is quantified in
Czech as 0.025 mol/L EDTA extraction — poten-
tially mobile contents of trace elements in soils
and sediments (Zbiral et al. 2004).

Figure 1. The Labe water basin and sample points
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The soil samples for analysis were prepared from
soil particles < 2 mm following the methodology
CSNISO 11464. Contents of trace elements in the
extract were analysed by the Atomic Absorption
Spectrometry (AAS) method using the following
equipment: VARIAN AA 240Z — ETA (Palo Alto,
USA; electrother-mic atomization) for Cd and
Be analysis, VARIAN AA 240 — FAAS (Palo Alto,
USA; flame technique) for Co, Cr, Cu, Ni, Pb and
Zn analysis and VARIAN AA 240 — VGA (Palo
Alto, USA; hydride technique) for As analysis.

The analyses were done in the accredited labora-
tory of the Research Institute for Soil and Water
Conservation in Prague. The quality assurance of
analytical data is guaranteed by the control process
using matrix certificated materials (soils and sedi-
ments, CRM 7001-7004, Prague, Czech Republic)
and certified methods of the analyses. The laboratory
test protocol of every analysis is available.

The approach using geographical information
system (GIS) was applied for the demarked ar-
eas (river basin) where geogenic load could be
expected.

The maps of geogenic load with trace elements
potentially influencing fluvial zones were gener-
ated using following sources:

Vector layer of the river basin of 4™ order in
the scale of 1:1 000 000 loaded in ESRI shapefile
format, source Digital Base of water economic
data (DIBAVOD, Prague, Czech Republic).

Geological map of the Czech Republic in the scale
1:500 000, coordinate system JTSK and S42, source
atlas of maps of the Czech Republic GEOCR500,
Czech Geological Institute.

The register of contaminated sites was processed
by the Central Institute for Supervising and Testing
in Agriculture in the Czech Republic (Kubik 2009).
The database is an output of the soil agronomical
testing process following the Czech legislation,
Act No. 156/1998 Sb.

Based on the register of the contaminated sites
database, the localities exceeding the limit values
for sediment use in agriculture (Direction No.
257/2009 Sb.) were selected (at least one element
exceeded the limit value on such locality). The
geological map of the Czech Republic including 20
substrate units was divided into three categories
based on the probability of geogenic load. On the
basis of localisation of the contaminated points
from the register of contaminated sites, water
basins of the 4" order were delimited using an
intersect function and were depicted on a layer of
geological map selected on the basis of geogenic
load potential.

The data was processed by the use of elementary
statistical methods (Microsoft Excel, Redmont,
USA) and geographic information systems (ESRI
ArcGIS 9.2, Redlands, USA).

RESULTS AND DISCUSSION

The selection of extracts and trace elements
extractability assessment in Fluvisol samples were
calculated and evaluated with the use of previous
works (Némecek et al. 1996, Vicha et al. 2002)
when the extractability for individual trace ele-
ments from geogenic and anthropogenic sources

Table 1. Extractability of risk elements (%) in soils with different source of load derived from the data of Némecek

et al. (1996) and Vécha et al. (2002)

2 mol/L HNO,

0.025 mol/L EDTA

Element
geogenic air deposition fluvial geogenic air deposition fluvial

As 13 40 42 3.5 9.3 25.5
Be 15% 20-50 30-90 - - -
Cd 70* 87 95 51 40-72 95
Cr: <10 <10 48-67 0.5 >1 >1
Cu 30 44 72 18 28 40
Mn 33 55 78 17 28 57
Ni - - - 25 40 60
Pb 32 57 83 50 > 60 > 60
Zn 20 50 70 25 > 40 > 40

Be* — derived for soils developed on parent materials from acid rocks; Cd* — derived for soils developed on par-

ent materials from weathering limestone products
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Table 2. Extractability of risk elements in 2 mol/L HNO, (%) in set of Fluvisols (medians)

As Be Cd Cu Ni Pb Zn
A 28 29 92 52 30 68 35
B 48 18 95 77 no 90 55

A - load under background values in Czech agricultural soils; B — load over background values in Czech agricul-

tural soils. no - no relevant data analysed

was derived (Table 1). The solubility was calculated
for the extracts of 2 mol/L HNO, and 0.025 mol/L
EDTA. In our case, the aqua regia soluble element
content was used for the calculation of the 2 mol/L
HNO, and 0.025 mol/L EDTA soluble element
portion instead of the pseudototal content (aqua
regia extract). The borderline extractability for
the load from geogenic sources was derived. The
relevance of calculated extractability values was
verified on the set of 30 Fluvisol samples.

The values of trace elements extractability in
2 mol/L HNO, (extract in 2 mol/L HNO,/ex-
tract in aqua regia x 100) derived from the set of
30 Fluvisol samples and calculated as median
values are presented in Table 2. The extractability
for fluvial load under and over background values
were calculated separately. It is documented that
an increased load of Fluvisols by trace elements
is followed by its increased extractability. Sharp
differences were found in cases of elements with
generally low mobility. Cr, As and Pb caused the
enrichment of anthropogenic load increases the
extractability of elements markedly. For the most
mobile Cd gives rise to a low difference between
the extractability of background and increased
load prospective regardless of the differences in
the case of Zn are surprisingly much more evident.

Be shows an opposite trend where increased
Fluvisol load is followed by lower extractability

in an observed set of Fluvisol samples. General
Be extractability values in 2 mol/L HNO, did not
reach the extractability values for fluvial load in
Table 1 but overcome the value of geogenic load
and are still typical for anthropogenic load. The
extractability value for Ni was calculated only for
low Fluvisol load because no increased Fluvisol
Ni load was observed. On the basis of this fact
and previous works (Némecek et al. 1996, Vicha
et al. 2002) it could be concluded that 2 mol/L
HNO, is not a suitable agent for Ni geogenic load
evaluation.

The number of samples exceeding background
values of 1 of trace elements in Czech soils is shown
in Table 3 together with the samples with low trace
elements extractability that is typical for geogenic
load (exceeding 2). The samples with trace elements
contents over their background values and low
trace elements extractability (geogenic load) are
presented as exceeding 3. The data shows that the
most problematic are Be, Zn and Cd. The low ex-
tractability typical for geogenic load was observed
in Fluvisols in the case of Cr >> Cd > Be > As and
Zn. Cuand Pb show increased extractability in all
samples and their prevailing anthropogenic inputs
into Fluvisols could result. Opposed to this, low
extractability typical for Cr could be connected
with geogenic load especially in the Fluvisols with
low Cr load. Increased Cr contents (3 samples)

Table 3. Number of samples exceeding background values of risk elements and number of samples with risk

elements extractability value under value typical for geogenic load

As Be Cd Cr Cu Ni Pb Zn
Background 20 2 0.5 90 60 50 60 120
Exceeding 1 5n 10 n 8n 3n 4n 0n 4n 7n
Exceeding 2 ln 4n 5n 14 n On - On 1n
Exceeding 3 1n 3n 0n 0n On - On 0n

Background - risk elements background values in Czech agricultural soils; exceeding 1 — exceeding number of

risk elements background values in a set of Fluvisol samples; exceeding 2 — samples number of extractability

values under value of geogenic load in a set of Fluvisol samples; exceeding 3 — samples number of extractability

values under value of geogenic load in a set of Fluvisol samples and with increased load over background values

simultaneously
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are connected with increased Cr extractability.
Similarly, increased Cd contents in the Fluvisols
reflect anthropogenic load. Nevertheless, Be
(3 samples) and As (1 sample) show that increased
trace element contents in the Fluvisols could be
related to geogenic load in some cases.

The extractability of 0.025 mol/L EDTA shows
comparable values with 2 mol/L HNO, when
sharper differences were observed in the case
of Cr (20 times lower) and were problematic in
the case of Be. The values of Be extractability in
EDTA differed in the set of samples with different
loads and no statistically relevant data could be
derived. The same situation occurs at evaluation
of Ni extractability results in 2 mol/L HNO, and
the combination of both extracts can be recom-
mended to avoid the described problems. On the
basis of selected data the values of trace elements
extractability for both extracts (2 mol/L HNO,
and 0.025 mol/L EDTA) defined as upper limits
for geogenic load in Fluvisols and sediments were
proposed (Table 4). The samples with trace ele-
ments extractability equal to and lower than the
defined limit values could be designated as the
samples with prevailing geogenic load.

The observed load of Fluvisol of the Labe River
is in good agreement with the results of Netzband
et al. (2002). These authors document an increased
load with As, Cd and Zn. The extractability of trace
elements indicates their increased anthropogenic
inputs into Fluvisols in most cases. The load with
Cd and Zn could be connected especially with an-
thropogenic inputs as it was also confirmed e.g. by
Zerling et al. (2006) in the European context. The
load of Fluvisols with trace element contents under
background values is proven by geogenic sources
and is more evident (lower extractability) than in
Fluvisols with trace elements contents exceeding
background values (higher extractability). The data
confirms that geogenic sources of trace elements
play an important role in uncontaminated Fluvisols
(Deng et al. 2010), but increased contents are usu-
ally related to anthropogenic load (Podlesdkova
et al. 1994). This trend could be presented using

the example of Cr especially. Nevertheless, in the
case of As and Be it was documented that a strong
influence of geogenic load resulting in an increased
load of alluvial sediments could not be excluded. In
these cases quantitative load with As and Be from
geogenic sources leads to exceeding their background
values in the soils. The low extractability in 2 mol/L
HNO, confirms prevailing geogenic sources. The
observed data confirmed a predominance of anthro-
pogenic load in loaded Fluvisols but the existence
of prevailing geogenic load over anthropogenic load
was confirmed also (As, Be) in the Fluvisols with
their increased contents. The construction of maps
presenting the probability of increased geogenic
load in the area of the Czech Republic was real-
ized. The probability of geogenic contamination of
agricultural soils was derived as the correlation of
geological substrate categories with GIS layer show-
ing the samples which exceed limit values on the
area of the Czech Republic (Kubik 2009) and with
GIS layer showing the polygons of river basin of the
4th order. The combination of these three individual
GIS layers into one complex GIS layer gives the
information on which localities or just river basin
of the Czech Republic area with increased trace
element contents it can be detected and highlights
if these cases could be related to geogenic load.

This approach was done in two main steps. In the
first step only two GIS layers were combined and
the resultant map (Figure 2) shows the areas of river
basins of the 4% order and shows sampling sites with
increased contents of trace elements in the area of
the Czech Republic. In the final map (Figure 3),
the third GIS layer showing areas of probability of
geogenic contamination was added.

The described approach based on the comparison
of trace elements extractability in 2 mol/L HNO,
and 0.025 mol/L EDTA (with the existence of the
proposed upper values for geogenic load) and
the comparison of observed data with the map
overview showing the presence of the areas with
increased geogenic sources is a suitable tool for
the differentiation of anthropogenic and geogenic
load of Fluvisols and sediments and can serve as

Table 4. Upper limits of risk elements extractability (%) in 2 mol/L HNO, and 0.025 mol/L EDTA for geogenic

load in Fluvisols and sediments

Extract As Cd Be Co @r Cu Ni Pb Zn
HNO, 15 70 15 30 10 30 - 30 20
EDTA 5 50 - 25 0.5 25 25 50 25
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[ river basins of 4t order

locality of the register of
contaminated sites where
the limit value was exceeded

Figure 2. Localisation of the river basins of 4" order with sampling sites (Kubik 2009), where the limit value for
risk element content was exceeded
Probability of geogenic
contamination of agricultural soil
[ probable
limited but possible in some cases

improbable
- river basins of 4" order

locality of the register of
contaminated sites where
the limit value was exceeded

Figure 3. Probability of geogenic contamination of agricultural soils — correlation of geological substrate catego-
ries with sampling sites (Kubik 2009), where the limit value for risk element content was exceeded and polygons
of river basin of 4t order
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an informative source in any decision-making
process concerning the application of sediments
on agricultural land (Direction No. 257/2009 Sb.).
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Abstract

Floodplains are dynamic ecosystems wherein intensive farming can meet increased environmental
concentrations and bioavailability of a number of trace elements. Therefore, the primary objective
of this study was to investigate the partial digestion of selected trace elements in surficial soil
samples (depth up to 40 cm) across a gradient of environmental conditions along the Ohie River
and determining the elements of high priority, while also exploring their geographic variation. The
established agrochemical testing of Czech soils provides a valuable resource to determine the
geochemical differences of multi-element associations in cultivated areas (arable crops and hop
fields) in periodically inundated areas in the catchment with a number of potential pollution sources.
The topsoil samples were digested using the nitric acid (2 mol/L HNO3), analysed for trace elements
(Be, Cd, Co, Cr, Cu, Ni, Pb, V, and Zn) using inductively coupled plasma mass spectrometry (ICP-
MS) and atomic absorption spectroscopy (AAS), and for their total Hg content. Data (n = 130) were
modelled against the sample location and cultivation using the log-ratio approach. The structural
spatial analysis (based on the Mantel’s correlation test and the generalised distance covariance test
and involving the use of the compositional Aitchison’s distance and two types of spatial distances
quantified the geospatial continuity of the geochemical composition with the correlation statistics
rm = 0.46 resp. rqg = 0.43. The explanatory and inferential statistical tools (PCA, MANOVA) adapted
for compositions, combined with a simple spatial ranking and land-use information defined
effective discriminating subcomposition (Cu—-Hg—Ni) that were able to describe the changes of
geochemical domains in floodplains and retained a decent representation (46 %) of the entire
compositional variability in our dataset. Mapping the Cu—Hg—Ni subcomposition using the RGB
composite enabled to display the high-dimensional multivariate dataset with reduced information
and enabled to discriminate spatial domains representing geochemical signatures related to changes
in element inputs along the watercourse. The analysis of our results within the compositional
framework showed a changing pattern of relative enrichment/depletion of the partially digested
trace elements in which a regional contrast between groups of the chalcophile elements (Cu, Pb,
Zn, and partly Cd), siderophile transition metals (Cr, Co, Ni, and V) and single elements (Hg, Be)
was source-apportioned to the effect of point pollution sources (Hg, Ni, Cr, Co ) as well as diffuse
sources (Cu, Zn, Pb, Cd).
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Floodplains; trace elements; soil geochemistry; compositional data; geochemical mapping
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Highlights

e Geospatial continuity of the compositional structure was evident for partially digested trace
elements as far as the stream distance of 40 km in the Mantel’s correlation test.

e Topsoil pattern revealed a regional contrast between groups of the chalcophile elements
(Cu, Pb, Zn), transition metals (Cr, Co, Ni) and single elements (Hg, Be).

e The changing impacts of local dominant sources featured effectively the Cu—Hg-Ni
subcomposition and its mapping.

1. Introduction

Soil is an important sink for metals that are released into the environment as a result of human
activity. The high and long-term anthropogenic alteration of floodplains as a consequence of high
population density has resulted in enhanced anthropogenic pressures on riverine systems. Few
studies have focused on semi-terrestrial soils, particularly floodplain soils, as compared to terrestrial
soils, although they reveal some specific features; these include elevated levels of pollutants
(Rinklebe etal., 2007; Luster et al., 2014; Schwartz et al., 2006), high spatio-temporal heterogeneity
due a dynamic interactions among various environmental media (Wélder et al., 2006), and long-
term and intensive cultivation practices (Tockner and Stanford, 2002). As our research goals were
targeted at the geochemical patterns within cultivated soils in floodplains, tillage practices may
effect spatial variations in soil properties. On comparing the spatial patterns of chemical elements
in the topsoil and subsoil horizons over a geologically contrasted and weakly contaminated area,
Bourennane et al. (2003) proved that the local geology may be partially disguised by the tillage-
based redistribution of elements and homogenisation of soils. In addition, the statistical processing
of multi-element geochemical data is further hampered by the closure problem and possible
spurious correlations (Aitchison, 1986; Pawlowsky-Glahn et al., 2015; McKinley et al., 2016). In
statistics and mathematical geosciences, the log-ratio approach is currently being developed to
overcome these disadvantages in compositional analyses (Aitchison and Egozcue, 2005).
Agricultural soils of floodplains and the determination of their geochemical characteristics are areas
of increasing interest, as these soils are subject to intensive farming; food chain contamination via
transfer of pollutants is also a matter of concern. Bioavailability is the key factor responsible for the
toxic potential of trace elements (TES) with respect to the environment and living organisms
(Adriano, 2001). Therefore, the present research was conducted to determine whether the analysis
of a horizontal spatial variability in selected TEs in partially digested surficial-soil samples has the
potential to trace the regional changes of the geochemical signatures, and to apportion these changes
to potential sources. For these purposes, the log-ratio approach was used to explore whether some
particulate subcompositions may be used to discriminate spatial domains representing geochemical
signatures related to changes in element inputs along the watercourse. After the analysis, we focused
on obtaining a quantitative measurements of the spatial structure and tested the efficiency of the
Mantel’s correlation test and its generalisation (Borcard and Legendre, 2012; Omelka and
Hudecova, 2013). As reliable geochemical maps are required in environmental research and for
communicating relevant geochemical findings to environmental regulators and policy makers
(Reimann et al., 2012), we combined the results of the compositional and spatial analysis into
integrative maps that facilitated the interpretation of the spatial patterns of geochemical features,
along with an effective selection of the priority TEs regionally influencing the soil quality of
cultivated floodplains within the case study watercourse (the Ohie River in the Czech Republic).
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2. Materials and methods
2.1 Sampling design and study area

The Czech Republic is a country with a long-term industrial history. This is especially the case
along the Czech—Saxony border, where industrial growth was encouraged by mining activities in
the opencast coal fields and historical polymetallic mining districts. The evidence of various
pollution sources was recorded in the broad region of the Ore Mountains (Vacha et al., 2015) with
proven symptoms in the fluvial sedimentary archives of the Ohte River and its tributaries (Grygar
et al., 2016).

To research on the soil quality of cultivated floodplains, we took advantage of the long-established
agrochemical testing of soils that was aimed at helping Czech farmers to meet lawful terms
according to the Act on Fertilizers (Act No. 156/1998 Coll., as amended). The countrywide
agrochemical testing included information regarding the contents of the major and TEs in soils, and
their comprehensive characterisation was presented in detail in another study (Bednarova et al.,
2016). The country-wide database containing approximately 50,000 soil samples was used for data
filtering on the basis of digital water management data (water course model, inundation areas of the
100 -year flood).

Agricultural Sampling Mixed Depth Number
soils density sample P of samples*
30 individual
Arable crops 1 sample/ 7-10 ha probes up to 30 cm 90
Hop fields 1 sample/3 ha 30 individual 10-40 cm 40
probes

* Number of samples involved in this study
Table 1 Summary of soil prospecting for the agrochemical testing of the Czech soils

The spatial filtering of the agrochemical data, excluding some samples owing to analytical reasons
(an abundance of unavailable and below-detection values), provided values for 130 samples with
a complete geochemical record for surficial concentrations of ten TEs in cultivated soils within the
inundation areas of the 100-year flood along the Ohie River (Table 1). The sampling within the
Czech agrochemical testing of soils has been carried out according to the unified soil prospecting
practice - Klement (2014). One composite sample consists of 30 individual probes to depths of 30
cm or 40 cm on arable land and hop fields, respectively. The spatial distribution of the composite
samples is arranged so as to achieve approximately 1 soil composite sample per 7 - 10 ha of arable
crops and 3 ha of hop fields and represented agricultural plots with monotonous cultivation (same
crop plant under same cultivation conditions) (Table 1). The depths of the soil sampling are
designed to represent chemical composition in the plough layer - cultivated soil volume that is
relatively rich in organic matter, contains many live roots and is subjected to land preparation (e.g.
ploughing, harrowing etc.) with the possible tillage-based homogenisation of soils. The impact of
such purposive soil prospecting resulted in a sampling gap at the middle reach of the Ohte River
owing to the absence of cultivated floodplains along the channelized river near the Sokolov coal
field and in the narrow valley with wooded slopes comprising mafic volcanic rocks and basaltic
lavas/tuff below the Karlovy Vary municipality.
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Figure 1 Geography of the research basin: a) the basic topography of the catchment, b) the width
of the floodplain inundated by floods with 100- year periodicity and cumulative proportions of hop
fields and arable crops

Because of the rationale and nature of soil prospecting within Czech agrochemical testing, there is
an inherent uncertainty in our samples being representative of the cultivated soils and geochemical
situation of the entire floodplain. In particular, neglecting the effects of natural sorting in river
systems (owing to the mixed sampling strategy of cultivated soils and sieving the samples; Babek
et al., 2015 or Grygar and Popelka, 2016) together with the absence of sampling for natural traps
for sediment-associated heavy metals in wetlands and swale soils caused our assessment to be
conservative to some extent. Although the present limitations concerning the diverse alluvial
depositional patterns are indisputable, we emphasise that the uncertainty in our analysis was
outweighed by the insights that our results provided for the quality status of the cultivated soils.

