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1) Uvod

Rychle rostouci lidskd populace ssebou nese vyznamny tlak na udrzitelnost a
produktivitu zeméd¢lstvi, které zarovenn musi celit ménicimu se prostiedi ovlivnéném
klimatickou zménou. Udrzitelnost a produktivita stavajici zemeéd¢€lské produkce je do znacné
miry limitovana jeji zavislosti na nerostnych zdrojich Zivin, pfedevS§im pak fosforu. Na
evropském kontinentu se nenachazi vyznamny zdroj fosfat — hlavniho zdroje fosforu pro
vyrobu mineralnich hnojiv. Pro budouci udrzitelnost zemédélstvi je tedy klicové fosfor a dalsi
mineralni Ziviny recyklovat z odpadnich materialti zpét do zemédélské pudy, uzavtit tak jejich
kolobéh a soucasné zvysit efektivitu jejich piijmu rostlinami.

Vyznamnymi zdroji fosforu z odpadnich materidlii jsou ptredevsim Cistirensky kal a
popely ze spalovani biomasy. Chemickd forma, ve které¢ je fosfor v téchto materidlech
ptitomny, se vyznamné 1i$i, avSak v obou piipadech ho lze povaZzovat za omezené piistupny
rostlindm. Nizka pfistupnost negativné ovliviluje jeho recyklovatelnost a znemozituje tak
uzavieni kolob&hu fosforu v dostatecné kratkém ¢asovém horizontu. Vedle toho piima aplikace
téchto materiali na zeméd¢€lskou ptidu pfinasi urcita rizika, at’ ve formé prasnosti v ptipadé
popelti, mikrobiologické zavadnosti v piipadé Cistirenskych kald, nevyrovnanému obsahu zivin
nebo zvysenému obsahu rizikovych prvki a sloucenin. Aby bylo dosazeno uspésného pouziti
odpadnich materiald v zeméd¢€lstvi, je nutné tyto rizika, at’ fyzikalni, chemicka nebo biologicka,
eliminovat pomoci dal$iho zpracovani a zhodnoceni.

Tato prace se V resers$ni casti vénuje aplikaci Cistirenského kalu, popelt ze spalovani
biomasy a termicky zpracované organické hmoté ve formé biocharu na zemédélskou pudu,
riziky jejich aplikace a vlivy na riist zemédélskych plodin a pidni vlastnosti. Cést reserse je
dale zamétena na popis chemickych zmén probihajicich béhem pyrolyzy, jakoZto velmi slibné
technologie pro zhodnoceni odpadnich materiali. ReserSe se dale zabyva hlavnimi faktory
ovlivitujicimi pfistupnost fosforu rostlindm v ptidnim prostfedi, mechanismy jeho zptistupnéni
a moznostmi aplikace fosfor-solubilizujicich mikrobidlnich inokulanti za Gc¢elem zlepseni
recyklovatelnosti fosforu z odpadnich materialt. Vysledkova ¢ast této prace pak shrnuje
poznatky z realizovanych experimenti, rozdélenych do tfi zakladnich okruhi. V prvnim jsou
identifikovany rozdilné vlivy popela a biocharu na chemické a biologické vlastnosti ptdy.
Druhy okruh se zabyva odlisSnym uvoliovanim zivin z popell vzniklych spalovanim biomasy
a moznostmi modifikace jejich sloZeni. Tteti okruh vysledkové Casti je pak zaméfen na pouZiti

mikrobialnich inokulantli za G¢elem zvySeni pfistupnosti Zivin z odpadnich materiali.



2) Literarni prehled
2.1) Udrzitelné zemédélstvi, kolobéh Zivin a zlepSeni efektivity vyuZivani Zivin

Zemédelstvi se na nasi planeté zacalo rozvijet ptiblizn€ pied 10 000 lety. Pfed vznikem
zemédé@lstvi byla lidskéd spolecnost zalozena na lovu a sbéru. Timto zptiisobem obzivy bylo
mozné udrzet svétovou populaci na hranici pfiblizn¢ 4 milionu lidi (Tilman et al., 2002). Dnesni
populace vsak cita 7,7 miliardy lidi (Worldometers.info, 2019), pficemz dle odhadi
Alexandratos et Bruinsma (2012) svétova populace piesahne v roce 2050 hranici 9 miliard
jedinct. To s sebou pfinese dle odhadi nutnost dvojnasobné zvysit globalni produkei obilovin
oproti stavu v roce 1999 (Cassman, 1999; Alexandratos, 1999). Globalni narist zemédelské
produkce za poslednich sto let byl mozny zejména diky objevu Haber-Boschovy syntézy
amoniaku a tzv. Zelené revoluci. Ta s sebou pfinesla pfedev§im zvysenou spotfebu mineralnich
hnojiv, vody a pesticidli. Nardst produkce obilovin a spotieby hnojiv v zeméd¢lstvi mezi roky

1960 - 2018 je zobrazen na Obrazku 1 a 2.

Obrazek 1. Vyvoj globalni produkce obilovin (1961 — 2017)
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Obrazek 2. Vyvoj globalni spotieby dusikatych a fosforeénych hnojiv (1961 — 2016)

120 +

100 - ’#
80 1 .‘.H
¢ P205

Globalni spotieba hnojiv
(miliony tun)

60 -
40 - ‘W
M
20 -
0 T T T T T 1
1960 1970 1980 1990 2000 2010 2020

Rok
(ptevzato z Tilman et al., 2002; doplnéno dle IFA, 2019)

Je patrné, Ze stavajici zemedélska produkce je zavisla predevsim na rostouci spotiebé
fosforecnych a dusikatych hnojiv. Dusikatd mineralni hnojiva Ize dlouhodob¢ vyrabét syntézou
ze vzdusného dusiku jiz zminénou Haber-Boschovou syntézou a uzavirat tak jeho globalni
kolobéh. Tento proces je vSak velice energeticky naroény. Dle Mayer et al. (2016) Haber-
Boshova syntéza spotiebovava ptiblizné 1 % celosvétové produkované energie. Althaus et al.
(2007) dale uvadi, ze na jeden kg NHs je vyprodukovano 1,2 — 2,3 kg CO2. Tyto skute¢nosti
tedy vedou Kk negativnimu vlivu tohoto procesu na zménu klimatu (Sutton et al., 2009).
V soucasnosti se primérnd vyuZitelnost dusiku obilovinami pohybuje v rozmezi 30 — 50 %
z celkové aplikovaného dusiku (Cassman et al., 2002). Tato skute¢nost vede k pifehnojovani,
coz ma za nasledek jednak zneCiStovani podzemnich a povrchovych vod, ale také vede ke
zvySenym emisim oxidd dusiku (Delmas et al., 1997) véetné oxidu dusného (Reay et al., 2012).
Z tohoto pohledu je tedy klicové, aby udrzitelné¢ zemédélstvi dosdhlo mnohem vyssi

vyuZzitelnosti dusiku z mineralnich hnojiv rostlinami.

Naproti tomu kolobéh fosforu, po dusiku nejvyznamngjsi ziviny, neni mozné tak snadno
uzaviit, jako v ptipad¢ dusiku. Téméf veskera fosfore¢na hnojiva pouzivana v dneSnim
intenzivnim zemédé@lstvi jsou vyrdbéna z fosfatovych hornin. Loziska téchto neobnovitelnych
hornin jsou silné nerovnomérné geograficky rozlozena. Rozdé€leni nalezist fosfati mezi

jednotlivymi zemémi jsou zobrazena na Obrazku 3.



Obrazek 3. Predpokladané zasoby fosfatt
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Z obrazku je patrné, ze na izemi Evropy se nenachazi vyznamny zdroj téchto hornin, a
tudiz je vétSina fosfore€nych hnojiv do Evropy dovazena. To pfinési nestabilitu a velké riziko
budouciho strmého rlstu cen fosfore¢nych hnojiv. Dle udaji Cordell et al. (2009) se
predpoklada narist spotieby fosfore¢nych hnojiv 0 50 — 100 % do roku 2050 a tudiz potencialni
vycerpani fosfatovych lozisek béhem nasledujicich 50 — 100 let. Autofi pozdéjsich studii jiz
vsak zasoby fosfati odhaduji na 300 — 400 let (Van Kauwenbergh, 2010), ovSem je tieba
poznamenat, Ze veSkeré tyto odhady mohou byt siln€ neptesné kviili moZnym novym naleziStim
a ménici se spottebé fosforu. FAO (2017) predpovida rist poptavky po fosforecnych hnojivech
mezi roky 2015 a 2020 piiblizné o 2,2 % ro¢né. Rist poptavky po dusikatych hnojivech pak
odhaduje na 1,5 % a pro draselna hnojiva na 2,4 % ro¢n¢.

Aktualni vyuzitelnost fosforu obilovinami z aplikovanych hnojiv se celosvétove
pohybuje v priméru okolo 45 % (Smil, 2000). To ma za nasledek zvySovani obsahu P
v zemédélskych pudach. Van Dijk et al. (2016) uvadégji, ze v roce 2005 bylo z celkového
mnozstvi fosforu dovezeného do Evropy 51 % ztraceno formou odpadu, pficemz 39 %
z celkového mnozstvi ztstalo akumulovano v zeméd¢€lskych pudach. ZvySena zasoba fosforu
v pidach vede nasledné diky povrchovym smyvim a erozi K eutrofizaci povrchovych vod
s dalekosahlymi negativnimi dopady na globalni produkci vodnich ekosystéma (Tilman et al.,
2002). Vollenweider (1975) uvadi, ze eutrofizace vod muze nastat uz pii nizkych koncentracich
fosforu (20 — 30 pg P L1). Proto Fortune et al. (2005) upozoriiuji i na silny ekologicky vyznam

fosforu vymytého ze zemédélskych ptd gravitacni vodou.



Z téchto davodu je tedy klicové, aby v zemédé€lstvi dochazelo jednak K uzavieni
kolobéhu fosforu, ale soucasné je nutné zvysit efektivitu jeho ptijmu rostlinou. Téméft jedinou
moznosti, jak dosahnout uzavieni cyklu fosforu, je jeho recyklace z odpadnich materiala a

nasledna aplikace na zemé&délskou pudu (Schoumans et al., 2015).

2.2) Vyuziti odpadnich materialt v zemédélstvi

Studie Van Dijk et al. (2016) analyzovala rozlozeni nevyuzitého fosforu v Evropé mezi
odpadnimi materidly. Procentudlni zastoupeni jednotlivych druhi odpadid na celkovém

mnozstvi nevyuzitého fosforu v EU je zobrazeno na Obrazku 4.

Obrazek 4. Podil jednotlivych druhti odpadt na celkovém mnozstvi nevyuzité¢ho fosforu v
EU v roce 2005
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Zde je patrné, ze hlavni objem nevyuzitého fosforu v odpadnich materialech je obsazen
v Cistirenském kalu. Fosfor obsazeny v gastro odpadech je vhodné kompostovat, popf.
vermikompostovat nebo anaerobné fermentovat, pficemz fosfor ztraceny ze systému ve formé

jiz vycisténych odpadnich vod je nejprve tfeba zvody ziskat a zakoncentrovat pomoci
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terciarniho ¢isténi a nasledné vyuzit, popi. tuto vodu pouzit pro zavlahu plodin (Mayer et al.,
2016). Zpohledu ekonomické a praktické recyklace fosforu zodpadnich materiald
v zemedélstvi tedy pfichazi v uvahu vyuziti Cistirenského kalu a dievéného odpadu, resp.

popelu ze spalovani biomasy.

2.2.1) Cistirensky kal

Cistirensky kal je jednim z koneénych produktil procesu &i§téni odpadnich vod a jeho
produkce je nedilnou soucasti téchto procesti. EUROSTAT (2019) nedisponuje dostatecnymi
informacemi o celkové produkci distirenskych kali v EU. Produkci vSak 1ze odhadnout
z celkového poctu obyvatel EU (508 milionti dle Evropska Komise (2019)) a primérné ro¢ni
produkce kalu per capita (22,5 kg dle Bianchini et al. (2016)) pfiblizné na 11 430 000 t suSiny
kalu ro&né. Produkce kalu v Ceské republice v roce 2018 ¢inila piiblizng 202 000 tun suiny
kalu. To pti praimérné susiné 25 % ptedstavuje piiblizné 808 000 t Cerstvého kalu. Z tohoto
mnozstvi bylo piiblizn¢ 44 % ptimo aplikovano na pudu, 32 % kompostovano, 14 % ulozeno
na skladky a 10 % bylo spaleno (CSU, 2019).

2.2.1.1) Chemické sloZeni Cistirenského kalu

Vlastnosti a slozeni Cistirenskych kali se mohou vyznamné liSit piredev§im podle
lokality, podle typu stokové sité a podle technologie Gpravy kalu. Typické procesy upravy kalu
shrnuji Kacprzak et al. (2017) jako primarni zahu$téni (gravitaéni, flota¢ni, sitopasové,
centrifugacni), Stabilizace kapalného kalu (aerobni digesce, anaerobni digesce, ptidavek
vapna), sekundarni zahusténi (gravitacni, flotacni, sitopasové, centrifugacni), uprava vlastnosti
(chemicka uprava, termickd uprava), odvodnéni (sitopasovy lis, centrifugace, suSici loze) a
finalni vprava/aplikace (kompostovani, suseni, pridavek vapna, spalovani, mokra oxidace,

pyrolyza, dezinfekce, pfima aplikace na piadu).

Suchy cistirensky kal obsahuje v priméru 50 — 70 % organické hmoty a 30 — 50 % mineralni
slozky. Obsah dusiku se v susiné kalu pohybuje v rozmezi 1,6 — 6 % a obsah fosforu v rozmezi
1,5-11 %. Z pohledu vyzivy rostlin je obsah drasliku v kalech vétsinou nizky (0,5 — 0,7 %) a
ve srovnani s obsahem dusiku a fosforu Ize obsah drasliku povaZovat za nedostatecny (Singh
et Agrawal, 2008). Obsah dalSich makro- a mikrozivin, stejn¢ jako rizikovych prvkd, se
vyznamng¢ lisi dle jednotlivych Cistiren odpadnich vod (Kacprzak et al., 2017). Kaly vsak dale
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mohou obsahovat zna¢nd mnozstvi rizikovych a/nebo perzistentnich latek, jako napf.
polycyklické aromatické uhlovodiky (Dai et al., 2007), polychlorované bifenyly, halogenované
uhlovodiky (Benabdallah El-Hadj et al., 2007), dibenzodioxiny a dibenzofurany (Urbaniak et
al., 2017), pesticidy, pfipravky osobni potieby (Albero et al., 2012; Montes-Grajales et al.,
2017), hormonalni latky, 1é¢iva (Peysson et Vulliet, 2013), endokrinni disruptory (Chen et al.,
2017), mikroplasty (Mahon et al., 2017) nebo nanocastice (Kim et al., 2010). Dale se v kalu
mohou vyskytovat riizné druhy patogennich organismii, jako jsou bakterie (Clarke et al., 2017),

viry nebo prvoci (Kacprzak et al., 2017).

2.2.1.2) Vliv aplikace ¢istirenského kalu na fyzikalné-chemické a biologické vlastnosti
pudy

Aplikace cistirenského kalu na zemédé€lskou plidu pozitivné ovliviiuje nekteré¢ pidni
vlastnosti, avSak ptedevSim kviili obsahu rizikovych prvkil s sebou nese 1 ur€itd rizika.
Z duvodu rostouci mobility Cd, Cu, Ni a Zn s klesajicim pH, se doporucuje kal aplikovat na
pudy s pH vys$§im nez 6,5 (Singh et Agrawal, 2008).

Diky zna¢nému obsahu organické hmoty v kalu Ize pfi vyssich aplikaénich davkach
kalu na pidu pozorovat nartst kationtové vyménné kapacity (Singh et Agrawal, 2008).
Aplikace kalu dale zvySuje obsah huminovych a fulvokyselin v pidé (Urbaniak et al., 2017).
Albiach et al. (2001) nalezli po aplikaci kalu zvySené obsahy celkového organického uhliku a
huminovych kyselin v ptidé. Obsah sacharidli nebyl aplikaci kalu ovlivnén. Obecné aplikace
kalu zvysuje retencni vodni kapacitu pidy, sniZuje jeji objemovou hmotnost, zvySuje stabilitu
pudnich agregatl a hydraulickou vodivost. Po aplikaci kalu na ptidu dochézi vétSinou k snadné
mineralizaci organického dusiku v kalu, zvySeni mikrobialni respirace a enzymatické aktivity.
Albiach et al. (2001) dale stanovili zvySené padni aktivity fosfodiesterazy v padé po aplikaci
kalu, pficemz mikrobialni biomasa a aktivity ureazy, arylsulfatazy a dehydrogenazy nebyly
aplikaci kalu ovlivnény. Pokud vSak kal obsahuje zvySené mnozZstvi rizikovych prvki, mlze

jeho aplikace vést i k celkové inhibici mikrobialni aktivity v pudé¢ (Singh et Agrawal, 2008).

2.2.1.3) Pristupnost Zivin a agronomicky potencial ¢istirenského kalu

Aplikace Cistirenského kalu na zeméd¢€lskou pidu v naprosté vétsing piipadii vede k

vysSim vynostim biomasy, pfedevsim diky obsahu fosforu a snadno mineralizovatelného dusiku
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(Singh et Agrawal, 2008). Ptistupnost fosforu v Cistirenskych kalech je silné ovlivnéna
technologii Cistirenského procesu, a proto se velice lis$i mezi jednotlivymi provozy. Kaly
pochazejici z provozi vyuzivajici biologické odstraiovani fosforu obecné vykazuji
srovnatelnou piijatelnost fosforu s mineralnimi hnojivy, avSak pokud je v provozu fosfor
odstraniovan sraZzenim hlinitymi a/nebo zelezitymi solemi, piijatelnost fosforu v kalu vyrazné
klesa (Maguire et al., 2001). Dle O Connor et al. (2004) je fosfor v kalech obsahujicich vice
nez 50 g zeleza a hliniku na kg kalu velmi Spatné pfistupny rostlindm. Studie vyuzivajici
techniky 3P NMR (nuklearni magneticka rezonance) a XANES (X-ray absorption near edge
structure) dokazuji, Ze pokud jsou pro odstranéni fosforu z odpadni vody pouzity hlinité a
zelezité soli, fosfor v kalu je nasledné pfitomen ve formé hlinitych a/nebo Zelezitych
fosfore¢nanti, popft. je adsorbovan na oxidy zeleza a hliniku (Huang et Shenker, 2004; Shober
etal., 2006). Obdobné vysledky byly potvrzeny pomoci sekvenéni extrakce fosforu v kalu, kdy
vétSina fosforu byla pfitomna ve frakci extrahovatelné pomoci NaOH (fosfor asociovany
s zelezem a hlinikem) (Frossard et al., 1994; Ajiboye et al., 2006). Dezinfekce odvodnéného
kalu vapnénim dale méni formu a tudiz i ptistupnost fosforu z kalu rostlinam. Dle Schober et
al. (2006) vapnéni kalu pochazejiciho z chemického srazeni fosforu solemi zeleza a hliniku
zvySilo obsah vapenatych fosfore¢nantli, pfedev§im pak hydroxyapatitu — minerdlu
vykazujiciho velmi nizkou pfistupnost fosforu rostlinam v pidnim prostiedi. Naproti tomu
Huang et al. (2008) popisuje transformaci organického fosforu z NaOH frakce do 1épe ptistupné
NaHCOs frakce po aplikaci paleného vapna. Obdobné ©@gaard et Brod (2016) popisuji po
aplikaci paleného vapna konverzi fosforu vazaného na oxidy Zeleza a hliniku do vice labilnich
forem, resp. do forem extrahovatelnych NaHCO3z a HCI. To je pravdépodobné zptisobeno
zvysenym pH po aplikaci vapna, jelikoz rozpustnost Fe-/Al-fosforec¢nanti roste spolu

s rostoucim pH (Hinsinger, 2001) a dale tvorbou fosfore¢nanti vapenatych.

V experimentu gaard et Brod (2016) s jilkem mnohokvétym bylo testovano 11
Cistirenskych kalli z riznych provozi lisicich se technologii upravy kalu. Jako ristové médium
byla pouzita pH neutrdlni smés pisku a raSeliny. Relativni hnojivy ekvivalent fosforu se
pohyboval v rozmezi 2 — 52 % ve srovnani s Ca(H2PO4).. Obecné nizsi hnojivy potencial kald
byl pozorovan v pocatecni fazi rhstu, coz autofi pfipisuji zavislosti rostlin na koncentraci
snadno piistupného fosforu v plidnim roztoku diky nevyvinutém kofenovému systému a nizsi
intenzit€ rhizosférnich procesii. To zpiisobuje nizsi osvojovaci schopnost fosforu v pocatecnich
fazich vegetace. Autofi dale popisuji, Ze fosfor je rostlinam Iépe piistupny v kalech, kde se jako

srazeci ¢inidlo pouzivaji soli Zeleza, oproti solim hliniku. To lze pfisuzovat niz§i rozpustnosti



hlinitych fosfore¢nant oproti fosfore¢naniim Zelezitym (Lindsay, 1979). Kaly oSetfené vapnem
nevykazovaly ve studii @gaard et Brod (2016) statisticky odliSnou piistupnost fosforu pro
rostliny. Autofi uvadéji, ze pristupnost fosforu v kalu je pifimo zavisla na koncentraci Zeleza a
hliniku. Dle Kahiluoto et al. (2016) je z pohledu piistupnosti fosforu rostlindm rozhodujici
molarni pomér Fe/P. Kaly pochazejici z biologického odstraiiovani fosforu a kaly po srazeni
S niz§im pomérem Fe/P nez 1,6 dle autorti vykazuji jesté lepsi piistupnost a recyklovatelnost
fosforu nez mineralni NPK hnojivo. Autofi tuto skute¢nost prikladaji vlivu organické hmoty
pritomné v kalu, ktera brani sorpci a srazeni fosforu v pud¢. Kaly s pomérem Fe/P okolo 9,8
nejen ze obsahovaly jen velmi Spatné€ piistupné formy fosforu, ale soucasné vykazovaly vyssi
obsahy potencialn¢ fytotoxickych prvki. Tyto vysledky nézorné demonstruji vyznam
davkovani srazecich cinidel pfi ¢isténi odpadnich vod na recyklovatelnost fosforu. Anaerobni
stabilizace kalu dle Kahiluoto et al. (2016) snizuje piistupnost fosforu rostlinam, naproti tomu

aerobn¢ stabilizované kaly vykazuji ptistupnost vyssi (Frossard et al., 1996).

2.2.2) Popel ze spalovani biomasy

Popel je mineralni zbytek po spalovani biomasy. Celosvétova ro¢ni produkce popeltl ze
spalovani biomasy je odhadovana pfiblizné na 476 miliond tun (Vassilev et al., 2010). V Ceské
republice se dle ISOH (2016) (Informaéni systém odpadového hospodaistvi) v roce 2014
vyprodukovalo 90 249 t popell ze spalovani neoSetien¢ho dieva a raSeliny, pficemz v roce 2013
tato produkce ¢inila 47 196 t. Pro srovnani van Eijk et al. (2012) uvad¢ji ro¢ni produkci popelt
pro vybrané staty EU: Rakousko — difevény popel — 141 000 t, Finsko — dfevo 100 000 t + 350
000 t raSelina, Némecko — dievo 137 000 t, Irsko — dfevo 1 200 t + 199 000 t rasSelina,
Nizozemsko — dievo 26 000 t, Norsko — dievo 75 000 t, Svédsko — dfevo 155 000 t + 32 000 t
raselina. Bohuzel EUROSTAT (2016, osobni komunikace) nesbira data o produkci popelt z
biomasy v ramci EU. Mnozstvi vzniklého popela se velmi lisi vlivem rozdilného slozeni
spalované biomasy. Dfevo obvykle obsahuje nizké mnoZstvi popela (méné nez 2 %), pfi¢emz
znatelné vice popelovin nalézame v kufe, slamé, travé a obilninach (5 — 10 %) (Biedermann et
Obernberger, 2005; James et al., 2012). Obecné¢ mnozstvi popelovin v biomase klesa

S rostoucim obsahem ligninu (Fahmi et al., 2007).



2.2.2.1) Chemické sloZeni popela z biomasy

Chemické slozeni popela siln¢€ zavisi na druhu spalované biomasy, technologii, resp.
teploté spalovani a v neposledni fad¢ na zptuisobu piepravy a skladovani popela (Vassilev et al.,
2013b). Ve srovnani s uhelnym popelem, obsahuje popel z biomasy vy$si mnozstvi K, P, Mg,
Ca, Na, Mn, Cl, a znateln€ niz$i mnozstvi S, Fe, Si, Al a Ti. Hlavnimi minerdlnimi Zivinami,

které nalézame v popelech z biomasy, jsou K, Mg a Ca.

Primérmé obsahy Zivin v popelech v CR po spalovani dieva a slamy uvedené Tlustosem
a kol. (2012) jsou zobrazeny v Tabulka 1 a Tabulka 2. Z téchto udaju je patrné, ze popely ze
spalovani dfeva obsahuji v porovnani s popely ze slamy vyssi obsahy Mg, Al, Ca, Mn a Fe,

pti¢emz popely ze slamy jsou bohatsi na Si, P, S a K.

Tabulka 1. Prvkové slozeni popelti ze spalovani dievni biomasy

Hm.% Mg Al Si P S K Ca Mn Fe Zn
primér 1,71 4,00 16,0 0,92 0,67 5,74 19,4 1,79 3,23 0,19
median 1,68 4,04 17,1 0,83 0,42 5,62 14,3 1,39 3,35 0,07
min 0,75 1,24 3,34 0,21 0,07 4,15 6,10 0,17 1,59 0,03
max 3,00 6,99 27,8 3,95 4,08 9,38 39,5 5,49 4,86 3,58

(n = 37; Tlustos a kol., 2012)

Tabulka 2. Prvkové slozeni popelil ze spalovani obilné slamy

Hm.% Mg Al Si P S K Ca Mn Fe Zn
primér 1,03 0,95 21,1 1,26 2,03 16,9 5,08 0,11 0,60 0,03
median 1,01 0,52 21,7 1,21 1,33 15,6 4,77 0,08 0,48 0,03
min 0,14 <0.01 5552 <0.01 <0.01 6,77 2,54 0,03 0,18 0,01
max 2,16 3,95 36,1 3,08 5,29 32,1 10,0 0,29 1,85 0,07

(n = 16; Tlustos a kol., 2012)

Teplota spalovani, nejcastéji ovlivnéna piedevSim technologii spalovani, ma také
vyznamny vliv na konecné slozeni popela. Tan et Lagerkvist (2011) uvad¢ji, ze relativni
zastoupeni P, Fe, Al, Si, Mg, a Ca v popelu ze spalovani dieva roste s rostouci teplotou
spalovéani v rozmezi 500 — 1500 °C. Podobné pak v rozmezi 500 — 950 °C rostlo zastoupeni
zminénych prvkl v popelu pii spalovani pSeni¢né slamy. To je zplsobeno zejména lepSim
spalenim zbytkového uhliku a tepelnym rozkladem uhlicitand, Siranti a nékterych fosforecnanti
pfi vysSich teplotach a dale pak zvySenou volatilizaci mobilnich prvka (Br, Cl, C, H, Hg, K, N,
Se, S) (Vassilev et al., 2013a).

Pti spalovéani biomasy vSak vzdy dochazi ke snizeni obsahu K pfi ptekroceni hranicni

teploty 800 °C. V ptipad¢ olivovych zbytkl byla tato kriticka teplota 600 °C. Je tedy ziejmé,

10



ze pro jednotlivé druhy biomasy se tato hrani¢ni teplota méni v zavislosti na jejich chemickém
slozeni. Pii ptekroceni kritické teploty mize dochazet ke vzniku tavenin, a s nimi spojenym
problémim se spékanim popela a tvorbé strusek. Draslik pfitom vzdy hraje kli¢ovou roli.
Vznikajici draselné soli (napt. KCI) taji uz pti teplotach 770 °C. Tyto soli (KCI, K2SO4, K2CO3)
mohou déle reagovat s oxidy kiemiku za vzniku draselnych silikatii. Pokud je v popelu pfitomen
K20 a SiO2 v poméru 1:1, dochazi k taveni pii teplotach 600 — 700 °C (Wang et al., 2016). Pti
poméru 2:1 je potom teplota taveni 769 °C (Miles et al., 1996). Vassilev et al. (2014) uvadéji
kriticky pomér SiO2/K>0, pro tvorbu nizkoteplotnich tavenin, v rozmezi 1,3 — 4,0. Pokud se v
popelu nachazeji mineraly jako kalsilit/kaliofilit (KAISiOs; pomér SiO2/K20 = 1,3) nebo leucit
(KAISi20s; pomér SiO2/K20 = 2,6), indikuje to tvorbu problematickych tavenin pii spalovani
(Vassilev et al., 2014). V praxi se problémy spékani a taveni popela fesi predevS§im zménou
poméru problematickych prvkl (K, Si, Al, Ca) ve spalované smési ptidavkem mnoha rtiznych
materialt, jako jsou napt: kaolinit, mullit, bentonit, K-Zivec, plagioklas, olivin, kiemen, vapno,
bauxit, gibbsit, hematit, kalcit, dolomit, magnezit, vapenec, raSelina, nebo uhelny popel

(Vassilev et al., 2014).