2.2 Chemical analysis

The soil samples were homogenized by being stirred in a modified mixing device, after stirring each
sample was divided by quartering and tested for homogeneity. All soil samples were air-dried (at
the temperature below 40°C) and after major parts of the skeleton and possible roots had been
removed the sample was sifted on a special soil-sifting machine according to ISO 11464. The
prepared samples contained particles of the size less than 2 mm, and then extracted using the nitric
acid (HNO:s). Dry soil (10 g) was shaken in 100 ml of cold 2 mol/L HNOs, and 20 ml of the extract
was filtered for analysis. The extraction procedure was performed at 20 °C, in a reciprocating shaker
(200 cycles/min, 6 h) (Zbiral et al., 2004). Using chemical extraction media of different strengths,
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itis possible to differentiate between the inactive, mobile, and mobilisable (extractable or leachable)
metal fractions (Gupta et al., 1996). The mobile and mobilisable metal fractions provide a risk-
based assessment. The use of HNOs or EDTA extractions is advisable for assessing mobilisable
metal fractions in a fluvial environment, as the weaker extracts (i.e., 1 mol/L NHsNOz or 0.01 mol/L
CaCly) have very low metal concentrations owing to their continual leaching by water in an (semi-
) aquatic environment (Vacha et al. 2013). The HNOs—extractable fraction of the TEs was measured
and compared with the pseudo-total contents of the TEs in the aqua regia extract (according to 1ISO
11466) for a number of samples (Supplementary Table A.1). The solubility results were also
compared between the samples within the inundation areas (n=32) and those within the 5-km buffer
zone outside the inundated areas during the largest known meteorological flood in the study area
(n=28). The results showed that HNO3 extraction may completely recover Cd and may partially
(or fully) recover Be, Cu, and Pb, while it may provide partial recovery for Cr, Ni, V, and Zn.
On comparing the solubility of the floodplain and near-floodplain samples, a small shift in
equilibrium between the pseudo-total contents and HNOs-extractable fraction was observed,
confirming differences in the available chemical forms of TEs in Czech fluvial soils compared to
standard agricultural soils (Podlesakova et al., 1999).

The contents of Be, Cd, Co, Cr, Cu, Ni, Pb, V, and Zn were determined using inductively coupled
plasma mass spectrometry (ICP-MS) or atomic absorption spectroscopy (AAS). Mercury was
analysed using a total mercury analyser (TMA). All the analyses were conducted in the National
Reference Laboratories of the Central Institute for Supervising and Testing in Agriculture, which
are certified authority for the chemical testing of soils, according to CSN EN ISO/IEC 17043:2010.
The comprehensive characterisation of quality control was presented in detail in previous studies
(Bednaiova et al., 2016; Meloun et al., 2005). Precision and accuracy of the analysis was assessed
using replicates at a rate of 1 in 10 samples and by comparison to known in house analytical
standards linked to certified reference materials with the assessed uncertainty through the validation
and using laboratory blanks. The detection and quantification limits are presented in Table 2.
Samples with an abundance of unavailable and below-detection values were omitted at the early
stage of filtering the dataset in order to prevent the occurrence of the rounded-zero problem in the
compositional data analysis.

2.3 Data analysis

Geochemical data are generally (sub)compositions and do not belong to the classical Euclidean
space but are required to be considered in their own geometry on the simplex (Aitchison, 1986;
Pawlowsky-Glahn and Egozcue, 2001). In mathematical geosciences, the orthonormal coordinate
representation which is coherent with the geometrical structure of the simplex sample space is
currently an area of active research (Egozcue et al., 2003; Egozcue and Pawlowsky, 2005; Fiserova
and Hron, 2011) with an inherent proliferation into applied environmental geosciences (Reiman et
al. 2012; McKinley et al. 2016; Tolosana-Delgado and van den Boogaart, 2013). While exploring
the geochemical zoning of the cultivated soils within the study catchment, we focused our attention
on the quantitative measurement of the spatial relations of the TEs and an effective spatial mapping
of the results. The first was achieved by relating the Aitchison’s distance matrix to two tailored
spatial matrices using the global Mantel’s correlation (Mantel, 1967) and by enumerating mutual
spatial relations of distances in the Mantel’s correlogram (Oden and Sokal, 1986). In the attribute
space of our dataset, a distance metric in the simplex space (called the Aitchison’s distance) may
be defined as the Euclidean distance between the clr-vectors (i.e. the transformed compositions by
the centered logratio function according to Eq.2) (Aitchison, 1992; Aitchison et al., 2000).

In the spatial domain of the dataset, two matrices were set based on the geographical position of the
samples:
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a) The Euclidean distance matrix is based on the straight-line distance between the geographical
positions of the samples within the floodplain.

b) The stream distance matrix is calculated as the shortest stream-line distance between the
geographical positions of the samples, after the samples had been manipulated to cling onto the
watercourse line using the nearest distance to the stream line (see Supplementary Fig. A.1.)
These spatial matrices were related to the Aitchison’s distance matrix using a normalised
Mantel’s correlation coefficient to quantify the surficial-soil TEs in cultivated floodplains along
the Ohie River, thereby determining the spatial continuity in geochemical composition of the
soils. As several objective criticisms raised methodical concerns regarding the statistical power
of the Mantel’s test (Dutilleul et al., 2000; Legendre and Fortin, 2010), we verified the results
using a generalisation of the test based on the distance covariance described by Omelka and
Hudecova (2013). In the next step, the spatial distances were resolved into k distance classes
using Sturge’s rule, and the normalised Mantel’s statistics rv as a simple Pearson’s linear
correlation coefficient between the matrices of distances were recomputed for the combinations
of the Aitchison’s distance matrices against the binary matrices, representing the membership
of sites to the distance class being tested, by the following relationship:

_ 1 on wi-1 (XX (YiiTY
rM_d—l =2 j=1( Sx Sy 1)

where x and y are the means of the values in each of the lower-triangular distance matrices X and
Y, and s, and s,, are their standard deviations, and d= n(n-1)/2) is the number of dissimilarity
measures in one of the upper triangular matrices (Borcard et al., 2018). Each rM value for the
distance class is then tested using a permutation test (n = 999). The resulting correlation statistics
rM were plotted against the distance classes k in the multivariate Mantel’s spatial correlogram
(Oden and Sokal, 1986). According to Boccard et al. (2018), the Mantel’s correlogram was
proved useful for the spatial correlation analyses in those cases wherein the response data are
modelled by a distance function that is not Euclidean.

In the next step, the explanatory analysis was employed to select and use sub-compositions
to spatially delineate the zones with distinct geochemical characteristics of surficial soils
in cultivated floodplains using the colour composite map (Albanese et al., 2011; Zuzolo et al., 2018;
Kirkwood et al. 2016). To highlight the geochemical contrasts within the composite map, an
orthonormal basis for the ilr-transformation was tailored to allow ilr-coordinates to contain all the
relative information of one compositional part with respect to the other parts (Filzmoser et al.,
2009a). These univariate ilr-coordinates were then spatially interpolated using the inverse distance
weighting (IDW) interpolation technique. The interpolated grids were normalised and reclassified
using a 256-interval scale to produce three monochromatic maps for each RGB colour. These maps
were combined into the RGB composite grid in which the value of each pixel, as a result of the
colour triplet, represented the influence/domination of the associated element in relation to the
others. The interpolated grids were proceeded for the coordinates of those TEs’ triplets that retained
a decent representation of the entire compositional variability pattern within the three-part
subcompositions, as determined through the explanatory analysis targeting a decomposition
of compositional variability. The use of three-part subcomposition conveniently allowed for full
representation in the RGB colour space. Care should be taken when interpreting these results as the
univariate ilr-coordinates do not accurately represent the multivariate data information (Filzmoser
et al., 2009a); their interlinking in a multivariate fashion is in violation of the fundamental
requirement of subcompositional coherence. Since compositional data are multivariate
by definition, the component-wise approach (i.e., clr-values and univariate ilr-coordinates) does not
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explicitly show all the mutual impacts of other variables and fails to provide deep insights into the
multivariate structure of the data (Reimann et al., 2012). McKinley et al. (2016) declared that a high-
dimensional multivariate information may be hard to display and read, hence the keystone is the
univariate or oligovariate mapping using sub-compositions for gaining insight into geochemical
processes. The challenge in finding those sub-compositions to be mapped was based on the data
explanatory analysis using statistically determined projections that best capture certain patterns and
elemental associations in the geochemical dataset and we proceeded as follows.

1)

2)

3)

The basic statistical parameters were calculated after the data matrix had been centred-log
ratio (clr) transformed in which each variable xp is divided by the geometric mean g(x) of
all the measured elements, followed by a log-transformation (Aitchison, 1986):

clr (x) = [In== In=% .. In-2 2)
9Ix) Ix) ey

The compositional structure of our data was first described using the variation array, i.e.
a symmetrical matrix where the upper diagonal contains the log-ratio variances and the
lower diagonal contains the log-ratio means (Aitchison, 1986). The log-ratio variance
allows us also to identify the stability of the parts as a measure for a statistical association
between compositional parts (Aitchison, 1986; Buccianti Pawlowsky-Glahn, 2005;
Filzmoser et al., 2010). The pair-wise variance of the simple log-ratios (or its normalisation)
may determine the components, which are highly proportional, but does not allow
to distinguish between positive and negative associations (Reimann et al., 2017). We
advanced the geochemical relationships using the isometric log-ratio transformation (ilr-
transformation) based on the expression of compositions in terms of their real coordinates
with respect to an orthonormal basis of the simplex (Egozcue et al., 2003). For the purpose
of advance pairwise variable associations, the orthonormal basis was tailored to highlight
a correlation structure of the compositional data using the symmetrical coordinates that
were mathematically defined by Kynclova et al. (2017) and effectively applied
in geosciences by Reiman et al. (2017) or Hron et al. (2017). The advantage of using the
symmetrical coordinates enabled the visualisation of associations using the heatmap
technique combined with the rearrangement of the correlation matrix via a distance-based
clustering of correlations (Reimann et al. 2017).

Multivariate analysis techniques can help to identify interesting log-contrasts to map.
Principal component analysis (PCA) adapted to compositions, along with a compositional
biplot (Aitchison and Greenacre, 2002), were then employed to visualise and understand
the variability in the variation array. Here the use of the PCA together with
subcompositional analysis (Aitchison, 1984) seems to be reasonable to define the 3-part
subcomposition to be employed for the mapping and that may retain as much as possible
of the variability in the entire composition and that can best capture certain effects, patterns
and elemental associations. To visualise the geochemical contrasts in geographic space, the
data were spatially ranked according to the stream distance of the sampling sites from the
river mouth within the compositional biplot and also for the selected three-part
subcompositions within the corresponding ternary diagrams. Finally, we compared the
relative differences of geochemical compositions between groups according to the
cultivation (arable crops vs. hop fields) using the geometric mean barplots and MANOVA
adapted in terms of log-ratio approach (Martin-Fernandez et al., 2015).

All the steps of compositional data analysis were performed in the R programme for windows
(R Core Team, 2012) using the robCompositions package (Templ et al., 2011). The stream distances
were processed in the riverdist package (Tyers, 2017), the Mantel’s correlation analysis was
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conducted using the vegan package (Oksanen et al., 2017), the nonparametric multivariate inference
was processed using the npmv package (Woodrow et al., 2017), and the generalised distance
covariance test was performed using the energy package (Rizzo and Székely, 2013). All the spatial
mapping was processed in the ArcGIS 10.2 software (ESRI, Redlands, CA).

3. Results and discussion
3.1 Geospatial continuity of geochemical compositions

We expected that there is a substantial spatial variation of the soil TEs along the river gradient.
To verify this hypothesis statistically, spatial continuity of the compositional structure was
quantified using the global Mantel’s correlation, verified in the generalised distance covariance test,
and finally regionalised using the Mantel’s correlogram. First, a calculated correlation was found
between the Aitchison’s distance matrix and Euclidean distance matrix based on the coordinates
with the resulting rm = 0.46 in the Mantel’s test (resp. rqa = 0.51 in the covariance distance test) and
with the statistical significance in the permutation test. The correlation between the Aitchison’s
distance matrix and stream distance matrix was then calculated. The resulting Mantel’s correlation
coefficient rm = 0.46 (resp. the test statistic rq = 0.430) was proved to be statistically significant via
permutation for both tests.

B Statistically Significant

Euclidean distance matrix Stream distance matrix

O Not Statistically Significant based on the straight-line distance as the shortest water-line distance

O o O
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Figure 2 Mantel’s correlogram of normalised Mantel’s statistics rv between the Aitchison’s
distance matrix and two spatial matrices

In the next step, the Mantel’s correlograms visualised the normalised Mantel’s statistics rM between
the Aitchison’s distance matrix and two spatial binary matrices wherein pairs of sites belonging
to the same distance class received a value of 0, and the other pairs, a value of 1 (Legendre and
Legendre, 2012). The Mantel’s correlograms reported similar trends for the changes
in compositional similarities among the samples in relation to a spatial distance binding for both
the spatial matrices (based on the Euclidean straight-line distance and stream-line distance)—see Fig.
2. The results demonstrated the significant positive spatial correlation in the first three resp. six
distance classes of the straight-line resp. stream-line distance matrix. Close sample sites tended
to show a very similar compositional structure as far as the straight-line distance of 20 km resp.
stream-line distance of 40 km. The decrease in the compositional distance was more gradual in the
case of the stream distance matrix as compared to the Euclidean distance matrix in reporting the
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complexity of the channel geometry. Nevertheless, both correlograms are informative owing to the
different spatial definitions of both distances used for the plotting. Interpreting the processes
occurring at several spatial scales would be more informative if the geostatistical modelling of the
variation-variograms and their eigenvalue decomposition using the sill matrices were applied
(Tolosana-Delgado and van den Boogaart, 2013). However, it may be complicated to develop valid
spatial covariance models for variables spatially structured along a river network (Cressie et al.,
2005; Peterson and Ver Hoef, 2010). Hence, we employed the multivariate statistical tools
to explore and explain the compositional variability within the dataset, and then used an univariate
interpolation for the ilr-coordinates containing all the relative information of one compositional part
with respect to the other parts similarly to Zuzolo et al. (2018).

4. Explanatory data analysis

Once the geospatial continuity of the compositional structure was proved, we explored the
compositional variability to interpret the patterns using the expository and inferential tools (PCA,
MANOVA). Table 2 shows the tabulated results of the statistical parameters for the raw
concentrations and clr-transformed variables that can be used to interpret the relative abundance
of an element in the (sub)composition of ten TES in our dataset.

Clr-transformed concentrations of TEs Raw concentrations of TEs
Q50 Range IQR MAD Xp/Xq Q50 MAD CVR
Be -1.55 1.67 0.39 0.30 0.06/0.197 1.1 0.7 65
Cr -0.24 3.11 0.51 0.26 0.598/2.179 4.7 1.8 39
Cd -2.03 2.25 0.48 0.31 0.061/0.196 0.7 0.7 99
Co 0.10 1.42 0.35 0.25 0.658/2.203 6.4 2.3 36
Cu 1.80 2.41 1.04 0.80 0.515/1.821 28 28 99
Hg -3.59 5.86 0.64 0.51 0.02/0.06 0.1 0.1 59
Ni 0.33 1.50 0.56 0.40 0.574/1.992 7.9 1.8 23
Pb 1.77 1.14 0.33 0.21 0.957/2.916 30 21 72
\'" 0.75 1.97 0.43 0.28 1.611/5.764 13 4.8 36
Zn 2.24 1.92 0.63 0.45 1.37/3.979 48 47 98

Table 2 Summary statistics: clr-transformed and raw concentrations of TEs; agricultural soil. All
clr-values are log-ratios, and hence, dimensionless. Min: minimum; Q: quantiles (Q50 = median);
Max: maximum; MAD: median absolute deviation, IQR: interquartile range. Raw concentrations:
XplXq: analytic detection limit/quantification limit for each TE [mg/kg]; Q50: median [mg/kg];
MAD: median absolute deviation [mg/kg]; CVR: robust coefficient of variation [%].

High median values for clr(Zn), clr(Pb), and clr(Cu) indicated average dominance of the elements
as compared to the geometric mean of the entire composition. In contrast, low median values
indicated the TEs that have relative abundances lower than the geometric mean (e.g., Be, Cd, and
Hg). An interquartile range (IQR) and median absolute deviation (MAD) provide estimates of the
variance of the clr-transformed variables, in that a higher variance for a component indicates its
greater influence on the multivariate data ensemble (Reimann et al., 2012). Our high variance values
for clr(Cu), clr(Zn), and clr(Hg) induced a high influence of these TEs on the variability of the soil
quality in the region, and they were expected to be a distinctive feature determining the surficial-
soil patterns. The first insight into these spatial patterns can be made by mapping the clr-values via
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dot maps. Using the example of clr(Cu) (see Supplementary Fig. A.2), it is apparent that, relative
to the geometric mean, Cu was abundant in the floodplain soils in the middle reach of the Ohte
River. A very similar pattern was recognised for the Zn clr-values. The clr-values for Hg, Cr, and
Ni showed a changing pattern of relative enrichment/depletion/enrichment in the sequence
of upper/middle/lower reaches (see Supplementary Fig. A.3).

Be Cr Cd Co Cu Hg Ni Pb \ Zn

Be 0.45 0.37 0.29 0.60 0.55 0.25 0.18 0.22 0.26
Cr -1.48 0.75 0.35 1.02 0.60 0.31 0.46 0.25 0.72
Cd 0.63 2.11 0.42 0.17 1.24 0.42 0.12 0.54 0.14
Co -1.68 -0.21 -2.31 0.70 0.62 0.10 0.22 0.14 0.41
Cu -3.36 -1.89 -3.99 -1.68 1.55 0.74 0.28 0.81 0.24
Hg 1.95 3.43 1.32 3.63 531 0.62 0.78 0.53 1.06
Ni -1.89 -0.41 -2.52 -0.21 1.47 -3.84 0.23 0.11 0.46
Pb -3.24 -1.77 -3.87 -1.56 0.12 -5.19 -1.35 0.24 0.14
A"/ -2.40 -0.93 -3.03 -0.72 0.96 -4.35 -0.51 0.84 0.47
Zn -3.69 -2.21 -4.32 -2.01 -0.33 -5.64 -1.80 -0.45 -1.29

Table 3 Variation array for the soil TEs: Upper triangle - simple log-ratio variances; Lower
triangle — simple log-ratio means

The described trends were further summarised by the variation array. The sample mean value of the
simple log-ratio of the corresponding parts are in the lower triangle in Table 3. For instance all mean
log-ratios for Zn-pairs were negative and indicated that, in mean, Zn had higher values over than
rest of TEs (consistent with the high median value for the Zn clr-values in Table 2). Concerning
a decomposition of total variance in simple log-ratios in the upper triangle, there are important the
high variances of simple log-ratios for Cu, or Hg along the river (bold numbers in Table 3). On the
contrary the simple log-ratio variances for Pb, Cu, Zn and Cd were lower. Also the variances of log-
ratios for Cr over Ni or Co, V were small, hence indicating proportionality of these TEs across the
river gradient. Aitchison and Greenacre (2002) proposed to display the compositional variability in
the form of biplot, representing a projection of the first orthonormal principal components.
On interpreting the compositional biplot according to the fundamental principles in Aitchison and
Greenacre (2002), it was possible to distinguish three distinctive groups of TEs with a high in-group
proportionality of log-ratios (Fig. 3). The collinear rays and short links within the groups of the
chalcophile elements (Cu, Pb, Zn, and partly Cd) and siderophile transition metals (Cr, Co, Ni, and
V) were definitely not new. The siderophile association was proved to be usually controlled by
a similar lithology in previous studies of various geological formations (Bortvka et al., 2005;
Facchinelli et al., 2001; Petrik et al., 2018; Steckemann et al., 2006; Tolosana-Delgado and
McKinley, 2016). The association for Cr or Ni was also proved to have been preserved in the Czech
floodplain environment by Bednéfova et al. (2015). To summarise the results of the compositional
PCA, the first two PCs explained approximately 73 % of the total variance and provided satisfactory
hints regarding the subcompositional variability in the dataset. The first principal component was
rather related to the links between the chalcophile elements (Cu, Pb, Zn, and partly Cd) and the rest
of TEs — this corresponded to the variances of simple log-ratios in Table 3. Negative values
corresponded to a larger proportion of chalcophile elements and seemed to be spatially determined
by the cultivation changes and TEs inputs at the middle reach of the Ohte River. The second
principal component can also be interpreted as a kind of spatial contrast between the upper and
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lower part of the river in which the log-ratios for transition metals, Hg and Be were part of this
pattern.
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Figure 3 Biplot of the first two principal components for the clr-transformed components (explained
variation—PC1: 57 %, PC2: 16 %) with the samples ranked according to the stream distance of the
sampling sites from the river mouth

A more detailed understanding of the compositional covariance structure resulted in the ranking of
the samples according to the stream distance from the river mouth within the compositional biplot
(Fig. 3) and within the ternary diagrams for the well-defined subcompositions (Fig. 4). Even
acursory examination of these visual tasks allows substantial zoning of the multi-element
associations within the flood-prone soils in the catchment. A relative Hg-enrichment was featured
in the cultivated soils in the headwater areas of the Ohte River. Hg-enrichment has been widely
recognised as a response to human activities in floodplains (Rinklebe et al., 2010; Schwartz et al.,
2006; Stachel et al., 2006). Regional Hg-pattern determined in our study might be interpreted with
reference to the Marktredwitz chemical plant (no longer in existence) near the cross-border
tributaries of the Ohte River in Bavaria (Grygar et al., 2016). The environmental consequences of
the Hg-contamination were proved to be serious in terms of its bioaccumulation in fish, as reported
from the Skalka Dam (Marsalek et al., 2005) or the potential risk of Hg-volatilisation from
floodplain soils (Grygar et al., 2016; Rinklebe et al. 2010; Wallschlidger et al. 2000). Furthermore,
using forest soil profiles, Navratil et al. (2014) indicated that power plants potentially contribute
to the diffuse Hg-contamination in the headwater areas of the Czech—Saxony borderland. A local
turnover of the relative Hg-enrichment was also evident at the confluence of the Ohie with the Elbe
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River (see Fig. 4, and the spatial point pattern for clr-Hg in Supplementary Fig. A.4). A similar
increase was recorded in the Hg-dataset by Majerova et al. (2018). We expected to observe
the effect of pollution inputs by flooding waters from the Elbe River into the inundated soils
of the confluence area. The changes in the surficial soil Hg-pattern might reflect a persistent effect
of the former electrolytic preparation of sodium amalgam on the surrounding environment of the
Spolana Neratovice plant (Heinisch et al., 2007; Navratil et al., 2017). In contrast to Hg, Be can
enter the soil mainly via release from the bedrock; nevertheless, Be-mobilisation may be enhanced
by acidification, especially in soils with a reduced ability of the base cations to neutralize acidity
(Hruska and Kram, 2003). Kram et al. (1993) reported that Be-mobilisation from the soil exchange
complex may be increased due to human-induced inflow of acidic water (with mobile anions) to the
mineral soil developed on coarse-grained granite. These risk factors were known to be present at
the upstream areas where the bedrock consists of numerous granite types and where the
environmental impacts of coal ash deposition have been reported (Hruska et al., 2002; Navratil,
2000; Navratil et al., 2008).
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Figure 4 Ternary diagrams of three-part subcomposition of Cd—Cu—Hg and Be—Zn—Ni triplets
(retaining 46 % resp. 16 % of the entire compositional variability in our dataset); the area and
colour of the points refer to the absolute resp. categorised stream distance; the 1% principal
component (PC 1) of the subcomposition is depicted and accounted for the 92 % resp. 71 %
explained variance

The relative enrichment of transition metals was found at the lower reach of the Ohie River, as can
be seen in the ranking of the samples according to the stream distance from the river mouth within
the compositional biplot (Fig. 3) and within the ternary diagrams (Fig. 4). The spatial point pattern
for clr-Cr in Supplementary Fig. A.3 illustrated the relative enrichment as well. On comparing these
results with the established countrywide database of old ecological burdens (Contaminated Sites
Database System administered by the Ministry of the Environment of the Czech Republic—
Suchanek, 2013), a geochemical signature match was found which conformed to contaminated site
of the former tannery. Sames (1994) mentioned the existence of several old waste lagoons of the
tannery sludge in the confluence area. The site-specific risk analysis indicated metal
accumulation—especially Cr, Ni, and Co—and the potential spread of these metals from the tannery
grounds into nearby soils and ground waters owing to repeated inundations (Kodrova and Paulin,
2012). The topsoil enrichment for Cr, Co, and Ni has also been recognised as a response to human
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activities in tanneries in the Sarno Basin in Italy (Petrik et al., 2018; Thiombane et al., 2018).The
results of the subcompositional analysis within the spatially ranked ternary diagrams (Fig. 3)
indicate that the Cu- and Zn-subcompositions had similar spatial patterns with a relative enrichment
at the middle reach of the river near the Zatec municipality. One possible explanation for this pattern
is the treatment of the hop fields with Cu and Zn, supplied either as fungicides and bactericides
or as manurial treatments. The effect of Cu-based plant protection has been widely documented
in a number of vineyard regions (Bednarova, et al. 2016; Brun et al., 1998; Cicchella et al., 2015;
Komarek et al. 2008; Saby et al., 2011). The high proportionality of log-ratios was also evident for
Cu, Zn over Cd (a low simple log-ratio variation in Table 3). It can probably indicate the well-
known effect of mineral P-fertilisers with relatively high Cd concentrations (Birke et al., 2017;
Nziguheba and Smolders, 2008).

On observing the detailed chemostratigraphical profiles of floodplain sediments by Grygar et al.
(2016), the base of the Cu—-Pb-Zn-polluted layer was locally proved to be older than the middle
of the 20th century. These findings supported the hypothesis of the contribution of ancient ore
mining and processing to geochemical signatures in a broader region of the middle reach of the
Ohte River catchment. Grygar et al. (2016) presented a detailed overview of the pollution sources
and their historical chronology with some crucial hints:

1) As, Pb, Cu, and Zn enrichment from the mountainous tributaries also impacted the Ohie
floodplain downstream of their inflows.

2) The contiguous middle reach of the Ohte River below Karlovy Vary acts as a transfer zone
owing to the existence of a solid bedrock and sloped river valley with sparse floodplains.

3) A very late impact of the Nechranice Dam (built in 1961-1968), that altered only the recent
contamination patterns of the floodplain soils, was effectively recorded by a depth
distribution of **¥'Cs.

The hypothesis of the increased contribution of ancient ore mining and processing in a broader
region of the Ohi'e River catchment was also supported by the increased association of Cu-Zn with
Pb, evident from their proportionality in variation array (low simple log-ratio variances in Table 3).
The correlation analysis using the symmetrical coordinates was also used to verify these
geochemical signatures in the region. On correlating the entire compositional dataset, the groups
of two strong clusters along the main diagonal of the plot represented the established dichotomy
between the chalcophile elements (Cu, Pb, Zn, and partly Cd) and siderophile transition metals (Cr,
Co, Ni, and V) (Figure 4a). Apart from this dichotomy, the Hg—Be symmetric coordinates posed
the pair with similar correlation structure (especially in their correlation against the group
of transition metals). The dendrograms showed a strong positive correlation for element pairs such
as Cu/Zn, Cu/Pb, Cu/Cd, Ni/Cr, and Ni/Co. The general pattern of the correlation structure remained
relatively unchanged when taking into consideration the plantation (hop field versus arable crops)
for the floodplain samples from the river section between its 158" and 214™ km, where a patchy
assemblage of hop fields and arable crops dominates the region (see Fig. 1). Generally, the
correlation between those elements from the chalcophile group and transition metals group presents
more contrasting results for arable soils (Figure 5b and 5c). The strong positive correlations
of individual transition metals were considerably weaker in the hop fields as compared to the arable
crops. The local impact of the hop fields with the relative Cu—Zn-enrichment did not change the
geochemical association of the chalcophile elements but affected the degree of relative
enrichment/depletion of some elements.
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The variation decomposition and the correlation analysis suggested that among the important
factors characterising the differences in geochemical composition was to count for the cultivation.
The concentrations of TEs for the floodplain samples from the river section between its 158" and
214™ km, where a patchy assemblage of hop fields and arable crops dominates the region, were
divided by crop cultivation, giving rise to a classification into two populations to explore their
differences using the following visual and inferential statistical tools:

1)

2)

The ratio between the whole geometric mean and the geometric mean of two
groups according to the cultivation is compared in a logarithmic scale using the
geometric mean barplot similarly to Mateu-Figueras et al. (2015)
(Supplementary Fig. A.5). When compared with the whole geometric centre, the
largest differences appeared in the group of chalcophile elements.

To confirm these visual differences statistically, inferential techniques using the
nonparametric MANOVA contrasts may be used for ilr-coordinates following
the principle of working on coordinates (Mateu-Figueras et al., 2015). The
sequential binary partition of balances and the CoDA dendrogram were used
to get and explore ilr-coordinates (Egozcue and Pawlowsky-Glahn, 2005; 2011).
The results of the multivariate analysis of compositional variance within the PCA
assisted to choose the appropriate basis and perform sequential binary partition
to obtain balances (Figure 6). Balances are particular ilr-coordinates (isometric-
logratio) and full set of ilr-balances forms an orthonormal basis of the
compositional data vectors bases which can be interpreted in the D-1
(D=dimension) real space as ratios of elemental associations (Egozcue et al.,
2003). The results of the McKeon’s F approximation for the Lawley—Hotelling’s
test and McKeon’s F approximation for the Bartlett-Nanda-Pillai’s test on nine
ilr-coordinates suggested rejecting the null hypothesis that the multivariate
distributions did not differ across the both cultivation groups because the p-value
provided by the modified contrast statistic was lower than 0.05. For this case, we
investigated which log-ratio coordinates contributed to these significant
differences between two groups. After applying nonparametric approximations
for MANOVA tests to the ilr-balances across the both cultivation groups (arable
crops, hop fields), we obtained significant differences for several coordinates
derived within the sequential binary partition (Figure 6). The significant
differences were proved between the log-ratio contrasts between the groups of
chalcophile elements, transition elements and single elements (Hg, Be), and
especially among all the log-ratio contrasts within the group of chalcophile
elements (Figure 6). The nonparametric relative effects (REs in Figure 6)
quantified the tendencies observed in the data in terms of probabilities. REs are
defined as the probability that a randomly chosen subject from the group
displayed a higher ilr-contrast than a subject that was randomly chosen from both
of the groups (Acion et al., 2006; Woodrow et al., 2017). For example, each of
the ilr-variables from the 3 7" 8" and 9™ step of the SBP decently
discriminated the cultivation effects. Those ilr-balances exhibited high relative
effects either of the cultivation mode, hence rather strong differences between
arable crops and hop fields.
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Figure 6 Sequential binary partition of balances tailored to get interpretable ilr-coordinates for
the inferential tools (MANOVA) to compare geochemical composition under cultivation partition;
the length of coloured vertical bars and their intersection with the horizontal segment represent the
variability of each balance and the location of the balance’s mean for arable crops (green) and hop
fields (red); * the p-value provided by the nonparametric approximations for MANOVA tests lower
than a=0.05; the relative treatment effects (REs) for the hop-fields (HF-RE) resp. arable crops
(AC-RE) — see the text for explanation.

The insights of this explanatory data analysis demonstrated that various compositional tools,
combined with a simple spatial ranking and land-use information, may enhance the effective
selection and interpretation of the subcomposition for the geochemical zoning of surficial-soil TEs
in cultivated floodplains. Based on these results, we defined effective discriminating
subcomposition (Cu—Hg—Ni) that was able to describe the geochemical domains in floodplains as
effectively as the entire composition and that was able to enhance the interpretation of the multi-
element association with the presence of trace constituent inputs (both diffuse and point sources
along the river). As the Mantel’s test proved the spatial structuration, and the effective
subcomposition was defined by explanatory analysis, we finally mapped the geochemical patterns
using the Cu—Hg—Ni subcomposition and its tailored expression using univariate ilr-coordinates.
The normalised univariate ilr-coordinates were gridded using the IDW interpolation method with a
cell size of 50 x 50 m (Figure 7). Although there exist many interpolation methods, the IDW
interpolation was selected because the sampling strategy in the study area was systematic with
a relatively high density, and because the structural analysis proved the compositional data to be
spatially correlated in the Mantel’s test. The results of the subcompositional analysis and the
geospatial mapping of the tailored ilr-coordinates enabled us to highlight the geochemical contrasts
between the river sections and to extract priority elements to be managed in the cultivated soils
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in the particulate river section (see Figure 7). With respect to the upper part of the Ohte River, the
relative enrichment of Hg and potentially mobile contents of Be hold an attention and has been
before-mentioned and analysed. At the middle reaches of the Ohte River, the higher degree of Cu-
enrichment was source-apportioned to recent intensive cultivation and ancient ore mining and
processing using the compositional approach. The confluence area with the Elbe River was found
to have a peculiar trace constituent composition with a relative Hg-enrichment along with that
of transition metals (Cr, Ni, and Co), and relative depletion of chalcophile elements (Cu—Zn—Pb—
Cd) with the established influence of the old tannery burden.
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Figure 7 Visualisation of three-part subcomposition in a gridded map and ternary diagram of Cu—
Hg—Ni triplet (retaining 45 % of the entire compositional variability in our dataset) using RGB
composite (the colour scheme is the same for the grid map and ternary diagram; the 1st PC
accounted for 80 % of the explained variance; the colour cube image has been modified from

https://www.medialooks.com)
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5. Conclusions

Based on the results of our study, following conclusions can be drawn:

1) The application of the explanatory analysis of compositional data, particularly PCA and
subcompositional analyses, aided in identifying broad regional geochemical trends of TEs
in a plough layer of cultivated soils, and aided in discriminating between geochemically
distinct domains within the particular river reaches. The first two principal components of
the trace constituent composition and the final composite maps showed a significant
regional contrast between groups of the chalcophile elements (Cu, Pb, Zn, and partly Cd)
and siderophile transition metals (Cr, Co, Ni, and V). Based on these results, we defined
several effective discriminating subcompositions that were able to describe the geochemical
domains in floodplains as effectively as the entire compositions.

2) As illustrated in both the interpolated grids and the spatially ranked ternary diagrams, there
were regional-scale differences in the geochemical associations. The structural spatial
analysis, based on the Mantel’s correlation test and generalised distance covariance test
using the compositional Aitchison’s distance and two spatial distances, is an essential part
of this study. Its results demonstrated that the topsoil data represented a spatial pattern and
quantified the spatial continuity of the compositions. Moreover, the methodology used
appears to be a very simple and effective tool for defining the spatial structure in the
compositional modelling, wherein the spatial (dis)continuity of the compositional structure
may reflect various aspects of soil pollution. We assume that a similar methodology can
also be successfully used in analysing other floodplain regions affected by various pollution
sources.

3) The use of compositional coordinates resulted in an enhancement in the interpretation of the
multi-element association with the presence of trace constituent inputs owing to which the
possible geochemical signatures could be observed. For extracting or zoning these
geochemical signatures, it was desirable to combine single element ratio maps into colour
composite maps and explore the multivariate patterns using explanatory and inferential
tools. The results showed a changing pattern of relative enrichment/depletion of the partially
digested trace elements in which a regional contrast between groups of the chalcophile
elements (Cu, Pb, Zn, and partly Cd), siderophile transition metals (Cr, Co, Ni, and V) and
single elements (Hg, Be) was source-apportioned to the effect of point pollution sources
(Hg, Ni, Cr, Co ) as well as diffuse sources (Cu, Zn, Pb, Cd). One practical implication
of this is that significant turnovers in the compositional structure of TEs may be used
to recognise distinctive priority elements that are required to be managed in inundated agro-
ecosystems within a particular river section. TEs determined through partial digestion of the
samples upon HNO3 extraction reflected the associated pollution risk to the agro-ecosystem
more accurately than the total contents, as the elements present in the residual fraction were
not potentially bioavailable and mobile.

While it is possible to draw these conclusions, it should be noted that floodplains are variable in their
depositional trajectories, and the mixed sampling of the arable crops and hop fields represented
a certain degree of homogenisation and, as such, do not represent all the conditions at a local level.
Grygar et al. (2016) found the majority of the historical pollution to be deposited in former
(abandoned or laterally shifting) channels rather than in overbank fine-grained materials in the Ohte
River catchment. The local tracing of the historical ore pollution and their signals would be more
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precise if the vertical core samples were combined with an advanced knowledge of site
geomorphology and sedimentology (Grygar and Popelka, 2016).
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Appendices - Supplementary materials:

Near-floodplain samples (N= 28)! Floodplain samples(N=32)2

*TEs3 Q50 RE® Q50 RES
Be* 0.54 0.18 0.74 0.82
Cd 0.81 0.31 0.92 0.69
Co 0.51 0.27 0.52 0.73
Cr 0.14 0.48 0.20 0.52
Cu* 0.54 0.20 0.76 0.80
Ni 0.39 0.40 0.42 0.60
Pb 0.74 0.30 0.78 0.70
\Y 0.23 0.36 0.26 0.64
In* 0.33 0.08 0.58 0.92

! The samples within the 5-km buffer zone outside the area inundated during the largest known meteorological
flood in the study area (in January 2011 according to the Digital Base of Water Management Data, T. G.
Masaryk Water Research Institute)

2 The samples within the inundation areas of the 100-year flood.

3 The differences between flood and non-flood samples was highly significant, and there was good agreement
between the McKeon’s F approximation for the Lawley—Hotelling’s test and McKeon’s F approximation for the
Bartlett-Nanda-Pillai’s test. The differences in solubility of each TE were assessed in the nonparametric
MANOVA using the above-mentioned tests (made by the R package “npmv” ) and asterisked for the statistical
significance.

“The median value of solubility S for each trace element where S = Sy, /Saqua regia

5 The nonparametric relative effect (RE) defined as the probability that a randomly chosen subject from the
group displays a higher solubility than a subject that is randomly chosen from both of the groups (Acion et al.,
2006; Woodrow et al., 2017).

Table A.1 Comparison of median values for the solubility of TEs under one-way classification of floodplain
samples against near-floodplain samples
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Figure A.1 Assigning the stream distance points as the nearest waterline vertices for particular soil samples for

the purpose of stream distance matrix

cir Cu
0,56-1,23
1,24-1,65
« 1,66-191
+ 1,92-252
+ 253-2,98

A

1 - Upper reach

0 10  20km

2 - Lower reach

Legend

Waterways
100-Q inundation area

Figure A.2 Maps of the regional distribution of the clr-transformed Cu contents classified based on percentiles

(0, 5,25, 75, 95, and 100) along the Ohie River
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Figure A.4 Maps of the regional distribution of the clr-transformed Hg contents classified based on percentiles
(0, 5,25, 75, 95, and 100) along the Ohre River
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4.6 Cechmankovi et al. (2011): Fytoextrakce téZkych kovi ze silné a stiedné
kontaminovanych pud pomoci zemédélskych plodin péstovanych

vV monokultuie a osevnim postupu

Nazev: Heavy metals phytoextraction from heavily and moderately contaminated soil by field

crops grown in monoculture and crop rotation
Autoii: Cechmankova, J.; Vacha, R.; Skéla, J.; Havelkova, M.

Publikovano v ¢asopise: Soil and Water Research 6 (3). 120-130.
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Heavy Metals Phytoextraction from Heavily and Moderately
Contaminated Soil by Field Crops Grown in Monoculture
and Crop Rotation

JarmiLa CECHMANKOVA, Rapim VACHA, Jan SKALA and MarxkEra HAVELKOVA

Department of Soil Hygiene, Research Institute for Soil and Water Conservation,
Prague, Czech Republic

Abstract: The uptake of Pb, Cd, Zn and biomass production of the plants Brassica juncea v. Opaleska, Triticale hexa-
ploides var. Gabo and Helianthus annuus v. Maritza were observed in a field (trial) and a pot experiments during four
years. The plants were grown in monoculture variants and also in crop rotation. The field experiment (plots about
1 x 1 m) was set up in heavily contaminated Haplic Fluvisol in the Litavka River alluvium. Pb, Cd, and Zn phytoextraction
from the identical Haplic Fluvisol and Haplic Cambisol less contaminated mainly by atmospheric deposition was observed
in the pot experiment. The application of 0.2 g EDTA (ethylenediaminetetraacetic acid)/kg and 1 g citric acid/kg into the
soils of field (250 kg of soil/m? plot) and pot (6 kg of soil/pot) experiments was realized. The comparison was accomplished
between natural phytoextraction efficiency of B. juncea, H. annuus, and T. hexaploides. Crop rotation with and without
chemical induction was tested. EDTA application had an immediate strong mobilization effect on the elements tested in
both experiments and both soils. In the pot experiment, Pb, Cd, and Zn were more mobilized in Cambisol with initial lower
mobile contents of elements in comparison with Fluvisol. The highest mobilization by EDTA was achieved for Pb. Strong
Pb mobilization in Cambisol after EDTA addition resulted in a high Pb uptake and translocation from the roots of B. juncea
into the shoots. EDTA application increased Pb phytoextraction by harvested B. juncea. Naturally grown H. annuus proved
the high phytoextraction efficiency for Cd and Zn in the experiment. The assumed effect of the cultivation method, i.e. crop

rotation vs. Monoculture, was not statistically proved in our experiments.

Keywords: Brassica juncea; Cd; heavy metals contamination; Helianthus annuus; mobilization; Pb; phytoextraction;
Triticale hexaploides; Zn

The use of higher plants to remediate contami-  transferred by the plant (WENZEL ef al. 1999). The
nated land is known as phytoremediation, the uptake and accumulation of HMs were mostly
term known since 15 years ago (VAMERALI et al.  studied on endemic plant species of metallic soils,
2010). Phytoextraction has been suggested as a  hyperaccumulators (PRASAD & HAGEMEYER 1999).
viable alternative to the traditional restoration ~Hyperaccumulator plants are able to concentrate
practices for heavy metal-contaminated soils (e.g.  high levels of specific metals in the over-ground
soil removal and disposal in landfill areas), in  harvestable biomass. The small shoot and root
view of the lower costs and lower environmental  growth of these plants and the absence of their com-

impact (DE ANDRADE et al. 2009). Phytoextrac-
tion is considered as the removal of heavy metals
(HMs) from the soil by the harvest of overground
biomass where the contaminants are taken up and

mercially available seeds have stimulated studies
on biomass species, including field crops (VAME-
RALI et al. 2010). KUMAR et al. (1995) found out
that B. juncea and Brassica nigra have the highest

Supported by the Ministry of Agriculture of the Czech Republic, Projects No. MZE 0002704902 and No. QG50060.
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ability out of twelve monitored farmed species
Brassica spp. to receive heavy metals from the
substrate and concentrate them in the overground
biomass. Sunflower (H. annuus) is highly tolerant
to heavy metals, showing a large intake of heavy
metals into the roots, but poor translocation into
the overground biomass (MADEJON et al. 2002).
Poaceous species also prove resistance to high
contents of heavy metals in soil (ERNST 1996).

The main limiting factors of phytoextraction are
contaminant bioavailability in the soil and the biomass
yield. Based on the study of element mobility and
their transfer into plants (PODLESAKOVA et al. 1999),
the elements with high and pH dependent mobility
and high transfer into plants can be exempt (Cd and
Zn). Lead is an element with a potential mobility
(PODLESAKOVA & NEMECEK 2000) and occurs as a
constituent of insoluble compounds (phosphates,
carbonates and hydroxides) in soil (LASAT 2002) or
bound on soil organic matter (SZAKOVA et al. 2003).
Different chemical agents (EDTA — ethylenediami-
netetraacetic acid, HEDTA — hydroxyethylethylene-
diaminetriacetic acid, citric acid etc.) mobilize the
tightly bound metals from the soil matrix into the
soil solution, enhance the plant uptake of metals,
and thus increase their phytoextraction from the
soil (Kos et al. 2003). Of the five chemical agents
tested, EDTA showed the most effective Pb mobili-
zation (HUANG et al. 1997), however EDTA is little
biodegradable and can enhance leaching of metals
to groundwater (GRCMAN et al. 2001). Due to the
potential risks, chemical agents with high biodeg-
radability, low phytotoxicity and chelating strength
(NTA, citric acid and succinamic acid) were proposed
for the chemically assisted phytoextraction of HMs
(QuarTACci et al. 2005).