Moznosti aplikace popela na zemédé€lskou ptdu velmi zavisi na obsahu rizikovych
prvki, poptipadé i organickych polutantii v popelu. VétSina rizikovych prvki je pii spalovacim
procesu uvoliiovana v jejich volatilnich forméch, a tudiz je koncentrovana v uletovém popelu
mnohonasobné vice, nez v popelu rostovém (Steenari et al., 1999). Z vysledki Tlustose a kol.
(2012) je patrné, Ze z rizikovych prvki se v uletovych popelech nejvice akumuluje Cd, Pb a As,
pricemz v roStovych pak prevazné Cr. Popely ze slamy, obili a travy obsahuji ptiblizné 2 — 10
krat niz§1 mnoZzstvi rizikovych prvkll nez popely ze dfeva. Divodem je ptedev§im niz8i obsah
popelovin ve dfevé, dlouhé vegetacni obdobi lesnich porostli a nizkd hodnota pH lesnich ptd,
ktera zvySuje mobilitu rizikovych prvkd (Biederman et Obernberger, 2005). Tlusto§ a kol.
(2012) uvadi smésné popely ze spalovani slamy jako vétSinou nezavadné z pohledu koncentraci
rizikovych prvka. Dle studie Kosnare et al. (2016) obsahuji uletové popele vyrazné vyssi
mnozstvi polycyklickych aromatickych uhlovodiki (PAU) nez popele roStové. Autofi déle
uvadéji, ze ve smyslu PAU je rizikovéjsi spalovani sena/slamy oproti dfevéné biomase, a to
zejména z divodu nedokonalého spalovéani zpisobeného spékdnim popela. Nejvyssi obsahy
PAU pak byly nalézany v tletovych popelech ze slamy a sena. Obdobné pak Freire et al. (2015)
poukazuji na ndsobné¢ vySs$i koncentrace polychlorovanych dibenzodioxinii a furant

v tletovych popelech oproti roStovym.
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2.2.2.2) Vliv aplikace popela z biomasy na fyzikalné-chemické a biologické vlastnosti
pidy

Obecné aplikace popela z biomasy na piidu vede k vyraznému zvyseni reakce pH
kvtli vysoké alkalité¢ samotného popela. S rostouci teplotou spalovani obecné klesd hodnota pH
popela. Hodnoty pH jsou vyssi u popelii ze dieva oproti popelim ze slamy a obilovin. To je
zpusobeno vyssi koncentraci Ca a niz§Sim obsahem S a Cl v popelech ze dieva (Vassilev et al.,
2013a). Obecné lze oc¢ekavat vyraznéjsi nartst hodnoty pH pudy, pokud je popel aplikovan na
kyselé pudy s nizkym obsahem organické hmoty (Ohno, 1992). Ve srovnani s vdpencem navic
popel obsahuje P, Mg, K a dalsi mikroprvky, coZ je z pohledu vyzivy rostlin vyhodné. Dle studii
Clapham et Zibilske (1992) a Muse et Mitchell (1995) reaguje dievény popel v pidé mnohem
rychleji nez vapenec a lze tedy ocekavat rychlejsi narist hodnoty pH, avSak kratkodobé&jsi
ucinek. To je zptsobeno pritomnosti dobie rozpustnych oxidd, hydroxidd a uhli¢itant drasliku,
vapniku a sodiku v popelu zodpovédnych za alkalickou reakci (Ulery et al., 1993). Rychlost
reakce popela s piidou je také silné zavisla na velikosti &astic popela. Cim mensi astice popela,

tim rychlejsi 1ze ocekavat reakci (Vance, 1996).

Diky alkalické reakci popelt Casto dochazi ke zvySené mineralizaci padni organické
hmoty a organického dusiku po jejich aplikaci (Demeyer et al., 2001; Arshad et al., 2012).
Hlavnimi mechanismy vlivu popela na pidni mikrobidlni spolecenstva jsou zvySené pH a
koncentrace rozpustného uhliku (Jokinen et al., 2006). Vliv popela na pudni mikrobialni
biomasu se velmi 1isi a je pfedevsim zavisly na aplikacni davce, slozeni a typu popela a plidnich
vlastnostech. Lupwayi et al. (2009) popisuji po aplikaci popela na kyselou zemédélskou pidu
zmeény v diverzité ptidnich bakterii, zvySeni mineralizace C a narast mikrobialni biomasy jeste
Ctyti roky po aplikaci popela. Naproti tomu v inkuba¢nim experimentu publikovali Perucci et
al. (2006) nartst mikrobidlni biomasy po aplikaci 5 t popela na hektar, pficemz davka popela
20 t na hektar prikazné snizovala mikrobialni biomasu v zasaditych a neutralnich ptdach.
Pozdéji Perucci et al. (2008) popisuji kratkodoby vliv popela na zmény v elektrické vodivosti
pudy, hydrolytickou aktivitu, aktivitu alkalické fosfatdzy, arylsulfatdzy a difenoloxidazy
V polnich podminkach na alkalické ptd¢. Autofi uvadeji, ze 12 mésict po aplikaci popela se
vSechny tyto parametry vratily na pivodni hodnoty pied aplikaci. Odlare et Pell (2009) popisuji
kratkodobé snizeni potencialni miry denitrifikace (90 dni po aplikaci) a zvySeni nitrifikace (7

dni) v pude¢ po aplikaci dfevéného popela.

Dale aplikace popelii mize siln€ ovlivnit texturu ptidy, velikost piidnich agregata, a tim
padem i aeraci a vodni retencni kapacitu pudy (Arshad et al., 2012). Diky obsahu dobie
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rozpustnych soli muze aplikace popela také vést ke zvySené salinité pady (Demeyer et al.,

2001).

2.2.2.3) Pristupnost Zivin a agronomicky potencial popela z biomasy

Ptistupnost zivin z popela a jejich nasledna dynamika uvolfiovani je ovlivnéna tfemi
zakladnimi faktory: 1) fazové slozeni popela, 2) zmény v reakci pH pudy zptsobené popelem,

3) zmény v pudni mikrobialni aktivit¢ indukované aplikaci popela (Demeyer et al., 2001).

Aplikace dievéného popela vétSinou vede ke zvySeni ptistupnych obsaht P, Ca, Mg a
K, ale diky alkalické reakci pH také dochazi ke snizeni pfistupnosti Fe, Mn, Zn a Cu (Demeyer
et al., 2001). Mnozstvi uvolnitelnych zivin je pfedev§im ovlivnéno mineralni formou dané
ziviny, pfi¢emz obecné¢ 1ze obsah ve vodé rozpustnych frakci obsazenych v popelech z biomasy
povazovat za vysoky a mize dosahovat az 61 %. MnozZstvi a vlastnosti ve vodé rozpustnych
frakci popeltl jsou siln€ ovlivnény teplotou spalovani. Pti teplotach 500 — 800 °C se v popelech
vyskytuji pfedev§im uhli¢itany a hydrogenuhli¢itany, pficemz pfi teplotnim rozmezi 800 —
1000 °C prevazuji oxidy a kiemicitany (Vassilev et al., 2013b). Rychlost uvoliiovani Zivin
Z popeld z biomasy je uvadéna v pofadi K > Ca > Mg > P (Demeyer et al., 2001; Sano et al.,
2013). Rozpustné mineraly obsazené v popelech jsou vétsinou slouceniny alkalickych kovu a
kovil alkalickych zemin. Velmi dobfe rozpustné a Casto zastoupené jsou: sylvin (KCl), halit
(NaCl), arcanit (K2SQs), syngenit (K2Ca(SOa4)22H20), ettringit (CasAl2(SO4)3(OH)12226H20),
sadrovec (CaSO4°2H20), vapno (Ca0), portlandit (Ca(OH)2). Méné rozpustné: kalcit (CaCO3),
nékteré fosfore¢nany (KCaPOs, KMgPO4). Spatné rozpustné: apatit (Cas(PO4)3(F,CI,0H),
kfemicitany a zivce. (Vassilev et al., 2013b). Bostrom et al. (2011) identifikovali v popelech
ze spalovani dfeva dva hlavni mineraly fosforu, a to apatit a whitlockit (Cas(POs)2), coz

poukazuje na velmi Spatnou rozpustnost fosforu z dievéného popela v piidnim prostiedi.

Vysledky ptijmu jednotlivych makrozivin rostlinami se tudiZ mezi autory vyznamné
1isi. Schiemenz et Eichler-Lébermann (2010) uvadéji popele z biomasy jako adekvatni zdroj P
srovnatelny s vysoce rozpustnymi komer¢nimi hnojivy. Park et al. (2012) uvadéji, Ze po ptidani
popela nebyl prokazan zvysSeny piijem Ca a Mg rostlinami ovsa a jilku. Naproti tomu Nkana et
al. (1998) prokazali zvySeny piijem Ca rostlinami jilku. Ptidavek popela pak podle nékterych
autorti zvySuje piijem K a nema vliv na piijem P (Nkana et al., 1998; Demeyer et al., 2001,

Park et al., 2012). Thind et al. (2012) naopak prokazali zvySeny ptijem P rostlinami pSenice a
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ryze po pridavku popela. Naproti tomu tito autoii uvadi nepritkazny vliv popela na piijem K
rostlinami ryze. Singh et al. (2009) uvad¢ji neprikkazny vliv aplikace popela na vynos baviny v
prvnich dvou letech péstovani. Nasledné vSak popisuje nartst vynosu o 19,6 % v tietim roce
experimentu. Néktefi autofi uvadéji, ze aplikace popela ze spalovani biomasy mize mimo jiné

omezit transfer nékterych rizikovych prvki z pidy do rostlin (Ochecova et al., 2014).

Extrakei octanem amonnym uvolnili Ohno et Erich (1990) pii pH 3 z dievéného popela
48 % celkového Mg, 40 % celkového K a 5,7 % celkového P. Obdobné Meiwes (1995) pti pH
4,2 z popelu uvolnil 81 % Ca, 57 % Mg, 34 % K a 20 % celkového P. Podle Callesen et al.
(2007) se za dobu 7 let na dvou lesnich pidéch s rozdilnou urodnosti uvolnilo z popelu 35 %
Ca, MgaKkK, a19 % P. Srovnéavaci studie El Make (2000) uvéadi uvolnéni 20 % K a 10 % Ca za
dobu 2 let. Je patrné, Ze vyuziti zivin obsazenych v popelech z biomasy, zejména pak fosforu,
je stale problematické a je siln¢ ovlivnéno druhem popela, cilovou plodinou a padnimi

vlastnostmi.

2.3) Pyrolyza odpadnich materiali a aplikace biocharu v zemédélstvi
2.3.1) Princip pyrolyzy

Pyrolyza je termicky proces, pfi kterém je vstupni materidl zahfivan za relativné
vysokych teplot, zpravidla v rozmezi 300 — 1000 °C, bez piistupu kysliku. V ptipadé pyrolyzy
organické hmoty jsou pak vyslednymi produkty pyrolyzni plyn, olej a biouhel neboli biochar
(Carey et al., 2015).

Pyrolyzni procesy 1ze rozdélit do tii zdkladnich skupin. Dle rychlosti nartistu teploty se
pyrolyza déli na pomalou, rychlou a bleskovou. Pfi pomalé pyrolyze je materidl ohiivan
rychlosti 0,1 — 1 °C/min zpravidla v rozmezi teplot 300 — 700 °C. Za rychlou pyrolyzu je
povaZzovan nartst teplot v rozmezi 10 — 200 °C/min, kdy maximalni teploty dosahuji takeé
pfiblizn€ 700 °C. Pii tzv. bleskové pyrolyze je pak materidl zahiivan rychlosti vys$si nez 1000

°C/s pfi teplotach nejcastéji 750 — 1000 °C (Bridgwater et Bridge, 1991; Barik, 2019).

2.3.2) Produkty a chemismus pyrolyzy

Béhem pyrolyzy dochéazi k termochemické dekompozici vstupniho materialu, coz vede

ke vzniku mnoha novych sloucenin. Jak jiz bylo feceno, vzniklé produkty Ize rozdélit do tii
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zakladnich frakci: nekondenzovatelna plynna, kondenzovatelna kapalna a pevna. Kapalna

slozka se dale ¢asto déli na hydrofilni a hydrofobni frakeci.

Pyrolyzni plyn, tedy nekondenzovatelna slozka produktt pyrolyzy se skladéa predevsim
z CO, CO2, Hz a CHg4. Yanik et al. (2007) pfi teploté 500 °C pyrolyzovali zbytky kukufi¢nych
klast, slamu a bylinné stonky. Vznikly plyn obsahoval 84 — 90 % obj. oxida uhliku, 6 — 8 %
obj. CH4 a stopové mnozstvi C2 — Cs uhlovodikt. Autofi uvadéji, ze slozeni plynu se vyznamné
nelisSilo v zavislosti na typu vstupni biomasy. SlozZeni pyrolyzniho oleje je vSak siln€ ovlivnéno
slozenim vstupniho materialu, pyrolyzni teplotou, dobou a rychlosti pyrolyzy i samotnym
technickym fesenim pyrolyzniho zatizeni (Banks et Bridgwater, 2016). Obvykle je olej smési
vody a kyslikatych organickych sloucenin, piedevsim alkohold, furant, fenoll, kresolt,
benzendiolti, aldehydl, organickych kyselin, ale dale i polycyklickych aromatickych
uhlovodiki a jejich methylovanych derivati (Williams et Nugranad, 2000).

Biochar je obecné pevny zbytek procesu pyrolyzy s relativné vysokym podilem C, ktery
dale obsahuje vétsinu mineralni slozky vstupniho materidlu. Slozeni a mnozstvi vznikajiciho
biocharu je tedy stejné, jako v ptipadé€ oleje, ovlivnéno sloZenim vstupniho materidlu, pyrolyzni
teplotou, dobou a rychlosti pyrolyzy. Mira transformace uhlikaté slozky biocharu zavisi

zejména na teploté pyrolyzy (Chen et al., 2015).

2.3.2.1) Pyrolyza celulozy

Celuléza je linearni polysacharid slozeny z monomerd cellobidsy spojenych
glykosidickou vazbou. Cellobidsa se dale sklada z B-D-glukozy a D-glukdzy. Celuloza muze
byt bud’ amorfni, nebo krystalicka. Polymerizované fetézce mohou obsahovat i vice nez 5000
monomernich jednotek. Rozklad celulézy lze rozdélit do t¥i hlavnich fazi. Aktivace a
dehydratace celulozy (150 — 300 °C), depolymerizace (300 — 390 °C) a uhelnaténi (380 — 800
°C) (Collard et Blin, 2014). Aktivace celulozy pfi pyrolyze nastava jiz pfi teplotach 160 °C. Pti
téchto teplotach dochazi k postupné depolymerizaci. Casteéné depolymerizovana celuldza je
nékdy nazyvana ,aktivni (Van de Velden et al., 2010). K dehydrataci zacina dochazet pii
teploté 200 °C, kdy jsou odstépovany molekuly vody. Takovy material je zndm pod terminem
,anhydroceluloza® (Collard et Blin, 2014).

Pii teplotach 280 — 300 °C zacina nasledné dochazet k intenzivni depolymerizaci kvili

Stépeni glykosidickych vazeb mezi monomery glukozy. Po odstépeni molekul vody z molekuly
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glukozy rychle vznika levoglukosan a levoglukosenon, hlavni produkty pyrolyzy celuldzy pii
teplotach do 390 °C (Patwardhan et al., 2011; Lu et al., 2011). Diky odstépeni kyslikatych
funk¢nich skupin z cukernych cykli a naslednému vzniku dvojnych vazeb lze ve volatilni frakci
dale najit vyznamna mnozstvi furanovych a fenolovych sloucCenin, zejména 5-
hydroxymethylfuran, 5-methylfurfural, furfural, furfurylalkohol, fenol, methylfenoli a
benzendioli. Mnohé depolymerizaéni reakce také vedou ke kratkodobému vzniku nestabilnich
sloucenin s karbonylovymi a karboxylovymi funkénimi skupinami. Jejich rozpadem a
dehydrataci dale vznikaji CO, CO., hydroxyacetaldehyd, hydroxyaceton a acetaldehyd. Pokud
je narast teplot pomaly, dojde diive k dehydrataci, nez za¢ne depolymerizace. To ma za
nasledek vyssi stabilitu matrice a tim padem i vyss$i vynos pevného zbytku. Oproti tomu pokud
je narist teplot strmy, dojde k depolymerizaci rychle, dehydratace probiha zaroven a pfitomnost
molekul vody katalyzuje $tépeni glykosidickych vazeb. To vede k vyssi produkei volatilnich
latek a tedy niz8i produkci biocharu. Zaroven pii teplotdch 270 — 300 °C celuldza ztraci
krystalicky charakter, diky ¢emuz se zvysuje jeji reaktivita (Pastorova et al., 1994; Yu et al.,
2012; Collard et Blin, 2014).

Do teploty 350 °C roste koncentrace furanovych slouc¢enin, avSak od této teploty dale
zacina klesat. Prvni benzenova jadra se objevuji pii teploté 300 °C, pficemz od hranice 400 °C
zacinaji byt benzenova jadra hlavni sloZkou biocharu. Nejprve benzenova jadra obsahuji bo¢ni
alifatické fetézce a funk¢ni oxoskupiny (hydroxyl, ether). Tyto bo¢ni fetézce vSak postupné
mizi vrozmezi teplot 400 — 600 °C. Pii teplotach 500 — 800 °C dochazi k demethylaci,
dehydrogenaci a dehydroxylaci za vzniku CH4, H2 a H20 a spojovani benzenovych jader do

polycyklickych struktur. Premény pfi pyrolyze celuldzy jsou zjednoduseny na Obrazek 5.
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Obrazek 5. Shrnuti chemickych pfemén pii pyrolyze celulozy
Teplota (°C)

100 200 300 490 SIOO 690 7(I)0 800

Dehydratace
H,0 Preskupeni do polycyklické struktury
S 7N HZ
7 N
Reakce Depolymerace
Levoglukosan, Konverze kratkych substituentd
VznlkajICI 5-HMF, furfural aromatickych cykla
produkty ! R T """""""
Fragmentace a S S
sekundadrni reakce -OH
T
€O, CO,, HAA, | __CHe o ____
L___HAAA | o, H,

OH
Cykly RQ—Q— Rs @
(soucasti pevného Hi OH
zbytku nebo jako H R:=CHs /OH /H;Rs=CHs /OH /H
vznikajici produkty)
£ Cr

(pfevzato z Collard et Blin, 2014)

5-HMF: 5-hydroxymethylfurfural; HAA: hydroxyacetaldehyd; HA:hydroxyaceton; AA: acetaldehyd

2.3.2.2) Pyrolyza hemicelulozy

Hemiceluldza je polysacharid, jehoz slozeni se lisi dle rostlinych druhti. Hemicelul6za
krytosemennych rostlin obsahuje piedev§im xylany, pfi¢emz hemicelul6za nahosemennych je
slozena hlavné z glukomananu. Jejich struktura je uvedena na Obrazku 6. Hemiceluloza je vzdy
amorfniho charakteru a fetézce nepfesahuji 200 monomernich jednotek. Podobné jako u
celulozy, degradace hemicelulozy probiha ve trech fazich. Dehydratace a porusovani méné
stabilnich vazeb (xylan: 150 — 240 °C; glukomanan: 150 — 270 °C), depolymerace (xylan: 240
— 320 °C; glukomanan: 270 — 350 °C) a uhelnaténi (xylan: 320 — 800 °C; glukomanan: 350 —
800 °C).
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Obrazek 6. Piiklad typickych struktur hemiceluldzy, xylan (A), glukomanan (B),

— Xyl —— Xyl —— Xyl —

—Man

Man Glu—

Ac

(ptevzato z Collard et Blin, 2014)
Xyl: xyloza; 4-Omg: 4-methylglukoronova kyselina; Ac: acetyl; Man: mandza; Gal: galaktoza; Glu: glukéza

Dehydratace hemiceluldzy nastava jiz od 150 °C, avSak az pfi teploté 200 °C zacina mit
odstépeni molekul vody vyznamnou intenzitu (Collard et Blin, 2014). Pii této teploté dochazi i
k porusovani mén¢ stabilnich chemickych vazeb, predevsim na substituentech hlavniho fetézce.
Z methoxy skupin pfitomnych ve struktufe xylanu vznika methanol, z karboxylovych
funk¢nich skupin pak kyselina mravenci, ale také CO2. Acetylované substituenty mohou u
hemiceluldzy piedstavovat az 10 hm.%. Jejich fragmentaci vznika kyselina octova, ktera tak
predstavuje vyznamny produkt této faze rozkladu (Prins et al., 2006). Pii teplotach 220 °C jiz
Ize v produktech detekovat stopy furfuralovych slouc¢enin, coz znaé¢i pocatky depolymerizace
(Shen et al., 2010).

Pii teplotach 240 °C v ptipadé xylanu a 270 °C v pfipadé glukomananu se zacinaji
intenzivné Stépit glykosidické vazby mezi jednotlivymi monomery polysacharidi a dochézi
k depolymerizaci. Tyto reakce vedou k tvorbé riznych anhydrocukr. V pyrolyznim oleji
vzniklém pii téchto teplotach se vétSinou nachézeji predevSim slouceniny levoglukosan,
levomanosan a levogalaktosan (Hosoya et al., 2007; Alén et al., 1996) vzniklé obdobné, jako
Vv piipadé celulozy. Depolymerizaci glukomananu dale vznikaji 5-hydroxymethylfurfural, 5-
methylfurfural a furfural. Pfi depolymerizaci xylanu je pak hlavni sloZzkou pyrolyzniho oleje
pouze furfural (Shen et al., 2010). V pyrolyznim oleji pii téchto teplotach dale nachazime
hydroxyacetaldehyd, hydroxyaceton, hydroxybutanon, kyselinu octovou a cyklopentenony.
Rychla depolymerizace hemicelulézy zplisobuje vznik déale velkého mnozstvi nestabilnich
meziprodukti. Tyto meziprodukty okamzité dehydratuji, fragmentuji, popt. druhotné reaguji.

To vSe ma za nasledek vznik znaéného mnozstvi H.O, CO, a CO (Collard et Blin, 2014).
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Pokud teploty pyrolyzy stoupnou nad 300 °C, struktura residui zacina byt vice a vice
aromaticka. Néktera benzenova jadra obsahuji methylové a oxo-substituenty. Peng et Wu
(2010) identifikovali n€kolik methylfenoll pii pyrolyze hemiceluldzy pfi teplotach 320 — 350
°C. Pti teploté 550 °C dochazi k maximalni produkci CHa, coz nasvédcuje piedevsim o prubéhu
demethyla¢nich reakci. Obdobné pak produkci CO pii teplotach nad 500 °C lze vysvétlit
predevsim odstépenim oxo skupin. Pii teplotach 480 — 800 °C dochazi k produkci hlavné Ho,
coz ma za nasledek vice kondenzovanou chemickou strukturu biocharu. V piipadé
hemicelulézy za¢ina byt Ho produkovan pii teploté 480 °C, pfiCemz u ligninu nebo celulozy
toto nadchézi az pti 500 °C. Tato niZsi teplota produkce H> je pfisuzovéana katalytickému efektu
minerdlnich sloucenin, které jsou v hemiceluléoze prfitomné v mnohem vys$S$im mnozstvi

(Couhert et al., 2009; Collard et Blin, 2014).

2.3.2.3) Pyrolyza ligninu

Lignin je slozity, trojrozmérny amorfni polymer slozeny pfedevSim ze tii hlavnich
fenylpropenovych jednotek: parakumarylalkohol, jehoz hlavni jednotkou je p-hydroxyfenyl,
koniferylalkohol, kde je aromaticky cyklus nazyvan guajakol a sinapylalkohol s jednotkou
zvanou syringyl. Pomér jednotlivych monomernich jednotek je velmi proménlivy a je uréen
pfedev§im druhem rostliny. p-hydroxyfenyl neobsahuje methoxy funkéni skupinu, guaiacyl
obsahuje jednu a syringyl obsahuje dvé methoxy skupiny. Schematickd struktura ¢asti fetézce
ligninu je zobrazena na Obrazek 7. Alkylové fetézce vsak mohou mimo hydroxylovych skupin
obsahovat také karbonylové a karboxylové skupiny. Jednotlivé monomerni jednotky jsou ve
struktufe ligninu vzajemné propojeny etherickymi a C-C vazbami (Lapierre et al., 1995).
Pyrolyzni degradaci ligninu lze obecné rozdélit do dvou hlavnich fazi: konverze alkylovych
fetézcl monomernich jednotek s poruSenim vazeb spojujicich jednotlivé monomery (150 — 420
°C) a konverze kratkych substituentll benzenovych jader a uhelnaténi (380 — 800 °C) (Obrazek
8) (Collard et Blin, 2014).
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Obrazek 7. Schématicka struktura ligninu

HO OH

OH

OH

o0/ —OH
OMe g HO
HO ¢ i

(pfevzato z Bosque et al., 2017)

Dehydratace propylénovych boc¢nich fetézct zacina pii teplotach jiz okolo 180 °C, kdy
dochazi k dehydrataci hydroxylové skupiny na konci téchto fetézct (Jakab et al., 1995). P#i
tomto miiZe také dojit k poruseni C-C vazby mezi poslednimi dvéma uhliky alifatického fetézce
S naslednym vznikem formaldehydu. Pokud je misto hydroxylové funkéni skupiny pfitomen
karboxyl nebo karbonyl, dochazi pii mirn¢ vyssich teplotach ke vzniku CO a CO.. Etherické
chemické vazby spojujici jednotlivé monomerni jednotky se za¢inaji porusovat jiZ pii teplotach
200 °C, ptiCemz nejbéznéjsi vazba spojujici monomery v ligninu se $té€pi pii teploté 245 °C
(Collard et Blin, 2014). Pfi poruseni téchto etherickych vazeb vznikaji jednak CO, COz a H20,
ale také dochazi k uvolnéni fenolickych zbytkti monomernich, popf. oligomernich jednotek.
Mezi tyto slouceniny se pak tadi napt. 4-vinylguajakol nebo eugenol (Huang et al., 2011). Pfi
teplotach nad 300 °C se stava vétsina C-C vazeb uvniti i mezi alkylovymi fetézci nestabilni a
reaktivni. Diky tomu nad touto teplotou dochazi ke vzniku jedno- az tiiuhlikatych slou¢enin
prave z téchto alifatickych fetézcti. Mezi tyto slouceniny se fadi piedev§im CHg, acetaldehyd a
kyselina octova (Collard et Blin, 2014). Zbylé ¢asti monomert pak odchazeji ve formé vice, ¢i
mén¢ methylovanych fenolickych sloucenin. Obecné fenoly jsou hlavni slozkou pyrolyzy

ligninu vznikajici pii teplotach 360 — 400 °C (Huang et al., 2011; Wang et al., 2009).

Pokud je methoxy funkéni skupina v ortho pozici s hydroxylovou, stava se reaktivni od
teplot 380 - 400 °C (Asmadi et al., 2011; Collard et Blin, 2014). Ruzné typy fragmentacnich
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reakci zpusobuji nahrazeni methoxyskupin skupinami —OH, -CH3 nebo —H. Odstépeni methoxy
skupin je zodpovédné za vznik methanolu pii 400 °C (Obrazek 8a), pricemz pii 430 °C
z methoxyskupin vznikd CHa. Pii teploté 450 °C, vétSina vazeb mezi monomernimi jednotkami
ligninu je jiz roz§t€pena a hlavnimi substituenty benzenovych jader jsou —CHz a —OH (Obrazek
8b a Obrazek 8c). Pevny pyrolyticky zbytek se stava vice a vice aromatickym, pfiéemz naprosta
vétsina vznikajicich plynid je nekondenzovatelnych. Mezi 500 a 600 °C dochazi k vymizeni
methylovanych substituentd (Collard et Blin, 2014). Mnoho autorti udava zvysenou evoluci
CHjs pti teplotach 550 - 580 °C (Huang et al., 2011; Jakab et al., 1995; Wang et al., 2009).
Princip téchto demethyla¢nich a dehydrogenacnich reakcei je zobrazen na Obrazek 8b a Obrazek

8d a vysvétluje zvysujici se polycyklizaci biocharu s rostouci teplotou.

Obrazek 8. Princip aromatizace biocharu a vznik plynnych produktt pfi teplotach nad 380 °C

A B

oo e
H OCHg > OH + GHOH 4 CH, oii * CH,
res 90¢ o9
(o} D
I ! OH I I OH I I OH I I OH
H OH OH + H0 HH — s + H

g

2.3.2.4) Pyrolyza triacylglycerolu

(ptevzato z Collard et Blin, 2014)

Triacylglyceroly, nebo také triglyceridy, jsou hlavni slozkou rostlinnych oleji a
zivocisnych tuki. Molekuly triacylglycerol jsou tvofeny molekulou glycerolu, kde na kazdou
OH skupinu je estericky vdzana mastnd kyselina. Vyzkum pyrolyzy triacylglyceroli ma

dlouhou historii a zapocal jiz v 30. letech minulého stoleti za uc¢elem krakovani alifatickych
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fetézcti mastnych kyselin pro vyrobu paliv jako potencialni feSeni nedostatku ropy (Egloff and
Morrell, 1932; Egloff and Nelson, 1933). V té dob¢ se jednalo pfedevsim o nekatalytickou
pyrolyzu, pfi¢emz dnesni vyzkum se takika bez vyjimek zamétuje na studium katalytickych
rozklada. Pyrolyzni degradaci triglyceridii 1ze zjednodusené rozd¢€lit do tfi hlavnich fazi:
poruseni esterické vazby mezi mastnymi kyselinami a glycerolem (300 °C),
dekarboxylace/dekarbonylace mastnych kyselin (390 °C) a Sstépeni alifatickych fetézct
mastnych kyselin (360 — 500 °C) a uhelnaténi (> 350 °C) (Maher et Bressler, 2007; Ito et al.,
2012; Moldoveanu, 2010).

Rozstepeni esterické vazby mezi glycerolem a mastnymi kyselinami nastava jiz pfi
teplotach okolo 300 °C. Vysledkem je v kone¢ném dasledku vznik molekul mastnych kyselin
a akroleinu (Maher et Bressler, 2007; Ito et al., 2012). Dle Cheng et al. (2004) mize dochazet
k porusovani esterické vazby jiz pii teploté 288 °C, coz vede ke vzniku meziproduktd tohoto

rozpadu, diacylglycerolu a monoacylglycerolu.

Pokud je molekula mastné kyseliny nasycend, dochazi dale pii teplotach okolo 400 °C
k dekarboxylaci/dekarbonylaci této kyseliny za vzniku CO2, H20 a alifatického nasyceného,
nebo nenasyceného uhlovodiku. Pokud vSak je molekula mastné kyseliny nenasycena a
obsahuje dvojné vazby, mize se jest¢ pied dekarboxylaci nejprve zacit §tépit uhlikaty fetézec,
jelikoz dvojna vazba v fetézci mastné kyseliny podporuje $t€peni sousednich C-C vazeb (pozice
a a B) (Maher et Bressler, 2007; Ito et al., 2012). To miZe mit za nasledek vznik Sirokého
spektra latek. Mohou timto vznikat C1 — C5 alifatické i vétvené uhlovodiky, krat$i mastné
kyseliny, rizné aldehydy, ketony, estery a alkoholy. Z téchto nasledné vznika Siroké spektrum
alkent, polyalkent, alkadient a cykloalkani (Maher et Bressler, 2007). Rostouci teplota
pyrolyzy pak vede k cyklizaci za vzniku cykloalkent. Typicky je tato cyklizace vysvétlovana
Dield-Alderovou reakci, kdy reaguje alkadien salkenem za wvzniku substituovaného
cyklohexenu, ovsem probihaji i dalsi mechanismy cyklizace, napf. mezi radikaly alkenylu a
alkadienylu (Kubatova et al., 2012). Proces uhelnaténi a vznik aromatickych a
polyaromatickych struktur pak probiha podle shodného schématu jako v piipadé celuldzy nebo
hemicelulozy. Zjednodusené schéma pyrolyzniho rozkladu triacylglycerolli je uvedeno na

Obrazek 9.
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Obrazek 9. Schématické znazornéni chemickych reakci probihajicich pii pyrolyze
triacylglycerolil
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(ptevzato z Wiggers et al., 2017)

1) pocate¢ni $tépeni, termolyza esterické vazby; 2) dekarboxylace/dekarbonylace kyslikatych uhlovodika
sdlouhym  fetézcem; 3) S§tépeni C-C  vazby nenasycenych  kyslikatych  uhlovodiku;  4)
dekarboxylace/dekarbonylace  kyslikatych ~ uhlovodikii s kratkym  fetézcem;  5) izomerizace,
polymerizace/dehydrogenace, cyklizace; 6) hydrogenace cykloalkenti za vzniku cykloalkant; 7) dehydrogenace
cykloalkant za vzniku cylkoalkenu; 8) Diels-Alderova adice konjugovanych alkadient se substituovanymi alkeny
za vzniku substituovanych cyklohexent; 9) aromatizace cykloalkent za vzniku aromatickych a polyaromatickych
uhlovodikd; 10) uhelnaténi polyaromatti; 11) uhelnaténi polykondenzaci kyslikatych uhlovodik®; 12) uhelnaténi
polykondenzaci molekul triacylglycerolii; 13) uhelnaténi polymerizaci alkend; 14) ptimy vznik Cl1 — C5
uhlovodiku z triacylglyceroli

2.3.2.5) Pyrolyza proteinii

Proteiny jsou velké makromolekuly sloZené z jednoho nebo vice fetézcli aminokyselin
spojenych peptidickou vazbou. Pocet molekul aminokyselin v peptidu mtize dosahovat i poctu
10000. Linearni fetézec aminokyselin se nazyva polypeptid. Kratké polypeptidy obsahujici 20
— 30 jednotlivych molekul aminokyselin se nazyvaji oligopeptidy. Proteiny jsou v naprosté
veétsin¢ organismu tvoreny 20ti riznymi a-aminokyselinami, které se vyrazné strukturné lisi.
Tento fakt spole¢né s extrémni riznorodosti proteinii zpisobuje znacnou slozitost procesi
probihajicich béhem pyrolyzy (Moldoveanu, 2010). Chemické reakce probihajici pti pyrolyze
proteint zahrnuji hydrolyzu, dehydratace, deaminace, cyklizace, dimerizace atd. (Wang et al.,

2017a; Moldoveanu, 1998)
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Pii teplotach 220 - 250 °C dochazi jednak k hydrolyze peptidickych vazeb a rozpadu
proteind na jednotlivé aminokyseliny, ale zaroven k vyssi provazanosti mezi peptidy a K tzv.
sitovani peptidi. K sitovani dochazi obecné v teplotnim rozmezi 180 — 300 °C. Oba procesy,
hydrolyza peptidickych vazeb a sitovani, probihaji paraleln¢ a jejich maximalni intenzita lezi
mezi 240 a 260 °C. Dosud nebyla ur¢ena hrani¢ni teplota, kdy by jeden proces vykazoval vyssi
intenzitu nez ten druhy. Teplota poruSeni peptidické vazby se 1i8i v zavislosti na konkrétnich
aminokyselinach (Liu et Basile, 2011). Pfi teploté 220 °C jiz dale dochazi k dehydrataci a

odstépovani molekul amoniaku.

Termadlni stabilita jednotlivych aminokyselin se vyrazné lisi, napf. kys. glutamova je
kompletné zpyrolyzovana pii 400 °C, avSak prolin zistavd z1 % nerozlozen pii 500 °C,
obdobné¢ pak glycin pti 600 °C a valin a leucin pii 700 °C (Moldoveanu, 2010). Rozpad molekul
aminokyselin se déje nékolika zptisoby. Nékdy je cela molekula fragmentovana za vzniku CO»,
NHs a uhlovodiku, nejcastéji alkenu. Dale také muize dochazet k dekarboxylaci za vzniku
aminu, ktery nasledné ztraci vodik, az vzniké nitril. Vznikly amin vSak muze také reagovat
s druhou molekulou aminu, kdy za odstépeni vodiku a amoniaku dochazi ke spojeni obou
molekul pres atom dusiku. Toto se déje predev§im pii pyrolyze alaninu, valinu, leucinu a
isoleucinu. Dale je pro pyrolyzu aminokyselin diky dehydrataci typicky vznik cyklickych
dipeptidu, diketopiperazini. Vznik téchto latek je schematicky zobrazen na Obrazek 10. Li et
al. (2007) studovali prabéh pyrolyzy glycinu. Prvni plynné produkty se objevili pti 260 °C
(NHs, H20 a COy), pficemz produkce NHz a H2O dosahla vrcholu pti 282 °C a CO2 pii 308 °C.
Pti 400 °C byl hlavnim produktem HNCO spole¢né¢ s CO a HCN. HCN pak byl hlavnim
plynnym produktem pii teplot¢ 700 °C. Vznik HNCO a HCN autofi pfisuzuji Stépeni
sekundarné vznikajicitho cyklického amidu 2,5-diketopiperazinu. Autofi dale uvadéji, Ze
pyrolyzni produkty glycinu a jeho dipeptidu glycylglycinu byly rozdilné do teploty 350 °C,
piicemz nad touto teplotou se jiz neliSily, coZ nasvédcuje rozpad dipeptidu a obdobny pribéh
Stépeni jako v pfipadé samotné aminokyseliny. Autofi nenalezli NO ani N20 v plynnych

produktech.
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Obrazek 10. Vznik diketopiperazinl ze dvou molekul aminokyselin béhem pyrolyzy
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(ptevzato z Moldoveanu, 2010)

2.3.3) Biochar a jeho aplikace na zemédélskou ptidu
2.3.3.1) Slozeni a vlastnosti biocharu

Biochar je pevny uhlikaty zbytek ziskany pyrolyzou biomasy za relativné nizkych teplot
(< 700 °C) (Lehman et Joseph, 2009). Nékdy je jako biochar oznacovan materidl, resp.
pyrolyzovana biomasa, kterd je aplikovana do puidy za ucelem zlepSeni jejich vlastnosti a
urodnosti (Lehmann et al., 2006). Vzhledem k rostouci lidské populaci a s tim spojenym
rostoucim mnozstvim produkovanych odpadi, stava se aplikace biocharu velmi intenzivné
studovanym tématem predevSim kvili mozZnosti zpracovani Sirokého spektra odpadu.
Pyrolyzou téchto odpadt 1ze docilit odstranéni nékterych nezadoucich vlastnosti a naslednou
aplikaci biocharu do pidy lze sekvestrovat uhlik a souc¢asné zvysSovat ptidni tirodnost (Ding et

al., 2016; Zhu et al., 2017).

Hodnota pH biocharu, porozita a velikost specifického povrchu jsou silné ovlivnény
podminkami pyrolyzy (Zhao et al., 2013). Biochar ma obecné zasadity charakter s pH reakci
v rozmezi 8 — 10 (Gaskin et al., 2008), biochar je mikroporézni material, pficemz Uroven
porozity stoupa s rostouci teplotou pyrolyzy. Jimenez-Cordero et al. (2013) nalezli nejvyssi
zastoupeni mikropori (0,1 — 0,4 nm) u biocharu z hroznovych semen pyrolyzovanych pfi
teploté¢ 700 — 800 °C. Specificky povrch biocharu je siln€ ovlivnén vstupnim materidlem a

s rostouci teplotou pyrolyzy stoupa (Keiluweit et al., 2010).

Obsah uhliku a ostatnich prvkid v biocharu je nejvice ovlivnén slozenim vstupni
biomasy. S rostouci teplotou obecné roste celkovy obsah uhliku, pii¢emzZ klesa zastoupeni
kysliku a vodiku. Jak jiz bylo naznaceno v pfedchozich kapitolach, je to zplisobeno rostouci
aromatizaci uhlikatych slou¢enin a snizujicim se poctem kyslikatych funk¢énich skupin. Pomoci
molarniho poméru H:C nebo O:C tak lze velmi dobfe odhadnout celkovou polaritu biocharu.

Obecné plati, Ze ¢im vyssi je teplota pyrolyzy, tim méné poldrni a vice stabilni je produkovany
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biochar (Novak et al., 2009). Stabilita biocharu v pudé a tudiz jeho sekvestra¢ni potencial zavisi
zejména na stupni aromatické kondenzace a obsahu alifatickych a volatilnich latek (Novotny et
al., 2015). Brassard et al. (2016) uvad¢ji, Zze pro sekvestraci uhliku jsou vyhodné biochary
ptipravené za vyssich pyrolytickych teplot s O:Ciot pomérem < 0.2 a H:Corg < 0,4. Pro biochary
S O:Ctot < 0.2 Spokas (2010) odhaduje polocas rozpadu v ptid€ piriblizné¢ 1000 let.

2.3.3.2) Vliv biocharu na pudni vlastnosti

Aplikace biocharu mtize zvysit vodni reten¢ni kapacitu pud. Dle Sun et Lu (2014) lze
aplikaci biocharu zvysit mnozstvi rostlinam dostupné vody v jilovitych pidach. Wang et al.
(2019) uvadgji, ze navyseni vodni reten¢ni kapacity pid, stejné jako mnozstvi rostlinam
dostupné vody, 1ze o¢ekavat jen u pid s hrubou texturou, napft. pis¢itych, a pouze po aplikaci
biocharu s vysokym objemem poérd. Navic vliv takové aplikace je dle autorti pouze docasny,
jelikoz v ptidé dochazi k vypliiovani porG biocharu casticemi jilu a organickou hmotou.
Mollinedo et al. (2015) uvadi, ze aplikaci 4 hm. % biocharu do pudy lze v optimalnim ptipadé
prodlouzit dobu transpirace kukufice nebo sdji Vv suchém obdobi 0 1,4 — 2,6 dne. Aplikaci
biocharu lze také modifikovat kationtovou vyménnou kapacitu (KVK) pud. KVK biocharu je
vétSinou nizsi, nez KVK pidni organické hmoty diky existenci pozitivn€ i negativné nabitych
mist na povrchu biocharu (Lehmann, 2007). Pokud je biochar aplikovan do pudy s niz§im KVK
nez je KVK biocharu, dochézi k celkovému zvyseni a naopak. Vyssi hodnotu KVK 1ze obecné
o¢ekavat u biocharti s vy$§im podilem mineralni slozky. Dle Novak et al. (2009) je KVK vyssi
u biocharti produkovanych do teplot 500 °C. Obecné se zda, ze mira vlivu aplikace biocharu na
KVK pudy je pfedev§im ur¢ena mnozstvim vymeénitelného Ca v pudé a biocharu (Hailegnaw

etal., 2019a).

V kyselych podminkach se mohou prvky jako Ca, P nebo K z matrice biocharu
vyluhovat do ptidniho roztoku a mnoho autort tak uvadi zvyseni rostlinam dostupnych obsaht
P, K, Mg a Ca v pudé po aplikaci biocharu (Chan et al., 2007; Sun and Lu, 2014; Hailegnaw et
al., 2019a; Novak et al., 2009). Oproti tomu dusik je v biocharu vazan velmi pevné, obvykle
neni z biocharu vyluhovan, ale biochar mtize naopak slouzit jako vyrazny sorbent amonného i
nitratové dusiku v pidach a zamezovat tak jejich vyplaveni (Hailegnaw et al., 2019b). Diky
sorpci mineralniho dusiku v ptidé miiZze vSak aplikace biocharu vést k niz§im vynostm plodin,
popt. ke zvySené spotiebé hnojiv (Borchard et al., 2014). Diky zménam kolobéhu ptidniho

dusiku po aplikaci biocharu dochazi dale ke snizeni, ale 1 zvySeni emisi N2O z ptd (Sanchez-
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Garcia et al., 2014). Obdobné se pak lisi vysledky emisi NHs a COg, kdy nekteré studie hlasi
pokles a jiné naopak nartst emisi téchto plynt po aplikaci biocharu (Mandal et al., 2016; He et
al., 2018; Chang et al., 2016; Wang et al., 2017b).

Diky vysokému specifickému povrchu, aromatickému charakteru a mikroporosité je
také biochar zminovan jako vynikajici sorbent pesticidi a jinych agrochemikalii. Na druhou
stranu je Vv literatufe zminovana vyrazné niz8i G¢innost preemergentnich pesticidii na pudach
po aplikaci biocharu (Kookana et al., 2011). Dale diky vys$i sorpci na ¢astice biocharu v pudé
dochazi k vyrazné¢ pomalejsi mikrobidlni degradaci nékterych pesticidi (Spokas et al., 2009;
Loganathan et al., 2009).

2.4) Pudni fosfor a mechanismy jeho zpiistupnéni
2.4.1) Formy a chemismus fosforu v padé

Fosfor je v porovnani s ostatnimi zivinami povazovan za nejméné mobilni a dostupnou
(Gaume, 2000) a v pudé se vyskytuje ve dvou formach — organické a anorganické. Koncentrace
anorganického fosforu v plidnim roztoku je ve vétsin€ piid pomérné nizka, pti¢emz jeho znacny
podil je vpudé vazany ve form&€ minerali. FosforeGnanové ionty mohou byt v pudé
adsorbovany na kladné nabité mineraly, nejcastéji oxidy Zeleza a hliniku, nebo samy tvofi
mnozstvi srazenin/minerald, nejéastéji v kombinaci s Ca, Fe a Al (Lindsay, 1979). V zasaditych
a vapenatych ptidach je fosfor imobilizovan piedevSim srdaZzenim s vapnikem, pfiCemz
Vv kyselych ptdach je fosfor sorbovan na oxidy/hydroxidy Zeleza a hliniku, komplexovan
S huminovymi kyselinami ve formé& fosforecnani hlinitych/Zelezitych, popt. pfimo vysraZzen
jako fosfore¢nan hlinity/zelezity (Neuman et Romheld, 2007). Gérard (2016) vSak upozornuje,
ze relativni zastoupeni jilovych minerdlti v sorpci fosforu mize byt nespravné dlouhodobé
ignorovano, a ze v nékterych ptipadech mohou jilové mineraly vykazovat i vys§i sorpcni
schopnost nez oxidy Zeleza/hliniku. Rovnovdhy mezi adsorpci/desorpci a
srazenim/rozpouSténim urcuji koncentraci minerdlniho P Vv pidnim roztoku a tudiz 1 jeho
mobilitu a biodostupnost. Rovnovazny stav téchto reakci je urCen tfemi hlavnimi faktory: 1)
pH, 2) koncentraci dalSich aniontd, které soupeti s fosfore¢nanovymi ionty pfi reakcich vymény
ligand, 3) koncentrace kovti (Ca, Fe, Al), které se mohou srazet s fosforecnanovymi anionty.
Chemické podminky rhizosféry jsou diky aktivité kofent a mikroorganismi velice odliSné od
samotné pudy a tudiz 1 samotna dostupnost fosforu v rhizosféte se velice lisi. Koncentrace P

Vv rthizosférnim pidnim roztoku je nejvice ovlivnéna samotnou aktivitou piijmu kotene. Dalsi
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vliv pak maji procesy ovliviiujici pH rhizosféry, jako jsou rovnovahy mezi H/HCO3 a O2/CO>
a exsudace organickych aniontll kofenem. Relativni vyznam téchto faktort se vSak vyznamné

1isi podle rostlinného druhu, stavu vyzivy rostliny a pudnich podminek (Hinsinger, 2001).

Podil organického fosforu se v piidach znacné li§i. V mineralnich ptidach organicky
fosfor predstavuje v priméru 30 — 65 % z celkového fosforu, ptfiCemz v ptidach organickych
muze jeho obsah piesahovat az 90 % (Jones et Oburger, 2011). Organicky fosfor je tvofen
predevsim tifemi formami: inositol fosfaty, fosfolipidy a nukleovymi kyselinami (Quiquampoix
et Mousain, 2005; Turner et al., 2002). Obsah inositol fosfatl je velice proménlivy, avSak Casto
predstavuje az 80 % z celkového organického fosforu v padé (Dalal, 1977). Inositol fosfaty
jsou v pudé zastoupeny tfadou fosfoesterti inositolu, tj. inositol monofosfatem az inositol
hexafosfatem, ktery dale tvoii nékolik stereoisomerit (myo, scyllo, neo, D-chiro) (Celi et
Barberis, 2005). Mnozstvi fosfatovych skupin urcuje stabilitu téchto sloucenin, pii¢emz ¢im
vice jich je pfitomno, tim je sloucenina stabiln¢j$i a nasledné vykazuje v pidé vyssi obsah.
Nejbéznéjsim isomerem v pidé je myo-inositol hexafosfat, neboli kyselina fytova ¢i fytat.
Inositol fosfaty jsou charakteristické svou vysokou kyselosti, a casto tvoii v piidé polymery,

nebo nerozpustné komplexy s bilkovinami a lipidy (Jones et Oburger, 2011).

Celkoveé tedy existuji dvé zakladni strategie zvySeni pristupnosti fosforu v pude, a to: 1)
zvySeni rozpustnosti mineralniho fosforu a, 2) enzymaticky rozklad sloucenin organického

fosforu (Jones et Oburger, 2011).

2.4.2) Vliv rhizosférniho pH na pristupnost fosforu

Koteny rostlin zplsobuji vyrazné zmeény v rhizosférnim pH, coZ je zplsobeno
pfedevsim exkreci H® pomoci transmembranového proteinu H* ATPazy nebo OH/HCOs
iontd. Tato exkrece je nezbytna pro udrZeni vnitini rovnovahy mezi kationty a anionty
v kofenech (Neumann et Romheld, 2007). Z tohoto pohledu hraje kli¢ovou roli dusik, jelikoz
je vétSinou rostlinnych druhi pfijiman v nejvétsim mnozstvi. Rostliny mohou pfijimat dusik ve
dvou zéakladnich formach, kationtové (NH4") a aniontové (NO3'), popt. v pfipadé leguminéz lze
jesté uvazovat piijem neutralni formy (N2). Pfijem NH4" je soucasné provazen exkreci H*
vedouci k acidifikaci rhizosféry, pficemz pfijem NO3  je provazen piijmem dvou H*
(Brimecombe et al., 2007; Mistrik et Ullrich, 1996) a ptfipadné exkreci OH  nebo HCOgz
zpusobujici zvySeni rhizosférniho pH (Marschner, 1995; Hawkesford et al., 2012).
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Rhizosférni pH je dale ovlivnéno exsudaci organickych kyselin. Organické kyseliny
jsou vsak exsudovany z kotfene ve form¢ aniontu, ktery sdm o sob& nema vliv na zménu pH.
Pro udrzeni rovnovahy mezi anionty a kationty v kofenech miize byt aniont organické kyseliny
exsudovan spole¢né s H" (Jones 1998, Hinsinger 1998), ale také s kationtem kovu, napf. K*
(Ryan et al., 1995). V druhém piipadé tedy exsudace organickych aniontt nevede ke snizeni

rhizosférniho pH.

Zména pH v rhizosféte mize dale nastat diky indukované zméné redox potencialu
kofenem nebo respiraci kotene a rhizosférnich mikroorganismti. Tim vznikd zna¢né mnozstvi
COo, ktery nasledné okyseluje pidni roztok (Hinsinger, 2001). Vyznam respirace na okyseleni
rhizosféry ma vsak pouze maly vyznam v dobie provzdusnénych pudach, jelikoz CO: rychle

odchazi zavzdusnénymi pidnimi péry (Marschner, 2012).

Okyseleni rhizosféry pomoci exsudace H* je u dvoudéloznych rostlin také zptsobeno
nedostatkem P. V téchto pfipadech dochazi k omezeni piijmu NO3™ a nasledné nerovnovaze
mezi anionty a kationty v kofenové tkani, kterd je nasledné udrzovéana pravé exsudaci H.
V téchto piipadech jsou H* exsudovany v blizkosti kofenovych Spicek (Marschner, 2012;
Neumann et Romheld, 1999).

Pokud je fosfor v pudé pfitomny ve formé vapenatych minerall, jako napf. dihydrat
hydrogenfosfore¢nanu vapenatého (Ca2HPO4:-2H20), pentahydrat dihydrogenfosfore¢nanu
oktavapenatého (CagH2(PO4)s-5SH20) nebo hydroxyapatitu (Cas(PO4)3OH), 1ze po okyseleni
rhizosféry ocekavat jejich zvySenou rozpustnost, a tudiz i pfistupnost fosforu rostlindm
(Andersson et al., 2016). Pokud vsak je fosfor pfitomny v mineralech Fe a Al, jako napft. variscit
(AIPO4-2H20), strengit (FePO4-2H20) nebo wavellit [Alz(OH)3(PO4)2-:5H20] okyseleni
rhizosféry nevede ke zvyseni pfistupnosti fosforu diky klesajici rozpustnosti t€chto mineralt
s klesajicim pH (Lindsay, 1979). Navic s klesajicim pH roste mnozstvi pozitivnich naboji na

povrchu Fe/Al oxidi, coz dale zvySuje jejich schopnost adsorbovat fosfor (Hinsinger, 2001).

2.4.3) Exsudace organickych kyselin

Zvysena exsudace organickych kyselin pii nedostatku fosforu se vyskytuje predevsim u
dvoudéloznych rostlin (Neuman et Romheld, 1999). Zpiistupnéni fosforu pomoci organickych

kyselin je zptisobeno piedev§im vyménou ligand, ligandickym rozpousténim mineralt fosforu
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a kompetici o sorpéni mista (Neuman et Romheld, 2007; Oburger et al., 2011). Rozdil mezi

vyménou ligandu a ligandickym rozpousténim je schematicky uveden v Rovnici 1 a 2.

Rovnice 1. Vyména ligandu

Fe/Al oxid-P + L — Fe/Al oxid-L + P;
(Johnson et Loeppert, 2006)

Rovnice 2. Ligandické rozpousténi

Fe/Al oxid-P + L — Fe/Al oxid + AI**/Fe3*-L + P;
(Johnson et Loeppert, 2006)

L = komplexotvorna organicka liganda

Za nejvice efektivni organické anionty ve smyslu zpfistupnéni fosforu v pudé jsou
povazovany citraty a $t'avelany, popt. jable¢nany, diky jejich stabilnim komplexim s Fe, Al a
Ca (Jones, 1998). Efektivita zptistupnéni fosforu anionty organickych kyselin se vSak zna¢né
lisi v zavislosti na typu pudy (Jones et al., 2003; Oburger et al., 2011). Zatim nebylo objasnéno,
pro¢ tomu tak je. V experimentu Jones et al. (2003) mnozstvi mobilizovaného fosforu
z jednotlivych pid nekorelovalo s celkovym obsahem fosforu v pade, s reakci pH pudy, se
sorpéni kapacitou, ani s celkovym obsahem Zeleza v pud¢. Oburger et al. (2011) uvadi, ze pii
niz§im stupni nasyceni sorp¢nich mist fosforem, bylo ligandické rozpousténi P-minerald
hlavnim mechanismem zodpové€dnym za zptistupnéni fosforu. V pidach s nizkou aniontovou
sorpéni schopnosti nebo pfi vy$$im nasyceni pudy fosforem je pak hlavnim mechanismem
vyména ligand, jelikoz dochazi celkové ke zvySené kompetici mezi anionty o kladné nabita
sorp¢ni mista. Celkove nejuéinngjsi zpiistupnéni fosforu pomoci aniontti organickych kyselin
autofi pozorovali na ptidach se stfednim az vysokym obsahem aniontovych vazebnych mist pii

sttednim nasyceni téchto mist fosforem.

Organické anionty mohou také mimo pfimého rozpousténi anorganického fosforu
zlepSovat rozpustnost nékterych sloucenin organického fosforu, napt. soli fytatu, a tim ho
zptistupniovat pro naslednou enzymatickou hydrolyzu (Hayes et al., 2000). Tang et al. (2006)
uvadi efektivitu v rozpousténi fytatovych soli pro organické kyseliny v poradi citronova >
Stavelova > jablecnd. Giles et al. (2012) publikovali zptistupnéni fytatovych soli sorbovanych
na goethit organickymi anionty v potadi: askorbat > citrat > oxalat > pyruvat > acetat. Jako
hlavni mechanismy zpfistupnéni fytatu autofi uvadéji chelataci nebo reduktivni rozpousténi.
Anionty organickych kyselin dale mohou mobilizovat fosfor vazany v komplexech

huminovych latek s kovem (Richardson et al., 2009).
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Pidni mikroorganismy produkuji Siroké spektrum organickych kyselin, predevsim
kyselinu glukonovou, 2-ketoglukonovou, citronovou, jable¢nou, $tavelovou, jantarovou,
mlécnou, vinnou, nebo glykolovou. Kyselina glukonova a 2-ketoglukonova jsou ¢asto uvadény
ve spojitosti s bakterialni produkci, naproti tomu kyseliny citronova a $tavelova jsou Casto
produkovany houbami (Jones et Oburger, 2011). Neumann et Rémheld (2007) uvadi, ze pro
ucinnou mobilizaci fosforu z piidy jsou zapotiebi koncentrace vyssi nez 5 - 10 umol aniontu na
g pudy. Takové koncentrace organickych kyselin v rhizosféie byly doposud nalezeny pouze u
omezen¢ho mnozstvi rostlinnych druhti. Dobfe zdokumentovany piiklad ptedstavuji tzv.
,cluster roots vyskytujici se u lupiny bilé (Lupinus albus L.) a téméf vSech zastupcu Celedi
Proteaceae (Skene, 1998; Neumann et Martinoia, 2002). Neni tedy stale jisté, zda exsudace
organickych aniontl u ostatnich druhi rostlin ma opravdu ptimy vliv na zptistupnéni fosforu
Vv rhizosféfe. Pearse et al. (2007) uvadéji, ze samotnd kotfenova exsudace organickych aniontl
u hrachu setého (Pisum sativum L.) a cizrny berani (Cicer aeretivum L.) nezajistuje témto
druhtim schopnost piijimat fosfor z malo rozpustnych minerali (A1PO4, FePO4, Cas(PO4)30H)
a pokladaji hypotézu, ze efektivni kofenova exsudace organickych aniontli musi probihat
V soucinnosti se spravnym pH a morfologii kofenti tak, aby organické anionty mohly dosahnout
ucinné koncentrace a zarovei, aby jimi uvolnény fosfor mohly kofeny okamzité pfijmout. To
potvrzuji Lyu et al. (2016), ktefi uvadi Ze hlavni odezva pSenice (Triticum aestivum L.),
kukufice (Zea mays L.) a fepky olejky (Brassica napus L.) na nedostatek fosforu spociva spise
ve zméné morfologie kofenil, neZ na zvySené exsudaci organickych kyselin nebo fosfataz.
Naproti tomu lupina bila (Lupinus albus L.) a cizrna berani (Cicer aeretivum L.) reaguji
predevs§im zménou exsudace organickych kyselin a fosfataz. Soja lustinata (Glycine max L.) a
bob obecny (Vicia faba L.) pak vykazuji jak zménu morfologie kofent, tak fyziologické zmény

v exsudaci.

2.4.4) Fosfatazy

Fosfatazy, nebo také fosfohydrolazy predstavuji Siroké spektrum enzymi katalyzujicich
hydrolyzu esteri a anhydridi kyseliny trihydrogenfosfore¢né (Nannipieri et al., 2011).
V zésadé se d€li na dvé skupiny, kyselé a zéasadité, podle pH optimalniho jejich aktivité
(Richardson et al., 2005). Dle IUBMB (2017) mezi fosfatazy fadime hydrolazy monoesteri
kyseliny trihydrogenfosforecné (fosfomonoesterazy), hydrolazy diesteri kyseliny fosfore¢né

(fosfodiesterazy), hydrolazy monoesterti kyseliny trifosforecné (trifosfomonoesterazy) a dale
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enzymy pusobici na anhydridy obsahujici fosforylovou funkéni skupinu a enzymy

hydrolyzujici P-N vazby (Nannipieri et al., 2011).

Ze vsech téchto skupin maji ve vyziveé rostlin nejvyssi vyznam fosfomonoesterazy
(Jones et Oburger, 2011) a fosfodiesterazy (Richardson et al., 2005). Skupina fosfomonoesteraz
zahrnuje fosfoproteinfosfatazu (hydrolyzujici esterické vazby fosfatové skupiny fosfoserinu,
fosfothreoninu a fosfotyrosinu), fytazy hydrolyzujici vSech Sest fosfatovych skupin z kyseliny
fytové (myo-inositol hexafosfat), nukleotidazy a dale kyselou a zasaditou fosfomonoesterazu
(hydrolyzujici monoesterické vazby, mimo jiné obsazené naptf. v mononukleotidech
nukleovych kyselin nebo fosfoesterech sacharidl, nehydrolyzuje vsSak fosfatové skupiny
z kyseliny fytové, ale mize hydrolyzovat jeji derivaty s niz§im poétem fosfatovych skupin)

(Nannipieri et al., 2011).