The calculations of the time required for soils
remediation based on laboratory, hydroponics,
pot, and trial experiments are based on short-term
observation and repetition of the plant grown in
monoculture. Monocultures have generally the
disadvantage of a significant decline in the biomass
yield due to the depletion of nutrients, occurrence
of diseases, pests, and weeds, and have a negative
impact on the soil fertility (LasaT 2000). The yield
reduction then results in a significant reduction
in the plant phytoextraction efficiency. Two to
three years’ monoculture may be acceptable for
soil phytoremediation. However, for a longer du-
ration, as considered for most phytoremediation
processes, it cannot be expected to clean up the
soil only by one plant species used exclusively

in monoculture, especially if more harvests per
growing season are expected. BANUELOS (1998)
recommend changing the plant species with risk
elements accumulation capacity for technical crops
in crop rotation, by which the improvement of
economic balance and of the growth and yield of
phytoaccumulator can be achieved.

The aim of this paper is to compare the efficiency
of two chemical agents, low strength EDTA and
citric acid, on the metals uptake by B. juncea in
the pot and field experiments, and to test the
phytoextraction efficiency of T. hexaploides and
H. annuus naturally grown (without chemical treat-
ment) on the tested soil as well. Two differently
contaminated soils — Fluvisol (fluvial contamina-
tion) and Cambisol (atmospheric contamination)
— were used for the detection of Pb, Cd, and Zn
mobilization after chemical agent addition, and for
the Pb, Cd, and Zn accumulation and the growth
ability of the trial plants assessment. The plants
were grown in monoculture and in crop rotation.

MATERIAL AND METHODS

The district of P¥ibram is located in the Central
Bohemian Region and belongs to the areas in the
Czech Republic most contaminated with heavy met-
als. The reasons for the contamination are, besides
geological conditions, historical HMs mining and
metallurgical activities. The vast contamination of the
area (approximately 1500 ha including arable land)
was caused by atmospheric deposition coming from
the lead ores processing. Except this large surface
contamination, there is a smaller contamination
focus in the alluvium of the Litavka River. The flood
water loaded by the wastes from metallurgical sedi-
ment storage basins resulted in an extremely high
contamination of the alluvium by HMs (BorUvVKA
et al. 1996; VACHA et al. 2002).

Field experiment

The experimental field was localized for four years
near the village of Trhové Dusniky in the Litavka River
alluvium on heavily contaminated Haplic Fluvisol.
The soil is classified according to the World Refer-
ence Base (IUSS 2006). Single experimental plots
(1 x 1m) were dug up and dolomitic limestone was
added to increase the very low pH in the soil depth
of 0-20 cm (5 g/kg of soil) in August 2005. The soil
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samples were taken up before liming, and 3 weeks
and 8 months after liming. All soil samples were air
dried to constant weight, sieved through a stainless
sieve (diameter 2 mm), and homogenized. Mean
total, mobile (extracted with 1 mol/INH,NO,) and
potentially mobile (0.025 mol/l Na,EDTA) contents
of the risky elements in the experimental soil at
the beginning of the experiment are summarised
in Table 1.

The plant sowing was done each year in May; the
fields were sown with 36 plants per field. Chemi-
cal agents were applied into the chosen variants
seeded with B. juncea 10 days before the plants
harvest for achieving maximal biomass production.
0.2 g Na,EDTA/kg and 1 g citric acid/kg of soil
in different variants were added into the soil in
the form of solution. Low strength agents should
prevent strong HMs mobilization and subsequent
leaching into the groundwater. The harvest was
done during the flowering phase, 10 days after the
chemical agent addition. The plants were thor-
oughly washed with drinking water, separated into
the shoots and roots, checked for fresh and dry
(at 45°C) biomass, and analysed after the harvest.
Additional soil samples were taken up by pooled

sample method before the chemical agent addi-
tion and 4 h and 10 days afterwards. After that,
dolomitic limestone in the dose of 2.5 g/kg was
applied for the soil stabilization. Single trial vari-
ants (Table 2) had two replicates.

Pot experiment

Parallel pot experiment was set up in autumn
2005 and two experimental soils were used: Haplic
Fluvisol identical with that in the field experiment,
and moderately polluted Haplic Cambisol, con-
taminated by atmospheric deposition stemming
from the lead ores processing; this soil was taken
up from the arable land near the local smelter. Both
soils were taken up from humic horizon (0-20 cm),
sieved through 5 mm mesh, and magnesium lime-
stone in the dose of 5 g/kg was added into each
pot with Fluvisol and thoroughly homogenized
(6 kg of experimental soil per pot). Cambisol was
not limed because of the initial sufficient soil pH.
The soil samples of Fluvisol and Cambisol were
collected before liming. Further Fluvisol samples
were taken up from the pots 3 weeks and 8 months

Table 1. Characteristics of field experiment soil and the limit values for total metals content

Pb cd Zn pH (KCl) Cor %)
Haplic Fluvisol

Total content (mg/kg) 1099 14.2 1732 5.35 3.32
1M NH,NO, (%) 0.08 5.8 3.6

0.025M Na,EDTA (%) 75.1 90.3 193

Limit values (Directive of the Ministry of the Environment of the Czech Republic No. 13/1994)
Light-textured soils 140 1 200

Other soils 100 0.4 130

Table 2. Field experiment variants

Variant

Remediation process (plot experiment)

Halpic Fluvisol

W N G e W N =

Brassica juncea var. Opaleska grown in monoculture with citric acid application before harvest
Brassica juncea var. Opaleska grown in monoculture with EDTA application before harvest
Brassica juncea var. Opaleska grown in monoculture without application
Crops rotation (Brassica, Helianthus, Triticale, Brassica) with citric acid application before harvest of Brassica
Crops rotation (Brassica, Helianthus, Triticale, Brassica) with EDTA application before harvest of Brassica
Crops rotation (Brassica, Helianthus, Triticale, Brassica) without application
Helianthus annuus var. Maritza grown in monoculture without application

Triticale hexaploides var. Gabo grown in monoculture without application
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after liming. Mean total, mobile (extracted with
1 mol/INH,NO,), and potentially mobile (0.025 mol/l
Na,EDTA) contents of the risky elements in the ex-
perimental soils at the beginning of the experiment
are summarised in Table 3.

The plant seeds sowing was performed in the
four years in May, the pots were sown with 5 plants
per pot. The pots sown with B. juncea seeds were
treated with 0.2 g Na,EDTA/kg 10 days before the
harvest. The plant and soil samples were taken
up and treated in the same way as in the field ex-
periment. Single pot variants (Table 4) obtained
three repetitions.

Analyses

The measurements were performed in the central
laboratory of the Research Institute for Soil and
Water Conservation in Prague. The exchangeable
soil pH (0.2M KCI) and the content of organic
carbon were measured in the soil samples by the
modified Tjurin method. Total soil element concen-
tration was determined after decomposition using
a mixture of HNO, + HCIO, + HE. The soil samples
were extracted with 1 mol/l NH,NO, (mobile) at
a ratio of 1:2.5 (w/v) and 0.025 mol/l Na,EDTA
(potentially mobilized risky elements) at a ratio
1:25 (w/v) and the extracts were analysed for the
risky element concentrations. The plant samples
were washed with distilled water and decomposed
using the dry ashing procedure. The elements
concentrations in the extracts were determined
by flame atomic absorption spectrometry (VAR-

IAN FAAS 240 — Cd, Pb and Zn), and flameless
one (VARIAN ETA 240Z — Cd and Pb). Certified
reference materials RM 7001 Light Sandy Soil and
RM 7003 clay-loamy soil were applied for quality
verification of the analytical data. For statistical
evaluation Statistica 9 programme was used.

RESULTS AND DISCUSSION

Pb, Cd, and Zn mobilization
and their contents in the soil

Total content of metals confirmed particularly
serious contamination of both soils tested (Tables 1
and 3). The Directive of the Czech Ministry of
Environment of the Czech Republic No. 13/1994
of the Coll. was used for the contamination extent
assessment. Limit values are listed in Tables 1
and 3. Total content of Pb in Cambisol was com-
parable with that in Fluvisol whereas the contents
of Cd and Zn were significantly lower in Cambi-
sol. Pb was not found in the mobile fraction, but
Pb was considerably extracted with Na,EDTA. On
the other hand, Cd was found to be highly repre-
sented in the mobile soils fractions and especially
in the potentially mobilizable soil fractions. The
very low portion of mobile Pb was not further
decreased by the liming of Fluvisol. Cd and Zn,
as more mobile elements in the soil, decreased
their mobile contents in the soil after dolomitic
limestone addition; whereas stronger immobiliza-
tion was found for Zn. EDTA application had an
immediate strong mobilization effect on all tested

Table 3. Characteristics of pot experiment soils and the limit values for metals total content

Pb cd Zn pH (KCl) C,, (%)
Haplic Fluvisol
Total content (mg/kg) 1536 16.1 3136 5.90 4.16
1M NH,NO, (%) 0.03 25 0.8
0.025M Na,EDTA (%) 73.8 95.6 339
Haplic Cambisol
Total content (mg/kg) 1288 b:57 280 6.14 2.04
1M NH,NO, (%) 0.10 3.2 0.4
0.025M Na,EDTA (%) 89.8 92.6 16.5
Limit values (Directive of the Ministry of the Environment of the Czech Republic No. 13/1994)
Light-textured soils 140 il 200
Other soils 100 0.4 130

123



Soil & Water Res., 6, 2011 (3): 120-130

Table 4. Pot experiment variants

Variant Remediation process (pot experiment)

Halpic Fluvisol

1 Brassica juncea var. Opaleska grown in monoculture with EDTA application before harvest

2 Brassica juncea var. Opaleska grown in monoculture without chelating agent application

3 Crops rotation (Brassica, Helianthus, Triticale, Brassica) with EDTA application before harvest of Brassica
4 Crops rotation (Brassica, Helianthus, Triticale, Brassica) without application

5 Helianthus annuus var. Maritza grown in monoculture without application

6 Triticale hexaploides var. Gabo grown in monoculture without application

Halpic Cambisol

7 Brassica juncea var. Opaleska grown in monoculture with EDTA application before harvest

8 Brassica juncea var. Opaleska grown in monoculture without chelating agent application

9 Crops rotation (Brassica, Helianthus, Triticale, Brassica) with EDTA application before harvest of Brassica
10 Crops rotation (Brassica, Helianthus, Triticale, Brassica) without application

11 Helianthus annuus var. Maritza grown in monoculture without application

12 Triticale hexaploides var. Gabo grown in monoculture without application

elements in both experiments and soils. The high-
est mobilization by EDTA was achieved with Pb.
Pb was more mobilized in the pot Cambisol with
the initial lower mobile contents of elements in
comparison with pot Fluvisol. Citric acid showed
lower ability of metals mobilization, however, its
influence had been already statistically proved.
The increased Pb, Cd, and Zn mobility caused by
chemical agent addition returned after 10 days
to the level existing before the application. This
could be explained by the long term incidence of
liming and thus an increased buffering capacity
of the soil regarding the increased CaCO, sup-
ply. Mobilization effect of EDTA on the observed
metals is listed in Table 5. Liming increased pH
of the field and pot Fluvisols from 5.35 and 5.9
up to 7.0 and 6.8, respectively, and the chemical
agent application did not influence the soil pH.
The trends in the risky elements behaviour after
the chemical agent application were confirmed by
the results of the experiments in all the years of
observation. EDTA and citric acid effects on heavy
metals mobilization were proved by Wilcoxon
signed rank test. The test confirmed the positive
influence of chemical agent EDTA on the metals
mobile content in soils as statistically significant
on the significance level a = 0.01 for Pb and Zn
(a = 0.05 for Cd). The influence of citric acid on
metals mobile contents in the soils was statistically
significant on thr significance level a = 0.01 for
Pb and a = 0.05 for Cd and Zn. The mobilization
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stages are graphically illustrated by the example
of lead (Figure 1).

Pb, Cd, and Zn contents and phytoextraction
efficiency of plants

The natural ability of B. juncea plants to take
up heavy metals (especially Pb) was observed
(KUMAR et al. 1995; SCHULMAN et al. 1999). How-
ever, in our experiment The Czech and European
regulations (Directive No. 169/2002 Coll. and the
Directive 2002/32 EC; chosen for the possibility of
comparison of the results) were exceeded in the
field experiment with EDTA treatment (Table 6
and 7). The Czech and European limits for Pb were
not exceeded even in the plants grown on heavily
contaminated soils in the case of naturally grown
B. juncea (without EDTA addition). Naturally
grown B. juncea blocked Pb mainly in the roots.
EDTA addition resulted in an enhanced Pb trans-
fer from the roots into the shoots. The enhanced
amount of Pb taken up by B. juncea was proved
after EDTA addition into the pot Cambisol and
to a smaller extent in the field and pot Fluvisol.
The high Pb content in the shoots of B. juncea
observed in all experimental years responds to
the pronounced mobilization of Pb in the pot
Cambisol. Citric acid influenced Pb mobilization
in soil and did not influence Pb uptake by the ex-
perimental plants. Most of the plants exceeded the
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Table 5. Mobile fraction proportions (%) from total risk elements content before application of EDTA and 4 h after

application during trial and pot experiment

Trial Fluvisol Pot Fluvisol Pot Cambisol
Pb Cd Zn Pb Cd Zn Pb Cd Zn
Before EDTA application
0.001 0.76 0.07 0.004 1.24 0.17 0.01 0.98 0.06
4 h after EDTA application
2006 11.0 38.1 5.76 1.02 13.1 1.68 14.2 37.1 4.11
2007 9.00 15.5 5.22 0.35 2.94 0.44 4.21 12:7 1.24
2008 7.69 29.0 4.78 2.07 229 3.08 9.76 23.7 3.96
2009 3.41 1.06 0.17 0.66 0.53 0.30 0.85 0.24 0.69

shoots Pb contents reported by KABATA-PENDIAS
(2001) to be in normal plant 10 mg/kg. Our values
of Pb contents in B. juncea are comparable with
the average 55 mg Pb/kg in the shoots of B. jun-
cea planted in soils contaminated by acid sludge
(CLEMENTE et al. 2005).

The Czech and European regulations (Tables 6
and 7) for Cd, Zn contents in animal feed were
more exceeded in the overground biomass than in
the roots of B. juncea plants grown without EDTA
addition. The uptake of Cd, Zn, and Pb into roots
significantly prevailed in the case of T. hexaploides
plants. In spite of that, Cd content in the overground
biomass reached the relevant limit values for animal
feed in all grown variants. High amounts of Cd and
Zn were taken up into the overground biomass by
H. annuus grown without chemical treatment. The
risky elements contents in all naturally grown plants
exceeded the relevant limit rates whereas Pb limit

200
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was exceeded just in the roots. The pot experiment
results revealed a higher uptake of elements from
Cambisol than from Fluvisol.

The biomass yield is also an important factor
of phytoextraction efficiency. All plants used
in the field experiments proved tolerance and
growth ability in soils with a high total content
of risky elements. The chemical agents applica-
tion before the harvest did not reduce the yield of
B. juncea biomass. A significantly higher yield of
the overground biomass and roots was achieved
with H. annuus, a lower yield was reached with
T. hexaploides. The plants grown in crop rotation
did not show higher biomass yields compared to
the same plants grown in monoculture.

The plant potential for phytoextraction use can
be also defined according to the risky elements
uptake from the soil, determined by the element
content taken up by the biomass of plants from the
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Figure 1. Mobile content of Pb extracted with IM NH,NO, (mg/kg) from tested soils after liming and chelating

agents additions through four years of pot experiment
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Table 6. Metals average content in shoots and roots of variants grown in all years and limit values exceeding in

pot experiment (in mg/kg)

Variant 2 = =

shoots roots shoots roots shoots roots
Haplic Fluvisol
1 45.0 30.5 4.95 5.78 361 238
2 6.85 27.1 6.91 5.54 387 210
3 32.0 70.9 4.33 7.33 364 315
4 293 58.3 6.84 7.26 411 380
5 6.67 51.8 5.64 7.70 403 499
6 3.80 105 0.99 5.30 231 413
Haplic Cambisol
7 162 156 4.20 5.58 84.6 49.1
8 6.76 29.1 3.61 2.09 43.9 34.9
9 54.9 108 327 8.76 105 48.2
10 5.28 70.0 2.67 3.30 38.0 37.8
11 14.6 79.3 3.62 5.60 42.4 45.1
12 6.66 277 0.64 4.66 40.0 72.4

Directive of the Ministry of Agriculture of the Czech Republic, No. 169/2002

40 40 1
Limit values

1

Directive 2002/32/EC of the European Parliament

40 40 1

1

area. The results indicate a significant potential of
Cd and Zn phytoextraction in the case of naturally
grown H. annus plants. Only B. juncea proved the
ability of Pb uptake after EDTA application. The
influence of EDTA treatment on Pb transfer from
various soil types into the overground biomass
of B. juncea plants was statistically tested using
two-factor analysis of variance. Both a significant
influence of two factors (the EDTA application,
soil type) on Pb content in the overground bio-
mass and the factor interaction were proved on
the significance level a = 0.01 by the ANOVA.
Remediation factor (Rf) expresses the propor-
tion (%) of metal removed by biomass harvest from
the total, eventually mobile amounts in the soil.
Rf was determined in 20 cm of soil depth (250 kg
soil per plot) where predominant roots distribu-
tion is presumed in the field experiment and for
the whole volume of the pot (6 kg of soil). Rfs for
the environmentally risky mobile metals fraction
were determined in relation to IM NH,NO, ex-
tractable metals in the soils. This mobile fraction
must be decreased simultaneously to prevent the
possible metals movements and leaching into the
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groundwater sinks. However, even if preferential
metals uptake by plants comes from the avail-
able (mobile) fraction, metals are continuously
mobilized from the less available fractions in the
soil by many factors (WENZEL et al. 1999) and it
is necessary to observe the mobile fraction in the
soil permanently.

Total four-year removal from the pot soils (the
sum of shoots and roots) and Rfs based on total
metals content in soils are demonstrated in Fig-
ure 2. The chemical agents added into the field
Fluvisol EDTA increased Pb removal and Rf of
B. juncea. Significantly higher Rfs were achieved
in the pot experiment, which was caused by the
smaller amount of soil and thus a lower Pb sup-
plement in the pot. EDTA addition into the Cam-
bisol had a greater effect on the improvement of
Pb removal. Chemical addition did not significantly
influence Cd and Zn uptake by B. juncea plants. On
comparing the results of Cd and Zn Rfs (numeri-
cally expressed as the Rf sum of all experimental
years), it may be claimed that H. annuus grown in
monoculture without chemical agents application
revealed the highest phytoextraction efficiency. The
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Table 7. Metals average content in shoots and roots of variants grown in all years and limit values exceeding in

field experiment (in mg/kg)

Variant L &= =

shoots roots shoots roots shoots roots
1 8.96 177 8.52 5.60 381 252
2 29.7 26.4 8.27 4.31 440 195
3 9.16 17.2 8.02 6.83 351 205
4 132 40.2 7.57 6.65 293 255
5 15.2 34.6 8.51 5.88 318 233
6 14.1 52.4 9.06 6.88 315 280
7 15.7 58.2 10.2 8.51 425 354
8 13.2 252 1.83 14.3 161 551

Directive of the Ministry of Agriculture of the Czech Republic, No. 169/2002

40 40
Limit values

1

1

Directive 2002/32/EC of the European Parliament

40 40

1

1

higher phytoextraction efficiency of H. annuus in
comarison with B. juncea was not fully assumed
regarding the results published by MADEJON et
al. (2002) who mention that H. annuus is tolerant
of HMs contamination and proved a high HMs
intake into the roots, but a low transfer into the
overground biomass was observed. On the other
hand, DE ANDRADE et al. (2009) found out that, the
chemical agent addition did not induce the heavy
metal uptake by H. annuus, and that H. annuus
should be preferred for phytoremediation in the
soils of mining and metallurgy areas. SINEGANI
& KHALILIKHAN (2010) mention sunflower (He-
lianthus annuus) as a potential phytoextraction
plant accumulating high concentrations of Cd from
metal-contaminated soils and give the removal
efficiency of Cd from the soil as 0.15% whereas
Rf rated by us was 0.42% from pot Cambisol. The
effect of the cultivation method (monoculture
vs. crop rotation) was not statistically proved in
our experiments. However, we cannot exclude
the growing importance of this factor due to the
plants fragility in monocultures and declining
yields of the plant species in monoculture during
longer-time experiments.

For the practical use of phytoextraction, the
question of the target values should be discussed.
These are the values that should be achieved dur-
ing remediation to minimise the risk ofr the site in
terms of the receptor. The proposal of an amend-
ment to the regulation of the Czech Ministry of

Environment No. 13/1994 Coll. (SANKA et al.
2002) was used for the assessment. The proposal
works with three levels of limits — first degree,
preventive limits, coming from the upper measure
of the background values of the risky elements
content in the Czech soils, the values are set for
the surface soil horizon.

The indication limit is based on the studies of the
risky elements transfer through the soil-plant path-
way and indicates the possible level of the element
transferring risk from the soil at a level that does
not meet the chemical requirements for food or
animal feed safety. The values are set for ploughing
or humus horizon of the agricultural soils. Render-
ing limit — the value characterizing the level of the
contents of hazardous elements and substances in
the soil, in which an imminent risk exists of adverse
effects on plants, animals and humans, and possibly
other components of the ecosystem.

The values are set for all types of the land use.
We counted how much time it would take to clean
the contaminated soil used in our experiment to
the level of indication limit. The results of the pot
experiment are given in Table 8.

The proposal of an amendment to the regulation
of the Czech Ministry of Environment No. 13/1994
Coll. (SANKA et al. 2002) also involves the indica-
tion limits for the environmentally risky mobile
metals fraction extractable with IM NH,NO,. The
limit value was only exceeded in the case of Zn, Cd
in our experiments. Rfs were determined based on
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Figure 2. Total four-year removal (the sum of removal by shoots and roots) and Rf based on total metals contents

in soils of pot experiment

the mobile metals fraction content and the time
needed for the remediation was calculated. The
results of the pot experiment are given in Table 9.
The results, however, can be misleading, because
metals are continuously mobilized from the less
available fractions in the soil, the results manifest
the favourable phytoextraction efficiency of the
trial plantation for the riskiest mobile fraction
of heavy metals. The best result was obtained
especially with H. annuus plants.

The phytoremediation efficiency of the field crops
in our experiment was not high and the results
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confirm that the soil phytoremediation using crop
rotation or monoculture is a very long term process.
But a great growth potential in the contaminated
soils should be positively assessed, as well as the
improving of the landscape and reducing of the
mobility of the risky elements through water and
wind erosion. The phytoremediation potential lies
in conjunction with the conventional methods
of decontamination in terms of the subsequent
cleaning treatment of the site. The methods of
phytoremediation are financially accessible and,
in general, well accepted by the public.

113



114

Soil & Water Res., 6, 2011 (3): 120-130

Table 8. Years needed for remediation to indication limit value (total content) in pot experiment

Pb Cd Zn Pb Cd Zn
Content in soil (mg/kg) 1536 16.1 3136 1288 5.57 280
Indicating limit (mg/kg) 70 h2 160 70 2 160
Years per remediation to indication limit value
Variant Haplic Fluvisol variant Haplic Cambisol
1 25322 2126 7399 7 7335 1411 4999
2 85291 1634 6484 8 63681 1512 6795
3 18958 1692 5241 9 10407 1107 3887
& 20028 1292 4364 10 25911 1490 6351
5 26208 868 2847 11 14861 613 1832
6 12733 1843 3058 12 21245 1505 2002

Table 9. Years needed for remediation to indication limit value (mobile content extractable with NH,NO,) in pot

experiment

Cd Zn Cd
Content in soil (mg/kg) 0.45 35.5 0.18
Indicating limit (mg/kg) 0.1 20 0.1
Years per remediation to indication limit value
Variant Haplic Fluvisol variant Haplic Cambisol
1 53 33 7 3
2 41 29 8 3
3 42 23 9 2
4 32 19 10 3
5 22 13 11 1
6 46 13 12 3
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Polycyclic aromatic hydrocarbons in soil and selected plants

R. Vécha, J. Cechmankova, J. Skala

Research Institute of Soil and Water Conservation, Prague, Czech Republic

ABSTRACT

The influence of soil load with polycyclic aromatic hydrocarbons (PAHs) on their contents in selected plants was
investigated. A set of experiments was realized in three years. The influence of extreme soil load with PAHs (soil
contaminated by floods and sludge application) on their content in plants was observed in a pot trial. A laboratory
column extract trial investigated PAHs transfer from the soil into soil solution in different conditions. The results
showed that the transfer of PAHs into plants is influenced mainly by chemical characteristics of the substances (the
number and position of aromatic nuclei); by soil characteristics (content and quality of soil organic matter) and by
plant characteristics (plant species and plant bodies). The roots of tested plants were loaded with PAHs thanks to
the transfer of less-nuclei compounds (2-3 nuclei) in soil solution into the roots and thanks to the binding of more
nuclei compounds (4—6 nuclei) on organic substances in epidermis and primary bark of roots. These results were

confirmed by a laboratory column trial.

Keywords: polycyclic aromatic hydrocarbons (PAHs); soil load; mobility; plant production

Polycyclic aromatic hydrocarbons (PAHs) are sub-
stances with of 2 and more aromatic nuclei and belong
to the group of persistent organic pollutants (POPs).
Attention is paid to this group of contaminants in
many compartments of the environment, including
soil. The persistence of different compounds of POPs
and PAHs can differ according to the environment.
Many substances decompose in soil in the span of
afew years (naphtalene, anthracene) and some sub-
stances, such as benzo(ghi)perylene, are persistent
(Starke et al. 1991) in spite of degradation processes
in the soil environment (microbial activity, photo-
degradation, hydrolysis etc.).

Increased PAHs content in agricultural soil does
not usually lead to acute intoxication of humans. On
the other hand, health problems can be sometimes
connected with symptoms of chronic intoxication.
Carcinogenic, mutagenic, terratogenic effects,
genotoxicity, an increased level of cholesterol in
the blood or reproduction defects were observed
after long-term POPs exposure and confirmed by
toxicological experiments (Janosek et al. 2007).

In the Czech Republic, research on the most
important POPs compounds in agricultural soils
was begun in the early 1990s. The compounds in
the ‘Dutch List} including 13 PAHs compounds,

were accepted and the proposal of the limit values
of POPs in agricultural soils (background values)
for the legislation purposes was prepared (Némecek
et al. 1996).

The identification of the main inputs of PAHs
into soils is the result of long-term observation of
POPs in Czech agricultural soils (Podlesakova et
al. 1998, Vécha et al. 2003). The main sources of
increased soil load with PAHs are imission out-puts
of industrial areas, emission out-puts from local
furnaces in settlements, contaminated water in
fluvial areas of some rivers, sludge and sediment
application on agricultural soils.

The use of toxicity equivalents that maintain
the toxicity of each compound seems to be a more
progressive approach for the evaluation of the load
in comparison with sum contents. The toxicity
equivalents were derived from human toxicological
studies focused on carcinogenic risk. The value
of toxicity equivalent 1 is given to the most toxic
compounds (benzo(a)pyrene from PAHs group).
The total value is calculated as the sum of the
products of equivalents and the contents of each
compound. The resulting value is used as a sum
of toxic equivalents in the case of PAHs (TEQ
PAHs sum).

Supported by the Ministry of Agriculture of the Czech Republic, Project No. MZE 0002704902.
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Limit values of POPs (including PAHs) in agri-
cultural soils are included in the directive of the
Ministry of Environment of the Czech Republic
(Directive No. 13/1994 Coll). These limit values
were not derived from the values relevant for the
soil in the Czech Republic and were based on the
correction of external samples. As the suitability of
these limit values for the evaluation of the load of
Czech agricultural soils is problematic, an update
of the directive was proposed. New limit values
maintain the background values of POPs in Czech
agricultural soils (Némecek et al. 1996) and are
proposed as ‘preventive limits’ for legislative use.
At present, the higher level of limit values, based on
POPs transfer into plant production, is not avail-
able; their development is complicated by different
level of persistence of individual compounds in soil
and their decomposition and transformation into
other forms. The microbial decomposition of PAHs
in the soil seems to be one of the most important
factors regarding degradation processes. Thiele
and Brimmer (1999) defined the part of PAHs in
the soil that could be decomposed by microbial
activity, by using different chemical extract agents
(a solution of acetone and toluene, tenzides). They
compared the natural decline of PAHs in soil over
a five-year field trial and the contents of PAHs in
individual extract agents.

The observation of the transfer of PAHs into plants
is complicated by other factors. Krauss et al. (2005)
compared atmospheric and biological sources of
plant loads by PAHs in a tropical area. Thiele and
Brimmer (2002) confirmed the formation of PAHs in
soil by plant material decomposition. They observed
formation of 4—6 nuclei PAHs predominantly.

The behaviour and distribution of individual
PAHs compounds of different molecular weights
in the environment can differ markedly. Brandt
et al. (2002) presented the information on low
availability of compounds with a high value of K_
partition coefficient (octanol/water) for plants.
These compounds have high affinity to fat and
the value of bioaccumulation in the animal tissues
increases rapidly. The affinity to soil organic matter
(K, partition coefficient) of 4—6 nuclei PAHs is
two or three times higher than that of 2-3 nuclei
PAHs (Holoubek 2005). It was investigated that the
transfer of the chemicals with high hydrophobicity
trough plant tissues occurs predominantly through
pore water (Trapp et al. 2007) and the effect of
‘growth dilution’ influencing bioconcentration
of PAHs in potatoes was described. Trapp (2002)
presents a model for prediction of the transfer of
PAHs from soil into plant tissues. He concluded

PLANT SOIL ENVIRON,, 56, 2010 (9): 434-443

that for the substances with low or medium li-
pophilicity (log K < 2) there was no difference
between developed dynamic model and equilibrium
approach. For lipophilic substances equilibrium
approach can be used only for prediction of their
contents in the peel (tested on carrot), while for
prediction of their contents in the core a dynamic
(steady-state) flux model is more realistic. Mike$
et al. (2009) analysed the load of roots, bulbs and
shoots of radish planted on contaminated soil by
polychlorinated biphenyls (PCBs) and organochlo-
rine pesticides (OCPs). They observed a decrease of
bioaccumulation factors (BCF) of substances with
increasinglog K | value in the bulbs. Opposite root
BCF values were constant and did not correlate with
log K. The authors confirmed the influence of
chemicals concentrations in the air on the load of
shoots of plants and the used prediction model of
Trapp (2007) correlated with the measured values.
Based on analytical data they concluded that soil
resuspension and subsequent deposition of soil
particles on leaf surfaces is dominant transport
pathway and they also described entering of the
compounds from the air into plant tissues of the
shoot and even bulbs of radish. In spite of high
affinity of lipophilic substances to soil organic
matter some authors observed an increased load
of plants by 4-6 nuclei PAHs after sludge appli-
cation into soil in spite of a high content of soil
organic matter (Oleszuk and Baran 2005). Trapp
(2002) presents that the absorption of lipophilic
organic substances to root is comparable with
their absorption to soil organic carbon. At the
same time the roots of plants can influenced the
fate of PAHs in the soil. Rezek et al. (2009) used
some plants (Betula pendula, Morus rubra, Lolium
perenne) for bioremediation of contaminated soil
by PAHs. The contents of fluoranthene and pyr-
ene markedly decreased (to 50%) after 1 year of
plant cultivation. They even observed successful
degradation of benz(a)pyrene. On the contrary,
benzo(ghi)perylene and indeno(cd)pyrene were
very persistent in soil and practically undegradable.
The potential of phytoremediation in soils loaded
with PAHs was confirmed by Cheema et al. (2010)
in the study focused on phenantrene and pyrene
degradation by combined plant cultivation. The
other ways to decrease PAHs in soil can be soil
washing with some organic substances, like fatty
acid methyl esters (Gong et al. 2010), vegetable
oils (Yap et al. 2010) or products of mushroom
metabolites (Li et al. 2010), for example.
Holoubek (2005) specifies the intake of PAHs
by plants via the intake by roots from the soil so-
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lution (depending on the plant water regime and
the content of lipid compounds in the root), the
absorption of PAHs on root surface, the absorption
of volatilised PAHs (from the soil) on the shoot
and the absorption of PAHs on leaves of plants
(from imission fall-outs). Some PAHs could be
synthesised in plant metabolisms.

The limit value for the content of benzo(a)pyrene
in some foods was brought forward to the European
Union legislation (Directive 208/2005/EC). The limit
of benzo(a)pyrene in fats and oils for direct consump-
tion is 2 pug/kg and the limit for children’s food is
1 pg/kg. The regulation of the Czech Ministry of the
Health, No. 305/2004 Coll., limits the values for nine
PAHs compounds in edible oils with the maximum of
2 ng/kg for each individual compound.

MATERIAL AND METHODS

The study was performed on the basis of three
experiments: pot trial, field plot trial and labora-
tory column experiments.

Pot trial. The trial was based in 2004 (October)
and sieved for the first time in 2005 (April). The
trial was finished in autumn 2007. The experimental
soil contaminated by floods with increased PAHs
contents was taken out on the basis of terrain
monitoring as loaded variant L1 (Modal Fluvisol
— FLm). Sludge from a wastewater factory was
used as another source of increased PAHs con-
tents. The mix of the sludge and the soil used in
the control variant (Arenic Cambisol — CAa) in
a mass rate 1:1 simulated the increased load of
soil by PAHs after the sludge application (loaded
variant L2). The soil used as the control variant
(Arenic Cambisol — CAa) with PAHs contents
under background values has comparable chemical
and physical characteristics (pH, Cox, particle-
size composition) as loaded variant 1. The sum of
PAHs is comparable in the soil of L1 and L2 vari-
ants but TEF value is evidently higher in the soil
of L2 variant with sludge application because of
increased content of the substances with carcino-
genic effect in used sludge. The characteristics of

Table 1. The characteristics of soils and PAHs contents

soils and PAHs contents are presented in Table 1.
The contents of potentially risk elements in used
sludge were under the limits of regulation of the
Czech Ministry for Environment No. 504/2004
Coll. The same sludge was used in field trial in
extremely increased dose and we had to fulfil the
criteria for sludge contamination with limited
contaminants at least. From this viewpoint the
phytotoxicity due increased contents of risky ele-
ments in used sludge was eliminated. The pot trial
was placed in a fenced area and was performed in
four replications.

Mitscherlich pots filled with 6 kg of sieved soil
were used. Soil acidity was treated on the value
of 6.5 pH (dolomitic limestone, Ca and Mg in the
form of CaCO, and MgCO,) and basic fertilisa-
tion with N, P and K was realised. Soil samples for
PAHs analyses were taken out after 20 days from
the trial establishing. The pots were seeded with
radish (Raphanus sativus var. radicula), Duo va-
riety in 2005, with carrot (Daucus carota), Nantes
3 variety in 2006 and with parsley (Petroselinum
crispum), Dobra variety in 2007. Only five plants
were left in every pot after germination.

Seeded pots were periodically irrigated with a
constant volume of drinking water (500 ml). The
samples of soil and plants for PAHs analyses were
taken out after the termination of the vegetation
period (second week in October). Plant samples
were analysed in the form of washed hypocotyles
(radish ‘bulbs’) and washed and unwashed shoots.
Plant washing was done with demineralised water
in laboratory conditions. The samples of carrot and
parsley were analysed in the form of washed roots
separated into two parts — primary bark (external
part) and central cylinder (inner part). Only roots
of comparable size (carrot roots of cca 15 cm
length and 2.5 cm thickness and parsley roots of
cca 8 cm length and 1.5 cm thickness) were used
for the analyses. The differences between the size
of carrot and parsley roots were caused by lower
yield of parsley plants.

Field plot trial. The field trial was located in
the clean area of the Czech-Moravian Highlands
(Jihlava district) and was based on a typical

Soil Variant Paxticle:size Substrate 20 il
class (mg/kg)

Typic Fluvisol L1 3 alluvial river sediments ~ 21.05 + 1.39 2.462 + 0.20

Arenic Cambisol + sludge L2 3 gneiss 24.59 + 1.21 6.218 + 0.51

Control — Arenic Cambisol Co 2 terrace sands 0.454 + 0.08 0.058 + 0.02
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Cambisol (CAm, acid variety, on gneiss). Sludge
application (sludge identical with pot trial) in
the dose of 25 kg/m of dry matter was used for
increased PAHs load simulation in April 2005.
The extent of individual plots was 2 x 2 m. The
soil was seeded with mustard (Sinapis alba) in
2005 and 2006 and with carrot (Daucus carota)
in 2007 in four replications. The samples of soil
and plants were taken after the harvest (October).
Plant samples were used in the form of washed and
unwashed shoots in the first year and unwashed
shoots in the second year of the trial. Only roots
of carrot were used for PAHs analysis in the third
year. The roots were separated into three parts,
epidermis, primary bark and central cylinder.

Laboratory column experiment. The column ex-
periment focused on the observation of the transfer
of PAHs from the soil into the solution was realised
in 2006. Plastic columns with an outlet in the bot-
tom part were used. The bottom part was fitted
with a 0.2 mm sieve. The columns were filled with
100 g of soil identical with the pot trial. The soil
in the columns was saturated with demineralised
water (the value of field capacity) and then was
leached with 200 ml of solutions (in three repeti-
tions) during 24 h in the following order:
demineralized H,O
demineralized H,O acidified by H,SO, on the
value pH 3
a 0.2% solution of the tenzide — C,,H,.NaO,S in
demineralized H,O

The use of a tenzide solution was derived from
the work of Thiele and Briimmer (1999), which
defined the mass fraction of PAHs extracted from
the soil by a 0.2% tenzide solution as microbial de-
gradable. The extractability by water and 0.2% and
4% tenzide solutions were compared in laboratory
conditions. The extraction proceeded gradually
and the weakest extract agent, the demineralized
water, was firstly used. The extraction of the same
sample by acidified water (pH 3) followed and the
0.2% tenzide solution extraction was the last step
in this approach.

The obtained extract was centrifuged (2500 rpm)
to separate the colloidal phase from the solution.
Only 33% of PAHs contents flowed in an aque-
ous phase and the prevailing mass of PAHs was
bound to the colloids (Holoubek 2005). The treated
extract was analysed in a commercial accredited
laboratory by standard methods of a PAHs analysis.
Laboratory column trial was replicated three times
and median values are used in the presentation.

Experimental data were processed by elementary
statistics using the Excel programme (average,
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geomean, standard deviation, median, maximum,
minimum, Pearson correlation coefficient).

PAHs analysis. The laboratory determination
of the PAHs contents in the soils, plants and so-
lution was realised in the accredited laboratory
Aquatest JSC. The solid sample analysis comprises
the exsiccation using waterless sulphate and the
extraction procedure in the acetone solution. The
raw extract is analysed without purifying. PAHs
are determined by the high-performance liquid
chromatography (HPLC) with fluorescence de-
tection (mobile phase — acetonitrile/water). One
instrument measured some PAHs portions during
isocratic elution under invariable wavelength and
the second plant detected the other PAHs portion
on equal terms. Two detectors in series assemble
the instrument configuration, and thus two dif-
ferent wavelengths are involved in the detection.
Such procedure minimises the difficulties with
the gradient elution and with the alteration of the
wavelength setting during analysis by the division
of unpurified samples.

The concentration levels of individual com-
pounds, the sum values of the compounds (the
PAHs sum), the sum value of 2—3 nuclei PAHs and
of 4-6 nuclei PAHs were used for the assessment
of the load of soils and plants. The sum of toxic
equivalency factors for PAHs (the TEF PAHs sum)
was involved as well to take into account various
toxicological characteristics of individual PAHs
compounds. The TEF PAHs sum is defined as
the sum of the products of the concentration of
each compound multiplied by the toxic equivalent
value for carcinogenic compounds. The following
compounds were used:

Benzo(a)pyrene and Dibenzo(a,h)anthracene —
toxic equivalent value = 1

Benzo(a)anthracene, Benzo(b)fluoranthene and
Indeno(1,2,3-cd)pyrene — toxic equivalent value
=0.1

Benzo(k)fluoranthene — toxic equivalent value
=0.01

The soil organic matter analysis. The selected
characteristics of the content and quality of soil
organic matter (SOM) were assessed in the central
laboratory of the RISWC. The characteristics are
defined below.

Corg — organic carbon indicative of the carbon
content in primary SOM. It may be used for the
humus content calculation (1.72 x Corg). The de-
termination procedure is based on the chromic
acid oxidation of organic carbon under the sul-
phuric acid abundance and elevated temperature.
Unexpended chromic acid is determined by the
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iodometric method. The accredited method SOP
4/02 is the modification of the ISO 14235 norm.
The assay of weakly and tightly bounded humus
materials includes the determination of the hu-
mic acid carbon (C-HA), fulvic acid carbon (C-
FA), humus matter carbon (C-FA + C-HA) and
the assessment of the colour coefficient (Q4/6)
indicating the humus quality. The determination
procedure is based on the sample extraction using
mixed solution of sodium diphosphate and sodium
hydroxide, the carbon contents (C-FA, C-HA) are
determined by titration and the coefficient Q4/6
results from the photometry.

C,,, — water-soluble carbon, indicating the quality
of primary SOM (bioavailable carbon for soil micro-
organism). Laboratory determination consists in an
hour sample extraction using 0.01M CaCl, solution
(1:5 w/V) and in the determination of oxidizable
carbon in the filtrate evaporation residue through
the heating of filtrate with chromium sulphuric acid
and the subsequent titration with Mohr’s salt.

Chws ™ hot water-soluble carbon, being similar in
the assessment purpose to water-soluble carbon.
After an hour soil sample boil in 0.01M CaCl, so-
lution (1:5 w/V), the oxidizable carbon in filtrate
evaporation residue is determined through the
heating of filtrate with chromium sulphuric acid
and the subsequent titration with Mohr’s salt.

RESULTS AND DISCUSSION

The characteristics of content and quality of
soil organic matter in the soil of the pot trial are
presented in Table 2.

The highest values of C_, content were detected in
the soil of L2 variant, the soil of L1 variant reached
almost the same C_ _ value as the Co variant.

The content of hot water-soluble carbon (C, )
indicated the content of an active micro degradable
carbon fraction within the total organic matter.
The highest value of C, was observed in the

soil with sludge-L2 variant; control variant had a
value ten times lower, while the lowest value was
detected in the soil of L1 variant.

Similar ratios of values could be found in the case
of water-soluble carbon (C_ ) that also indicated
the quality of primary organic matter (Kolar et al.
2009). The highest total carbon content of humic
substances (C-HS) was observed in the soil with
sludge-L2 variant and the lowest in the soil of L1
variant. The quality of humic substances, accord-
ing to the HA/FA ratio is comparable to that of
the soil of L2 variant and control variant, where
the predominance of humic acids was detected. A
balanced humic and fulvic acid ratio was observed
in the soil of L1 variant. The values of the Q4/6
coefficient confirm the lowest quality of humus
substances in the soil of L1 variant, and the similar
humus quality of the soils of the control variant
and the variant with sludge — L2.