Rozdéleni mezi kyselou a alkalickou extracelularni fosfomonoesterdzou spociva
v optimalnim pH jejich aktivity. Vyssi obsahy kyselé fosfomonoesterazy jsou tudiz vétsinou
nalézany v Kyselych puidach a naopak, alkalicka fosfomonoesteraza je vice pfitomna v padach
alkalickych. Ob¢ tyto fosfatazy mohou byt produkovany plidnimi mikroorganismy, pficemz
nékteré bakterie mohou produkovat obé fosfomonoesterazy i fytazu soucasné (Jorquera et al.,
2008). Kofeny rostlin produkuji pifedevsim kyselou fosfomonoesterazu (Jones et Oburger,
2011), pficemz tyto extracelularni enzymy mohou byt bud’ vazany na buné¢nou sténu, nebo se
mohou vyskytovat volné v ptidnim prostiedi (Richardson et al., 2005). Produkce fosfataz
kofenem je povazovana za obecnou reakci rostlin na nedostatek fosforu (Richardson et al.,
2005), avsak jejich relativni podil na hydrolyze fosforu v rhizosféfe neni dosud znam. To je
pfedevsim zpisobeno vysokym mnozstvim a aktivitou rhizosférnich bakterii a hub, diky ¢emuz
je rozliSeni enzyml pochazejicich z kofene velice problematické (George et al., 2011;
Richardson et al., 2005). V hydroponickém experimentu studovali Seeling et Jungk (1996)
piijem organického fosforu rostlinami jeémene (Hordeum vulgare L.). Z jejich vysledku je
patrné, ze pouze 55 % rozpusténého organického fosforu bylo pfistupné rostlinam. To indikuje
fakt, ze rostlinné fosfatazy nemaji schopnost hydrolyzovat veskery organicky fosfor pfitomny
Vv pidnim roztoku. Tarafdar et al. (2001) uvadi, ze fosfatazy produkované houbami maji vyssi

afinitu ke slou¢eninam organického fosforu nez fosfatazy produkované rostlinami.

Aktivita fosfatdz a fytdz je obecné inhibovéna pfitomnosti orto-fosfatu (vysledny
produkt reakce), F, piitomnosti vicemocnych aniontd (MoOs%, AsOs>), vyssimi
koncentracemi kovi (Zn, Hg, Cu, Mn?', Fe?*) a chelataénimi <¢&inidly (EDTA, 8-
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hydroxychinolin, vinan, s$tavelan) (Quiquampoix et Mousain, 2005). Naproti tomu nizsi
koncentrace dvojmocnych kationtd (Ca?*, Mg?*, Zn?**, Co?*) piisobi jako aktivatory téchto
enzymil. Aktivita fosfatdz mize byt dale siln¢€ ovlivnéna jejich adsorpci na pidni mineraly nebo
organomineralni povrchy. Typicky jsou fosfatdzy nejsiln€ji vazany na jilové Castice. Tyto
vysledky tedy celkové demonstruji, ze aktivita fosfataz v ptidé neni zavisla pouze na mife jejich
exkrece kofenem rostliny nebo plidnimi mikroorganismy, ale je siln¢ ovlivnénd plidnimi
vlastnostmi jako je pH, mineralni slozZeni, obsah a kvalita pidni organické hmoty (Jones et
Oburger, 2011). V experimentu Spohn et Kuzyakov (2013) byla aktivita kyselé fosfatazy
v rhizosféfe nalézana v tésné blizkosti kofend, pticemz aktivita alkalické fosfatdzy se nachézela
I v delsi vzdalenosti od kofene. Naproti tomu Nannipieri et al. (2011) zminuje, ze zvySena
aktivita kyselé fosfatdzy dosahuje v rhizosféte do vzdalenosti 2 — 3,1 mm, pficemz aktivita
alkalické jen do 1,2 — 1,6 mm. Mergalef et al. (2017) uvadé&ji, Ze pro celkovy odhad aktivity
kyselé fosfatazy v pidach je urcujici obsah organického fosforu, na rozdil od podilu ptistupného

mineralniho P.
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2.5) Mikrobialni inokulanty - Bioefektory

Bioefektory jsou obecn¢ definovany jako Zivotaschopné mikroorganismy nebo aktivni
piirodni latky, které pfimo nebo nepiimo pozitivné ovliviiuji rist a vyzivu rostlin bez
vyznamného ptidavku zivin do pudy. Z této definice vyplyva, ze bioefektory zahrnuji Siroké
spektrum latek a organismu, které mohou fungovat jako rostlinné biostimulanty, biopesticidy
nebo biohnojiva (du Jardin, 2015). Vzhledem ke zaméfeni této prace se nasledujici kapitoly
zabyvaji uzsi skupinou bioefektort, a to tzv. rist rostlin podporujicimi mikroorganismy (PGPM
— plant growth-promoting microorganisms) schopnymi zpfistupniovat mineralni ziviny,

predevsim pak fosfor, v ptidnim prostiedi.

2.5.1) Mechanismy piuisobeni bioefektori a jejich vybér pro praktické vyuziti

Rhizosférni mikroorganismy mohou zvysit schopnost rostlin pfijimat ziviny mnoha
zpusoby. Tyto mechanismy zahrnuji predevs§im: 1) ptfimé zvétSeni plochy kofenového systému
(mykorhiza), 2) zvySeni rustu kofent, jejich vétveni nebo podporu tvorby kotenového vlaseni,
3) ptimy podil na zvySeni dostupnosti zivin v pidé nebo stimulace metabolickych procest,
které zvysuji pfistupnost zZivin (napi. zvySena exsudace protonti a organickych anionti), 4)
posun Vv sorpcnich rovnovahach, ktery nasledné zptisobuje vyssi koncentraci Zivin v pidnim
roztoku nebo zménu zastoupeni ur€ité ziviny mezi organickou a anorganickou frakci, 5) zvySeni
pfemény a metabolismu mikrobialni biomasy v rhizosféfe (Richardson et al., 2009). Zavislost
mezi slozenim rhizosférni mikrobioty a aktivitou, resp. jeji funkcionalitou je vétSinou velmi
slaba, jelikoz kazdd funkce v rhizosféfe je zastoupena Sirokou fadou rtznych druht
mikroorganismi. Diky tomu zména jednoho druhu mikroorganismu v rhizosféte ma pouze

maly vliv na danou funkci (Miethling et al., 2003; Hinsinger et al., 2011).

Siroké spektrum pudnich mikroorganismi tedy vykazuje schopnost exkrece H*,
organickych aniontd a extracelularnich enzymu, diky ¢emuz maji schopnosti piimo
zptistupiiovat fosfor v pudé. Obecné jsou tyto mikroorganismy nazyvany jako fosfat-
mobilizujici mikroorganismy (PSM - phosphate-solubilizing microorganisms). Jejich hlavni
charakteristikou je schopnost rozpoustét anorganické slouceniny fosforu. Tato skupina zahrnuje
Siroké mnozstvi symbiotickych 1 nesymbiotickych mikroorganismd, napi. z rodi
Pseudomonas, Bacillus, Aspergillus nebo Penicillium (Gyaneshwar et al., 2002; Khan et al.,

2014). Vybér a izolace téchto mikroorganismii je rutinné zalozena na jejich kultivaci
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V laboratornim prosttedi, kde se sleduje jejich schopnost rozpoustét nejcastéji fosforeCnany
vapenaté, typicky potom Caz(POs)2 (Richardson et al., 2009). Dale lze schopnost
mikroorganismu testovat pomoci fluoro- a hydroxy-apatiti (Caio(PO4)sF2; Cas(PO4)30H), nebo
fosforecnanti hlinitych a zelezitych. Tyto se vSak v praxi vyuzivaji jen ziidka. Testovani
mikroorganismui pouze na rozpous$téni Caz(POa)2 v8ak nezarucuje G¢inné zptistupnéni fosforu
v pidé diky heterogenité pudnich forem fosforu (Bashan et al., 2013). Bashan et al. (2013)
doporucuji testovat nove izolované mikroorganismy na smési riznych forem fosforu a nasledné
vybrat vhodné kmeny podle druhu cilové pudy, tedy kmeny schopné rozpoustét fosfore¢nany
hlinité a Zelezité pro kyselé ptidy, kmeny rozpoustéjici fosfore€nany vapenaté pro zasadité piidy
a kmeny zpftistupiiujici fosfor z fytatd pro pidy organické. Ve vsech ptipadech autoii kladou

duraz na zvysenou produkci organickych kyselin (Bashan et al., 2013).

Vessey (2003) uvadi, Ze samotna schopnost mikroorganismu zpftistupnovat fosfor jesté
nezarucuje jeho pozitivni vliv na rist rostlin. Dle mnoha autori (van Veen et al., 1997;
Gyaneshwar et al., 2002; Richardson et al., 2011) hraje v ucinnosti inokulovaného
mikroorganismu velkou roli jeho schopnost a kapacita kolonizovat, pfezit a rozmnozit se ve
velmi kompetitivnim prostiedi rhizosféry. Naproti tomu Vv aktudlni studii Mosimann et al.
(2017), byl i pfes perzistenci inokulovaného kmenu Pseudomonas sp. DSMZ 13134
v rhizosféte kukufice nalezen jeho pozitivni vliv na vynos pouze na jedné ze tii testovanych
pud. To implikuje skutecnost, Ze ani uspé$na kolonizace rhizosféry dobfe zndmym a fosfor-

solubilizujicim kmenem nezarucuje pozitivni vliv na vynos rostlin.

2.5.2) Praktické aplikace zpFistupnéni Zivin pomoci bioefektoru

Houbové inokulanty roda Trichoderma a Penicillium jsou jedny z nejéastéji
studovanych bioefektorti (Harman et al., 2004; Takeda et Knight, 2006). Altomare et al. (1999)
studovali schopnost kmene Trichoderma harzianum T-22 zptistupiiovat ziviny z CuO, Fe20s,
MnO2, kovového Zn, a Cas(PO4)3OH in vitro. Testovany kmen vykazal schopnost
zptistupnovat Fe, Zn a P z téchto sloucenin. Autofi dale uvadéji, Ze hlavnimi mechanismy
nebyla produkce H*, tedy okyseleni media, ani produkce organickych kyselin, ale produkce
jinych, blize neurCenych chelatacnich a redukc¢nich c¢inidel. Pozdé&ji byl pro tento kmen
demonstrovan jeho pozitivni vliv na rist vrby (Adams et al., 2007) a kukutice (Akladious et

Abbas, 2014). Nedavna studie Saravanakumar et al. (2017) uvadi, Ze aplikace T. harzianum
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zvysila pocet rust-podporujicich acidobakterii v rhizosféfe kukufice, avSak jako hlavni

mechanismus ptisobeni uvadi indukovanou resistenci proti houbovym patogentim.

Takeda et Knight (2006) publikovali schopnost kmene Penicillium bilaii (ATCC 20851)
uvolnovat fosfor z mletého fosfatu in vitro. Béhem experimentu autofi pozorovali vyznamné
snizeni hodnoty pH riustového media a nasledné mechanismus zptistupnéni fosforu ptisuzuji
produkci kyselin citronové a stavelové. Pozdéji Wakelin et al. (2007) prokazali zvySenou
produkci nadzemni biomasy u ¢oc¢ky, tolice dételové a pSenice po aplikaci P. bilaii. Ve vSech
ptipadech byla zvysena produkce biomasy spojend s vyssim ptijmem fosforu z ptdy, avsak vliv
inokulantti se vyznamné li§il mezi testovanymi ptidami. Naproti tomu Karamanos et al. (2010)
publikovali, ze inokulace P. bilaii vedla k naristu biomasy pSenice pouze v 5 ti ze 47 mi
polnich experimentl realizovanych béhem let 1989 — 1995. Avsak autofi Leggett et al. (2015)
uvadéji, ze inokulace kukutice houbou P. bilaii vedla k nartstu vynosu v 361 pfipadech z 461
uskute¢nénych polnich experimentl béhem let 2005 — 2011, pticemz vliv inokulace se lisil

podle zasobenosti pidy fosforem.

Z4dna z vyse uvedenych studii se viak nezabyvala zp¥istupnénim Zivin z odpadnich
materiali. Takovych praci bylo dosud publikovano jen velmi omezené mnozZstvi. Jednim
z piikladi je studie Basak et Biswas (2009). V této praci se autoii zabyvali zpiistupnénim
drasliku z odpadnich slid. Po aplikaci gram positivni bakterie Paenibacillus mucilaginosus
autofi zaznamenali zvySeny obsah drasliku v plidnim roztoku a soucasné vys$si vynos biomasy
a odbér drasliku touto biomasou u ¢iroku (Sorgum vulgare Pers.). Obdobné pak Singh et al.
(2010) demonstrovali schopnost bakterii P. mucilaginosus a Azotobacter chronococcum
zptistupnovat draslik rostlinam pSenice a kukutice z odpadnich slid, avSak pouze v podminkach
hydroponického experimentu. Nedavna prace autorti Lekfeldt et al. (2016) s pSenici jarni
testovala 5 mikrobialnich inokulantt (T. harzianum T22, Pseudomonas sp. DSMZ 13134,
Bacillus amyloliquefaciens, Penicillium sp. A smés T. harzianum s péti druhy bakterii rodu
Bacillus) v kombinaci s nékolika odpadnimi materialy (Cistirensky kal, popel ze spalovani
Cistirenského kalu, popel ze spalovani slamy, popel ze spalovani dievni §tépky, Thomasova
moucka a struska z vyroby oceli). V této praci vSak nebyla prokdzana schopnost ani jednoho
Z testovanych inokulant zptistupnit fosfor a nebyl pozorovan ani prikazné vyssi vynos pSenice
po aplikaci inokulanti. Je tedy zfejmé, Ze pro budouci u¢innéjsi vyuziti zivin z odpadnich
materialil je tfeba nadale hledat vhodné kombinace systému puda - rostlina — bioefektor —

odpadni material.
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3) Hypotézy a cile prace

Pro tuto praci byly stanoveny tfi hypotézy a k nim odpovidajici tii hlavni cile prace.
Tyto cile se snazi reflektovat nckteré piekdzky v SirSim vyuziti odpadnich materiald
Vv zeméd€lstvi, zejména tedy neznamy vliv materiald na pudni vlastnosti, jejich tézko
piedvidatelny hnojivy ucinek a potom také nizkou piistupnost fosforu z odpadnich materiala

rostlinam.

Hypotéza 1: Aplikaci odpadnich materiala lze zlepsit pidni vlastnosti, avSak vliv jednotlivych

materialii na padu se lisi dle zpiisobu jejich zpracovani.

Cil: Zhodnotit vliv aplikace popela po spalovani dieva a biocharu ze dieva na chemické

a biologické vlastnosti pidy.

Hypotéza 2: Pivod a zpracovani odpadnich materialti ovliviiuji celkovy obsah prvki v téchto
materidlech a jejich pfistupnost rostlindm. Aplikace odpadnich material s riznym piivodem
biomasy povede Kk odlisnym zménam ve slozeni pidniho roztoku a nasledné k rozdilnému

odbéru zivin rostlinami.

Cil: Stanovit rozdily ve sloZeni a hnojivém ucinku popela po spalovani dieva a popela

po spalovani slamy, a dale sledovat vliv jejich aplikace na sloZeni ptidniho roztoku.

Hypotéza 3: Piadni mikroorganismy maji schopnost napomahat k uvoliiovani fosforu

Z odpadnich materialll a zvysit tak jeho pfijem rostlinami.

Cil: Nalézt vhodnou kombinaci odpadniho materidlu a mikroorganismu, ktera povede

K vys$§imu hnojivému ucinku odpadniho materialu.
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ABSTRACT

Nowadays trace metal contamination of soils represents an important environmental hazard. Never-
theless, the use of some secondary waste products as amendments may restore the common soil
functions. This paper focuses on the chemical and biological influence of wood biochar (BC), wood ash
(WA) and humic substances (HS), alone and in the mixtures, on a heavily multi-contaminated sandy
loam soil. The soil was amended by above-mentioned materials to follow a pH-increasing design (pHca
from 6.0 to 6.5, 7.0 and 7.5); soil samples were analyzed after 3, 30, and 60 days using a set of variables,
namely the plant-available trace element concentrations (Cu, Cd, and Zn), microbial biomass carbon
(Cmic), and microbial quotient (qCO;), as well as toxicity to Sinapis alba and Daphnia magna. Wood ash
and WA + HS were the most efficient treatments to decrease mobile Cd and Zn concentrations in the soil,
while HS, BC, and BC + HS combinations were the most effective in reducing the Cu mobility. The effect of
BC and WA on the Cmic and qCO, was mostly negative, whereas adding HS markedly increased Cmic and
reduced qCO; in soil. After amendment applications, the root elongation of mustard was significantly
increased in HS and combined treatments (BC + HS, WA + HS). Additionally, BC + HS, WA + HS and WA
8.4% significantly decreased the toxicity of leachates to D. magna to the low-, or non-toxic levels. Our
results suggest that the combination of amendments with HS can be a suitable remediation strategy for
heavily contaminated soils.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

application for improving the soil quality.
On the one hand, the use of amendments from renewable nat-

Trace elements (TE's) are considered to be the priority pollut-
ants of environmental concern, but unlike organic pollutants, they
cannot be degraded and thus constitute a persistent environmental
hazard. In situ remediation techniques therefore attract growing
attention because they have been proved to be a promising green
and low cost alternative for landfilling, as well as soil washing and
have been tested in pilot and full-scale field studies. However, there
are a lot of complications and unresolved issues on the way to their
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ural resources and wastes is among the most prospective trends in
soil remediation, although it has been still widely debated what
amendments should be used and what should not (EPA, 2007,
Bolan et al., 2014). A large body of experimental data and experi-
ence gained in soil studies suggest that biochar (BC), wood ash
(WA) as well as commercial humic substances (HS) can modify soil
physicochemical properties (Pitman, 2006), decrease mobility of
pollutants (Conte et al, 2005; Beesley and Marmiroli, 2011;
Ochecova et al., 2014), and induce changes in the structure of soil
microbial communities (Saarsalmi et al., 2012; Yakimenko et al.,
2013; Chintala et al., 2014); all these benefits are eminently
achievable and worthwhile.

On the other hand, we are facing the challenge that the deter-
mination of pollutant contents is not sufficient parameter for a
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comprehensive soil quality evaluation in terms of ecotoxicological
hazard (Chapman et al., 2013). For this reason, microbiological and
standardized toxicological assays are widely used for soil quality
assessment in soil remediation studies since they signalize soil
health recovery. This approach was applied to evaluate the effi-
ciency of selected amendments in different studies (Tejada et al.,
2008; Pardo et al., 2014); nevertheless, the influence of BC, WA,
and HS on soil biological properties has been underexplored so far.

Little attention has been directed at the effectiveness of their
combination with humic products compared to a growing body of
physico-chemical, toxicological, and environmentally relevant data
regarding for individual amendment. Up to our knowledge, only
limited number of studies has focused on adding of humic sub-
stances along with biochar or wood ash into polluted soils. Chirenje
et al. (2002) showed decreased Cr and increased As leaching from
ash flushed with HS versus water in column leaching experiment.
Wang et al. (2008) described promotion of metal adsorption on coal
fly ash by the presence of humic acids in surface and waste water
systems. According to Zhang et al. (2014), the best growth of Cal-
athea insignis was found when compost-based growth medium was
amended with 20% BC and 7% HA. This information suggests that
the combination of biochar or wood ash with HS may improve soil
quality, fertility or restore degraded soil functions due to interac-
tion between these amendments. Hence, we hypothesized that soil
microbiology and ecotoxicity quality also could benefit from
applying amendment mixtures in comparison with such amend-
ments applied separately.

The aim of this study was, therefore, to compare the short-term
(0—60 days) effects of biochar, wood ash and humic substances
alone and in mixtures, on: i) plant-available Cd, Cu and Zn con-
centrations in soil, ii) soil respiration activities, and, iii) bioassay
endpoints.

2. Material and methods
2.1. Experimental design

The soil used in this study was collected from the alluvium of
the Litavka River in the village of Trhové Dusniky (60 km south of
Prague). This area is characterized by multi-contaminated soils
resulting from mining and smelting activities. Further information

on the pollution dispersion across the area can be found in
Vyslouzilova et al. (2003). The soil was collected from the 4 m?
(topsoil layer of the 0—20 cm depth), homogenized, air dried, and
passed through a 2 mm mesh prior to the incubation experiment.
The physicochemical properties of this soil were: Clay 6%, Silt 49%,
Sand 45%, pH 6.0 + 0.1, TOC 3.60 + 0.00%, CEC 149 + 5.90 mmol kg-1,
Pt 0.02 + 0.00%, Ktot 0.25 + 0.00%, Mg 0.12 + 0.00%, Caror
014 + 0.01%, St 0.03 + 0.00%, Feyr 1176 + 0.62%, Mngot
0.14 + 0.00%, Znyor 7595.65 + 194.76 ppm, Cd¢or 80.82 + 4.58 ppm,
Cuwr 62.51 + 6.45 ppm, Pby: 4346.13 + 140.08 ppm, Nig
5.61 + 0.25 ppm.

The effect of amendments on soil chemical and microbiological
properties was studied in incubation experiment. Three different
amendments were tested independently and in a mixture with
commercial potassium humic substances (HS) Lignohumate
(Amagro, Czech Republic) produced by alkaline extraction from
lignin and supplied in the form of solution containing ca. 33.4% of
humic and fulvic acid in total. Wood ash (WA) was collected from a
fluidized bed reactor (15 MWt) for wood chips burning at a com-
mercial biomass power plant. Biochar (BC) was derived from wood
chips gasification (150 kW/h gas and 300 kW/h heat production) at
the temperature range 700—900 °C. The chemical characteristics of
amendments are shown in Table 1.

Various amendments, both alone and in mixtures, were used to
adjust soil pH values to the desired levels. The soil pH is widely
reported as the strongest factor which influences the mobility of
certain TE (Adriano, 2001; Tlustos et al., 2006). Therefore, this
approach was considered as providing better comparability of the
tested amendments. We defined three increasing pH values (6.5,
7.0, and 7.5) of the final soil plus amendment mixture from the
experiment carried out prior to this study to find out proper
amendment doses and their combinations (data not shown). Final
treatments were chosen based on reasonable application doses of
the amendments. In the case of BC amendment, we failed to reach
pH 7.5 when a 10% dose was applied. Similarly, we considered the
dose of HS above 1% as economically inviable. The final experi-
mental design is shown in Fig. 1.

Each portion of a 200 g air-dried soil sample was mixed with a
dried amendment and placed into 0.5 1 plastic pot (10 cm diameter
and 15 cm height). The pots were irrigated in order to reach a
moisture content of 60% of the water holding capacity. The

Table 1
Chemical characteristic of amendments and calculated atomic ratios (C/N, O/C, H/C).
Amendment N C H S (o] C/N o/C H/C Ash pH
% % % % % %
Biochar (BC) 0.44 88.20 0.82 0.19 6.49 233.86 0.05 0.11 3.86 8.9
Humic substances (HS) 0.25 33.47 3.72 4.84 17.72 156.19 0.39 1.33 40.0 9.0
Wood ash (WA) 0.00 8.50 0.16 0.33 4.79 0.00 0.42 0.23 86.22 11.2

All values are given on moist-free basis. Atomic ratios C/N, H/C and O/C are calculated on ash-free basis.

Table 2
Correlation coefficients (Pearson) for the pH, ATOC, trace elements (Cu, Cd, Zn), and biological properties of the soil samples.
Variables pH ATOC Ccd Cu Zn D. magna (IT,%) S.alba (root, mm) qCO, Cmic
pH 1
ATOC 0,44 1
Cd —0,66™ -0,19 1
Cu —-0,20 -0,30 0,20 1
Zn —0,73** -0,29 0,92** 0,15 1
D. magna (IT) —0,94* -0,38 0,57* 0,01 0,69** 1
S. alba (root, mm) 0,37 0,26 -0,36 -0,38 -0,37 -0,24 1
qCO, -0,11 0,16 0,26 0,03 0,18 -0,07 -0,24 1
Cmic -0,32 -0,32 0,13 —0,04 0,29 0,47 0,12 -0,51 1

Values in bold correspond to significant correlation at the P < 0.05 level,”*P < 0.01 level. ATOC was calculated according to the added amount of amendments.
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Fig.1. Experimental design showing amendment types, their concentration and resulting pHc, values in soil. NA—non-amended soil, HS—humic substances, BC—biochar, WA—wood

ash.

moisture content was maintained by weighing the pots every third
day and replenishing the evaporated water. The pots were exposed
to the greenhouse conditions at 21/18 °C (day/night). The non-
amended (NA) and amended soils were collected after 3, 30, and
60 days of incubation.

At the collection time, each soil sample was divided into two
parts. The first part was kept refrigerated (4 °C) and was used to
determine soil respiration activities and bioassays. The second part
of the sample was dried at 120 °C and used for the analysis of pH
and plant-available fractions of TEs.

2.2. Chemical properties

The pH values of the non-amended and amended soils were
measured in 0.01 M CaCl; at a ratio of 1:2 (w/v) using WTW pH
340i meter with glass, ion-selective electrode (WTW, Weilheim,
Germany).

Plant-available fractions of Cd, Cu, Zn were determined by CaCl,
extraction which is regarded to be a reliable indicator of TE's
bioavailability in a range of contaminated soils (Novozamsky et al.,
1993). Briefly, 5.0 g of a soil sample were shaken in 12 ml 0.01 M
CaCl, solution for 6 h at 120 rpm. The suspensions were then
centrifuged at 9000 rpm for 12 min. The trace element concen-
trations in the supernatants were then determined by inductively
coupled plasma — optical emission spectrometer (ICP-OES, Agilent
720, Agilent Technologies Inc. USA).

2.3. Soil respiration parameters

The samples were preincubated for 3 days with the constant
moisture of 60% of water holding capacity at room temperature.
Two grams of the soil were placed in 13 ml glass vials and closed
with rubber caps. Substrate induced respiration (SIR) was assessed
after the addition of glucose (32 mg per g soil) over 4 h, and was
converted to microbial biomass C (Cmic) as Cmic (ugC g!
soil) = SIR(ul CO, g~ ! dry soil h™1) x 40.04 + 0.37 (Anderson and
Domsch, 1978). Microbial basal respiration was measured in the

same manner as the substrate-induced except for the fact that
glucose had not been added and exposure time was 24 h. The mi-
crobial quotient qCO; (g CO,—C g~ ! dry soil h~!) was calculated as
a ratio of basal respiration (BR, ngCO; g~! mI~! h~1) and microbial
Cmic (pgC g-1 soil), where qCO, = BR/Cmic. For CO, quantification,
M3700-400 gas analyzer (Kristall, Granat Co. Russia) was used.

2.4. Bioassay

The bioassays were selected to represent different taxonomic
groups and directly performed the assess toxicity of the soils and
the soil water extracts. The direct soil phytotoxicity test was run
according to the modified protocol of Martignon (2009) using seeds
of mustard (Sinapis alba L.). The seeds were pre-sterilized in 10%
sodium hypochlorite solution for 10 min to prevent fungal growth
and washed twice in distilled water; the seed germination potential
was also examined. Germination rates higher than 95% demon-
strated the viability of the seeds. For each sample, 10 g of the soil
were placed in a Petri dish (d 80 mm), completely hydrated with
deionized water and, next, spread over the entire surface of the test
plate to obtain a homogeneous flat layer. Then, the wet soil samples
were covered with a wet paper filter (Whatman® #1) and ten seeds
were placed on the top. All dishes were closed with lids and
wrapped with Parafilm™., The Petri dishes prepared in this way
were incubated in a horizontal position at 24.5 + 0.5 °C in the
darkness for 72 h. Afterwards, the image was registered with a
digital camera and the root length was measured using “Image
Tools” program for image analyses. The test was replicated three
times.

Determining the inhibition of Daphnia magna mobility is an
acute toxicity assay. Its objective is to identify the initial concen-
tration of a pollutant in solution or an aqueous mixture that may
immobilize 50% of the Daphnia exposed to a polluted source within
48 h (ISO 6341, 2012). The soil water extraction was carried out at a
liquid/solid ratio of 10/1 (50 g soil in 500 ml deionized water) at
20°Cin 1 L glass flasks for 2 h. After decantation for 15 min, the soil
suspension phase was centrifuged at 5000 g during 10 min and
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stored at 4 °C until tests. The sensitivity of the laboratory species
was controlled by regular tests with potassium dichromate. Only
young female Daphnia aged less than 24 h were used. The tests
were conducted in quadruplicate in the darkness and at 20 + 2 °C,
using 5 daphnids in the final 50 mL volume. The control tests (the
normal medium, without EDTA) were also run in parallel series. The
test parameter considered was the number of died individuals in
each replica after 48 h of exposure, compared to the number of
individuals initially exposed. Each assay was regarded valid only if
the Daphnia immobilization in the control solution was less than
10% or equal to it. The toxicity effect of the water extracts was
compared with a toxicant-free control (the normal medium,
without EDTA) to obtain percent of toxicity index (IT,%); thus

N,
IT(%) = <1 - M)*loo%

control

where Ngample — number of living daphnids in samples, Ncontrol —
number of living daphnids in toxicant-free control (the normal
medium, without EDTA). When evaluating the results of the tests,
the following toxicity criteria were accepted: non-toxic samples
IT < 10%; low-toxic samples 10% < IT < 50%; toxic samples
50% < IT < 100%; highly-toxic samples IT = 100%.

2.5. Statistics and data analysis

Each treatment for each time of collection was set up in four
replicates. One-way analysis of variance (ANOVA) was carried out
to determine statistical differences among treatments for different
factors, and means were compared by post-hoc Fisher's least sig-
nificance test (LSD) (Supplementary Table A). Differences in mean
value were tested with the help of two-way ANOVA with the
presence/absence of time and the type of amendment as factors.
Principal Component Analysis (PCA) was performed, and compo-
nent extraction was made by means of the Pearson's correlation
matrix using the STATISTICA software package version 8 (Statsoft
Inc.). All figures were prepared in SigmaPlot 12.5 (Systat).

The amount of amendment, which is needed to immobilize a
certain amount of TE, plays a crucial role when in situ stabilization
takes place in field scale. In order to compare the relative effec-
tiveness of amendments and their application rates to reduce
plant-available contents of TE in soil, immobilization efficiency (IE)
[ug TE g~! amendment] of tested amendments was calculated, as
follows:

IE — TENA(GO day) — TEtreatment(60 day)

Mtreatment

where TEnao day) is the amount of plant-available TE in control
(NA) treatment, TEgrearment(60 day) iS the amount of plant-available
TE in amended treatment, and Mgreatment 1S the mass of amend-
ment applied.

3. Results

3.1. Soil pH and plant-availability of trace elements (Cu, Pb and Zn)
in the presence of amendments

The pH was monitored at the beginning and at each time-point
of the experiment; the initial soil pH of NA was 6.0 + 0.1. The levels
of pH significantly increased by the amendments (except for HS
0.05) in comparison with the control, and the values were relatively
constant over the experimental time (Fig. 2; Table SA). Wood ash
showed higher alkalinity compared to BC and HS, the amount of
WA needed to increase pH value of the amended mixture by 0.5

was more than 3-fold higher than the amount of BC (Table 1; Fig.1).

Plant available fractions of both Cd and Zn were strongly influ-
enced by the applied dose of amendment (p < 0.001) and the in-
cubation time (p < 0.001) in all treatments (Table SB). The available
Cd content in the soil was reduced predominantly by WA to about
83% (Fig. 3A—C). Similar results were obtained for WA + HS treat-
ments; reduction by 60—84% was found after 3 days of incubation
(Fig. 3A, Table SA). Other treatments were much less effective in
contrast to WA and WA + HS in decreasing the Cd plant-
availability: reduction did not exceed 40% after 3 days and
reached 43—60% at the 60th day. Combining WA with HS improved
the Cd immobilization efficiency at pH 7 and 7.5 (Table 3). With
regard to BC, strong Cd immobilization improvement by the com-
bination with HS was found at pH 7 while there was no change at
pH 6.5 (Table 3).

A similar tendency was found for Zn mobility (Fig. 3D—F,
Table SA). The humic substances treatments were less effective in
decreasing the Zn mobility compared to WA and BC treatments. Yet,
combination of WA or BC with HS increased immobilization effi-
ciency of the amendments at pH levels 7 and 7.5.

All amendments led to the steep decline of plant-available Cu
concentrations in all collection periods (Fig. 3 H—M, Table SA) as it
had been expected according to the dependency of Cu compounds
solubility on pH (Lindsay, 1979). The concentration of Cu extracted
by CaCl; most noticeably decreased by 50—75% in the presence of
BC against the control treatment. Wood ash, as well as HS, also
exerted a positive effect of 40—60% and 40—72% reduction,
respectively. According to the ANOVA factor analysis (Table SB), the
plant-available Cu contents were highly (p < 0.001) influenced by
the applied dose of BC and WA while the effect of the time factor
was not significant. This indicates fast establishment of equilibrium
after the application of these materials. On the contrary, in HS,
BC + HS, and WA + HS treatments, the considerable effect of the
dose as well as the incubation time, were detected. It suggests time-
dependent reaction between HS and Cu in the soil. The trend of
available Cu concentration was identical in all HS-containing
treatments and decreased over the time (Fig. 3 H—M, Table SA).

Calculated values of the immobilization efficiency (IE) coeffi-
cient were generally ordered in the following line: HS > BC » WA at
pH ~6.5 and HS » BC > WA at pH ~7 when these materials were
applied separately (Table 3). Generally, IEs of all amendments
showed indirect proportion to the amount of the applied
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Fig. 2. Dynamics of the pHCa in 0.01 M CaCl2 extracts as a function of treatment
concentrations and sample collection periods—3d, 30d, and 60d after treatment. The
error bars represent the standard deviation of the mean (n = 4).
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Fig. 3. Concentrations of Cd (A—C), Zn (D—G), Cu (H—M) in the CaCl, extract from samples in soil with different amendments in comparison with the non-amended soil (NA); the
samples were collected after 3d, 30d, and 60d. The error bars represent the standard deviation of the mean (n = 4).

amendment. Cd, Cu, and Zn immobilization efficiency of BC treat-
ments was found to be highly improved by HS addition at pH ~7,
e.g.:6.02 ng Cug ' and 36.0 ug Cu g~ ! for BC 5.0% and BC 0.5% + HS
0.5%, respectively (Table 3). Similarly, adding HS to WA resulted in a
strong improvement of Zn IE at pH ~7; but only slight improvement
of IE at pH ~7.5 was found. Generally, the IE-improving effect of HS
addition to WA was significant particularly for Zn. The content of C
in the amendments also had a strong impact on the IE: at the same
pH level amendments containing higher dose of C proved to be less
effective in reducing Zn, Cu, and Cd bioavailability in the soils.

3.2. Effects on soil respiration activities

Table 4 showed the cumulative CO; evolution from the amended
and non-amended soils throughout 60 days of incubation. Carbon
dioxide production in the samples without the glucose additive
(BR) greatly varied across the treatments and had significant dif-
ferences over the control NA and all amended samples (p < 0.05).
Generally, WA diminished CO, production by 12—21%, as well as
WA + HS. Contrarily, a lower dose of BC (BC 0.5) increased BR
during the first 30 days of incubation, but a higher dose (BC 5.0)
significantly diminished BR even after 60d. The combination of

BC + HS (BC 5.0 + HS 0.5) mitigated the negative impact of BC at 30
and 60 d of incubation. Higher doses of humic substances alone (HS
0.5; HS 1) considerably increased BR during the first 30d.

The glucose induced respiration data (recalculated to Cmic)
testified to the stimulatory effects of HS and the inhibitory effect of

Table 3

Immobilization efficiency of individual amendments at 60 d (ug TE g~ ! amendment).
Variables pH (values) ATOC(g/kg) cd Cu Zn
BC 0.5 6.41 441 15.4 61.2 667
BC 0.5 -+ HS 0.05 6.48 4.58 154 60.8 650
BC0.5 + HS 0.5 6.89 6.08 133 36.0 579
BC5 6.90 441 3.13 6.02 142
BC5 + HS 0.5 7.60 45.77 2.94 5.93 128
WA 2.8 6.53 2.38 6.54 6.29 277
WA 2.8 + HS 0.05 6.50 2.55 6.47 8.67 276
WA 2.8 + HS 0.5 7.00 4.05 5.72 4.73 237
WA 6 7.15 5.10 3.24 3.18 133
WA 6 + HS 0.5 7.65 6.77 2.99 3.60 123
WA 8.4 7.60 7.14 2.36 3.13 96
HS 0.05 6.08 0.17 87.8 612 3931
HS 0.5 6.55 1.67 21.8 62.0 942
HS 1 7.10 335 133 32.2 543

ATOC was calculated according to the added amount of amendments.
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Table 4
Effects of the amendments on the soil respiration activity. The data is represented as Mean + SD (n = 4).

Samples BR (1gC0o> g ' ml~' h™1) Cmic (ugC g~ ! soil) qCO, (ngCO,-C mgCmic ~'h™1)

3d 30d 60d 3d 30d 60d 3d 30d 60d
NA 258 +2d 217 +2def 247 + 9 def 586 +54fg 512+14cd 555+09defg 439+022bcd 425+021cd 4.45+022cd
BCO0.5 277 +2e 239+4gk 247 + 26 def 474+06cd 484 +04bc 47.0+3.3bc 585+029¢g 494 + 025 fg 524 +0.26 f
BC05+HS005 276 +2e 223+2efg 194+ 7ab 56.7+06f 580+15e 492 +16bcd 487 +024def 385+0.19b 3.95 + 0.20 ab
BC0.5 + HS 0.5 263 +2d 238+14gk 236+ 16cdef 538 +04e 550+3.1de 582+21efg 452+023bcde 432+022cd 4.06+020b
BC 5.0 240 +5c¢ 190 + 3 bc 200+ 18b 385+13a 447+25b 449+57b 625+031¢g 426 +021cd 444 +0.22cd
BC 5.0 + HS 0.5 242 +11c 238+ 14gk 234+23cde 538+04e 550+3.1de 473 +23bc 4.35 + 0.22 bc 432+022cd 495+025f
WA 2.8 228 +2b 208 +5cde 213 +3bc 455+ 07bc 450+22b 468+4.1b 501 +0.25f 463 + 023 def 456 +0.23d
WA28+HS005 238+7c 204+3bcd 228+ 11cd 495+05d 56.1+74e 584+6.7efg 4.80+024ef 3.64+0.18ab  3.90 + 0.19 ab
WA28+HS0.5 278+2e 209+ 14def 262+12f 605+04g 589+17e 51.5+40bcde 458 +0.23 bcde 446 +0.22 cde 5.08 +0.25f
WA 6.0 205+4a 201 +2bcd 189+ 17 ab 433+ 06b 394+08a 450+4.0b 473 + 024 cdef 511 +0.26¢g 421 + 0.21 bed
WA6.0+HS05 276+2e 166+7a 193 + 18 ab 53.8+05e 50.1+1.7c 54.0+0.8cdef 4.36+0.23 bc 331+0.17 a 358 +£0.18a
WA 8.4 202+2a 186+18b 167 +16a 40.1+07a 389+18a 336+09a 503 +0.25f 477 + 024 efg 499 +0.25 f
HS 0.05 261+2d 227+14fg 262+20f 704+ 06k 51.0+11cd 509+94bcd 3.71+0.19a 446 + 022 cde 5.15+0.26f
HS 0.5 310+ 1f 248 +2k 251 +23def 722+06k 584+16e 60.7+25fg 430+ 022b 424 +021c 413 + 0.21 bc
HS 1 368 +5g 289 +231 260 + 12 ef 76.0+0.71 569+18e 623+57¢g 4.84 + 0.24 ef 4.85+039fg 418 +0.21 bc

Different letters denote significant differences at the 0.05 confidence level between treatments at the same exposure time.

BR — basal respiration, Cmic — microbial biomass C, qCO, — microbial quotient.

WA and BC. As a result, qCO; in BC treatments was increased by
16—42% over control, similarly to the WA treatments, where increase
in qCO, ranged 8—12% after 60 days (Table 4). At the same time, HS
and mixtures with HS (WA 2.8 + HS 0.05, WA 6 + HS 0.5,BC0.5 + HS
0.05) exhibited a pronounced positive effect. These samples were
characterized by the lowest metabolic quotient in comparison with
the NA soil and with the samples amended by WA and BC alone.

3.3. Effects of treatments on soil ecotoxicological properties

A tendency to the root elongation in mustard was pointed out in
the all amended treatments (Fig. 4A, Table SA). Treatment with HS
and combined amendments (BC + HS, WA + HS) stimulated the plant
growth compared with the NA soil. The shortest roots were always
found in the NA soil throughout the whole testing period, but only
four amendments (BC5; HS 0.5; HS 1; BC 5 + HS 0.5) were consid-
erably different from the control. Therefore, it is interesting to note,
that we observed a pronounced positive effect of HS on root elon-
gation for all mixtures in comparison with HS or WA added alone.

The bioassay with Daphnia magna demonstrated that the
toxicity index was higher than 10% in the majority of treatments
and also in the NA control (Fig. 4B, Table SA). Only water extracts
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prepared from WA 8.4% and two mixtures BC 5 + HS 0.5 and WA
6 + HS 0.5 were non-toxic (IT < 10%). Most samples were low-toxic
(10% < IT < 50%), and the extracts prepared from the NA soils were
regarded as toxic (50% < IT < 100%).

3.4. Data analysis

For a more comprehensive assessment we compared all data
blocks across the 60's days using PCA which indicated that Factor 1
and Factor 2 provided a reasonable summary of the data accounting
for about 63% of the total variance (Fig. 5). Trace elements con-
centration (Cd, Cu, Zn), pH, ATOC, and toxicity for D. magna were
best described by F1, while F2 was dominated by microbial respi-
ration (Cmic, qCO,) and S. alba root length.

4. Discussion

4.1. Amendments influence on the plant-availability of Cd, Cu, and
Zn

The present experimental design focused specifically on the
effects of biochar, wood ash, and commercial humic product alone

60 —

[B]l Daphnia magna

Fig. 4. Effects of the amendments on Sinapis alba root length (A) and Daphnia magna toxicity index (B); the samples were collected after 60d. * denote a significant difference of

treatment in compare with control (NA) with p < 0.05.
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graphs.

and in mixtures to the plant-available fractions of Cu, Zn, and Cd.
The results showed variable potential of the selected amendments
to a short-term reduction of trace metals availability in the soil. The
soils that were treated with wood ash evoked profound decrease in
Zn and Cd plant-availability, while biochar and humic substances-
treatments better reduced Cu plant-available content in the
polluted soil. The minor amount of HS added as supplement to BC
markedly increased immobilization efficiency to Cu, probably due
to cumulative effects of the amendments.

There are several mechanisms responsible for soil TE concen-
trations and amendments selectivity after addition. Firstly,
numerous studies have provided the evidence that inorganic and
organic amendments are distinct in their TE immobilization
mechanisms. There is a number of ways how inorganic materials
such as wood ash, limestone or lime can provide the long-term
retentive capacity for some heavy metals, including: i) enhanced
adsorption onto soil particle surfaces due to increased pH, ii) co-
precipitation with major hydroxide or carbonate phases (Lee
et al., 2004), or iii) binding in lattice positions in aluminosilicates
(Patterson and Passino, 1987). Carbon-based materials like biochar
and humic substances provide remediation properties mainly ac-
cording to their surface reactions potential (Sposito and Page,
1984), or by high content of oxygen-containing functional groups.
However, due to alkaline character of carbon-based materials, pH-
induced changes in chemical speciation of TE have to be also
considered. Inyang et al. (2015) reviewed the biochar mechanisms
responsible for TE removal from aqueous solution as: i) surface
complexation, ii) surface precipitation, iii) electrostatic interaction,
iv) physical sorption, and v) ionic exchange.

Secondly, the changes in soil pH can significantly affect metal
species distribution and, as a result, modify metal sorption. Below
pH 6.0—6.1 (NA soil), TEs such as Cd, Cu, and Zn present in soil
solution at different forms including not only Cd**, Cu®>* and Zn?*,
but also Cd(s), Cu[+], Cu(s), Cu(OH),(s), and Zn(OH),aq forms
(Takeno, 2005). The changes in soil pH may also enhance the overall
negative charge of the soil clay minerals that provoke heavy metals
absorption onto soil particles surface (Filep, 1999). Many previous
studies have indicated that biochar and wood ash have a potential
to increase soil pH due to their high alkalinity (Demeyer et al., 2001;
Xu et al., 2016). Our research has also confirmed these results.

In the case of wood ash, the pH was influenced largerly by the

dissolution of several oxides, hydroxides, carbonates, and bi-
carbonates contained in WA (Etiegni et al., 1991; Vassilev et al.,
2013). As for biochar and humic substances, the general alkalinity
is related to several forms of alkalinities: i) the low-pKa structural,
ii) other organic, iii) carbonate, and iv) other inorganic alkalinities
(Fidel et al., 2017). Chen et al. (2015) demonstrated that the acid/
base group dissociation, mainly BC carboxyl groups, is responsible
for proton uptake/release or hydroxyl uptake at different pH levels.
Moreover, the authors determined the pKa value of the carboxyl
groups for high temperature produced biochar at 6.47. According to
McBride and Blasiak (1979), clay surfaces are responsible for
strongly pH-dependent adsorption of Zn hydroxide. The reason for
the lowest Zn concentrations in case of WA treatments is likely
bought about by adding Fe- and Ca-carbonates by wood ash.
Sorption of Zn on carbonates, Fe-oxides or precipitation as Zn-
carbonates or Ca-zincate could occur in these treatments
(Adriano, 2001).

Thirdly, applying the amendments provided the considerable
increase of TOC in the soil (Table 3), yet no significant correlation
between TE and ATOC value were found (Table 2). This fact suggests
that the quality, not the quantity, of the applied C is the most
important factor affecting the availability of TEs. Differences in Cu
plant-availability reduction between wood ash, biochar, and humic
product can probably be attributed to their chemical properties, in
particular O/C and H/C atomic ratios (Table 1) determining their
complexation and sorption potential. Atomic H/C ratio of tested BC
(Table 1) clearly indicates a high pyrolysis temperature (>750 °C)
and the preferable content of aromatic clusters (Xiao et al., 2016).
On the contrary, tested HS contain relatively balanced amounts of
aliphatic, carbohydrate, aromatic, and phenolic carbon (Novak
et al,, 2015). This fact is in line with the observed effect of HS on
the Cu immobilization (Fig. 3 H, LLM). The mechanisms involved in
decreasing the Cu content at pH 6.0—7.0 could be the surface-active
properties of HS (Kulikowska et al., 2015). For example, Cu forms
complexes with low molecular weight organic components from
humic and fulvic acids of HS. Town et al. (2012) showed that the
rate of complex formation between HS and Cu (II) is governed by
both the diffusive supply of hydrated Cu ion to the HS particle and
the formation of the inner-sphere complex. The authors stated that
with decreasing ionic strength, the rate of inner-sphere complex
formation is greatly accelerated and the reaction is limited by a



M. Pukalchik et al. / Environmental Pollution 229 (2017) 516—524 523

diffusive supply of metal ions. Almost all BC + HS combinations
were found to exert the same effect on Cu concentrations as BC
alone. The significant difference was found (Fig. 3H—M,
Supplementary table A) at pH 7 treatments (BC 5.0% versus BC
0.5% + HS 0.5%) only after 60 days.

4.2. The effect of the amendments on soil microbial biomass and
metabolic quotient

The benefits of carbon-rich amendments applications to the soil
for the microbial biomass in short term studies are well docu-
mented in the literature and are usually associated with several
points: (i) the direct immobilization of trace metals content with
the presence of amendments induced microbial growth; (ii) labile C
in biochar or humic substances could be an important driver (fac-
tor) for microbial growth as a microbial substrate for short periods
of time (Ameloot et al., 2013); (iii) the porous structure of added
materials may potentially provide a suitable habitat for microbes to
grow (Warnock et al, 2007). In this study, higher microbial
biomass, significant variations in soil respiration and consequently
reductions in metabolic quotient were found under humic sub-
stances treatments or with minor addition of HS into BC or WA. The
significant increase of Cmic in the HS amended soils may have been
triggered by the amplified availability of substrate-C, which stim-
ulates microbial growth, or the stimulation of microbial activity
through additions of labile nutrients. Yet, a direct effect from mi-
croorganisms contained in HS is also possible (Ros et al., 2006).
Notably, the application of that biochar (0.5 and 5%) markedly
decreased the Cmic in the studied soil. This may be an example of
“negative priming effect”, possibly due to either the physical pro-
tection of soil particles from microbial degradation (Cely et al.,
2014) or the ability of biochar to chemisorb CO;, leading to
underestimated microbial C mineralization rates (Ameloot et al.,
2013). The data obtained in our study also suggests that the HS-
containing amendments profoundly stimulated the heterotrophic
microorganisms in the soil and consequently improved the Cmic
value for WA and BC applications even after 60 d (WA and BC 0.5).

The metabolic quotient, i.e. the ratio of BR and Cmic, is inversely
related to the efficiency, with which the microbial biomass con-
sumes indigenous substrates (Anderson and Domsch, 1990). It has
been widely used as a sensitive indicator for revealing heavy metal
toxicity under natural conditions (Wardle and Ghani, 1995).
Anderson (2003) identified the qCO; critical range between 0.5 and
2.0 ug CO,—C mg Cmic ~! h~! for neutral soils, and Leita et al. (1995)
reported higher qCO, in metal-contaminated soil than in the un-
contaminated one. As we expected, the NA soil in our study is
characterized by high value of qCO; 4.25—4.45 pg CO,—C mg Cmic
=1 h~!, which could account for multi-pollution. Lower metabolic
quotient found in humic substances treated soils suggested that the
microorganisms in the HS-amended soils likely produced more cell
mass per unit of C degraded than those in non-amended soil. It also
indicated that even a small addition of HS into biochar or wood ash
act as a better protection of microorganisms from disturbance or
stress.

4.3. Changes in ecotoxicity

A battery of simple, rapid, and cost-effective soil and aquatic
bioassays was performed in order to evaluate possible short-term
soil remediation effects of the applied amendments. Our results
indicated that a small addition of humic substances into biochar
and wood ash successfully mitigated soil toxicity. The Daphnia
magna toxicity index was mainly controlled by pH and Zn content
(Table 2). The PCA analyses proved this fact: treatments with WA
(WA 6.0, and WA 8.4, WA 2.8 + HS 0.5) and treatments with BC (BC

5, BC 0.5 + HS 0.5) were found more shifted towards the left along
with F1 in comparison with all the other treatments. It also indi-
cated that these variants had the most prominent impact on
chemical properties: they reduced the mobility of trace elements
(especially Zn and Cd), increased the soil pH, and decreased the soil
ecotoxicity for D. magna. Detrimental effects of those treatments on
D. magna could be explained through account for the changes in
trace metals content (Teodorovic et al., 2009); significant correla-
tions (Pearson test, p < 0.05) between pH and Zn, Cd in the soils
were observed in this work (Table 2).

Results of phytotoxicity tests exhibited an opposite trend and
minor addition of humic substances into WA or BC treatments came
to the fore. According to the PCA results the mixture treatments
(WA 6 + HS 0.5, WA 2.8 + HS 0.05, BC 0.5 + HS 0.5, BC 0.5 + HS
0.05) led to the shifts along F2 and were preferable in comparison
to independent treatments in the point of reducing soil phytotox-
icity (Fig. 5). This could be partly explained by the protective role of
humic substances against the stress state of trace metals (Piccolo
et al,, 1992). These effects are usually associated with several fac-
tors: (i) HS can stimulate H + -ATPase of the root plasma membrane
(Nardi et al., 1991); (ii) HS promote the nutrient uptake (Nardi et al.,
2002); or (iii) they change carbon and nitrogen metabolism of a
plant. However, the concentration of Zn, Cd, and Cu in the soils did
not provide a clear pattern on mustard root length in the present
work. Yet, other works reported a greater sensitivity of phytotest
than the other bioassays like earthworm acute toxicity test
(Rodriguez-Ruiz et al., 2014).

5. Conclusion

In light of the results obtained we conclude that adding biochar,
wood ash, and humic substances resulted in significant changes in
the soil chemical properties and altered microbial community and
ecotoxicity after incorporation in a multi-contaminated sandy loam
soil. That was especially notable at higher application rates of wood
ash, and biochar. Wood ash turned out to be more effective in
decreasing Cd and Zn mobility in soil, while biochar was more
suitable as a soil amendment for Cu-pollution. However, both
materials induced a detrimental effect on biological functions of the
soil. These effects were successfully mitigated by humic substances
addition. Addition of humic substances restored soil fertility func-
tions, including soil respiration and ecotoxicity parameters. More-
over, the mixtures of humic substances with wood ash or biochar
substantially increased the immobilization efficiency (Cu, Cd, Zn) of
amendments compared to wood ash or biochar applied alone.
Toxicity towards the organisms used in the bioassays significantly
correlated to the metal concentration in the soil and, partly, to pH
values in soil. The most promising amendments in terms of favor-
able chemical, biological and ecotoxicological conditions are the
mixtures of biochar plus humic substances and wood ash plus
humic substances. Combination of these materials may represent a
promising strategy to achieve high quality in situ stabilization for
multi-contaminated soils with added economic value.
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e Wood ash is reliable to decrease the
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ABSTRACT

We conducted a pot experiment with biochar (BC), wood ash (WA), and humic substances (HS) to
investigate their effect on As, Zn, Cu, Cd and Pb mobility in soil, as well as enzyme activities involved in C-
, N-, and P-cycles, and Eisenia foetida toxicity in multi-contaminated soils. Amendments were dosed to
increase epy soil pH from initial 6.0 to ~6.5 and ~7.0. Applying amendments has revealed, that WA
significantly immobilized Cu, Zn and Pb, BC — Cu and Zn, and HS decreased solely Cu mobility in soil. The
partition indices of Zn, Cu, and Pb, quantitatively describing the bioavailable species of elements in soil,
were the lowest for WA. Changes in the water-soluble species of metals were more pronounced than in
the exchangeable ones for all amendments. An opposite effect was observed on enzyme activity and
earthworm toxicity for the WA and carbonaceous amendments. The BC and HS provided favourable soil
conditions to dehydrogenase, B-glucosidase, urease activity and fluorescein diacetate hydrolysis, while
WA significantly decreased the activity of all the mentioned enzymes in soil. The results are supported by
an enzymes-based weighted mean index, being the highest for BC and HS and the lowest for WA (lower
than in the control sample). At the same time, WA was suitable to eliminate the trace elements' stress to
earthworms (biomass endpoints and cocoons production). Our data revealed that each amendment has
its own advantages and disadvantages. The choice of the most suitable amendment therefore should
always be made within an integral approach and based on the purpose of remediation.

© 2018 Elsevier Ltd. All rights reserved.

* Corresponding author. Skolkovo Institute of Science and Technology, Moscow, Russia.

** Corresponding author.

E-mail addresses: pukalchik@skoltech.ru, pukalchik.maria@gmail.com (M. Pukalchik), mercl@af.czu.cz (F. Mercl).

https://doi.org/10.1016/j.chemosphere.2018.03.181
0045-6535/© 2018 Elsevier Ltd. All rights reserved.


mailto:pukalchik@skoltech.ru
mailto:pukalchik.maria@gmail.com
mailto:mercl@af.czu.cz
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2018.03.181&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2018.03.181
https://doi.org/10.1016/j.chemosphere.2018.03.181
https://doi.org/10.1016/j.chemosphere.2018.03.181

M. Pukalchik et al. / Chemosphere 203 (2018) 228—238 229

1. Introduction

Trace element pollution of soils is the major concern threatening
ecosystems, water bodies, food safety and human health. Therefore,
favourable soil conditions are crucial, and the search for the most
beneficial amendments is of great importance (Rao et al., 2017).
Considerable attention has been paid to waste recycling materials,
and several materials have been proposed for soil reclamation, such
as wood ash (Demeyer et al.,, 2001), biochar (Kuppusamy et al.,
2016), or humic substances (Perminova and Hatfield, 2005). The
primary mechanisms of immobilizing by biochar (BC) in soils
include alkalization, enhancement of ion exchange capacity and
increment of physical sorption and precipitation (Beesley et al.,
2015; Li et al,, 2017). The beneficial properties of wood ash (WA)
have been linked to its high alkalinity and nutrient concentration
(Ca, Mg, P and K) (Mercl et al., 2016). The humic substances (HS)
protective effect has been generally attributed to the formation of
metal-humic complexes and presence of carboxyl, hydroxyl, and
amino groups (Tan, 2014). Overall, the effect of carbonaceous soil
amendments was recently reviewed by Ren et al. (2018). BC, WA,
and HS having potential to restore the degraded or contaminated
soils due to the abovementioned characteristics.

Environmental risk assessment of trace elements (TE) pollution
is usually based on the analysis of their available concentrations in
soil. However, the chemical analyses fail to reveal the complex in-
teractions between the contaminants and soil environment; the
formation of toxic intermediate metabolites or changes in TE
mobility may increase soil toxicity during the remediation pro-
cesses (Manzano et al., 2014). Consequently, the combined use of
chemical analyses and biological assays is advantageous as it in-
tegrates the biological effects of all compounds present, taking into
account the following factors: bioavailability, synergism, or antag-
onism (Stephenson et al., 2002; Ferndndez et al., 2005). Thus, the
using the soil enzymes activities as screening tools to characterize
contaminants in a variety of environmental matrices has become a
popular, powerful and reliable tool in the environmental toxicology
(Alkorta et al., 2003; Luo et al., 2017). Moreover, earthworms are
generally used for toxicological tests as they are in direct contact
with soil and are important in terrestrial food webs, soil produc-
tivity and fertility (Hirano and Tamae, 2011). In this study, we chose
the Eisenia foetida earthworm species that is widely used as a model
soil organism in research and governmental guidelines (Reinecke,
1992; Environment Canada, 2004).

Several studies reported negative or zero effects of BC, WA and
HS on soil biological properties (Bjork et al., 2010; Zhang et al.,
2014). The reasons for this are diverse. Firstly, in many cases,
these products are applied as recommended by manufacturers,
sometimes with little or even no knowledge of the optimal rates,
timing and methods of application. Secondly, the incorrect choice
of product concentrations or disregarding the environmental as-
pects may contribute to a lack of response to amendments.
Therefore, elucidating their specific selectivity to different types of
pollution for remediation purposes is in high demand for soil
studies of the new millennium. Our previous study (Pukalchik et al.,
2017) focused on the effect of BC, WA, and HS amendments on the
plant-available TE concentrations, microbial respiration and eco-
toxicity (acute toxicity test with Daphnia magna and Sinapis alba)
but the effect of the aforementioned amendments on soil enzy-
matic activities and soil habitat functions has not been previously
evaluated.

The present study focusing to the relationships between water-
soluble and exchangeable concentrations of Cu, Zn, Pb, Cd and As,
soil enzymatic activities and earthworm's response in highly
contaminated sandy loam soil amended with BC, WA, and HS.
Hence, our study may establish the knowledge of soil-interlinked

interactions required to manage and improve the waste material
amendments used in soil reclamations.

2. Material and methods
2.1. Soils

The soil was sampled from the topsoil layer at the alluvium of
the Litavka River in vicinity of the village of Trhové Dusniky (Czech
Republic; 49°43’08.0"N 14°00'46.4"E). The history of excessive
concentrations of TEs in the soil is associated with mining and
smelting activities in this region (Vyslouzilovd et al., 2003; Vanék
et al,, 2005). The physicochemical properties of experimental soil
were: Clay 6%, Silt 49%, Sand 45%, pH 6.0 + 0.1, TOC 3.60 + 0.00%,
CEC 149 + 5.90 mmol kg*], Ptot 0.02 + 0.00%, Kiot 0.25 + 0.00%, Mgt
0.12 + 0.00%, Caor 0.14 + 0.01%, Sior 0.03 + 0.00%, Feyor 11.76 + 0.62%,
Mngoe 0.14 +0.00%, Zng: 7595.65+194.76 ppm, Cdior 80.82 +
4.58 ppm, Cugor 62.51 + 6.45 ppm, Pbor 4346.13 + 140.08 ppm, Nigot
5.61 +0.25 ppm, AStor 177.54 +5.21 ppm.

2.2. Amendments and greenhouse experiment

Three materials, namely BC derived from wood chips gasifica-
tion (150 kW/h gas and 300 kW/h heat production) at the tem-
perature range 700—900°C, WA which was collected from a
fluidized bed reactor (15 MWt) for wood chips burning at a com-
mercial biomass power plant, and commercial potassium HS
Lignohumate (Amagro, Czech Republic) produced by alkaline
extraction from lignin were used as soil amendments in this study.
The elemental composition of BC, WA, and HS is shown in Table 1.

Amendments were applied to soil at different doses in order to
achieve the equal pH values (from initial pH 6.0 in control
treatment):

- pH~6.5 with the addition of the BC 0.5%, or HS 0.5%, or WA 2.8%;
- pH~7.0 with the addition of the BC 5%, or HS 1%, or WA 6%.

It should be noted, that each treatment induced changes in the
initial total organic carbon concentration (TOC) in soil. The addition
values for TOC with each treatment were: 4.4 g kg~! with BC 0.5%,
1.7 gkg ™! with HS 0.5%, 2.4 g kg~ with WA 2.8%, 44.1 gkg ™! with
BC 5%, 3.3 gkg~! with HS 1%, 5.1 gkg~! with WA 6%.