The PAHs total contents in soil were comparable
between L1 variant and L2 variant, with concentra-
tions moving from 20 000 pg/kg up to 30 000 pg/kg.
Differences between the contents before and after
the vegetation period were observed simultane-
ously. An increased PAHs content was detected in
poor and sandy soil of L1 variant after the vegeta-
tion period, in comparison with that previously
considered. This could be connected with PAHs
syntheses by plant material decomposition in the
soil (Thiele and Briitmmer 2002, Holoubek 2005).
On the contrary, the content of PAHs in the soil of
L2 variant was lower after the vegetation period
in the first year. The existence of soil heterogene-
ity could not be excluded in this case, because a
perfect interfusion of the sludge with the soil is
not realistic. A corresponding trend shows the
values of TEF PAHs, indicating carcinogenic risk
in the soils of the considered variants. The soil
samples were taken only after the vegetation pe-
riod in the following years and an increase of the
sum of PAHs in L1 variant (more than 40 000 pg/
kg) and a slight decrease in L2 variant (18 000 pg/

Table 2. The content and quality of soil organic matter, pot trial

Variant _GHA CFA  ga CHS Q6 Cpp  Cw G
(pyro) % (pyro) %  (pyro) (%) (mg/kg)

Typic Fluvisol 0.06 0.07 1:1 0:1:3 4.3 1.6 34 175

Arenic Cambisol + sludge 0.83 0.5 1:0.6 1.33 2.7 5.23 204 1944

Control — Arenic Cambisol 0.33 0.2 1:0.6 0.53 2.3 1.66 89 489

C-HA - humic acid carbon; C-FA - fulvic acid carbon; C-HS — humus substances carbon; Q4/6 — colour coef-
ficient; Cm_g - organic carbon; C - water soluble carbon; C, - hot water soluble carbon
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Table 3. The median values of PAHs content in washed and unwashed radish shoot planted in pot trial

PAHs (pg/kg of dry matter)

Fl P

Ph B(b)F B(a)A A I(cd)P B(a)P B(k)F B(ghi)P Ch

N  D(ah)A Sum PAHs

L1 unwashed

1000 + 741 + 644 + 446 + 402 + 129 + 232 + 493 + 231+ 455+ 403+ 100+ 68+ 5344 +

117.4 29.32 26.92 16.44 13.73 17.18 17.01 34.62 13.06 23.28 18.45 10.7 8.28 331.84

120+ 60+ 40+ 130+ 50+ 90+ 130+ 80+ 140+ 90+ 100+
L2unwashed ;o0 746 7.87 1582 1046 <'° 1942 15.05 11.98 2036 1642 17.8¢ <10 <1050
Control 90+ 60+ 70+ 20+ 20+ 20 + 20+ 30+ 100+
unwashed 1115 933 975 867 872 <10 <10 gee <10 460 1211 1208 <10 <470

L1 washed <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <130

L2 washed ;542 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <135
S::}::ll <10 <10 ;582 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <135

L1 - Typic Fluvisol; L2 — Arenic Cambisol + sludge; Control — Arenic Cambisol

kg) were observed in the second year. The PAHs
contents were comparable in the soil L1 variant
between the second and third year and decreased
slightly in the soil of L2 variant in the third year.
Comparable values of TEF PAHs in these variants
suggest the hypothesis of a more rapid decrease of
less-nuclei and less carcinogenic PAHs substances
and confirm the increased persistence of more-
nuclei PAHs in the soil. The contents of PAHs in
the soil of the control variant moved under their
background values in Czech soils (1 000 pg/kg)
in the intervals from 400 pg/kg up to 600 pg/kg
even if a slight increase of their contents after the
vegetation period was observed. This increase
could relate with described effect of the influ-
ence of air load with PAHs on soil content in time
(Mikes et al. 2009).

Differences between PAHs contents in the plants
were also observed. The increase of PAHs con-
tents in unwashed radish shoots in L1 variant in
comparison with L2 variant and especially with
control variant was statistically significant at the
0.05 significance level. The contents of PAHs in
the radish shoots decreased rapidly after washing
the shoots and they are comparable in all vari-
ants of the trial. The increased PAHs contents
in radish shoot in L1 variant — Typic Fluvisol in
comparison with L2 variant — Arenic Cambisol +
sludge relates with higher soil particles mobility in
sandy soil very probably. The data are presented in
Table 3. The results confirm the predominance of
contamination on the surface of the plant shoots
(dust articles in the air, surface contamination by
soil particles during the irrigation) in comparison
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with the root intake. In spite of this finding the
trend of a PAHs content increase in radish bulbs
(hypocotyles) in the loaded variants (L2 variant
< L1 variant) was observed. The values of TEF
PAHs in radish roots showed similar trends, but
on the other hand, PAHs were not analysed in the
peel and inner part of radish bulbs and in the hair
roots of radish separately where the differences
in the accumulation of the substances depending
onlog K value were described by some authors
(Trapp 2002, Mikes et al. 2009).

The load of unwashed radish shoots in L1 variant
(493 pg/kg of dry matter) and L2 variant (130 pg/
kg of dry matter) must be evaluated as extremely
increased in comparison with the limit value of
benzo(a)pyrene (2 ng/kg) in food for direct con-
sumption (Directive 208/2005/EC). The contents
of benzo(a)pyrene decreased under the detection
limit (10 pg/kg of dry matter) after washing the
shoots of all the variants. Increased contents of
benzo(a)pyrene were also detected in radish bulbs
in L1 variant (42 pg/kg of dry matter). The load
of radish bulbs in L2 variant reached the value of
10 pg/kg of dry matter of benzo(a)pyrene and the
content of the control variant moved under the
detection limit. The decrease of PAHs contents in
radish bulbs after washing supports the hypoth-
eses of the influence of soil load with PAHs on
their contents in radish bulbs, although Mikes et
al. (2009) confirmed a significant influence of air
load on radish bulbs.

Differences between PAHs and TEF PAHs sum
contents in primary bark and central cylinder of
carrot (second year of the trial) are presented in
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Figure 2. The increased contents of PAHs in the
central cylinder in comparison with the primary
bark were observed in the control variant and es-
pecially in L1 variant. On the contrary, the ratios of
PAHs contents between the upper and inner parts
of the carrot root were opposite in L2 variant. We
lean to the hypothesis about the root intake of some
PAHs substances and their transfer to the central
cylinder of the carrot root in the case of poor and
sandy organic matter of Karvina fluvisol (L1 vari-
ant) loaded with PAHs. Trapp (2002) describes in
his model of POPs transfer into plant the input from
soil and output to plant stems of the substances
with log K <2 with transpiration stream where
no relevant difference between dynamic model
and equilibrium approach was observed, also less
lipophilic substances have higher tendency to
enter plant tissues via vascular system. In spite
of the fact that minimal log K_ value for PAHs
is almost 4 (3.92 for acenaphtene) the observed
trend follow these principles. The PAHs and TEF
PAHs sums in the central cylinder of the carrot in
L1 variant reached increased values in comparison
with the control variant, whereas these values in
the primary bark are comparable. Only slightly
increased contents of PAHs were detected in the
central cylinder of the carrot root in L2 variant,
but rapidly increased PAHs contents were found in
the primary bark of the carrot root in this variant
in comparison with the control variant. It could
be concluded that stronger bindings of PAHs on
soil organic matter in the variant with sludge are
impaired in the rhizosphere zone, while mobi-
lised PAHs are consecutively bound onto organic
substances in the external layer of the carrot root
(lipids, plant pigments, growth regulators etc.).
The intensive binding of PCBs on carotene in
carrot roots is presented by Bobovnikova et al.
(2000) for example.

120
105
90

PAHs (ng/kg)

On the basis of the comparison of 2—3 nuclei
PAHs and 4-6 nuclei PAHs contents in carrot roots
(Figure 1), an increased transfer by root intake
seems to be evident in the case of less-nuclei PAHs.

Marginal transfer of 4—6 nuclei PAHs into the
central cylinder of the carrot root via the primary
bark could be hypothesised, considering their in-
creased contents in the primary bark of the carrot
roots in all the variants. Trapp (2002) analysed that
the contents of benzo(a)pyrene in peel of carrot was
up to 100 times higher in comparison with the core.
These trends were confirmed by the use of parsley
samples in the third year of pot trial. Nevertheless,
PAHs contents were higher in parsley roots in com-
parison with carrot roots very probably thanks to
lower parsley yield — smaller size of roots. The ef-
fect of ‘growth dilution’ is presented by Trapp et al.
(2007) and is described also by Mikes et al. (2008).
It means an increase of root surface in contrary to
root volume that could lead to the increase of PAHs
intake. The problem with the limit values of benzo(a)
pyrene in plant products for direct consume seems
to be evident in this case (Figure 2). These results
also show that not only carotene (Bobovnikova et
al. 2000) plays the important role in the bindings of
organic pollutants in the root of plants. Especially
more nuclei PAHs with higher log K_ value are
close to the phase equilibrium with soil in the peel
of roots and the adsorption of lipophilic compounds
to root surfaces is similar to the adsorption to soil
organic matter (Trapp 2002).

The results of the laboratory column experiment
confirm findings coming from the pot trials. The
sum contents of 2—3 nuclei PAHs and 4-6 nuclei
PAHs in extracts (ng/l) are presented in Figure 3.

Intensive wash of 2—3 nuclei PAHs from the soil
of L1 variant was predominantly observed after the
first extraction step, while marginal wash of PAHs
from the organic bindings in the soil of L2 variant

external part  inner part

L1

external part

75 |
60 |
45 |
30
15 |
0 T T T

11l

inner part  external part  inner part

L2 Co

Figure 1. Comparison of 4—6 nuclei (white) and 2—3 nuclei (black) PAHs contents in carrot roots (ug/kg of DM)
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Figure 2. The contents od benzo(a)pyrene (white) and dibenzo(ah)anthracene (black) in parsley roots of pot trial

(ng/kg of DM)

was detected. A decrease of PAHs content in the
extract was observed after the second extraction
step by the acidified water in L1 variant. A relatively
low decrease was detected in the case of 4—6 nu-
clei PAHs thanks to their relatively low wash after
the first extraction step related to their stronger
binding with soil organic matter. The change of
pH value of the solvent did not have a stronger
influence on the extractability of PAHs from the
soil with sludge (L2 variant). The use of the tenzide
during the third extraction step led to the erosion
of PAHs bindings on soil organic matter in the soil
of L2 variant and massive wash of 2—-3 nuclei >
4-6 nuclei PAHs from the soil to the extract was
detected. The increased PAHs wash during the
third extraction step was observed in L1 variant in
comparison with the second extraction step, but
this wash was significantly lower in comparison
with the first extraction step. Simultaneously, the
content of 4—6 nuclei PAHs was higher than the
content of 2—3 nuclei PAHs in the third extrac-
tion and it could be concluded that lower weight
PAHs with lower affinity to organic matter were

030 -

PAHs (pg/l)
(=3
=

L1 L2 Co L1 L2 Co L1
demineralized acidified water

water pH3
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tenzide solution

washed predominantly during the first extraction
step from the soil of L1 variant.

Other key factors could be derived from the
comparison of the contents of individual com-
pounds in the extracts (Figure 4).

The highest transfer of 2-nuclei naphthalene with
a simple molecular structure from the soil into
the liquid phase is visible. Its effect on the total
PAHs content is the highest in the water extract
from the soil of L2 variant and is the highest in
soil organic matter and with the use of the weak-
est extraction agent. During the second extraction
by acidified water, the proportion of naphthalene
decreased at the expense of 2-nuclei fluorene
with a more complexly structured molecule. The
decrease of 3-nuclei phenanthrene at the expense
of more-nuclei PAHs was also registered. It could
be concluded that the second extraction by the
acidified water slightly influenced the proportion
of individual PAHs on the total PAHs content in
the extract. The third extraction by the tenzide
solutions strongly influenced this proportion,
where the amount of more-nuclei PAHs increased.

Figure 3. The sum contents of 4—6 nuclei
(white) and 2-3 nuclei (black) PAHs in
the extracts (pg/l)

L2 Co
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Figure 4. Comparison of the contents of individual PAHs compounds in the extract (%)

The mobilisation effect on PAHs by the tenzide
solution from the soil with sludge (L2 variant) is
comparable with the first extraction by L1 variant
water, where the wash of non-bound PAHs from
poor sandy soil was realised. The increased content
of more-nuclei PAHs in the extract of L2 variant
relates to the increased content in the sludge.

No verifiable changes of the proportion of in-
dividual PAHs during three extraction steps were
observed in the case of the control variant (Figure 4)
and low-nuclei PAHs were predominantly ex-
tracted. Cave et al. (2010) measured bioaccessible
PAHs fraction in the soil (varied from 10-60%)
and the multiple regression showed that the PAHs
bioaccessible fraction could be explained using
the PAHs compound, the soil type and the total
PAHs to soil organic carbon content.

The results of field trial confirmed the trends of pot
trial. The differences between loaded variant (sludge
application) and control variant did not reached the
level of pot trial because of lower dose of sludge in
the soil of field trial. In spite of this fact, the dose of
sludge was 50 times higher compared to the Czech
regulation for sludge application on agricultural
soils (Regulation of Ministry of Environment No.
504/2004 Sb). PAHs contents in shoots of mustard
were comparable in loaded variant and control vari-
ant (550 ug/kg vs. 520 pg/kg of dry matter, respec-
tively). The median values of sum of PAHs in carrot
epidermis were 148 ug/kg on loaded variant with
sludge compared to 75 pg/kg of dry matter in the
control. PAHs contents in carrot primary bark were
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105 g/kg vs. 60 pg/kg of dry matter and the PAHs
contents in carrot central cylinder were 50 pg/kg
vs. 55 ug/kg of dry matter, respectively.

On the basis of the above reported findings,
it could be concluded that the increased load of
the soil by PAHs influenced the root load of the
tested plants. This load was caused by PAHs trans-
fer (low-nuclei PAHs especially) into the plant
vascular system by the soil solution or by PAHs
binding (especially more-nuclei PAHs) to organic
substances in the external root layer dependent on
the soil properties. Different types of soil loads with
PAHs, including sludge or sediment application,
could cause the plant contamination with PAHs.
It was confirmed by other authors (Oleszuk and
Baran 2005, Zohair et al. 2005). Results of the pot
trial led to conclusion that the plant shoots were
predominantly loaded with over ground contami-
nation. The similar trend was showed also in the
field trial. The fulfilment of limit values of PAHs
— especially of benzo(a)pyrene, in commodities for
direct consumption could be problematic in the
localities with increased PAHs load, with respect
to the limit values in the Directive 208/2005/EC.
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5 Souhrnna diskuze

Hlavnim cilem prace bylo poskytnout dostatek relevantnich podkladii pro hodnoceni
potencialnich rizik znecisténi v zaplavovych pudach a ovéfeni vybranych metod pro
regionalizaci téchto rizik. Vyzkum probihal na zdjmovych tzemich na nékolika prostorovych
méfitcich — od narodniho, pies regionéalni po lokalni.

V prvni ¢asti této kapitoly jsou proto shrnuty a diskutovany zavéry z dvou praci, které
prezentuji metodické postupy pouzité pro hodnoceni jednak humanotoxikologickych, a jednak
ekosystémovych rizik na narodni trovni. V obou ¢lancich je kladen diraz na prostorovou
slozku (regionalizaci) zjisténych vysledkd. Zakladnim vstupnim pozadavkem pro predikci
zdravotnich a ekosystémovych rizik vyplyvajicich ze znecisténi pidy je ziskdni spolehlivych
a reprezentativnich koncentraci toxikologicky vyznamnych chemickych latek v padach.
V publikovanych pracich je vyuzit datovy soubor z uceleného vzorkovani pud, ktery vznikl
v ramci projektu Ministerstva vnitra CR ¢ VG20102014026 — Dopady povodni na kontaminaci
pud a potravnich fetézcl rizikovymi latkami. Pro potteby védeckého vyzkumu byl ziskany
datovy soubor zajimavy piedev§im $ifi stanovenych latek (viz Tab. 1 v podkapitole 4.1).
Systematicky byl také vybér lokalit, ktery byl zaloZen na prostorovém vybéru ploch z oblasti
S vyznamnou vymeérou obhospodatrovanych piid s vysokou frekvenci zaplav. Vlastni hodnoceni
rizik je pak v navaznosti na kapitolu 2.2.2 provadéno na zakladé sumarniho indexu rizika (tzv.
hazard indexu) a upravy dat tak, aby bylo mozné hodnotit ptispévek jednotlivych polutanti
do celkového rizika i variabilitu ¢i podobnost jednotlivych lokalit z hlediska profilu zne¢isténi.
Z divodu kompozi¢niho charakteru vstupnich dat byla data pied vstupem do analyzy
transformovana pomoci riznych ptistupt — transformace rozsahem a normalizace fadkovym
souctem v pripad¢ analyzy ekologickych rizik (podkapitola 4.1), log-pomérova transformace
ve studii humanotoxikologickych rizik (podkapitola 4.2).

Hodnoceni zdravotnich rizik ¢i rizik pfechodu kontaminace do potravniho fetézce se stalo
také podkladem pro nastaveni legislativniho ramce ochrany piidy v CR, nebot’ takto odvozené
hodnoty podlozené védeckym vyzkumem byly implementovany do nové vyhlasky ¢. 153/2016
Sb. Nové navrZzeny hierarchicky systém limitnich hodnot se svym pojetim pfiblizuje systému
hodnoceni rizik. V druhé ¢asti diskuzni kapitoly 5.1 jsou proto prezentovany poznatky
z publikace (podkapitola 4.3), ve které byl popsan jednak zplsob odvozeni novych

legislativnich kritérii pro rizika odhrozeni zdravi ¢lovéka, jednak ovéfeni jejich relevance
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a vyuzitelnosti Vv regionalni studii, kde pomoci kombinace nové navrzenych legislativnich
limitd a geostatickych nelinearnich technik byl proveden odhad prostorové distribuce
piekroceni urovné kontaminace v regionech pod vlivem dlouhodobého znecisténi prostiedi RP
a PAU.

Jak vyplyva z reSerSe literatury, ma z hlediska hodnoceni rizik znecisténi vyznamnou roli
pochopeni vztahu mezi kontaminaci nivnich pud a existenci bodovych ¢i difiznich zdroju
znec€isténi. Proto jsou v navazujici kapitole praktické ¢asti (5.2) shrnuty poznatky z védeckych
¢lank, ve kterych je vénovana pozornost hodnoceni vlivu jak ptirozenych (geogennich) zdroju
na geochemické vlastnosti (semi)terestrické¢ho prostiedi tidolnich niv (podkapitola 4.4), tak
vymezeni potencidlniho vlivu lidskou ¢innosti podminénych bodovych ¢i difaznich zdrojt
znecisténi (podkapitola 4.5). V obou védeckych publikacich byly vyuzity datové podklady
Registru kontaminovanych ploch Ustfedniho kontrolniho a zkusebniho ustavu zemédélského
(UKZUZ), které jsou zajimavé piedeviim uzemnim detailem sledovani RP.

Ve tieti ¢asti sumarni diskuze jsou prezentovany dvé védecké studie zamétené na potencidlni
ptestup RP a PAU v lokalnich experimentidlnich podminkach (polnich a nadobovych
pokusech), kde byly pouzity regionalné zatizené nivni pidy ze dvou vyznamné rizikovych
oblasti (imisn¢ postizené oblasti s vyznamnou zatézi PAU a nivni pidy pod vlivem tézby
polymetalickych zrudnéni v povodi) jako experimentalni ptidy pro srovnavaci studii prestupu

RP a PAU z piady do zeméd¢lskych plodin.

5.1 Regionalizace zdravotnich a ekosystémovych rizik vyplyvajicich ze
znedisténi nivnich oblasti v CR

Ve dvou prvnich védeckych publikacich bylo pouzito screeningové hodnoceni
ekosystémovych (podkapitola 4.1), resp. zdravotnich rizik (podkapitola 4.2), pticemz byly
srovnavany environmentalni koncentrace a referencni koncentrace ptedstavujici na ucincich
zalozenou indikativni hranici moZnych rizik v ptidach. Hodnoty tohoto poméru by nemély byt
vy$$i nez 1, ptfedevsim pak hodnoty vyssi nez 2 jiz identifikuji ptipady, kdy je nutné posuzovat
riziko zvySené az vyznamné (Sarka et al. 2015). Vysledky pro oba typy sledovanych rizik
vykazuji regionalni rozdily z hlediska celkové magnitudy odhadnutého rizika (Obr. 4
v podkapitole 4.1). Pro zhodnoceni regionalnich rozdila v pfispévcich jednotlivych RP a POP

do celkového screeningového odhadu ekosystémovych rizik byla pouzita shlukova analyza, kdy
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vstupni prispévky byly pted analyzou transformovany rozsahem a normalizovany fadkovym
souctem (Miesch 1976). Tento postup byl Gspésny jednak z hlediska klasifikace jednotlivych
profilovych zatézi (Obr. 2 v podkapitole 4.1), jednak pro sledovani prostorovych vazeb
vytvofenych shluku (profili) zatéze (Obr. 3 v podkapitole 4.2). Nasledné vyhodnoceni profilu
zatéze na lokalitach s vysokymi hodnotami indexu rizika pro ekosystémové funkce (HI > 2)
umoznilo definovat prioritni polutanty, které se nejvice podilely na zvyseni ekotoxikologickych
rizik. Obecné lze tyto poznatky shrnout, Ze zvySena rizika pro ekologické funkce pudy
piedstavuji lokality, kde dochazelo k interferenci zatézi organickymi polutanty
(PAU > organochlorové pesticidy - OCP > PCB) s rizikovymi prvky (pifedevs§im pak As, Cu,
Pb, Zn) — viz Tab. 3 v podkapitole 4.1. Zmény indexu rizika a profilu zatéze ve fluvialnich
pidach vruznych usecich Labe (napf. za Pardubicemi, od Neratovic k soutoku s Ohii
u Litoméfic) dobie korespondovaly s vysledky environmentalniho monitoringu nejen pud
(Podlesakova et al. 1994; Heinisch et al. 2007), ale také dalsich slozek biosféry (Randak et al.
2009; Kolarikova et al. 2012). Velmi vyznamné se odliSovala také ¢ast Labe na ptitoku
Klejnarky, kde byl, jak zavaznosti rizika (HI = 2,6), tak jeho profilovym slozenim (As, Cu, Zn),
potvrzen vliv kutnohorského polymetalického reviru, coz koresponduje naptiklad se zjiSténimi
Hordka a Hejcmana (2013). Vyznamny pfispévek As do rizika byl zachycen takeé
v zemédélskych pudach stiedni Otavy, coz si vysvétlujeme zvySenym vyskytem zlatonosnych
lozisek s akcesorickym doprovodem minerald arzenu v $irSim povodi Otavy (Fillipi et al. 2004;
Skala et al. 2011). ZvySené hodnoty indexu rizika také provazely skupinu lokalit dobie
vymezenych jednak profilem znecisténi s dominanci piispévku PAU, spolu s prvky Zn, Cu
a Cd, a jednak jednozna¢nym regionalnim vymezenim v oblasti SirSiho Severomoravského
imisniho regionu (povodi Odry ¢i Becvy), coz potvrzuje sledovani zdravotnich dopadu
v regionu (Sram et al. 2012; 2013; Svecova et al. 2013). Zajimavym poznatkem bylo,
ze podobnou profilovou zatéz, avsak s celkové relativné niz§imi hodnotami indexu rizika,
prokazaly nékteré lokality na hornich tocich s vy$§i nadmotskou vysSkou v severni casti
republiky (horni tok Labe ¢i Moravy). Tuto skuteCnost Ize vysvétlit vyssi nachylnosti PAU
k dalkovému pienosu znecisténi, coz indikuje pravdépodobny vliv vertikalniho (vyskového)
gradientu u n¢kterych PAU, coz obecné potvrzuji sledovani zvySenych obsahi PAU v pudach
¢i vodnich zdrojich v relativné neznecisténych odlehlych lokalitach (Grimalt et al. 2004).