Each portion of a 200 g air-dried soil sample was mixed with a
dried amendment and placed into 0.5 L plastic pots (10 cm diam-
eter and 15 cm height). The moisture content was maintained at
60% of the respective maximum water holding capacity (WHC) and
kept constant by watering up to original weight every third day,
which resulted in a maximum water loss of 5%. Pots were incubated
uncovered at a temperature of 21/18 °C (day/night) in the natural
light regime for 60 days. The non-amended (NA) and amended soils
were collected after 30 and 60 days of incubation. At the end-point,
each sample was properly mixed and divided into two parts: one
part was stored at 4 °C for enzymes, and another part was dried at
105 °C for chemical analyses.

2.3. Chemical properties

The pH values of the non-amended and amended soils were
measured in 0.01M CaCl; at a ratio of 1:2 (w/v) using WTW pH 340i
meter with glass, ion-selective electrode (WTW, Weilheim,
Germany).

The mobility of TEs (Cu, Zn, As, Cd, and Pb) was determined by
means of sequential extraction procedure according to Szakova
et al. (1999):
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Table 1
Chemical characteristic of amendments.
Characteristics Amendment
BC WA HS

pH 8.9 11.2 9.0

N,% 0.44 0.00 0.25

C% 88.20 8.50 33.47

H,% 0.82 0.16 3.73

S.% 0.19 0.33 4.84

0,% 6.49 4.79 17.72

Ash, total (%): 3.86 86.22 40.0
Na, % <0.001 0.04 225
K% 0.59 293 3.61
Mg, % 0.02 1.73 0.04
Al % 0.04 2.84 0.01
Si, % 141 20.58 0.08
P, % 0.05 1.01 0.06
S, % 0.03 1.97 3.86
Ca, % 0.98 11.84 0.93
As, % 0.002 <0.001 <0.001
Zn,% 0.01 0.12 0.04
Cd, % 0.02 <0.001 0.01
Pb, % <0.001 0.16 0.06
Cu, % 0.06 0.01 0.01
Other, % 0.64 42.99 8.79

All values are given on moist-free basis.

—

water-soluble fraction - 1g of soil samples was mixed with
10 ml of demi-water and was shaken for 2 h at room tempera-
ture, the extract was separated from the solid by centrifugation
(8000 g x 10 min), decanted into a polyethylene bottle and
stored at 4°C;

exchangeable fraction - 40 ml of 0.11 M acetic acid (pH 2.0) was
added to the residue and shaken for 16 h at room temperature,
followed by the same procedure described for step i.

~

The TE's concentrations in the supernatants were determined by
an inductively coupled plasma — optical emission spectrometer
(ICP-OES, Agilent 720, Agilent Technologies Inc., USA). All plastic
and glassware were acid-soaked overnight (5% HNO3) and rinsed
with distilled water before use.

The changes in the mobile species of trace elements in soil were
evaluated using a modified partition index (PI) calculated according
to Han et al. (2003):

Pl — Ci (water—soluble) + Ci (exchangeable)*1007
' Ci (total )

where i is the selected element (Cu, Zn, As, Cd, or Pb). Ci (total) —
the initial pdeuso-total concentration of TE in soil.

2.4. Soil enzyme activity

Dehydrogenase (EC 1.1) activity was evaluated according to
Thalmann (1968) and (was) expressed as pg TPF g~ ! soil 16 h~!. The
activities of acid phosphatase (EC 3.1.3.2) in the soil samples were
assayed as outlined by Eivazi and Tabatabai (1977) and were
expressed as pg pNP released g~ ! dry soil h~ L. B-glucosidase activity
(EC 3.2.1.21) was determined according to the procedure described
by Dick et al. (1996). The Results are expressed as jig pNP released
g 'h~! dry soil. The Urease activity (EC 3.5.1.5) was evaluated ac-
cording to the method described by Klose and Tabatabai (2000) and
(was) expressed as ug NH4 g~ ! soil 24 h~1. The hydrolysis of fluo-
rescein diacetate (EC 3.2.1.21) was determined by a modified pro-
cedure of Inbar et al. (1991) and expressed as pg FDA g~! h™! of soil.
For all enzyme activities, the assays were performed in triplicate
and were corrected for a blank.

Soil microbial activities were combined in to the weighted mean
index (WMean) described by Lessard et al. (2014):

n
WMean = " w;*y;
i—1

where y;j - is the activity of i-enzyme, n - is the total number of soil
enzymes, and wj - is the ‘weight’ of each soil enzyme that was
calculated as:

Vi
w; =

M=

Vi
1

being v; the eigenvector for each soil enzyme activity associated
with the first or second (depends on the data) principal component
obtained from a PCA.

This index is regarded to be a reliable tool to integrate infor-
mation from variables that possess different units that are featured
by a range of variation indicator in a diversity of contaminated soils
(Lessard et al., 2014; Sanchez-Hernandez et al., 2017). Compared
with many other enzyme-based indices, WMean index is calculated
according to the PCA-results and summarizes the ‘weighted’ values,
so the relative importance for each response is evaluated
objectively.

2.5. Earthworms bioassay

The Eisenia foetida mortality bioassay was carried out according
to the Organisation for Economic Co-operation and Development
(OECD) procedure (OECD 207/222). A homogeneous group of
earthworms was acclimated for 2 weeks in 1 box with artificial soil
(10% peat, 20% clay and 70% quartz sand, pH 6—7 adjusted with
calcium carbonate) at 18 + 1 °C, and 16:8 h light/dark regime. The
earthworms were cleaned and kept in darkness for 24 h before use.
After this acclimation every ten E. foetida earthworms (each or-
ganism weighing 0.2—0.5 g) were placed in an aluminium box
containing 200 g of dry soil + amendment (70% WHC moisture) in
four replicates. The container was covered by polyethylene material
with dots in order to prevent evaporation. Approximately 2.5 g of
food (oatmeal) with water war spread on the soil surface of each
container every week. After 30 days of laboratory experiment, the
earthworms were removed from the soil. The earthworms were
cleaned from soil particles and the following variables were
determined: survival rate (SR), individual biomass changes (IB). The
number of cocoons was also counted after 60 days.

The survival rate (SR) was calculated as follows:

Nadi

SR =
N adoecd

*100%

where i — data for the samples (NA, or treatment), OECD — data for
an artificial soil control, Nad — number of living adult earthworms
after 30 days of exposure.

Individual biomass changes (%) were calculated as follows:

B — IBi

= *100%
IBoecd

where IBi — individual earthworms biomass in samples (NA, or
treatment), IBogcp — individual earthworms biomass in artificial
soil control.
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2.6. Statistical analyses

All treatments were conducted in 4 independent replicates. The
analyses were iterated in 3 technical replicates for each sample and
the mean value of these 3 was further used as a result of the
measurement for each sample in further interpretation and sta-
tistical evaluation.

To test the effects of the experimental factors (type of amend-
ment, dose of amendment, sampling time) in the variables ana-
lysed, a tree-way analysis of variance (ANOVA) with interactions
was performed. In the case of significant F-tests, differences be-
tween group means were assessed by the Fisher's post hoc least
significant difference test (LSD) with the significance level at
p <0.05. The variance homogeneity was verified by a graphical
analysis of the residuals and no transformation was necessary. The
correlation between characteristics was calculated using Pearson's
rank correlation with the level of significance established at
p <0.05 by using Statistica 10.0 (StatSoft, Tulsa, OK). All graphs
were prepared using SigmaPlot 12.5 (Systat, San Jose, CA).

Principal components analysis (PCA) was used for WMean index
calculation and the component extraction was made by the
covariance (n) matrix using XLSTAT-Ecology software.

3. Results
3.1. Amendments effect on soil chemical properties

In this study, the efficiency of the TE's immobilization was
estimated on the basis of water-soluble and exchangeable species,
and significant effects of BC, WA, and HS treatments on soil char-

acteristics were revealed (Table 2). All treatments induced alkaline
effect and changed As, Cu, Zn, Cd and Pb mobility (predominately in

Table 2

water-extractable species than in exchangeable ones). Moreover,
the effects strongly depended on the type of amendment and the
studied element (the results of the Factorial ANOVA test are pre-
sented in Supplementary Table A, ST A).

The pHcacyz values for all samples tested ranged from 6.47 to 7.18
in comparison with the non-amended control (pH 6.04—6.12)
(Table 2). The BC 5%-treated soil exhibited a significant water-
soluble Cu-immobilization effect in contrast with other amend-
ments (Table 2; ST A), and in general, higher doses of amendments
had more influence compared to lower doses at 30- days. The
significant reduction in water-soluble and acid-extractable Cu
concentration was found after exposure period of 30-days for
higher doses of amendments.

Overall, BC demonstrated a weak influence on Zn-concentration
(only slightly or insignificantly influenced). The only difference
from NA was found in Zn water-soluble species after 60 days of
exposure. HS seemed to have a prolonged effect on Zn immobili-
zation as the significant reduction was found only after 60 days. The
most intensive immobilization was determined in the case of WA.
Generally, Zn concentration significantly and negatively correlated
with the initial TOC and pH c,cp2 values (Table 3).

Arsenic available concentration in soil was influenced by several
factors: the type of amendment, treatment dose, time and pH-
factor. The BC-treated soil was characterized by the lowest con-
centration of As (0.26—0.30 mgkg~!), while HS and WA had a
weaker impact on As compare to BC (Table 2; ST A). The immobi-
lization effect also increased with the increasing doses of amend-
ments and time of exposure, as well as the increased pHcacpz values
which correlated with a decreased available As concentration in
soil (Table 3).

All treatments significantly affected mobile Pb concentration in
soil. The concentration of water-soluble Pb was the lowest after BC

Leachability of trace elements from the polluted soil in the presence of amendments. The data represent Mean (mg kg~ ') + SD (n = 4). Different letters denote significant
differences at the 0.05 confidence level (Fisher's LSD) between treatments at the same exposure time.

Amendment pH(CaCly) As
30d 60d 30d 60d
H,0 CH5COOH H,0 CH5COOH

NA (control) 6.11+£0.05 a 6.10+£0.03 a 0.45+0.06 a 1.61+0.16a 0.34+0.04 a 1.46 +0.06 a
BC 0.5 6.40+0.10b 6.41+0.05b 029+0.01b 1.30+0.19b 0.27 +0.03b 1.21+0.19b
BC5 6.80+0.04 c 6.90+0.05 ¢ 0.30+0.03b 1.41+0.15ab 0.26+0.04b 1.25+0.11b
WA 2.8 6.50+0.05b 6.53+0.13b 0.45+0.06 a 1.44+0.22 ab 0.35+0.06 a 1.31+0.34ab
WA 6.0 7.08+0.03 ¢ 7.15+0.05c 029+0.01b 1.34+0.69b 0.29+0.01 ab 1.16+£0.13b
HS 0.5 6.60+0.01b 6.55+0.06 b 0.37 +0.06 ab 1.45+0.23 ab 0.28 +0.02b 1.11+£0.23b
HS 1 7.05+0.06 ¢ 7.10+£0.03 ¢ 0.29+0.01b 1.53 +0.06 ab 0.28 +0.00b 1.21+0.13b
Amendment 30d 60d 30d 60d

H,0 CH5COOH H,0 CH3COOH H,0 CH5COOH H,0 CH5COOH

Zn Pb
NA (control) 8.04 +2.16ab 1785.7+161.6 a 7.01+£0.80d 1511.0+65.4b 0.90+0.50 ¢ 95.1+9.1a 0.78+0.11d 86.0+4.7 a
BC 0.5 5.72 +0.82 ab 1852.6 +223.6 a 458 +0.38 a 1422.9 +160.9 ab 0.31+0.11ab 924+193a 0.38+0.02 ¢ 823+44a
BC5 4.40 +3.09 acd 1628.5+80.5 a 3.01+132¢c 1379.5 +158.1 ab 0.20+0.01 a 803+9.1a 0.18+0.03 a 823+24a
WA 2.8 290+ 1.44cd 1418.1+238.7 a 1.78 + 0.06 bc 984.7 +78.4d 0.49 + 0.00 bc 67.8+184 a 0.40+0.01 ¢ 554+6.0b
WA 6.0 1.62+0.21c 1576.9+242.2 a 149+0.10b 838.1+56.2 ¢ 0.33+0.15ab 71.8+248a 0.29+0.02b 583+1.6b
HS 0.5 6.32+1.47ab 1551.6 +495.4 a 5.81+0.60 ad 1380.8 +129.1 ab 0.25+0.03 a 71.6+322a 0.27 +0.02b 64.8+28c
HS 1 7.97 £2.96b 1623.0+108.8 a 5.03+1.04a 1277.1+50.6 a 0.22+0.05a 809+17.1a 0.19+0.00 a 65.1+3.1c

Ccd Cu
NA (control) 0.09+0.02 a 148+29a 0.05+0.00 a 152+03a 3.11+034a 159+0.24 a 236+0.26a
BC 0.5 0.07 +0.01 a 160+14a 0.05+0.01 a 76+1.1b 241+032ab 021+0.12b 1.97+021a
BC5 0.06 +0.03 ab 13.5+08a 0.04+0.01a 76+12b 2.01+0.18b 0.25+0.20b 1.97+033a
WA 2.8 0.04+0.00b 148+18a 0.05+0.00 a 8.0+0.6b 1.97 + 0.44 ab 0.15+0.01b 1.80+0.13 a
WA 6.0 0.06 +0.03 ab 121+20a 0.05+0.01 a 7.4+04b 1.86+0.43b 0.11+0.02b 1.89+0.08 a
HS 0.5 0.08 +0.02 a 143+27a 0.05+0.01 a 72+02b 2.23+0.68ab 029+0.16b 2.16+0.16 a
HS 1 0.08 +0.01 a 133+48a 0.04+0.00 a 84+1.1b 2.15+037b 0.15+0.01b 2.04+0.07 a

AbbreviationH20 — the water-soluble species; CH3COOH — the exchangeable species of the elements.
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Table 3
Pearson correlations matrix for soil variables, soil enzymes activity, and earthworms bioassay endpoints.
Variables TOC pH(CaCl;)  Soil enzyme activity Earthworms
Dehydrogenase Urease  Acid phosphatase = FDA B-glucosidase  Survival rate  Individual biomass  Cocoons
TOC 1 0.75 042 0.11 —0.55 0.50 -0.15 -0.37 -0.23 -0,21
pH(CaCly) 0.75 1 0.36 0.09 -0.17 0.36 -0.17 0.03 0.19 0,27
H20 As —-047 -035 -0.49 -0.44 0.04 —048 -0.33 0.28 0.29 0,00
Pb —0.66 —0.68 -0.25 —0.06 0.26 —0.61 —0.08 0.03 -0.09 -0,29
Zn —0.56 —0.67 0.15 0.32 0.55 -0.17 0.33 -0.18 -0.37 -0,30
Cu —-0.61 —0.68 -0.23 -0.02 0.28 —056 -0.11 —0.08 -0.20 -0,36
cd -057 —-0.62 0.00 0.21 0.38 -0.20 0.13 -0.14 -0.34 -0,21
CH3COOH As 0.10 -0.07 0.01 -0.08 -0.13 -0.16 -0.03 -0.23 -0.13 -0,39
Pb —-040 —-040 0.14 0.17 0.36 0.02 0.32 -0.17 -0.16 —0,22
Zn —-042 —-047 —0.01 0.15 0.26 -0.13 0.18 -0.07 -0.15 —0,22
Cu -052 -054 0.02 0.26 0.34 -0.29 0.11 -0.03 -0.32 -0,22
cd -039 -0.24 0.08 0.18 0.34 —0.02 0.21 0.08 —0.06 0,05

The values in bold mark significant correlation at the 0.05 level.

and HS amendments, while WA predominantly affected the
exchangeable Pb species (Table 2). Increasing the doses of
amendments had marked effects on Pb-concentration (ST A), and
the pHcaciz and TOC concentration showed a negative correlation
with Pb concentration in soil (Table 3).

Cd available concentration in soil had a slight trend to decrease
water-soluble and exchangeable species with a presence of BC 5%,
WA 6%, and HS 1% (Table 2). Overall, Cd immobilization was
stronger with increasing the doses of amendments and time of
exposure (ST A). WA had more impact than BC and HS.

A partition index indicates the percentage of trace element
presented in the water-soluble and exchangeable species versus
the pseudo-total concentration. The decrease in the partition index
demonstrates that the chemical species of the element are changed
to less available form (Fig. 1). All the amendments were demon-
strated to be able to immobilize trace elements but with different
extent. BC treatments influenced preferably Zn and Cu mobility

[A]

HS 1%

BC 0.5%

HS 0.5%

PI

(Fig. 1A, E). WA proved to be more effective in reducing Zn and Cu in
both treatment doses, and decreased Pb mobility with higher
application dose (WA 6) (—25.7%) (Fig. 1 A, B, E). HS decreased Cu
and Zn concentration and a slight decrease was found also for Pb
(Fig. 1 A, B, E). It should be noted that we observed a trend to
decrease As mobility only with 0.5% HS treatment (Fig. 1 C).

3.2. Effects in the enzymes activity

Dehydrogenase activities tend to increase with the elevated
doses of all amendments (Fig. 2A; ST B) and according to the
elevated level of initial TOC values (Table 3), but the absolute values
of DHA activity were decreased over time (60 days). BC and HS-
treated soils supported dehydrogenase activity, while WA had
slightly negative or no effect on dehydrogenase. Generally, the
dehydrogenase activity increased by 45—80% after 30 days, and
57—240% after 60-days in BC and HS treatments and no effect was

€]

Pb [B] As

BC 0.5%

HS 0.5% BC 5%

WA 6%

WA 6% WA 2.8%

D1

HS 0.5% BC 5%

WA 6%

WA 2.8%

BC 5% HS 0.5% = + BC 5%

WA 2.8% WA 6% WA 2.8%
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HS 1% BC 0.5%

HS 0.5%

WA 6%

WA 2.8%

Fig. 1. Changes in the mobility of trace elements in soil according to the Zn (A), Pb (B), As (C), Cd(D), Cu (E) Partition index with a presence of different amendments at the end of
experiment. The partition index for NA shows in black solid line, for each element — in medium dash line.
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Fig. 2. Enzyme activities (A—F) and summarized Weighted Mean index (H) in soil with varying doses of amendments (Mean + SD, n = 4) after 30, and 60-days of exposure. The *
highlights significant differences in treatments compared to control (NA) (Fisher's LSD; p < 0.05).

found in case of WA after 60 days.

BC and HS additions have also a positive impact on the -
glucosidase activity (Fig. 2B; ST B). The effect of HS was well
expressed in both doses at both incubation periods while BC
showed significant improvement of f-glucosidase only in the lower
dose after 60 days. Generally, the influence of amendments was
more expressed in 0.5% BC and 0.5% HS treatments than in higher
doses. The activity of B-glucosidase also decreased over time
through during the experiment. WA demonstrated a trend to
decrease the B-glucosidase activity. Moreover, a higher application

dose of WA led to a significantly inhibition of B-glucosidase (lowest
values 4.21 +0.21 ug pNP g~ ! dry soil h™! after 60 days).

The quantification of acid phosphatases activity revealed a sig-
nificant promotion by HS-treatments at 60 days (Fig. 2C; ST B),
while the other types of amendments had significant inhibitory
effects when compared with non-amended soil. The acid phos-
phatases activity slightly decreased with increasing the exposure
time, at HS treatments (only at 60 days).

The hydrolysis of fluorescein diacetate in soil treated with
carbonaceous amendments (BC and HS) markedly improved by
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both application doses at both sampling periods, while the positive
effect of WA was determined only in case of higher application dose
(Fig. 2D; ST B).

The urease soil activity dramatically increased with BC and HS
additions (Fig. 2F; ST B), and the effect was intensified with an
elevated application dose. WA-treated soils were characterized by
no effect (30 days) or significant decrease (60 days) in activity of
these enzymes. During the experiment, the values of urease ac-
tivities significantly decreased in all treatments over time.

Finally, according to the calculated Weighted Mean index
(WMean), BC and HS amendments triggered a marked improve-
ment of soil microbial conditions, while WA treatments had a trend
to depress microbial activity despite the highest trace element
immobilization efficiency (Fig. 2E).

3.3. Earthworms responses

The earthworm mass decreased by 40% in NA treatment after
30-days of exposure in comparison with OECD artificial soil. The
average number of cocoons per 10 earthworms in NA soil was 21 as
compared with 53 in the OECD soil, indicating a considerable effect
of adverse soil conditions on cocoon production (Fig. 3C). Similarly,
a lower dose of BC and HS resulted in 40—50% body mass decrease
(no significant difference from NA) (Fig. 3A). Surprisingly, applying
a higher dose of BC 5% led to annihilated of 100% earthworms with
no cocoons detectable after 60 days (Fig. 3C). Contrarily, the
application of both WA doses resulted in a significant increase of
earthworm's body mass (Fig. 3A), 100% survival rate (Fig. 3B) and
the higher dose of WA also led to slightly higher number of cocoons
compared to OECD control (Fig. 3C).

4. Discussion
4.1. Mobility of trace elements

Many types of amendments have been reported as effective
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supplements to remediate the contaminated sites. The multi-
contaminated soil near the Trhové Dusniky was also previously
studied with regards to the use of different materials for soil re-
covery. For example, lime was proved to reduce Cd and Zn mobility,
yet turned to be ineffective to reduce Pb and As mobility
(Vondrackova et al., 2013). Digestate and fly ash were observed as
successful amendments for Cd, Zn and Pb immobilization (Garcia-
Sanchez et al., 2015). The WA, BC, and HS also have been effective
to reduce Cu, Zn and Cd plant-available concentration in soil
(Pukalchik et al., 2017). In this study, we focused on the effects of
BC, WA, and HS to the bind forms of Cu, Zn, As, Cd and Pb which
may equilibrate with the aqueous phase and acetic acid, as those
are considered to be rapidly bioavailable (Seguin et al., 2004;
Kabata-Pendias, 2011). The soil water extraction is suitable for
evaluating metal concentrations at a pseudo equilibrium in the soil
solution (Meers et al., 2007).

The results demonstrated different potential of BC, WA, and HS
to short-term reduction of water-soluble and exchangeable forms
of TEs in soil. It was observed that BC (0.5 and 5%) evoked marked
decrease in Cu, and had a tendency to decrease Zn available con-
centrations; WA-treatments (2.8 and 6%) had strong influence on
the reduction of Zn, Pb and Cu mobile soil concentration, while HS
(0.5 and 1%) primary changed Cu soluble concentration in polluted
soils.

The selectivity of these amendments to reduce mobile fractions
of TEs were largely expected. More important findings demonstrate
different mechanisms of remediation efficiency of three tested
amendments. The BC addition affected Cu and Zn concentration,
while a decrease in other elements was negligible. It may be linked
with formation of metal hydroxides, oxides, carbonates, and
phosphate precipitates and with the activation of surfaces caused
by the increase in pH (Uchimiya et al., 2011). Han et al. (2017)
investigated the competitive adsorption of Pb and Cd by biochars
produced from 12 sources, indicating that the Pb adsorption pro-
cess was inhibited in the mixed solutions with Cd. This competition
also was obtained in other binary systems such as Cu and Zn (Chen
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Fig. 3. Individual biomass changes (A), survival rate (B), and number of cocoons production (C) of Eisenia foetida after exposure in soils with different amendments (Mean =+ SE,
n = 4). The * highlights significant differences in treatments compared to control (NA) (Fisher's LSD; p < 0.05); n. d. — data not detected.
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et al., 2011), and multi-metals system (Park et al., 2015). Those re-
sults may imply that metals could be adsorbed by the same sites
and functional groups, while competing with other metals to pro-
duce reciprocal inhibition, and there are different mechanisms and
bindings for various metals (Chen et al., 2011).

HS primary changed Cu concentration in contaminated soil. As
all heterogeneous macromolecules, HS contains multifunctional
groups, among them the carboxylic and phenolic—OH, which are
known to be the most important in forming the negative charges of
humic substances for metal complexation (Wang et al., 2010; Shan
et al., 2015). The dissociation constant (pKa) for COOH are 3.0 and
10.0 for phenolic—OH (Tan, 2014), implying that the phenolic—OH
would be mainly protonated under this liming condition (pH
6.5—7.0), whereas COOH would be deprotonated to an effective
complex with positively charged metals. It also has been reported
that the sorption of Cu ions on HS is mainly through the formation
of five-membered chelate rings via ion exchange and surface
complexation, respectively (Karlsson et al., 2006).

Finally, adding WA was more effective than BC and HS treat-
ments in removing Cu, Pb and Zn from the available pool of
contaminated soils,. This effect may be attributed to high soluble
concentrations of carbonates and phosphates in wood ash, and the
main mechanism for metals sorption was suggested as the forma-
tion of precipitates, such as ZnCOs, Zns(CO3)2(OH)g (Voegelin et al.,
2005), Pbs(P0O4)30H (Cao et al., 2011), and Cu(OH)* (Chirenje et al.,
2006).

According to Masscheleyn et al. (1991), the arsenic is normally
enhancing solubility in soil with alkaline pH. In particular, the soil
liming above 6.5 induced changes in As mineral saturation from
As®, H3AsO3 to HAsO'". In line with this, the addition of alkaline
amendments should increase the As water-soluble and exchange-
able species in soil. However, our data revealed quite the opposite
effect: partition index for As did not significantly change, or slightly
decreased at the background of amendments (Fig. 1). Thus, we can
conclude that all tested amendments successfully neutralised the
As mobility in soil. Similar effect was previously reported by
Vandecasteele et al. (2002), and immobilization of As in contami-
nated soils with a presence of fly ash was linked with the formation
of Ca3(AsQy4); and CaHAsO3,

The decrease of mobile TEs concentration may be also attributed
to the increasing soil pHcaclz value, significant negative correlation
at p < 0.05 between water-soluble As, Pb, Zn, Cu, Cd, exchangeable
Pb, Zn, Cu, Cd were observed (Table 3). At the same time, the
applied amendments showed a considerable increase of TOC in the
soil, so this effect may be linked with changes in carbon
concentration.

4.2. Soil enzyme activities

The hydrolytic enzymes determined in our study provide an
index of the potential to mineralize C (B-glucosidase, dehydroge-
nase), and the nutrients N (urease), P (phosphatase), which can be
used as early indication of changes in soil quality (Ndiaye et al.,
2000; Tejada et al., 2006). Fluorescein diacetate hydrolysis activ-
ities are related to the overall microbial activity, and have been
investigated to determine the amounts of active fungi and bacteria,
and hence may considerably affect the soil organic matter dynamics
(Lundgren, 1981; Aseri and Tarafdar, 2006).

This study has shown that short-term WA exposure caused a
significant decrease in the activity of dehydrogenase, acid phos-
phatase and B-glucosidase, as well as in soil microbial activity as
indicated by the reduced FDA activities. This fact is in line with the
observed effect of WA on the WMean index (Fig. 2E). Despite the
data of WA impact on soil enzymatic activity are scarce, our results
are consistent with those of other studies (Perucci et al., 2006;

Bjork et al., 2010). Perucci et al. (2008) showed that the inhibitory
effect of wood ash on soil enzymatic activities lasts shorter (up to
12 months) and that its application does not result in long-term
changes of enzymatic activities in field conditions. A recent study
also demonstrated that the WA can decrease the ratio of fungi to
bacteria in the soil microbial community (Noyce et al., 2016).

Application of BC has been reported to influence C and N
mineralization in soil, and could increase the activity of specific
enzymes related to C, N utilization (Bailey et al., 2011; Yang et al.,
2016), and our data supported this fact. BC positively affected
urease, B-glucosidase activities compared to non-amended soil. The
B-glucosidase catalyses the last step of cellulose hydrolysis and
release of glucose as energy source for the microorganisms. Its
potential activity is associated with carbon substrate availability, so
our data suggested that BC and HS might affect the soil community
probably through increasing initial TOC rather than reducing the
TE's mobility. The acid phosphatase activity decreased significantly
with the application of BC; similar effects were previously observed
with 5% bamboo BC (Yang et al., 2016), and BC from Parthenium
hysterophorus (Kumar et al., 2013). Dehydrogenase and fluorescein
diacetate hydrolysis activities both were significantly higher in BC
soil than in NA soil. Possibly, it can be explained by the stimulation
of a specialized subset of the microbial community by the biochar
or growth of biomass in response to initially labile C (Bailey et al.,
2011).

The results of the experiments revealed a stimulating effect of
HS on the enzymes activity, which is not surprising if we consider
its positive influence on microbial populations. It is noteworthy,
that HS treatments differed from WA and BC treatments in pro-
moting the acid phosphatase activities. A higher acid phosphatase
activity in samples with HS are opposite to the fact that phospho-
monoesterase is an enzyme which is very sensitive to changes in
soil pH (Dick et al., 2000), and the optimum pH for the activity of
acid phosphatase ranges from 4.0 to 6.5 (Wittmann et al., 2004). It
has to be noted that in our experiment, we found no significant
differences between treatments in activity of alkaline phosphatase
and therefore, these data are not shown. According to Nannipieri
et al. (2011), a linear relationship is commonly observed between
the activity of acid phosphatases and the amount of phosphorus in
soil solution, which could be provided from humic products.
Tikhonov et al. (2010) observed that some fractions of HS are labile
and can provide a ready-to-use substrate for microbial populations.
A similar trend with fluorescein diacetate hydrolysis activities
stimulation was previously pointed with HS from industrially
mined raised bog peat in sandy loam soil spiked with a complex
contamination (Muter et al., 2015).

Generally, the enzyme activity correlated with the TOC in soil
(Ekenler and Tabatabai, 2003; Darby et al., 2006). We found positive
and significant correlations of the initial added amount of TOC with
dehydrogenase activity, and fluorescein diacetate hydrolysis activ-
ities (Table 3), however, there was no relationship with p-glucosi-
dase, urease and acid phosphatase. This fact may indicate that only
extracellular enzymes are fixed in the soil matrix by interacting
with organic carbon. Moreover, the fluorescein diacetate hydrolysis
activities was the only enzyme activity, which negatively correlated
with all the measured water-soluble As, Cu and Pb concentration,
while dehydrogenase and urease was negatively affected only by
water-soluble As (Table 3). These results are opposite to Pan and
Yu's conclusions (2011), who reported that the metals such as Cu,
Cd and Pb induced marked inhibition of dehydrogenase activity.
Our results suggested that fluorescein diacetate hydrolysis activ-
ities were the best representatives to be used as a biological indi-
cator for soil recovery as compared to all other enzymes tested. This
data also confirms a direct inhibitory effect of the most labile
(water-soluble) species of metals on the overall microbial activity.
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Applying the integrated enzymes-based index provides
comprehensive information about the biological effects of
contamination and may therefore serve as a useful tool for envi-
ronmental managers (Paz-Ferreiro and Fu, 2016). Among them, the
Wmean index has been satisfactorily validated in the assessment of
metal-contaminated soils (Lessard et al., 2014) and pesticide-
contaminated soils (Sanchez-Hernandez et al.,, 2017). To the best
of our knowledge, this study is the first to use WMean index to
assess soil health status based on soil microbial activities during the
remediation. The highest improvements were obtained both in BC
and HS treatments, while WA depressed the soil microbial com-
munity (Fig. 2E).

4.3. Earthworms survival

Earthworms are known for their sensitivity to toxic chemicals
present in contaminated soils and hence have been widely used as
indicator organisms for ecotoxicity studies. They can pose a risk to
higher trophic levels that feed upon them (Suthar and Singh, 2009).
However, the earthworm survival in such stress conditions - like
contaminated soils - depends upon several physicochemical factors
such as soil texture, pHcaclz of the medium, organic matter, nature
and extent of the clay minerals (Maity et al., 2008). In our study, the
TE's stress was probably to cause a significant body weight reduc-
tion in non-amended soil whereas WA (2.8% and 6%) and HS 1%
showed the opposite as compared to NA soil. The decrease in body
weight observed in control (NA) earthworms may account for the
lower availability of food resources as the TOC was much lower
than in amended soil. We also observed the 100% mortality of adult
earthworms in the BC 5% treatment during the first 5 days of the
experiment, whereas no acute mortality occurred in the control soil
and other treatments. Toxicity of BC for earthworms was previously
detected by Li et al. (2011), soil amended with 10% and 20% apple
wood BC induced significant reduction in worm's body-mass dur-
ing 28d test due to changes in soil water holding capacity. Liesch
et al. (2010) observed higher earthworm death rate and weight
loss in 67.5 t/ha poultry litter BC amended soil, due to the rapid
increment in soil pH or excessive salinization. Earthworms in arable
soil treated with a pruce chip BC (30t/ha) tended to avoidans
biochar after 2-week of exposure due to a decline in soil water
potential (Tammeorg et al., 2014). Similarly, Malev et al. (2016)
observed that BC application at the rate of 100 t/ha could cause
damage to earthworm, with survival rates decreasing to 78% in clay
soil and 64% in sandy soil.

4.4. Integrative approach

In our study, the mixtures of TE's in multi-contaminated soils
interacted with contrasting amendments and induced the magni-
tude of effects in chemical, biological and ecotoxicity properties of
soil. The generalized data for biological and ecotoxicity responses in
presence of WA, HS, and BC from this study and the previous one
(Pukalchik et al., 2017) are shown at Table 4.

We could suggest that each type and dose of amendment has
unique advantages and disadvantage, making it very hard to choose
the ‘master key’- the universal variant that would miraculously
solve a plethora of problems facing the soil protection today. We
detected the adverse effect of WA, BC and HS on soil biological and
ecotoxicity properties. BC 5% were harmful for earthworms, while
WA application supported earthworms reproduction and biomass
but depressed enzymes activity. Overall, the WA 6% and BC 5% had
the greatest number of negative effects among all treatments, while
WA 2.8%, BC 0.5%, HS 0.5% and HS 1% promoted good (or normal)
microbial performance and created suitable conditions to the or-
ganisms assayed (at least has no harmful effect). Our data proved an

Table 4
Summary table of effects observed in each biological parameter in soils with a
presence of amendments.

Parameter BC WA HS

0.5% 5% 28% 6% 05% 1%
Sinapis alba, root length® A A [ ] A A A
Daphnia magna, toxicity® [} v [ ] v o [
Basal respiration® [ v v v ° [ ]
Microbial biomass carbon, Cpc” vy v y y A A
Microbial quotient, qCO,? A [ ° v v v
Dehydrogenase activity A A [} ® A A
B-glucosidase activity A o [ ] Y A A
Acid phosphatase activity Yy Yy x Y A A
Urease activity [ J A y Y A A
FDA activity A A [} A A A
Eisenia foetida, body weight [ ] nd. A A [ J A
Eisenia foetida, No living earthworms @ y ® e o [ ]
Eisenia foetida, No cocoons A n.d A A A A

Symbols aand ¥ stand for a corresponding decrease or increase of the parameter
relatively to NA soil. Symbol @ is corresponding to zero-effect. Underlined symbols
(_) represent changes in parameters that are considered deleterious. n.d. — not
detected.

¢ For the data see Pukalchik et al. (2017).

idea that integral approach for soil assessment coupled with
chemical measuring, biological and biological tests is crucial for
monitoring the contaminated sited, and choosing of the best
management practice option for soil remediation (Lors et al., 2010;
Gonzalez et al., 2011).

5. Conclusions

The results of amendments' application to affect TE's mobility,
along the changes in soil enzymes activities and ecotoxicity to
earthworms, demonstrate that adding BC, WA or HS at relatively
low doses can restore the quality of multi-contaminated soils.
Moreover, high earthworm mortality occurred in BC 5% treatments,
and significant depression in enzyme activity was detected in
amended WA 6% soil compared to the non-amended (contami-
nated) samples.

This case study provides evidence, that an incorrect choice of
amendment dose can exacerbate soil toxicity despite of immobi-
lizing the trace metals. However, our results should be very care-
fully generalized as all the amendment materials tested,
particularly BC and HS, may drastically vary in their structure and
composition between the particular sources and therefore, their
impact on soil properties may vary as well. The major advantage of
the proposed approach is in drawing a multidimensional picture
with most important variables taken into account. Thus, it should
be neither overlooked nor dismissed as it brings the added value for
sustainability and ecologically friendly remediation management.
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Abstract

Purpose Rhizon suction cups are widely used for soil water
sampling. However, available literature about the variability
and stability of organic and inorganic anions in solution ex-
tracted by Rhizon suction cup is very limited. The main pur-
pose of this study was to examine the Rhizon MOM sampler’s
direct influence on soil solution composition.

Materials and methods In this study, two experimental ap-
proaches were used. In recovery test, reference solution con-
taining organic and inorganic anions (NO; , SO427, PO437,
lactate, acetate, formate, propionate, pyruvate, malate, oxalate
and citrate) was sampled using the Rhizon MOM samplers. In
pot experiment, model plants (Triticum aestivum L.) were
grown in outdoor precipitation-controlled vegetation hall, soil
solution was sampled at major growth stages and at distinct
day time. The influence of plants and different time scales on
soil solution composition was assessed. The relative microbial
degradability (stability test) of collected solution was exam-
ined by the addition of microbial inhibitor at the end of veg-
etation period. Ion-exchange chromatography was used for
the analysis of solution samples.

Results and discussion Recovery test revealed strong influ-
ence of Rhizon on CI™ and lactate anions. Increased concen-
trations of these anions in reference solution were found
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probably due to their initial leaching from the sampler.
Significant decrease caused by the Rhizon sampler was found
for acetate, propionate and formate. However, recovery rates
of these mono-carboxylates ranged from 98 to 93 %. The
variability in soil solution composition was found between
weeks, not within 1 day (no significant differences between
morning and evening sampling). However, organic anions
detectable in soil solution on regular basis were acetate, lac-
tate, formate, oxalate and pyruvate, implying further need for
sample concentration increase. Stability test of collected solu-
tion revealed an accumulation of NO, and formate. On the
contrary, lactate, acetate and Cl™ concentrations were partly
decreased after 24 h of incubation. After 1 h of incubation, no
significant differences were found.

Conclusions Rhizon MOM samplers seem to show good per-
formance for the sampling of di- and tri-carboxylates (average
recovery rates 100 =2 %) as well as NO3 ', SO, and PO4>~
in solution. Collected soil solution should be treated to prevent
microbial degradation within 1 h after collection. The compo-
sition of soil solution, in heavily rooted soil-plant system of
T aestivum L., did not vary in 24 h, but over longer period.
Sampling of soil solution by described procedure may provide
useful insight into temporal variation of soil processes.

Keywords Inorganic anions - Low-molecular-weight organic
acids - Soil solution - Spring wheat - Suction cup

1 Introduction

Knowledge of soil solution composition is of great importance
for many studies in, e.g. plant nutrition and prediction of nu-
trient fluxes from soil to plants (Wang et al. 2013), biogeo-
chemical cycles of elements (Dold et al. 2005) or geochemical
modelling of element speciation (Appelo and Postma 2005).
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Low molecular mass organic acids (LMMOAs) represent la-
bile sources of C in soils, and once released into the soil
solution, they may be quickly taken up and broken down by
the soil microbial community. The occurrence of many
LMMOAs in soil is related to the citric acid cycle (the Krebs
cycle), e.g. oxalic acid is a by-product of the hydrolysis of
oxaloacetate (Plassard and Fransson 2009). Some other
LMMOAs, such as lactate or acetate, may represent rather
stable fermentation end-products of the soil microbe metabo-
lism. LMMOAs can play important role in many processes.
Castaldelli et al. (2013) showed acetate as best predictor for
denitrification in soils. Ma et al. (2008) showed crucial role of
soil formate in the regulation of nitrous oxide emission from
soil fungi. Dold et al. (2005) described a crucial role of di- and
mono-carboxylates (e.g. oxalate, formate) in chemistry of acid
mine drainage from sulfidic mine waste. However, LMMOAs
half-life in soils varies largely depending on types of acid and
soil (Oburger et al. 2009; Jones and Darrah 1994). Because of
LMMOAs relative lability and spatial variability in soil, ap-
propriate sampling techniques are needed.

Three different approaches are in use for soil solution sam-
pling, according to Strobel (2001): (i) centrifugation, (ii) ex-
traction and (iii) lysimeter/suction cup application. Due to the
destructive sampling, a centrifuged sample can be conducted
only once at a specific spot. This prevents the centrifugation
method from being used for precise determination of long-
term changes of soil solution composition. In the case of the
extraction method, damage of root cells and soil microorgan-
isms occurs. Consequently, cell contents are extracted along
with the soil solution and thus results do not correspond to the
real conditions (Jones 1998). Using the suction cup method,
one is able to repeatedly collect samples from one specific
spot for a long period without damaging roots and microor-
ganisms there. It is especially suitable when heavily rooted
soil systems are analysed. Several limitations of this method
exist. First, due to various designs, suction cups differ in their
final suction pressure, thus collected samples differ in their
amount, and distinct soil solution fractions may be collected.
Second, the material of suction cup can degrade or can be
damaged in soil conditions. Hence, results can vary over lon-
ger period. Third, spatial resolution of suction cup is inversely
proportional to the amount of sample collected. According to
Puschenreiter et al. (2005), sampling of 1 mm soil layer using
6 mm disc-shaped micro-suction cup may result in 10 pL of
the solution collected. Moreover, suction cup spatial resolu-
tion varies largely depending on soil texture and soil water
content. Therefore, the interpretation of results might be
difficult.

Rhizon soil moisture samplers represent widely used type
of suction cup nowadays (Enell et al. 2016; Ettler et al. 2016;
Qasim et al. 2016). The Rhizon is consisted of porous, chem-
ically-inert, hydrophilic polymer plastic part and double
walled tubing. Inner part of tubing is made of polyethylene

(PE) whereas outer part of polyvinylchloride (PVC). The
polymer material is reported as polysulfone (Reynolds et al.
2004), namely polyethersulfone (PES) (Di Bonito et al. 2008).
The Rhizons usually have several advantages compared to
other techniques. Seeberg-Elverfeld et al. (2005) state, among
other, low mechanical disturbance of studied soil or sediment
by Rhizon, and low dead volume (0.5 mL) including standard
tubing. Rhizon pore size should ensure the extraction of
microbial- and colloidal-free, ready-to-analyse solution
(Knight et al. 1998). However, Rhizon PES polymer may, at
fibre interface, retain colloidal Fe (Jones and Edwards 1993)
and high molecular weight humic substances (Reynolds et al.
2004). The aims of this paper are (i) to specify the influence of
Rhizon suction cup on LMMOA and inorganic anion compo-
sition of soil solution, (ii) to determine the temporal variability
of soil solution during the vegetation period of model crop
T aestivum L. and (iii) to determine the stability of obtained
solution.

2 Material and methods
2.1 Experimental design and soil solution sampling

Over whole experiment, Rhizon MOM samplers (distributed
by Rhizosphere Research Products B.V, The Netherlands)
with 10-cm porous part (0.12-0.18 um pore size), 2.5 mm
outer diameter, female luer lock and 12 cm PVC/PE tubing
were used. For schematic diagram, see Seeberg-Elverfeld
et al. (2005). Vacuum was generated by 20-mL syringes (B.
Braun, Germany) covered by aluminium foil. During the col-
lection of soil solution, syringes were wedged by wooden
sticks of same dimension in order to satisfy equal vacuum
among syringes.

The influence of the Rhizon MOM suction cup on anion
composition of collected sample was studied in adsorption
recovery experiment. Glass test tubes covered by aluminium
foil were filled by reference solution (0.5 mg L' of organic
and inorganic anions, 2 % methanol). Reference solution
contained inorganic anions (NOj, S04 and PO, ),
mono-carboxylates (lactate, acetate, formate, propionate and
pyruvate), di-carboxylates (malate and oxalate) and tri-
carboxylate (citrate). Rhizons were installed into test tubes,
and after 4 h of incubation at room temperature, solution
was collected by using Rhizons. Five millilitres syringes were
used to create vacuum. As a control, treatment without
Rhizons was set up and solution was collected only using
syringes.

The pot experiment was performed in an outdoor
precipitation-controlled vegetation hall using 6-L plastic pots.
Each pot contained 5 kg (d.w.) of non-sterilized soil. Used soil
was arable one common to the Czech Republic; loam
(Cambisol) with the following characteristics: 30 % (w/w)
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sand, 48 % (w/w) silt, 22 % (w/w) clay, pHcacp 4.8 and
oxidisable carbon (C,,) 1.6 % (w/w). Twenty plants of spring
wheat (Triticum aestivum L. variety Aranka) were grown in
each pot from seed (VEG+) and were fertilized by 0.5 g N
(NH4NO3) in the time of sowing. Control treatments without
plants (VEG—) were also set up.

Soil solution was sampled at 27, 41, 55, 97 and 111 days
after sowing (DAS). These terms corresponded to beginning
of'tillering, stem elongation, head emergence, dough develop-
ment and ripeness, respectively. Before collecting of soil so-
lution samples, pots were irrigated with an exact amount of
demineralized water to reach 60 % of maximum water holding
capacity (MWHC) (controlled gravimetrically) at 2 p.m.

Soil solution samples were collected in pairs (47 and 49
DAS) from each pot evening (EV) and morning (MO).
Sampling of EV samples started 4 h after irrigation (6 p.m.),
subsequently MO samples were collected 19 h (9 a.m.) after
irrigation. Right after collection, samples of soil solution were
transferred from the syringe to a 0.5-mL vial, and then 10 uL
0of 99.9 % (v/v) methanol (Lach-ner, Czech Republic) was
added (final methanol concentration 2 % v/v) to prevent mi-
crobial degradation (Oburger et al. 2013). Right after collec-
tion, samples were frozen at —83 °C (Akhter et al. 2015;
Gardolinski et al. 2001) and kept for further analysis. For the
characterization of variability over the vegetation period, EV
samples were used.

For the determination of solution stability, two series of 18
samples (nine individual pairs in each series, 36 samples in
total) were collected and one sample from each pair was treat-
ed with methanol (M+ samples). No additive substances were
added into M— samples. Subsequently, samples were incubat-
ed in darkness at room temperature. First series was analysed
after 1 h of incubation, second series was analysed after 24 h
of incubation.

2.2 Analytical procedures

Major LMMOA (lactate, acetate, propionate, formate, buty-
rate, malate, tartrate, maleate, oxalate and citrate) and inorgan-
ic (F, CI', NO, , NO; ", PO, and SO,*") anions were de-
termined by means of ion-exchange chromatography with
suppressed conductivity; ion chromatograph ICS 1600

(Dionex, USA) equipped with IonPac AS11-HC (Dionex,
USA) guard and analytical columns. The eluent composition
was 1-37.5 mM KOH with a 1-50 min gradient, flow rate was
setto 1 mL min . To suppress eluent conductivity, an ASRS
300—4 mm suppressor (Dionex, USA) and Carbonate
Removal Device 200 (Dionex, USA) were used.
Chromatograms were processed and evaluated using the soft-
ware Chromeleon 6.80 (Dionex, USA). Standards were pre-
pared from 1 g L' anion concentrates (Analytika, CZ and
Inorganic Ventures, USA) and deionized water (conductivity
<0.055 uS cm Millipore, USA) in the range of 0.1-40 or
50 mg L™". Detection limits were calculated from a 3:1 signal-
to-noise ratio (Shabir 2003). Quality control and assurance of
ion chromatography analysis are described by Tejnecky et al.
(2013). LMMOA and inorganic anion limits of detection (DL)
are shown in Table 1.

2.3 Statistical analysis

Statgraphics XVI. I Centurion was used for statistical analyses
such as simple regression and correlation (»—correlation co-
efficient), ¢ test, paired ¢ test and analysis of variance
(ANOVA). Statistically significant differences (post hoc
Fisher’s LSD) were shown at the 95.0 % confidence level
(p < 0.05). All figures were prepared in SigmaPlot 12. If any
determined value was below DL of IC, then it was replaced
(for statistical tests) by one-half of DL. This approach had
been previously shown as acceptable method providing unbi-
ased statistical estimation for incomplete environmental data
sets (Antweiler and Taylor 2008).

3 Results and discussion
3.1 Rhizon adsorption recovery test

Rhizons had no significant effect (¢ test) on determined con-
centrations of NO5, SO,> and PO,>~ (Table 2). Significant
increase was found for CI" (¢ = 12; p < 0.001) which was,
however, not spiked into reference solution. For organic an-
ions, no significant differences were found in citrate, oxalate,
malate and pyruvate concentrations (recovery 100 £ 2 %).

Table 1  Limit of detection for analysed anions (ytmol L")
Lactate Acetate Propionate Formate Butyrate Malate Tartrate Maleate Oxalate Citrate
Detection limit 0.25 0.46 0.53 0.27 0.55 0.28 0.23 0.43 0.24 0.34
(umol LY
Pyruvate  Valerate F cr NO,~ Br NO;~ S04 PO,
Detection limit 0.42 0.49 0.23 0.28 0.39 0.53 0.49 0.21 0.87
(pmol LY
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Table2 Rhizon MOM adsorption recovery test of a reference solution
(0.5 mg L 'of organic and inorganic anions) (n = §)

Analyte Recovery t test
% t p

Lactate 146 4.5 <0.01
Acetate 98.1 -3.1 <0.05
Formate 934 —4.0 <0.01
Propionate 94.0 —44 <0.01
Pyruvate 98.8 -0.5 n.s.
Malate 101 04 n.s.
Oxalate 102 1.8 n.s.
Citrate 102 1.1 n.s.
Cl 623 12 <0.001
NO;~ 110 0.8 n.s.
S04 122 1.8 n.s.
PO, 96.3 -0.5 n.s.

n.s. indicates not significant effect (p > 0.05)

Significantly lower concentrations in Rhizon samples were
found for acetate, propionate and formate. However, recovery
rates were relatively high: acetate (98 %), propionate (94 %)
and formate (93 %). Significant increase was found for lactate
(t=4.5; p <0.01), where recovery rate was in average 146 %
(Table 2). This high recovery rate, along with the detection of
CI', suggested that these anions (CI, lactate) were leached
directly from the Rhizon sampler.

Leaching of Cl and lactate from Rhizon sampler may in-
fluence the final composition of collected aliquot as well as
Rhizon close surroundings in soil. For example, it has been
shown that increased concentrations of CI” may mobilize Cd
in soil solution (Weggler et al. 2004).

The origin of impurities detected in recovery test is not
clear. We suppose that both CI" and lactate represent Rhizon
manufacturing residue rather than leached-out products from
Rhizon materials. Jones and Edwards (1993) reported
leaching of low amount of S and organic carbon from
polysulfone fibres. Authors consequently proposed rigorous

washing procedure with water. Chloride salts are generally
highly soluble in water therefore washing by deionized water
should be appropriate. However, lactate salts may differ sub-
stantially in their water solubility (Cao etal. 2001). In the light
of these facts, washing of Rhizons prior to their installation
should be recommended. In order to clarify this, we addition-
ally performed simple washing experiment (data not shown).
Deionized water (conductivity <0.055 pS cm ') was step-
wise sampled from glass beaker using Rhizons (three replica-
tions) and 10-mL syringes. As a control, same procedure was
done without Rhizons. After 50 mL of water collected by
Rhizon, concentrations of lactate were not significantly (# test)
different (¢ = 0.80; p = 0.47). This amount of water may be
sufficient to wash out all lactate impurities from Rhizon.
Concentrations of CI” were, however, still significantly higher
even after 100 mL (289 %; ¢t =2.78; p = 0.04). The cumulative
amount of Cl, released from Rhizon into 100 mL of water
during the washing experiment, was 0.23 &+ 0.05 pwmol. Larger
amounts of water is, therefore, needed to wash out Cl  impu-
rities from Rhizon. It should be kept in mind that Rhizon
MOM used in this experiment, are, according to the distribu-
tor, not designed for direct pore water sampling.

3.2 Influence of sampling period and temporal variation

Concentrations of detected LMMOA did not statistically dif-
fer for EV and MO samplings (paired ¢ test). However, the
trend of lactate (EV 1.67 £ 0.80 and MO
3.23 +0.80 pmol L") and acetate (EV 3.09 + 0.36 and MO
335+ 0.36 umol L") concentration slightly increased, and
oxalate (EV 0.91+0.15 and MO 0.66 £0.15 pmol L) slight-
ly decreased in MO compared to EV. A moderately strong
relationship between MO and EV was found only in the case
of oxalate (» = 0.816; p = 0.014). Diurnal rhythms in the
exudation processes of higher plants with maximal exudation
rates during the photoperiod were reported (Watt and Evans
1999; Oburger et al. 2014). No significant changes in acetate,
formate, lactate or oxalate concentrations in soil solution be-
tween EV and MO samples were found.

Fig. 1 Temporal changes in soil 18+

LMMOASs (mean and std.
deviation, pmol L") in VEG+
treatment. Small letters (a—c)
represent significant differences
between DAS for each LMMOA
species separately based on LSD
value (p < 0.05). Lines represent
nonlinear regression—dynamic
fitting (v = yg + ax + bx* + cx”)

LMMOA (umol L")

. . - [l Lactate
solution concentrations of be -

.- EEE Acetate '
—w——-~ [ Formate "

[ Oxalate

Days after sowing (days)
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Fig. 2 Temporal changes in soil 184
solution concentrations of
LMMOASs (mean and std.
deviation, pmol L") in VEG— 14+
treatment. Small letters (a—c)
represent significant differences
between DAS for each LMMOA
separately based on LSD value
(p < 0.05). Lines represent
nonlinear regression—dynamic
fitting (v = yo + ax + bx” + cx°) 4]

LMMOA (umol L")

------ N Lactate
16 4 e I Acetate
e Formate

[ Oxalate

Contents of F, CI, SO427 and PO437 were not statistically
different between MO and EV. Concentrations of these anions
showed strong correlation between MO and EV ( from 0.993
to 1; p < 0.001). Statistically non-different concentrations of
these anions indicate that the time of 4 h after irrigation was
sufficient to obtain chemical equilibrium in soil solution for
these anions. Increasing trend of NO;  (but not significant)
concentrations was observed between MO and EV with
higher concentrations in the case of EV. The correlation coef-
ficient (» = 0.864; p = 0.006) indicates a moderately strong
relationship in NO3™ content between MO and EV.

Contents of detected LMMOA fluctuated during the grow-
ing season (Fig. 1 and Fig. 2). Significant differences
(p < 0.05) between sampling days were observed for lactate,
acetate and oxalate. No significant differences were observed
for formate in VEG+ contrary to the VEG—, where formate
slightly decreased at 41 DAS. The highest concentrations of
all detected LMMOASs were determined at 97 DAS, while
lactate, acetate and oxalate were higher in VEG+ contrary to
formate which was slightly higher in VEG—. T aestivum L.
plants had significant influence on the concentrations of lac-
tate, acetate and oxalate in soil solution (Table 3).

Although rhizodeposition of carbon is reported to decrease
with increasing plant age (Nguyen 2003), the highest

Table 3 Two-way ANOVA of time and plant effects on the detected
LMMOA concentrations in soil solution during the vegetation period of
T aestivum L. (n = 30)

LMMOA Source of variation

Time Plant Time*Plant

F p F p F p
Lactate 2.5 n.s. 4.8 <0.05 52 <0.01
Acetate 6.6 <0.01 4.4 <0.05 2.5 n.s.
Formate 1.7 n.s. 1.1 n.s. 0.5 n.s.
Oxalate 11.2 <0.0001 6.1 <0.05 0.4 n.s.

n.s. indicates not significant effect (p > 0.05)
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LMMOA concentrations in our study were determined in
the later plant age (97 DAS) (Fig. 1). We assume that the
observed increase of acetate is caused by changes in metabo-
lism of soil microbial communities. However, lactate is rather
produced in root cells during limited oxygen supply and can
be released into the root environment in substantial amounts
(Neumann and Romheld 2001). As wheat plants are finishing
their life cycles, water consumption is decreasing, thus anoxic
conditions in soil solution may occur due to longer retention
time of water in pot. This can result in the accumulation of
these carboxylates in soil solution. These increased carboxyl-
ate concentrations may, however, also indicate first stage of
the fine root decomposition.

3.3 Stability test of collected soil solution

After 1 h of incubation, no significant effect (paired # test) on
anion (F, CI', NO, , NO; , SO427, PO437, lactate, acetate,
formate and oxalate) concentrations was observed for nine
pairs of samples with (M+) and without (M—) methanol.
Under the lower confidence level (p = 0.0608), a difference
was found for NO, . After 24 h of incubation, no significant
effect on F , NO; , SO427, PO437 and oxalate concentrations
was found. Under the lower confidence level (p = 0.064), a
difference was determined for SO,>~. However, significant
differences between M+ and M— samples were found for
Cl (p=0.037),NO, (p <0.001), lactate (p = 0.024), acetate
(p =0.002) and formate (p = 0.014). The averaged differences
between M+ and M— samples after 24 h of incubation for
individual anions were in order: NO, (+756 %), formate
(+48 %), lactate (—46 %), acetate (—30 %) and ClI (=5 %).
CI', lactate and acetate concentrations were significantly low-
er in M— samples, indicating their microbial degradation or
incorporation into organic chlorine compounds, respectively.
Contrarily, formate and NO, concentrations were increased
in M— samples. Formate was accumulated probably due to
degradation of longer chain C compounds (Leonhartsberger
etal. 2002), while NO, possibly due to nitrification processes
(Appelo and Postma 2005).
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3.4 Abundance and variability of LMMOA and main
inorganic anion concentrations over the whole vegetation
period

Lactate (mean 5.07 pmol L™') was the predominantly oc-
curring LMMOA followed by acetate (2.93 pmol L"),
formate (1.68 pumol L") and oxalate (0.68 pmol L")
(Table 4). Medians of pyruvate and propionate were de-
termined using one-half of the DL but a few samples
represented higher contents of pyruvate and propionate
(maximum 2.02 and 0.74 umol L', respectively). In the
case of VEG+, pyruvate was detectable only at 27 DAS
contrary to VEG—, where pyruvate was detectable during
whole vegetation period. The main inorganic anions
analysed were in order NO3  (mean 1475 pmol L,
followed by SO4% (257 umol L™ '), CI1~
(90.0 pmol L"), F~ (18.8 pmol L") and NO,~
(1.35 umol L") (Table 4). Concentrations of malate, bu-
tyrate, citrate, valerate, tartrate, maleate and Br were be-
low or close to the DL of IC (data not shown).

Soil solution concentrations of lactate, acetate and ox-
alate were comparable with previously reports for bulk
soil solution (Dessureault-Rompré et al. 2007). However,
when using Rhizon suction cup method, malate and citrate
were not detected, contrary to what was expected accord-
ing to reports for 7. aestivum L. rhizosphere (Pearse et al.
2007; Andrade et al. 2011). Adsorption recovery test re-
vealed negligible/no influence of Rhizon on these di- and
tri-carboxylates. Therefore, the lack of citrate and malate
in our samples is probably due to fast sorption and micro-
bial degradation of these anions (Jones et al. 2003); thus,
their concentrations in our sampled solution were below
DL. The use of analytical equipment with lower DL or

sample lyophilization and subsequent concentration in-
crease of these anions could solve this phenomenon.

4 Conclusions

Rhizon suction cups can be used for the sampling of
LMMOA in soil solution. However, sampler should be
cleaned prior to installation to avoid chemical interference
in Rhizon surroundings. Using the procedure described
here, only acetate, lactate, formate, oxalate and pyruvate
were consistently detected in soil solution. No significant
differences in organic or inorganic anion concentrations
were observed within 1 day. Variations in the composition
of collected soil solution were observed over longer pe-
riods (weeks), probably due to water residence period in
soil and changes in soil microbial metabolism over life
cycle of T. aestivum L. Concentrations of lactate, acetate
and oxalate were influenced by 7. aestivum L. Collected
soil solution remained relatively stable within 1 h after
collection. After 24 h, however, significant changes were
found especially in the concentrations of NO, , formate,
lactate and acetate.

It should be kept in mind that only one plant species and
one soil have been tested in this study. Additionally, soil so-
lution was sampled using one tension pressure, which results
in sampling of one soil water type. More effort is therefore
required to assess Rhizon potential in different soil-plant sys-
tems as well as with different tensions. For this, comparison
with other methods is crucial. Future work may also be fo-
cused on the sampling of other fractions of dissolved organic
carbon.