V regionalizaci rizik byly dobie zachyceny také vlivy bodovych zdroji v navaznosti
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na metalogenni zony a historické tézebni aktivity v povodich. Jedna se predev$im o oblast
Berounky, kde se na stfednim toku projevila dotace kontaminovanych sedimentii z povodi
Litavky, ktera patii k dobie zdokumentovanym (Bortvka et al. 1996; Ettler et al. 2006; Navratil
et al. 2008; Zak et al. 2009), a dale v povodi MZe byl velikosti vysledného indexu rizika
I profilovym sloZenim potvrzen také vliv dulniho reviru Stiibro. Analogicky byly pomoci
shlukové analyzy zpracovany vysledky screeningového hodnoceni zdravotnich rizik nivnich
pud, publikované jako kapitola v odborné knize (Vacha et al. 2016). Poznatky ziskané pii
tvorbé této publikace vedly k dal$im vyzkumnym otazkdm nasledné védeckym publikacim:

1) Vysledky shlukové analyzy ukazaly, ze v kompoziéni struktufe piispévku jednotlivych
polutantii siln¢ dominuji latky ze skupiny PAU (Obr.3 v podkapitole 4.2). Vstupni
transformace dat pro stabilizaci rozsahu a normalizace fadkovym souctem sice umoznily
zmirnit efekt uzavieni kompozic¢nich dat, nicméné statisticky korektnim feSenim je vyuziti
kompozi¢ni analyzy dat zalozené na log-pomérovém pristupu dle Aitchisona (1984), ktery je
Vv poslednich letech aktivni oblasti vyzkumu Vv pfirodnich védach (Aitchison & Egozcue 2005;
Reimann et al. 2017). Aplikace metod vicerozmérné analyzy dat upravené pro kompozi¢ni data
umoznila lep$i nahled na kompozi¢ni strukturu relativnich ptispévki organickych polutanti do
celkovych zdravotnich rizik a klasifikaci lokalit s podobnou kompozi¢ni strukturou Vv situaci,
kdy nékteré komponenty vyrazné dominovaly v kompozi¢ni struktufe (Tabulka 3 v podkapitole
4.2). Prizkumova vicerozmérna analyza kompozi¢nich dat pak umoznila lepsi pochopeni
kompozi¢ni variability dat. Pomoci upravené kompoziéni shlukové analyzy byly vymezeny tii
vyznamné shluky, které umoznovaly odliSit kromé lokalit s vyznamnou dominanci latek
ze skupiny PAU i dalsi dva shluky lokalit, kde byla kompozi¢ni variabilita pod vlivem skupiny
organochlorovych pesticidi ze skupiny DDT a jeho metabolith Vv prvnim ptipadé
a organochlorovych latek ze skupiny polychlorovanych bifenyld (PCB) a izomerd
hexachlorcyklohexanu (HCH) ve druhém ptipadé (Obr. 1 a 4 v podkapitole 4.2). Tyto shluky
pak indikovaly ptevladajici difizni zdroje v povodich jako Sir$i imisni zat€z povodi a vliv
kratkého 1 dalkového transportu atmosférickych polutantd, diftizni vliv intenzivni zemédélské
produkce a pohybu rezidui pesticid vlivem jejich zvyseného historického pouziti a také vliv
dil¢ich bodovych zdroju v sirSich primyslovych aglomeracich podél vodnich tokd. Fuzzy
pristup ke klasifikaci ve shlukové analyze pak umoznoval sledovat miru diferenciace mezi

jednotlivymi typy dle kompozi¢ni struktury (Obr. 4 v podkapitole 4.2). Nasledna regionalizace
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vysledki ukazala prostorové souvislosti této klasifikace (Obr. 5 v podkapitole 4.5). Kompozi¢ni
profil zatéze indikujici vliv intenzivni zeméd€lské Cinnosti dobie determinovaly piispévky
izomert DDT a jeho metabolitli, coz bylo prostorové identifikovano v profilu zdravotnich rizik
v povodi Berounky, Ohfe a v §ir§i oblasti jizni Moravy. Vliv atmosférického transportu byl
dobte vymezen piispévky PAU do celkového rizika, pfi¢emz tento shluk byl podminén jednak
regionalné situaci v oblasti severni Moravy, jednak zonaln¢ vyssimi nadmotskymi vyskami
¢1 odlehlejsimi oblastmi bez vyraznéjSich ostatnich zdrojii (horni toky Moravy, Labe, jizni
Cechy). Posledni klasifikovany shluk byl z hlediska kompoziéni i regionélni variability méné
jednoznaéné vymezen, nicméné profil zatéze urovaly jednak polychlorované bifenyly
(pfedevsim v povodi Labe pod Neratovicemi, méné pod Pardubicemi), a jednak izomery HCH
¢i pentachlorbenzen (stfedni tok Moravy piiblizné od Olomouce k soutoku s Dievnici). Vzorky
Z dolniho Labe pod Neratovicemi byly také dobfe vymezeny specifickym slozenim zatéze
PCDD/F (Skala et al. 2014). Zjisténé vysledky dobfe korespondovaly s vysledky
stochastického modelu distribuce vybranych organickych latek zalozeného na regresnich
stromech (Kubosova et al. 2009), i s regionalnimi vysledky monitorovani v (semi)akvatickém
prostiedi (Heinisch et al. 2007; Randak et al. 2009; Francu et al. 2010; Prokes et al. 2012).

2) Druhym smérem vyzkumu bylo ovéfeni nové navrzenych legislativnich limita, které
se svym pojetim piiblizuji jednoduchému hodnoceni rizik. V této ¢asti bylo sledovano jejich
prekroceni v redlnych podminkach ceskych plid s vyuZzitim geostatickych nelinearnich technik
pro odhad prostorové distribuce prekroceni urovné kontaminace, coz umoznuje predikci
zvysenych rizik kontaminace a souacasné i moznost odhadu nejistot prostorového modelu.
Siroce vyuZzivanou je metoda indikatorového krigingu, kterd modeluje pravdépodobnosti
splnéni podminky piekroc¢eni prahové hodnoty v mistech, kde nebylo provedeno meéieni
(Journel 1983; Webster & Oliver 2009). Kritickym mistem indikatorového krigingu je pevné
stanoveni piekroceni hodnoty Booleovou logikou, a tim dochazi k urcité ztraté¢ informace pro
pozorovani vyznamné¢ odlisna od prahovych hodnot (tzv. ,,order relation problem*) (Juang &
Lee 2000). Z tohoto divodu byl indikatorovy kriging rozvinut pomoci zaclenéni relativni
informace o vztahu daného pozorovani a prahové hodnoty. Pfi feSeni byla vyuzita
normalizovana poradi jednotlivych pozorovani jako doplitkové proménné pro vzajemny kriging
v tzv. pravdépodobnostnim krigingu (Sullivan 1984; Juang & Lee 2000). Tato metoda byla

pouzita ve védecké praci uvedené v podkapitole 4.3. Vlastni vymezeni uzemi s vySsi
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pravdépodobnosti ptekroceni limitnich hodnot pro ohrozeni zdravi ¢lovéka pro sumarni
hodnoty PAU a benzo(a)pyren v Severomoravském regionu velmi dobfe korespondovalo
s vysledky hodnoceni rizik udolnich niv (Obrazek 4 v podkapitole 4.3). Ukazuje se,
ze nelinearni metody pro odhad piekroéeni prahovych hodnot mohou byt efektivnimi nastroji
pro prostorovou analyzu rizik kontaminace. Jak dale ukazuji Gay a Korre (2009), lze
geostatistickym odhadem rozsifit i pfimo metody pravdépodobnostniho modelovani rizika
humanotoxikologické expozice kontaminovanou pudou zpiesnénim biokoncentra¢nich faktor
piestupti prvki do rostlin a potravniho fetézce. Podobné van Meirvenne a Goovaerts (2001)
navrhli pomoci nelinearnich metod krigingu lokalni kritické hodnoty obsahu Cd v padé
na zakladé doplnkovych informaci o pudnich vlastnostech (zejména pH). McKinley et al.
(2013) pak kombinuji geoprostorové odhady znecisténi s epidemiologickymi daty o vyskytu
nadorovych onemocnéni, coZ umoziiuje porovnani potencialnich rizik a redlnych sledovani.
Analyza rizik pomoci nelinearnich geostatistickych metod ma vsak také slaba mista. Vyzvou
pro nelinearni metody odvozené z indikatorové funkce pro prekroceni stanovené hodnoty je
fakt, Ze samotné méteni daného parametru je zatizeno chybou. Aldworth a Cressie (2003) proto
vyvinuli metodicky postup, ktery umoziiuje zohlednit nejistoty méfeni v nelinearnich
geostatistickych odhadech piekroceni prahovych hodnot a Hofer et al. (2013) metodu Gspésné
pouzili pro odhad kontaminace na mikroregionalni urovni. Dal$i otazkou je riziko rozpadu
kompoziéni struktury dat pii geostatistickém odhadu (Pawlovsky et al. 1995; Tolosana-Delgado
et al. 2016). Tolosana-Delgado et al. (2008) vychazeji z ptedpokladu, ze pravdépodobnostni
funkce hustoty ptekroceni prahové hodnoty je kompozice kladnych prvkia s jednotkovym
souctem, coz generuje potiebu nového pristupu k indikdtorovému krigingu na podklade
algebraicko—geometrické struktury vybérového prostoru kompozice pravdépodobnostni
hustoty. Standardni geostatistické metody jsou vyuzity pro kartézské souradnice
indikatorovych dat transformovanych na ortonormalni zédkladné kompozice a vysledné odhady
jsou zpétné transformovany na pravdépodobnosti. Vysledkem je nejlepsi nestranny linearni
odhad, kdy vysledné pravdépodobnosti respektuji konstantni soucet, nabyvaji kladnych hodnot,
a zéaroveil je metoda robustni z hlediska geometricko-algebraického feSeni piechodu
z omezené¢ho vybérového prostoru simplexu do redlného (euklidovského) prostoru. Vyuziti
téchto novych metod predstavuje potencidl pro rozSifeni a zpiesnéni vysledkl ziskanych

Vv ramci uvedené publikace.
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5.2 Vztahy zneciSténi nivnich piid a potencialnich zdroji

Odhaleni a popis prostorovych vzorct prvki a identifikace potencialnich zdroja rizikovych
latek jsou dlouhodobé v centru zajml environmentdlni geochemie. Pro tyto ucely
se dlouhodob¢ vyuzivaji rizné metody hodnoceni, kdy jsou sledovany prostorové a statistické
distribuce nejen jednotlivych prvku a jejich forem, ale také simultanni vztahy mezi prvky.
Z hlediska kontaminace RP se dopliuji zdroje ptirozené (tj. geologicky podminéné) se zdroji
antropogennimi. Védecka publikace v podkapitole 4.4 nabizi metodické nastroje pro
jednoduché a efektivni rozliseni dominance geogennich a antropogennich vstupi pro specifické
prostiedi (semi)terestrickych pid v nivnich oblastech.? Toto téma ma svij vyznam nejen
Z hlediska védeckého, ale také z hlediska praktickych aspektii pro rozhodovani na zaklade
legislativnich norem, nebot’ pravé pro geochemicky anomalni pidy lze uplatiiovat specificky
ptistup z hlediska platnych zdkonnych limitnich hodnot pro pidy. Zarovein riziko ptestupu
rizikovych prvki do zemédélské produkce z geochemicky anomalnich ptd je podstatné nizsi,
ve srovnani s antropogenni kontaminaci pidy (Némecek et al. 1996). Jednoduchy metodicky
nastroj pro odliseni ptevladajicich vstupt do pidy je zadouci, zaroven u pud v nivnich oblastech
je z hlediska jejich geneze situace komplikovanéjsi.

Dle Némecka et al. (2010) Ize v Ceské republice vymezit skupiny pad, vyvinutych
na substratech se zvySenymi obsahy nékterych RP. Ze zavért prace Némecka et al. (1996)
a Vachy et al. (2002) vyplynulo, Ze celkové obsahy RP na ptidach z geochemicky anomalnich
substratl mohou nékolikandsobné piekrocit legislativné stanovené limitni obsahy RP
v zemédélskych padach, avSak pfi vyjadreni mobility RP v ptidach pomérem jejich mobilnich

a potencidlné¢ mobilnich obsahli se mobilita snizuje pravé u pid geochemicky anomalnich,

2 Ve védecké literature jsou dnes pFi studiu Ficnich sedimentii a nivnich piid hojné pouziviny faktory obohaceni
a indexy akumulace, které jsou zaloZeny na odvozeni litogenniho pozadi (Covelli & Fonotolan 1997). Odvozeni
¢i sedimentu (Reimann & Garett 2005; Dung et al. 2013; Grygar et al. 2013). Mezi tyto faktory patii viivy
pedogeneze (reduktomorfni procesy, biogeochemické zmény, bioturbace), post-depozicni migrace. Vhodny vybér
mista odbéri vzorki, analyza stratigrafie (identifikace zastoupenych sedimentdrnich facii) spolu s vybérem
vhodnych prvkit pro normalizaci obsahii je zasadni pro robustni hodnoceni prostorové a hloubkové zavislosti
koncentraci rizikovych prvkii na zastoupenych sedimentarnich faciich (Grygar et al. 2013). To vede nejen k
moznosti vyhodnoceni miry kontaminace sedimentdrnich zdznamii, ale také k odliSeni antropogenné
kontaminovanych vrstev sedimentii, a tim k neprimému datovani sedimentarnich profilii (Grygar et al. 2010;
2014). Toto robustni stanoveni mistniho litogenniho pozadi respektuje prirozenou variabilitu a vyvoj sedimentace
na daném misté, a nabizi tak jeden z podkladii pro hodnoceni miry kontaminace a historického vyvoje znecisteni
a ovlivnéni ricnich systémit clovekem (Novakova 2014).
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atento pomér lze tedy vyuzit pfi identifikaci prevladajiciho typu zatéze pud. V praci
v podkapitole 4.4 jsou uvedeny vysledky ovéfeni této moznosti u specifickych pid v nivnich
oblastech. Orienta¢niho rozliSeni antropogenniho a geogenniho ptivodu obsahu RP v nivnich
pudach bylo dosazeno porovnanim rozpustnosti RP, vyjadienych jako pomér jejich obsahu
v extrak¢nich ¢inidlech (2 mol/l HNOz a 0.025 mol/l EDTA) vuci jejich obsahu v extraktu
luéavky kralovské. Pro identifikaci prevladajicich zdroji zatéze byla s dostatecnou
spolehlivosti odvozena kritéria pro porovnani rozpustnosti vypocitanych z extraktu 2 mol/l
HNO3 ve fluvialnich padach piedevsim pro fadu prvka As, Cd, Cr, Cu, Pb a Zn (Tabulka 4
v podkapitole 4.4). Moznost transparentniho rozliSeni pievladajiciho typu zatéze nebyla
prokazana v piipadé Ni. Pfi pouziti extraktu 0.025 mol/l EDTA bylo dosazeno dobrych
vysledkli u As, Cu, zejména Pb, mensi priikaznost byla zjiSténa u Cr a zejména Be. Celkové l1ze
konstatovat, ze ve fluvialnich pudach je vhodné pouziti téchto relativng silngjsich extrakénich
¢inidel oproti napi. 1 mol/l NH4NOs ¢i 0.01 mol/l CaCly, kdy tyto extrakty nemusi byt vhodné
pro (semi)akvatické pevné matrice, nebot’ jsou vystaveny kontinudlnimu ¢i epizodickému
pusobeni vody a lehce rozpustné podily rizikovych latek jsou z nich intenzivnéji vyluhovéany.
Pravé pouziti extraktu 2 mol/l HNOs ma v ¢eskych podminkach specifické postaveni, nebot’
v minulosti byly takto definované hodnoty maximalné piipustnych obsahli v zemédélskych
pudach legislativné zavazné (puvodni vyhlaska ¢. 13/1994 Sh.) a zaroven jsou k dispozici
vysledky dlouhodobého stabilniho programu vzorkovani ve velkém uzemnim detailu v podobé
Registru kontaminovanych ploch v gesci UKZUZu. Tento datovy set byl pouZit pro doplnéni
metodického postupu rozliSeni prevladajiciho typu zatéZze mapovymi vystupy, které umoziuji
identifikaci predpokladid pro zvysené obsahy RP v navaznosti na vyskyt geochemicky
anomalnich substrati a pad (Obr. 3 v podkapitole 4.4).

Stejny datovy soubor UKZUZ byl vyuzit také nasledn& pro Gidely identifikace potencidlnich
zdroju a hodnoceni jejich vlivu na nivni piidy v modelové studii v povodi Ohte (podkapitola
4.5), kde bylo cilem ovéfit moznosti popisu a interpretace zmén Kkorelaéni struktury
kompozi¢nich dat v zavislosti na zménach podél vodniho toku (tj. existenci potencialnich
zdroju). Jak je uvedeno v kapitole 2.2.3, analyza kompozi¢nich dat vyzaduje specificky pfistup
z divodu algebraicko—geometrické struktury vybeérového prostoru kompozi¢nich dat
(Aitchison 1984), nebot” praveé korelacni vztahy podilovych dat jsou z hlediska uzavieni dat

a rizika nahodilych korelaci velmi citlivé (Aitchison 1982). Z tohoto divodu byly pouzity
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metody pro prizkumovou analyzu adaptované pro kompozi¢ni data — analyza hlavnich
komponent (Filzmoser et al. 2009b) a kvantifikace podkompozi¢ni variability (Aitchison 1984).
Prizkumovéa analyza dat slouzila k definovani vhodnych 3-slozkovych podkompozic, které
uchovavaly dostatecnou miru celkové kompozi¢ni variability. Velmi dobie celkovou
kompozi¢ni variabilitu dat v modelovém povodi Ohie zachovévala 3-slozkova podkompozice
Cu-Hg-Ni, kterd zachovavala 45 % celkové kompoziéni variability celého datového setu.
Definovanim vhodnych podkompozic bylo pak mozné pifi odpovidajicim pouziti
ortonormalnich soutfadnic usuzovat na relativni obohaceni ¢i ochuzeni pid vybranymi RP,
definovat prioritni polutanty, a tim odhadnout vliv jednotlivych zdroji. Ortonormalni
soufadnice byly spocitany pomoci izometrické log-pomérové transformace (ilr-transformace)
(Egozcue et al. 2003) upravené pro jednorozmérné log-kontrasty (Filzmoser et al. 2009c¢). Takto
relativné vyjadiené podkompozice pomoci ilr-soufadnic byly nasledné po normalizaci
interpolovany inverzni vzdalenosti (IDW) a pievedeny do RGB kompozitniho vyjadfeni
(Albanese et al. 2007; Zuzolo et al. 2018). Tato metodika umoznila efektivni intepretaci zmén
viceprvkové kompoziéni struktury pii vyhodnoceni potencialnich vstupti v povodi (Obr. 7
v podkapitole 4.5). Vysledky z modelového povodi Ohie ukazuji, Ze 1ze zachytit jak bodové
zdroje, tak diftzni zdroje rizného puvodu — kontaminace Hg pod vlivem staré zatéze
Marktredwitz (Bavorsko), vliv pouZiti Cu-fungicidi ve chmelnicich na stfednim toku, vstupy
Ni, Cr na dolnim toku v souvislostech vlivu staré zatéze byvalé Litomé&fické kozeluzny.
a Rosslau) byl popsan v sedimentarnich fi¢nich zaznamech (Grygar et al. 2016; 2017; Majerova
et al. 2018). K popsanym rizikiim této kontaminace patii zvySena bioakumulace (Marsalek et
al. 2005) ¢i zvySené obsahy v zemédélsky vyuzivanych pudach (Miler 2011). Kodrova a Paulin
(2012) na zakladé rizikové analyzy staré zatéze byvalé Litomeétické kozeluzny konstatuji
pravdépodobné Sifeni zvySenych obsahti Cr, Ni, Co do okolnich pid, pfi¢emz star$i zprava
Samese (1993) popisuje existenci historickych odkalovacich nadrzi s odpadnimi kaly z byvalé
kozeluzny v §ir$i nivé na dolnim toku. Vliv kozed€éIného primysl na zvysSené obsahy Cr, Ni
sledovali také Petrik et al. (2018) ¢i Thiombane et al. (2018) v povodi feky Sarno v Italii.
Vyznamné zmény korelacni struktury na stfednim toku mezi ornou ptidou a chmelnicemi (Obr.
5 v podkapitole 4.5) byl prokazan korela¢ni analyzou upravenych ilr-soufadnic, které byly

matematicky navrzeny Kync¢lovou et al. (2017). Na zménach korela¢ni struktury se podilely
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predevsim prvky Cd, Zn a Cu. Tyto vysledky potvrzuji, Ze na stfednim toku se projevuje
v oblasti chmelnic vliv aplikace prostfedki na ochranu rostlin na bazi Cu, coz je obecné znamo
predevsim z oblasti vinic (Brun et al. 1998; Komarek et al. 2008; Cicchella et al. 2015;
Bednarova et al. 2016), v piipadé Cd Ize usuzovat na vliv v minulosti zvySenych obsahti tohoto
prvku v mineralnich hnojivech aplikovanych do zemédélskych piad (Nziguheba & Smolders
2008; Birke et al. 2017). Rozdily mezi kulturami orné pidy a chmelnicemi byly poté potvrzeny
také neparamaterickymi metodami statistické interference (MANOVA) po odvozeni vhodnych
ortonormalnich soufadnic pomoci izometrické log-pomérové transformace (ilr-soufadnice)
a sekvenc¢niho binarniho ¢lenéni (Egozcue et al. 2003; Egozcue & Pawlowsky-Glahn 2005) —
viz Obr. 6 v podkapitole 4.4. Inovativnim pfistupem navrzenym v ¢lanku je potom vyuziti
modifikované Mantelovy korelace (Mantel 1967; Omelka & Hudecova 2016) a Mantelova
korelogramu (Oden & Sokal 1986) pro korelace matice strukturalnich podobnosti profilu
znecisténi na zakladé Aitchisonovy vzdalenosti (dle rovnice 6 v kapitole 2.2.3) s maticemi
prostorové (geografické) vzdalenosti na zéklad¢ fi¢ni vzdalenosti. Vysledky ukazuji na stiedni
miru Mantelovy korelace (rm = 0.46) a statistickou vyznamnost korelacniho vztahu
VvV permutacnim testu. Vysledky prostorové dekompozice této korelace pomoci Mantelova
korelogramu (Obr. 2 v podkapitole 4.5) ukazuji trend klesajici kompozi¢ni podobnosti
Vv zavislosti na rostouci fiéni vzdalenosti mezi lokalitami. Geochemicka viceprvkova
kompozice tak vykazuje prostorové podobnosti a regionalni zonaci, kterou lze interpretovat
na zékladé¢ existence potencidlnich zdrojii v povodi. Zaroven signifikantni zmény profilu zatéze
na malém prostoru (mezi blizkymi lokalitami) poméhaji 1 odhadovat existenci neznamych

zdroju znecisténi, zmény podminek depozice vodniho toku ¢i zmény pidnich podminek.

5.3 Rizika prestupu znecisténi do plodin v agroekosystému nivnich pad
Ochrana potravniho fetézce patii k zdsadnim otdzkam ochrany lidského zdravi, nebot’ pro
fadu polutant je pravé dietarni pfestup z potravnich fetézcl dilezitym prvkem celkového
exposomu ¢loveka (Choi et al. 2015). Proto soucasti hodnoceni rizik nivnich pud je také otazka
ptestupu rizikovych latek do rostlinné produkce, nebot’ zvySend z4téZ a Casto 1 zvySend
biologicka dostupnost se potkava Vv nivnich oblastech se zvySenou produktivitou pud
a pfihodnymi podminkami pro intenzivni zemédélskou cinnost jako napf. rovinny reliéf,

¢i dostupnost vody pro zavlahy (Zavadil 1999). Proto v této kapitole jsou shrnuty poznatky
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zedvou védeckych publikaci, které cili pravé na rizika pfestupu dvou toxikologicky
nejvyznamnéjsich skupin rizikovych latek v experimentalnich ptidich — RP a PAU.

V piipadé rizikovych prvki je v publikaci 4.6 vénovana pozornost zejména Cd, Cu, Pba Zn.
Ackoliv primarnim cilem studie, situované v siln¢ kontaminovaném aluviu feky Litavky, bylo
ovetit piestupy rizikovych prvkl do zemédélskych plodin s fytoextrakénim potencialem (rody
slunecnice Helianthus, tritikale Triticale, brukev Brassica) péstovanych v monokulturach
a v osevnich postupech v polnim a nadobovém pokusu, ziskané vysledky piinesly obecnéjsi
poznatky piestupu rizikovych prvkl ze siln€ kontaminovanych niv do zeméd¢lské produkce.
V pribéhu pokusu byl zaroven pro ¢ast variant ovérovan potencial zvySeni mobilnich specii
pomoci chelata¢nich ¢inidel pro zvyseni ptestupu RP do plodin. Cilem bylo zvysit fytoextrakéni
potencial, avSak poznatky jsou zajimavé i z hlediska ptestupu RP v dynamickych podminkach
zmén mobility prvki v padé€. Vliv mobilizace rizikovych prvki aplikaci chelatacnich ¢inidel
byl v souladu s literaturou (Huang et al. 1997; Komarek et al. 2007; Neugschwandtnera et al.
2012), nebot’ vysledky Wilcoxonova parového testu potvrdily statisticky vyznamny vliv
aplikace (Obr. 1 v kapitole 4.6). Pii pfestupu do plodin neméla vSak mobilizace statisticky
prukazny efekt, coz sledovali také Neugschwandtner et al. (2012). Dulezitou informaci je
predevsim fakt, ze zvySeni mobility prvkt bylo docasné (sledovano rozpustnosti RP dle
extraktu NHsNO3) — tj. po 10 dnech od dynamického zasahu se vratily obsahy mobilnich frakci
na troven kontrolnich variant (Obr. 1 v podkapitole 4.6), coz fadové odpovida vysledkiim
Neugschwandtnera et al. (2012) pro vodorozpustné obsahy Pb a Cd. Obecné vyssi obsahy pro
vétsinu RP byly sledovany v plodinach péstovanych na pidnim typu fluvizemé bez vétsiho
efektu aplikace chelata¢nich cCinidel ¢i zpisobu péstovani (sttidani plodin vs. monokultura),
pficemz zvySené obsahy byly sledovany jak v kofenovém systému, tak nadzemnich ¢astech
(Tab. 6 a 7 v v podkapitole 4.6). Z péstovanych plodin reagovaly na zménu dynamiky prvkt
v pud¢ nejvice rostliny Brassica péstované na kambizemi, pficemz efekt mobilizace byl
nejvyraznéjsi v ptipadé Pb, coz ukazuje na pravdépodobny vliv zmén vazeb v systému prvek-
organicka hmota. V souladu s Bortvkou a Drabkem (2004), pravé Pb vykazovalo odlisné
zakonitosti distribuce mezi frakcemi organické hmoty ve srovnani se Zn a Cd. V pfipad¢ Zn
a Cd byly také sledovany zvysené prestupy do nadzemni biomasy zejména u rostlin brukve
¢i slunecnice, coz je vsouladu s vysledky pro tyto prvky také v ptipadé rostlin kukufice

(Kacalkova et al. 2009) ¢i jeCmene (Tlusto$ e al. 1997). Nejvyssi piestup RP z pady
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do nadzemnich ¢asti byl sledovan pro rostliny Helianthus péstované na kontaminované
fluvizemi. V ptipadé rostlin Triticale byl celkovy odbér RP také zvyseny, nicméné nedochézelo
k translokaci do nadzemnich ¢asti rostlin. DileZitym zjisténim je, Ze kratkodobé, chemicky
podpofené zmény dynamiky a zdsoby mobilnich prvkl prikazné¢ nezmeénily piijem RP
plodinami (efekt chelatace byl patrny pouze v piipad¢ piestupu Pb). Piesto je tfeba konstatovat,
ze 1 pres nizky potencial zeméd€lskych plodin pro fytoextrakci ve srovnani s Blaylock et al.
(1997), jsou vysledné hodnoty v nadzemni biomase plodin péstovanych na extrémné
kontaminovanych fluvizemich z hlediska potencialnich rizik zvysené (Tab. 6 a Tab. 7
v podkapitole 4.7) a srovnatelné s hodnotami v rostlindch slunecnice ¢i brukve pokusné
péstovanych na lokalité podobné zatizené fluvialn€ ulozenymi dialnimi odpady (Madejon et al.
2002; Clemente et al. 2005).

V piipadé POP jsou v publikaci v podkapitole 4.7 prezentovany poznatky o rizicich piestupu
PAU do rostlin, pfi¢emz experimentalni ¢ast zahrnovala srovnani fluvidlni zatéze z oblasti
severni Moravy se simulovanou zatéZi po aplikaci kalti z &istiren odpadnich vod (COV)
a kontrolni variantou. Celkové obsahy, spolu s hodnocenim toxicity smési PAU pomoci
konceptu faktort ekvivalentni toxicity, jsou zobrazeny v Tabulce 1 v podkapitole 4.8.
Modelovymi plodinami byly citlivé plodiny kofenové zeleniny (fedkev Raphanus, mrkev
Daucus, petrzel Petroselinum), které jsou vzhledem k charakteru nivnich pasem casto
péstovanou zemédélskou plodinou. Experimentalni sledovani probihalo formou nadobového
a polniho pokusu a bylo doplnéno kolonovym extrakénim pokusem pro odhad vazeb PAU
v pudé pomoci extrakce pudniho prostfedi rizné silnymi vyluhovadly po dobu 24 hodin
Vv potadi demineralizovana voda, demineralizovana voda okysli¢ena H.SO4 na hodnotu pH=3
a 0,2 % roztok tenzidu laurylsiranu sodného Ci2H2sNaO4S. Byly prokazany rozdily mezi
vymytim riznych skupin PAU mezi ptidou s fluvidlnim obsahem PAU a simulovanou zatézi
aplikaci kaltt COV (Obr. 3 v podkapitole 4.7). V ptipadé fluvialni zatéze piid dolo k extrakci
jednodussich PAU (2-3 aromaticka jadra) jiz v prvnim extrakénim kroku. Pfi opakované
extrakci po upraveé pH doslo k poklesu obsahu PAU v extraktu, pfi¢emz na tomto poklesu se
podilely piedevsim jednodussi PAU, jejichz zasoba byla omezena prvnim extrakénim krokem.
Extrakce tenzidem vedla k opétovnému nartistu obsahu PAU, avSak s nizSim celkovym
obsahem PAU v extraktu ve srovnani s prvnim krokem a vyrazné vys$si dominanci PAU s vice

aromatickymi jadry (Obr. 3 v podkapitole 4.7). V ptipad¢ experimentalni simulované zatéze
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pid kaly COV doslo v kolonovém extrakénim pokusu ke srovnatelnému vymyti PAU
do roztoku az ve tfetim extrakénim kroku, coz lze vysvétlit pravdépodobnym rozvolnénim
vazeb PAU na organickou hmotu. Uvedené poznatky nabyvaji na dilezitosti v nivnich pAsmech
jednak z divodu c¢astych fluktuaci hydrologickych a hydraulickych vlastnosti pud, jednak
z diivodu variability ptdnich vlastnosti ovliviiujici sorpci rizikovych latek (napf. rozdil
V obsahu organické hmoty, zrnitosti v riznych ¢astech nivy). V dobé povodnovych udalosti
existuje také riziko dotace pravé povrchové aktivnich latek vlivem vyplavovani bodovych
zdrojt.

Pti sledovani ptestupu PAU do rostlin byl prokazan relativné nizky ptestup PAU
transferovou cestou ptida-koten. Pti sledovani obsahu v kofenové ¢asti zeleniny byly sledovany
odli$nosti z hlediska obsahu PAU mezi centralnim valcem rostlin a primarni klrou mezi
fluvialni zatézi a simulovanou zatézi aplikaci kaltt COV (Obr. 2 v podkapitole 4.7). Zatimco
Vv piipad¢ simulované zatéze aplikaci kald byly zjistény vyssi obsahy PAU v povrchové casti
kotene pod vlivem tésné¢jsi vazby PAU na organickou hmotu, v piipadé fluvidlni zatéze
determinovaly pudni vlastnosti sorpéné chudé a zrnitostné lehké fluvizemé vyssi prestup PAU
do centralniho valce (Obr. 1 v podkapitole 4.7), coz odpovida poznatku z piestupu PCB v praci
Javorské et al. (2009). Odlisnosti byly sledovany také v navaznosti na fyzikalné-chemické
vlastnosti molekul PAU, kdy u molekul s nizsi molekulovou hmotnosti (tj. s niz§im poctem
aromatickych jader) roste rozpustnost ve vod¢ a klesa rozdélovaci koeficient oktanol-voda Kow,
a tim roste moznost vstupu téchto latek do cévniho systému rostlin (Trapp 2002; Holoubek
2003; Mikes et al. 2009). Naopak molekuly s vyssi molekulovou hmotnosti maji tendenci
interakce s organickou hmotou s naslednou vazbou na povrch kofene v rhizosféfe pod vlivem
jejich zvySené afinity na lipidické a jiné organické slozky (Kipopoulou et al. 1999;
Bobovnikova et al. 2000; Javorska et al. 2007). Souhrnné lze fict, Ze kofenové ¢asti v kontaktu
S kontaminovanou padou maji zvySené obsahy PAU v biomase, pficemz v zavislosti
na pudnich vlastnostech a vlastnostech chemickych sloucenin se méni ptevladajici zplsob
prestupu skrze pidni roztok a cévni systém rostlin ¢i jejich zadrzeni ve rhizosféfe
na povrchovych vrstvach kotfene. Dulezitym zjisténim pak byly potvrzené rozdily v obsahu
PAU v kofenovych castech mezi ociSténymi a neociSténymi kofeny, coz ma praktické

dusledky.
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6 Zavéry a doporuceni

Ackoliv byla zvysend akumulace rizikovych latek v nivnich izemich potvrzena tuzemskym
1 svétovym vyzkumem, mensi odborna pozornost je vénovana hodnoceni potencialni rizikovosti
této akumulace. Z tohoto divodu jsem se v této praci zabyval systémovym pfistupem
k hodnoceni potencialnich rizik znec€isténi v zaplavovych pudach, jehoz cilem bylo poskytnout
dostatek relevantnich podkladii pro hodnoceni téchto rizik na riznych métitkovych urovnich
a zaroven ovetit nékteré progresivni metody statistické analyzy dat vhodné pro regionalizaci
téchto rizik. Kombinace hodnoceni celkové urovné rizik a jejich kompozicni struktury ukézala,
7e v nivnich padach CR jsou zvy3ena rizika regionalnd podminéna zvySenou zatézi PAU
a lokalné zvySenymi obsahy RP. Z hlediska metodologického byla moznost regionalizace rizik
pomoci vicerozmérnych statistickych metod komplikovana dominantnim piispévkem
nékterych rizikovych latek do celkovych rizik, coz vzhledem ke kompozi¢nimu charakteru dat
znesnadiiuje interpretaci kompoziéni variability. Re$enim bylo vyuziti metod kompoziéni
analyzy dat zaloZenych na log-pomérovém pfistupu, coz umoznilo lepsi ndhled na kompoziéni
variabilitu a odhaleni vztahli mezi prvky kompozice, které byly maskovany vlivem dominance
nékterych latek v celkovém riziku. Vysledkem byla uspésna klasifikace rizikovych profild
pomoci shlukové analyzy, sledovani prostorovych vazeb vytvofenych shlukli a definovéani
prioritnich kontaminanti v dil¢ich c¢astech povodi na zéklad¢ relativnich vztahd uvnitt
kompozice. Celkova mira rizika vyjadiena jako sumarni index rizika umoznila vymezit lokality
se zvysenymi riziky, kdy vysledky z celé CR ukazuji pfedev§im na lokalni vyznam akumulace
toxikologicky vyznamnych latek v nivnich pidach v ndvaznosti na konkrétni zdroje v povodi.
Ptistup navrzeny v této praci poskytuje hlubsi ndhled na relativni strukturu rizik kontaminace,
a tim efektivnéjsi a statisticky korektni moZnosti jejich regionalizace.

Pochopeni vztahu mezi kontaminaci a umisténim zdroji bylo jednim z cilt prace, nebot’ ma
z hlediska hodnoceni rizik vyznamnou roli. Orientacniho rozliSeni ptevladajiciho ptavodu
zatéze pud RP v nivnich pidach bylo dosazeno porovnanim rozpustnosti RP, vyjadienych jako
pom¢ér jejich obsaht v slabsich extrak¢nich ¢inidlech (2 mol/l HNO3 a 0.025 mol/l EDTA) viici
jejich obsahu v extraktu lucavky kralovské. Na zakladé vysledka byly odvozeny referen¢ni
hodnoty rozpustnosti pro vybrané RP, a zaroven byly odvozeny mapové podklady pro sledovani
oblasti se zvy3$enou pravdépodobnosti geogennich vstupti RP pro celou CR na mikroregionalni

urovni. V regiondlni studii v povodi Ohte bylo pak prokdzano, Ze zmény korela¢ni struktury
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kompozi¢nich dat umoznily sledovat a efektivné vizualizovat relativni obohaceni ¢i ochuzeni
pud vybranymi RP, definovat prioritni RP pro dil¢i ¢asti povodi, a tim odhadnout vliv
jednotlivych zdroji. Metodicky novym pfistupem pak byla kvantifikace geoprostorové
kontinuity kompozi¢ni struktury dat vyuzitim Mantelovy korelace a Mantelova korelogramu
pro korelace matice strukturalni podobnosti profilu znecisténi na zaklad¢ Aitchisonovy
vzdalenosti s maticemi fi¢nich vzdalenosti. Vysledky ukazuji na stfedni miru Mantelovy
korelace (rw= 0,5), coz potvrzuje, Ze geochemicka viceprvkova kompozice vykazuje regionalni
zonaci, kterou lze interpretovat na zakladé existence potencialnich zdroji v povodi.

Odhaleni mist rizikové akumulace kontaminace generuje potfebu odhadu lokalni variability
rizikovych latek na postizenych lokalitach. Toho Ize GispéSné dosahnout, jak ukazuje ptipadova
studie v oblasti pramyslové =zatizenych regiond, pomoci kombinace diferencovanych
legislativnich limith vyhlaSky ¢. 156/2013 Sb. vztaZzenych ke konkrétnim riziklim (ohroZeni
zdravi ¢loveka, ohrozeni jakosti ¢i vynosu zeméde€lské produkce) a geostatickych nelinearnich
technik pro odhad prostorové distribuce piekro¢eni relevantni trovné kontaminace
se souc¢asnou moznosti odhadu nejistoty prostorového odhadu. Vysledky dvou lokalnich
experimentll v nivach siln€ kontaminovanych RP resp. PAU pak ukazaly odliSnosti piestupu
rizikovych latek do zemédélskych plodin z hlediska ptidnich vlastnosti, péstovanych plodin
a fyzikalné-chemickych vlastnosti kontaminantu, coz ukazuje klicové faktory pro mistni
hodnoceni rizika prestupu kontaminace do plodin — tj. vymezeni neptiznivych kombinaci téchto
faktorti, které mohou rizika ptestupu v nivnich piidach zvySovat.

Zaveérem mohu fict, Ze jsem naplnil cile dizerta¢ni prace, nebot’ systémovy piistup poskytl
kvalitni a hodnovérné poznatky o potencialnich rizicich zvySené akumulace toxikologicky
vyznamnych latek na riznych métitkovych urovnich. Na zaklad¢ zavérta prace 1ze doporucit
podrobné sledovani lokalnich akumulaci rizikovych latek. Na téchto lokalitach pak odhadnout
lokalni variabilitu kontaminantli, kde Ize budouci vyzkum zaméfit na perspektivni spojeni
nelinearnich geostatistickych metod a kompozi¢ni analyzy dat, na nelinearni metody z oblasti
strojového uceni Ci vyuziti spektralnich dat. Lze také doporucit sledovani zmén na téchto
lokalitach po povodnovych udalostech. I to bylo diivodem, pro¢ vybrané poznatky ze souboru
veédeckych publikaci slouzily jako podklad pro vydani metodiky pro zeméd¢€lskou praxi (Séaika
et al. 2015), ktera poskytuje podklady pro komplexni hodnoceni rizik zne€isténi v zaplavovych

uzemich, a to véetné relevantnich referen¢nich hodnot.
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7 Seznam pouZitych zkratek

cov Cistirna odpadnich vod

DDT 1,1,1-trichlor-2,2-bis(4-chlorfenyl)ethan

EDTA kyselina ethylendiamintetraoctova

GEMAS Geochemické Mapovani Zemédé€lskych Pad Evropy

HCH hexachlorcyklohexan

HI index rizika (hazard index)

IDW vazeni inverzni vzdalenosti

ILR isometric log-ratio - izo-metricky log-pomér

Kaw bezrozmérna Henryho konstanta - rozdélovaci koeficient vzduch-voda
Kd rozdélovaci koeficient puda-voda

Koc rozdélovaci koeficient organicky uhlik-voda

Kow rozdélovaci koeficient oktanol-voda

OCP organochlorové pesticidy

PAU polyaromatické uhlovodiky

PCB polychlorované bifenyly

PCDD/F polychlorované dibenzo-p-dioxiny a dibenzofurany

POP perzistentnich organickych polutanti

RP rizikové prvky

SSL Soil Screening Levels - na G¢incich zalozené referen¢ni hodnoty pro pudu
U.S. EPA Agentura pro ochranu Zivotniho prostfedi Spojenych statl americkych
UKzUZ Ustiedni kontrolni a zkusebni ustav zemédélsky
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