Table 4 LMMOA and main

inorganic anions in soil solution Analyte Average Median Standard Coeff. Minimum Maximum

during vegetation period deviation of variation

(umol L' n=45) pmol L' pmol L' pmol L' % pmol L' pmol L™!
Lactate 5.07 3.37 5.59 110 0.13* 28.8
Acetate 293 2.39 2.15 73.5 0.23* 11.2
Formate 1.68 1.37 1.37 81.4 0.14* 8.74
Oxalate 0.68 0.62 0.36 53.2 0.36 2.81
Pyruvate 0.64 0.21 0.61 95.5 0.21% 2.55
Propionate 0.29 0.26 0.11 38.5 0.26% 0.74
F 18.8 17.4 5.58 29.7 11.2 315
Cl 90.0 44.6 103 114 423 403
NO,™ 1.35 0.50 2.33 172 0.20* 13.0
NO;~ 1475 238 1958 133 3.55 7933
SO,* 257 175 210 81.7 4.27 631
PO, 2.65 245 1.43 54.0 0.43* 6.41

*represents one-half of DL
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Nutrient Dynamics in Soil Solution and Wheat Response
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ABSTRACT

Among the possible methods for biomass ash (BA) utiliza-
tion, land application represents an important nutrient-saving
approach of BA management. The land application of BA results
in an increase of soil pH, but in contrast to conventional liming,
ash application on agricultural land can supply additional nutri-
ents to soil, such as K, Mg, or P. However, due to the complex
mineral phase composition of ashes, release of nutrients from
the ash matrix into soil solution is not well understood. In the
presented pot experiment, two agricultural soils were amended
using two common types of BA (wood and straw ash) at rate
1% (w/w). During the vegetation period of spring wheat (7#i-
cum aestivum L.), soil solution was sampled and monitored for
the concentrations of Ca, K, Mg, and P. Subsequently, yield and
nutrient uptake of wheat were determined. The effect of ash
application on the investigated parameters differed substantially
between the tested soils. Positive yield responses were found
in soil with higher N content. Straw ash application increased
concentrations of all monitored nutrients in soil solution but
simultaneously increased plant uptake of K and P only. Wood
ash increased concentrations of Ca and Mg in solution, while
its effect on nutrient uptake strongly differed between soils.
Generally, higher relative increases of nutrients in soil solution
were surprisingly found in soil with higher pH and higher cation
exchange capacity (CEC). Factors influencing dynamics of ash-
contained nutrients in soil solution are discussed.

Core ldeas

* Nutrient leaching from straw and wood ash matrix in soil-plant
conditions is investigated.

* The influence of ashes on yield and nutrient uptake differed
substantially depending on types of ash and soil.

* Highly soluble K-compounds in straw ash revealed by X-ray
powder diffraction.

e Straw ash is a much more efficient P source than wood ash.
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IOMASS ASH, a by-product of biomass incineration,
B is produced in relatively high amounts. Vassilev et

al. (2013a) estimated the global production of BA at
476 Tgannually. These ashes contain considerable amounts of
mineral-nutrients, especially Ca, K, Mg, and P (Biedermann
and Obernberger, 2005); therefore, land application of biomass
ash is widely considered as a promising value-added utiliza-
tion of this material. Of course, only ashes meeting regula-
tory requirements of contaminants should be applied to land.
Currently, the majority of produced BA is landfilled, which
is considered unsustainable, and due to increasing disposal
costs, indirectly increasing the price of electricity and heat
produced from renewable resources. Land application of BA
should supply nutrients to agricultural ecosystems and save
nutrient resources (James et al., 2012; Demeyer et al., 2001).
Thanks to the fertilizing and liming potential of BA (Vassilev
etal., 2013b; Biedermann and Obernberger, 2005; Tan and
Lagerkvist, 2011), improvement of the soils nutrient status and
soil pH level usually occurs, especially when the ash is applied
on nutrient-poor acidic soils in reasonable amounts (Gémez-
Rey etal., 2013; Moilanen et al., 2012; Park et al., 2012).
Ochecovi et al. (2016) reported significant increases in plant-
available nutrients in loam and sandy clay loam soils after 5%
wood ash (WA) addition, while 1% ash addition had negligible
effect. Due to alkaline character of WA, it can also be used as
an amendment to reduce the transport of some trace metals
from contaminated soils to crops (Ochecovd et al., 2014). A
number of studies have investigated the use of WA in agricul-
ture, but only a limited number have focused on straw ash (SA).
Thanks to the rising demand for renewable energy resources,
SA is produced in substantial amounts, but its chemical prop-
erties differ significantly from WA. This is due to two main
reasons: (i) differences in chemical composition of wood and
straw biomass, and, (ii) cereal straw is commonly burned at
lower temperatures compared to wood biomass, which results
in a different mineral phase composition and solubility of
formed ashes. Dissolution of ashes in soil is a complex process,
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as is the rate at which nutrients become plant available. This is
due to the fact that each cation present in BA usually occurs in
several forms such as oxides, hydroxides, carbonates, and bicar-
bonates (Vassilev et al., 2013a; Demeyer et al., 2001). Published
research has focused on the utilization of BAs on forest soils.
Several studies have examined the influence of WA on soil
solution chemistry of forest soils (Park et al., 2004, Gémez-Rey
etal., 2012), but there is a lack of studies on the influence of BA
on agricultural soils and crops. There is evidence that the soil
solution chemistry of BA-amended soils is a good indicator for
solubility, mobility, and availability of nutrients and in general
of the nutrient status of the soil (Nkana et al., 2002).

The objective of this study was to compare two BAs from
different feedstock (wood chips and cereal straw) in terms of
nutrient release, their influence on soil solution composition,
subsequent yield response and nutrient uptake of spring wheat
on two contrasting arable soils.

MATERIALS AND METHODS

Experimental Design
The experiment was conducted in an outdoor pre-
cipitation-controlled vegetation hall in 6 L plastic pots
(h=205cm,d, =21cm,dy . =18 cm). Each pot con-
tained 5 kg (dry wt.) of soil collected from the plow horizon

Table |. Chemical characteristics of soils and ashes.

(0-20 cm). A Cambisol soil was sampled from a long-term trial
close to the city of Humpolec, Czech Republic, where no fertil-
izer was applied for 20 yr. A Fluvisol soil was sampled from a
field near to the city of Podébrady, Czech Republic, which is
managed by a conventional farming system with low P inputs.
Soil was air dried and passed through a 10 mm stainless steel
sieve. Soil was thoroughly mixed with ash in the dose of 1%
(50 g of ash/pot) prior to filling the pots. No ash was added

to the control treatment (CON). Two types of BA from two
industrial heating plants were used. Straw ash originated from
the combustion of cereal straw in a grate-fired boiler (15 MWrt)
and was a mixture of fly and bottom ash. Wood ash originated
from the combustion of wood chips in a fluidized bed reactor
(15 MWt) (chemical characteristics of both soils and ashes

are shown in Table 1). All pots were filled with soil or soil-ash
mixture 1 d before sowing. Twenty-five wheat seeds (variety
Aranka) were sown in each pot and plants were thinned to

20 at the age of the third leaf emergence. All pots were fertil-
ized with N in the dose of 100 mg N kg™! soil (NH,NO,
water solution) immediately after sowing. The soil in pots was
maintained at 60 to 70% of maximum water holding capacity
(MWHC) by watering with demineralized water daily (con-
trolled gravimetrically once per week). Maximum water hold-
ing capacity of soils was determined as follows: Mitscherlich

Soil type soil texture Cambisol loam Fluvisol sandy loam Straw ash Wood ash
PHcacn 45+0.1¢ 6.0+0.1 102+0 112+0
PHua0 52+0.1 6.8+ 0.0 1030 112+0
Cation exchange capacity, mmol kg™! 121 £2 168 + 4 261 £ 0.1 125+ 1.2
Total C, % 1.6+0 1.9+0 48+03 80+0.7
Total N, % 0.16+0 0.19+0 0.07 £ 0.01 0.02 + 0.01
NO;~, mg L't 379 £ 84 980 + 90 - -
Total CO32‘,% 0.15+0 0.14 £ 0.01 3.13£0.02 423 +£0.18
Pseudototal/Total Ca§ 2739 £9I 3303 £45 56 460 = 160 117 789 £ 200
Pseudototal/Total K§ 962972 4461 £ 62 159 900 + 200 58938 + 170
Pseudototal/Total Mg§ 8473 + 266 3516 54 9030+ 160 17 478 + 280
Pseudototal/Total P§ 587 11 384+3 13610 +20 10 195 £ 50
Available Caygpjich 3 1542+ 10 2854 +43 5931 +438 23360 = | 071
Available Kyopiich 3 173 £3 2257 37 464 + 2 889 5096 + 224
Available Mgyehiich 3 168 +3 2027 838 £ 75 2 607 £ 65
Available Py.piich 3 9 +2 660 1 977 £ 45 249+ 10
Available Caryi3c00H 1416 + 24 2037 £ 19 15035+ 215 40824 + 174
Available K i3c00H 105 £ 3 107 + | 83 403 + 657 6 607 £ 571
Available Mgcpi3coon 107 £ | 104 +0 42202 3990 =97
Available P3co0n 14+ | 18 + | 1819116 315+ |
Available Cac, - - - -
Available K¢, 83+ | 930 340181 160 4934 + 443
Available Mg, » 96 * | 82+0 102 £2 270
Available P, 5 2+0 320 10+0 <5
Available Ca,,, 278 2 247 + 4 3544 8208 + 314
Available K5 6l £ 1 116 £2 56 037 £ 2 058 3944 £ 121
Available Mg, 5 52+ | 69 £ 1 64+ 4 23+2
Available P, 91 12+£0 868 * 20 <5

+ Shown values represent arithmetic means + standard deviation (n = 3). Pseudototal, total and available portions of Ca, K, Mg, and P are given in mg kg™
1 Content of NO;™ in soil solution of CON VEG+ treatments at 27 DAS; for the method, see section Soil Solution Analysis within the Materials and

Methods section.

§ Pseudototal contents are shown for soils (aqua regia digestion), total contents for ashes (XRF); for the method, see section Plant, Soil, and Ash

Analysis within the Materials and Methods section.
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columns were filled by air- dried soil (approximately 150 g) of
known moisture and weight. Columns were soaked in water for
2 h and subsequently were left to drain at room temperature.
After 12 h, MWHC was determined gravimetrically as the
amount of water retained by known amount (dry wt.) of soil.
The experiment was made in a randomized design (three rep-
lications per treatment) with four randomization procedures
during the vegetation period.

Soil Solution Sampling

Soil solution samples were collected at 27, 41, 55, 69,
83, and 97 days after sowing (DAS) using Soil Moisture
Samplers- Rhizon MOM (Rhizosphere Research Products,
Wageningen, the Netherlands). Twenty-milliliter syringes
(B. Braun, Melsungen, Germany) were used to create the
vacuum. Rhizons with 10 cm porous part (0.12-0.18 pm pore
size) were installed vertically in the middle of each pot. Pots
were irrigated with an exact amount of demineralized water
to reach 60% of MWHC. Collection of soil solution samples
started 4 h after irrigation to maintain the solution chemical
equilibrium. Collected solution was transferred to test tubes,
pH was measured using an Argus pH meter (Sentron, Roden,
the Netherlands) with transistor CupFET probe (Sentron, the
Netherlands), and samples were kept at 7°C for further analysis
(Ca, Mg, K, P). Part of the sample was transferred to 0.5 mL
vial and frozen at -83°C for further NO,~ analysis.

Soil Solution Analysis

Concentrations of Ca, Mg, and K in soil solution were
determined by inductive coupled plasma—-optical emission
spectrometer (ICP-OES, Agilent 720, Agilent Technologies
Inc., Santa Clara, CA). Concentrations of P in soil solution
were, in some treatments, below or close to the detection limit
(DL) of ICP-OES (DL = 0.05 mg L1). Therefore, P concen-
trations in all soil solution samples were determined by induc-
tively coupled plasma— mass spectrometer (ICP-MS, 7700x,
Agilent Technologies Inc., USA). Nitrate concentrations in
soil solutions were determined by means of ion-exchange chro-
matography with suppressed conductivity; ion chromatograph
ICS 1600 (Dionex, Sunnyvale, CA) equipped with IonPac
AS11-HC (Dionex) guard and analytical columns. The elu-
ent composition was 1 to 37.5 mM KOH with a 1 to 50 min
gradient, flow rate was set to 1 mL min~!. To suppress eluent
conductivity, an ASRS 300 4 mm suppressor (Dionex) and
Carbonate Removal Device 200 (Dionex) were used.

Plant, Soil, and Ash Analysis

Aboveground mature biomass was harvested at 98 DAS, sep-
arated to grain, leaves and stems and dried at 65°C to constant
weight. The yield of dry biomass was determined. Samples were
then milled and digested with concentrated (65% v/v) HNO,
(Analytika) and (30% v/v) H,O, (Analytika) in an Ethos 1
(MLS, Leutkirch, Germany) microwave-assisted wet-digestion
system. Nutrient concentrations were then determined by
ICP-OES (Szdkovi et al., 2013); only K concentrations were
determined using flame atomic absorption spectrometer
F-AAS (Varian AA285S, Varian Australia, Mulgrave) (Szakov4
cral,, 2013).

The soil and ash pH values were determined after extrac-
tion with 0.01 M CaCl, in the ratio 1:2.5 (w/v), or with
demineralized water in the ratio 1:2 (w/v) using an Argus
pH meter (Sentron) with transistor CupFET probe. For the
determination of total C and N, a CHNS Vario MACRO
cube (Elementar Analysensysteme GmbH, Hanau, Germany)
analyzer was applied. Carbonate content was determined
using the volumetric calcimeter method (Loeppert and Suarez
1996). Cation-exchange capacity (CEC) was determined using
a three-step saturation of the sample with BaCl, and subse-
quent Ba?* release using MgSO 4 according to the method of
Gillman (1979). Total contents of Ca, K, Mg, and P in ashes
were measured using X-ray fluorescence (XRF) spectrometry
(Spectro IQ, Kleve, Germany). The tested samples were pressed
into pellets prior to XRF analysis. Four grams of ash (particle
size 15— 20 pm) was mixed with 0.9 g of the binding additive
(HWC Hoechst way, Frankfurt am Main, Germany). The
pressing power was 80 kN. Pseudototal contents of Ca, K, Mg,
and P in soils were determined by ICP-OES after microwave-
assisted aqua regia extraction, as described by Szédkovd et al.
(2013). Soil silicates are not totally dissolved during the aqua
regia extraction, therefore, these contents are referred here as
“pseudototal”. Available portions of nutrients in soils and ashes
were determined by extraction of samples in Mehlich 3 solu-
tion (Mehlich, 1984); 0.11 M CH3COOH 16 h extraction in
the ratio of 1:20 (w/v) for soils and 1:40 (w/v) for ashes, 0.01
M CaCl, and deionized water 2 h extraction 1:10 (w/v) for
soils and 1:100 (w/v) for ashes. The X-ray powder diffraction
(XRD) analysis of ashes was performed at room tempera-
ture with X’Pert PRO diffractometer (PANalytical, Almelo,
the Netherlands) using CuKa radiation (1= 1.5418 A, U =
40 kV, I =30mA). Data were scanned with an ultrafast detec-
tor X' Celerator over the angular range 5 to 60° with a step size
0f 0.017° and a counting time of 19.69 s.

Statistics and Data Analyses

The effects of ash application on individual plant component
yield, nutrient uptake, and phosphorus use efficiency (PUE)
were examined by one-way ANOVA followed by Fisher’s least
significant difference test (LSD) separately for each soil (not
in the case of PUE). Factors influencing soil solution pH and
concentrations of individual nutrients in soil solution were
examined by repeated measures analysis of variance (rANOVA)
with three becween-subjects factors (ash amendment, soil type,
plant), their interactions, and one within-subject effect (time).
STATISTICA 12.0 (Statsoft, Tulsa, OK) was used for the
statistical analysis. All figures were prepared in SigmaPlot 11.0
(Systat, San Jose, CA). Phosphorus use efficiency was calculated
according to Brod et al. (2015a) as:

I)up[ake (BA) - I)uptake (CON)

PUE(%) =100 x

I)tom[ (BA)
where P prake (BA) = total P uptake (mg pot™1) from indi-
vidual biomass ash treatment, Puptakc(CON) = total P uptake

(mg pot™1) from control treatment, P .1 (BA) = total amount

of P supplied by ash in individual biomass ash treatment
(mg pot™).
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Table 2. Mineralogy of ashes according to X-ray diffraction analysis.

Table 5. Phosphorus use efficiency (PUE, %) for individual ashes.

Materialt Relative quantity Formula Name Soil Asht PUE
SA Major SiO, Quartz Cambisol SA |.66ABE§
SiO, Cristobalite WA 0.02A
KCI Sylvine Fluvisol SA 5.50C
Minor K,SO4 Arcanite WA 3.20B
KCaPO, K-Ca phosphate F test 13.5

NaAISi;Og Albite p value <0.01

MgCa(Si,O,) Diopside

WA Major Sio, Quartz
Minor CaAl,Si,Og  Anorthite
KSi;AlOg Orthoclase
Ca(COy) Calcite
TiO, Rutile

T SA, straw ash; WA, wood ash.

RESULTS AND DISCUSSION

Element and Mineral Phase Composition of Ashes

Wood ash and SA differed in their total contents (deter-
mined by XRF) of investigated nutrients (Table 1). Wood
ash contained almost double the amount of total Ca and Mg
compared to SA, while almost three times more K was pres-
ent in SA. Total contents of P were similar in both ashes, but
slightly more was present in SA. The XRD revealed differences
between WA and SA in mineral phase composition. The major
mineral in both ashes was quartz (SiO,) but remaining miner-
als differed substantially (Table 2). This is in a good agreement
with an overview from Vassilev et al. (2013a) and it reflects

Table 3. The yield of dry biomass (g pot™').

T SA, straw ash; WA, wood ash.
F Shown values represent arithmetic means (n = 3).
§ Different letters indicate significant difference (Fisher's LSD test).

common differences between woody and straw biomass ashes.
Presence of sylvine in SA points out to the combustion temper-
ature lower than 700°C (Wang et al., 2016; Zevenhoven et al.,
2012), while thanks to the presence of albite, one can estimate
the combustion temperature higher than 575°C (Vassilev et al.,
2013c). On the contrary, anorthite, which was found in WA, is usu-
ally formed at temperatures 800 to 1100°C (Vassilev et al., 2013c).
Vassilev et al. (2013a) showed the contents of water-soluble
fractions of major nutrients from biomass ashes in the following
order: K> > >Mg> Ca> > P. Ohno and Erich (1990) found
48% of total Mg, 40% of total K, and 5.7% of total P extractable
in ammonium acetate at pH 3 from wood ash. Meiwes (1995)
showed 81% of total Ca, 57% of total Mg, 34% of total K and
20% of total P extractable in the same extractant from wood
ash at pH 4.2. In our study (Table 1), we found 34% of total Ca,
11% of total K, 22% of total Mg, and 3% of total P extractable

Soil Material Stem Leaf Grain > aboveground biomass

Cambisol SA 17.9B1 (0.90) 7.8B (0.33) 20.7A (1.03) 46.4AB (2.09)
WA 15.9A (0.16) 6.5A (0.22) 21.1A (0.22) 43.5A (0.59)
CON 17.7B (0.26) 7.0A (0.08) 24.4B (1.17) 49.0B (0.83)

F test 7.8 16.8 9.9 8.5

p value <0.05 <0.01 <0.05 <0.05

Fluvisol SA 23.5C (0.25) 11.1B (0.75) 32.5B (1.67) 67.1B (2.16)
WA 19.2B (0.57) 11.4B (0.37) 33.9B (0.68) 64.5B (1.34)
CON I15.7A (0.36) 8.2A (1.62) 28.2A (1.30) 52.0A (2.41)

F test 179.2 5.6 10.9 31.6

p value <0.001 <0.05 <0.05 <0.001

T Shown values represent arithmetic means and standard deviations in parentheses (n = 3). Different letters indicate significant differences (Fisher's LSD

test) among the treatments in individual soils.

Table 4. Nutrient uptake by aboveground biomass (mg pot™!).

Soil Material Ca K Mg P
Cambisol SA 103.3 (11,6)1 564.2B% (50.5) 33.7 (1.8) 67.5B (4.3)
WA 102.5 (3.6) 388.1A (22.6) 34.8 (0.26) 56.3A (0.22)
CON 107.2 (15.7) 384.5A (20.5) 36.2 (2.3) 56.2A (0.7)
F test 18.2 1.1 12.4
p value ns§ <0.01 ns <0.01
Fluvisol SA 160.7A (17.6) 1012.8C (43.3) 50.3A (3.7) 99.2C (9.5)
WA 215.1B (7.1) 606.5B (21.9) 68.7B (2.7) 78.1B (4.6)
CON 147.5A (32.2) 432.1A (31.4) 49.3A (4.6) 61.8A (0.48)
F test 55 159.4 16.8 18.8
p value <0.05 <0.001 <0.01 <0.01

T Shown values represent arithmetic means and standard deviations in parentheses (n = 3).

f Different letters indicate significant differences (Fisher's LSD test) among the treatments in individual soils.

§ ns = not significant.
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in 0.11 M acetic acid (pH 2.5) from WA. Straw ash used in our
experiment had higher (except Ca) relative portions of available
nutrients (26% of total Ca, 52% of total K, 46% of total Mg and
13% of total P) extractable in acetic acid. Among the extraction
agents used, acetic acid released the highest available amounts
of Ca, K, and Mg from both ashes, whereas Mehlich 3 was the
most effective agent in the case of soils. The trend in efficiency
of Ca release from ash matrix could be related to the presence

of calcite in WA and K-Ca phosphate in SA, as these minerals
are reported as soluble in acid and in root exudates (Vanék et al.,
2013). Mehlich 3 and CaCl, were comparable in the extracted
amount of K from both ashes, but strong differences were

found in water soluble K between WA and SA. In the case of
SA, more K was extracted by water compared to Mehlich 3 and
CaCl,, which can be explained by the presence of highly soluble
phases (sylvine, arcanite). This is in contrast to WA, where the
lowest amount of K was extracted in water compared to other
extraction agents. Magnesium in both ashes seems to be highly
dependent on extractant pH and time of extraction, since strong
differences were found between acidic (acetic acid and Mehlich
3) and neutral (CaCl, and water) extractants. Concurrently,
much more Mg was extracted in Mehlich 3 (5 min of extraction)
compared to acetic acid (16 h of extraction). Calcium chloride
seems to be unsuitable for determination of highly soluble frac-
tions of P from BA because only 1% of water extractable P from
SA was found in CaCl, extraction, probably due to precipitation
of insoluble Ca-phosphates. The only P mineral found in SA
was K-Ca phosphate. We suggest that this mineral is not soluble
in water; therefore, the amount of P extracted by water could
represent amorphous P compounds, which were not detected by
XRD. The results listed above highlight difficulty in predicting
the real dissolution behavior of BAs in soil.

Yield and Nutrient Uptake

The influence of ash application on the aboveground biomass
yield of wheat differed between investigated soils (Table 3). In
Cambisol, SA significantly decreased grain yield by 15% and
increased leaf yield by 11% compared to the control, but the
total aboveground biomass yield was not significantly affected.
Wood ash in Cambisol had a negative influence on yield of
stem, grain and consequently on total aboveground biomass
(reduction of 11%). In Fluvisol, both types of ash amendments
showed increases in yield. Both of ashes increased total yield
(129% in SA and 124% in WA), grain (115% in SA and 120%
in WA) and leafyield of wheat. In Fluvisol, the only differences
in the yield response of individual plant parts between ashes
were found in stem biomass, where SA treatment had signifi-
cantly higher stem yield (150%) compared to WA (122%).
Etiegni et al. (1990) reported a 25 to 69% increase in biomass
yield of winter wheat in wood ash treatments as compared
to no ash control. Patterson et al. (2004) observed an 18 to
25% increasc in grain yield of barley (Hordeum vulgare L.) in
wood ash treatment. Ochecovi et al. (2014) reported a 7 to
23% increase in grain yield of spring wheat after wood fly ash
amendment. Schiemenz et al. (2011) reported an increase in
grain yield of summer batley by 16% after SA treatment on
loamy sand soil, but also reported a decrease in the yield of
wheat grain grown on sandy loam soil by 3% after SA addi-
tion. Unfortunately, the studies listed above do not give

information about the natural N level in soil. Patterson et al.
(2004) describe only slight positive impact of WA application
on the yield of barley when ash was applied without additional
N. They also found a slight decrease in the yield of barley grain
in the first year after WA amendment applied without addi-
tional N. According to several studies (Gomez-Rey et al., 2013;
Demeyer et al., 2001; Clarholm, 1994), WA application in soil
can cause N immobilization. This could explain such contrast-
ing effects of ashes between soils in our experiment, where a
positive impact of ash amendment was found only in Fluvisol;
the soil with higher total N-and NO;~ content (Table 1) com-
pared to Cambisol. According to Nkana et al. (1998), a positive
effect of WA on the biomass yield is mainly caused by Ca and K
supplementation. However, this was confirmed only in the case
of Fluvisol in our experiment, where increased uptake of Ca
and K as well as Mg and P was found after WA addition. Straw
ash application increased uptake of K and P in both soils but
not Ca and Mg uptake (Table 4). However, elevated K doses
supplied by SA lead to a decrease of Ca and Mg concentrations
in wheat biomass (data not shown), possibly as a result of com-
petitive uptake between Mg?*, Ca>* and K*. Calculated PUEs
(Table 5) were much lower in Cambisol compared to Fluvisol
for both ashes, while SA had higher PUE values in both soils
compared to WA. From these results it can be concluded that
SA was a more efficient P source compared to WA, which is

in agreement with the availability of P from both BAs (Table
1). Similar conclusions were recently published by Brod et al.
(2015b) for wide range of waste products. Authors showed that
relative agronomic P efficiency of secondary waste products can
be determined by simple laboratory extractions. Furthermore,
the importance of soil N level for effective ash-contained nutri-
ent use has been partly demonstrated in our study.

Soil Solution

pH

According to Demeyer et al. (2001), the alkalinity of ash
decreases with increasing combustion temperature. However,
WASs have generally higher pH values than SAs, due to the
higher Ca and lower S concentrations (Vassilev et al., 2013a).
This corresponds well with our data (Table 1), where WA had
a higher pHy,, than SA by 0.9. However, there are only a few
papers showing the influence of BA on soil solution pH. In our
experiment, the addition of both ashes increased the pH of soil
solution, but differences between WA and SA were negligible
(Table 6). The soil solution pH was mainly influenced by soil
type (F=159; p < 0.001) and plants (F = 166, p < 0.001). In
treatments with plants, there was a visible increase of pH up
to 69 DAS (corresponding to flowering stage), and was fol-
lowed by a sharp decrease between 69 and 83 DAS (Fig. 1). The
increase in pH was probably due to prevalent nitrate uptake
from soil solution. It has been demonstrated that plant uptake
of nitrate occurs with the influx of two protons into the root
(Brimecombe et al., 2007; Mistrik and Ullrich, 1996). This
process had a presumably stronger impact on soil solution pH
compared to nitrification, which is associated with the acidifi-
cation of soil solution due to H* release during NH,* oxida-
tion. Interestingly, the differences in soil solution pH between
CON and ash treatments almost disappeared in the case of
treatments with plants on Fluvisol. Although only speculative,
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a possible explanation could be in the higher natural nitrate
content in Fluvisol (Table 1), and consequent intensive nitrate
uptake by plants, which could increase pH to a similar level as
with ash addition. Similarly, precipitation reactions could play
arole in ash treatments. It is known, that an excess of Ca may
cause CaCOj to precipitate and buffer the pH to a value near 8
(Troeh and Thompson, 2005; Kirk et al., 2015). However, further
research will be necessary to elucidate these findings with clarity.

Calcium

Addition of both BAs increased Ca concentrations in soil
solution of both investigated soils. The strongest factor influ-
encing the Ca concentration in solution was soil type (F =
1041, p < 0.001) (Table 6). Higher contents of Ca in soil solu-
tion, as well as higher relative increase of solution Ca after ash
addition, were found in Fluvisol (the soil with higher CEC
[Table 1]), probably due to different Ca % saturation on soil
exchange sites. This leads to the suggestion, that native con-
tent of exchangeable Ca in soil influences its release from ash
to soil solution. The highest soil solution Ca concentrations
were observed in SA treatments (Fig. 2). This is in contradic-
tion with the results of extractable portions of Ca released
with Mehlich 3, CH;COOH, and water (Table 1), where the
extractable portions of Ca were more than twofold lower in SA
compared to WA. Thus, the increased Ca concentration in SA

solution was probably caused by the competition for sorption
sites between Ca?* and K* ions. An excessive dose of K sup-
plied by SA probably released Ca®* from soil into soil solution
due to mass action. Calcium ions, released from the exchange
complex, may subsequently induce P precipitation from soil
solution into insoluble Ca-phosphates (Tunesi et al., 1999).
However, such a phenomenon was not observed probably due
to different factors, such as ligand exchange reactions shift-
ing the adsorption—desorption processes toward equilibrium
(Hinsinger, 2001). On the other hand, taking into consider-
ation higher content of CO32_ (Table 1) and the presence of
calcite (CaCO;) mineral (Table 2) in WA, the soluble portions
of Ca from this ash could substantially differ in soil from those,
obtained by the extraction procedures (Table 1). Due to a natu-
ral presence of Ca*, Mg?*, and CO32_ ions in soil solution
and the increase in pH, substantial part of ash-contained Ca
could re-precipitate as a calcite (CaCOj), aragonite (CaCOy3),
and/or dolomite [Mg,Ca(CO5),], if at all was solubilized after
soil application. Troeh and Thompson (2005) describe the
tendency of soil solutions to keep the optimum Ca/K ratio at
5:1. This can also be the reason why we did not find significant
differences in soil solution pH between WA and SA.

Generally, plants did not have any significant effect on Ca
concentrations in soil solution (Table 6). However, a nonsig-
nificant decrease of Ca in soil solution due to plant uptake
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Fig. |. Effect of biomass ash (BA) amendment on soil solution pH. Arithmetic means (error bars = standard deviation; n = 3) are shown;
SA = straw ash; WA = wood ash; CON = not amended control; NoPL = treatment without plants; DAS = days after sowing.
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was observed in CON variants, where relatively low Ca level
occurred in both soils (Fig. 2). Calcium followed a similar
decreasing trend over time in all treatments, possibly due to
adsorption of Ca?* on soil cation-exchange sites and/or pre-
cipitation reactions (the pH of soil solution in equilibrium with
calcite (CaCO;) at Py, = 0.5 kPaand [Ca?*] = 10 mM is 7.1)
(Kirk et al., 2015). It can be noticed that leaching of Ca could
not occur because pots were irrigated to 60% MWHC, thus
no percolate appeared. In no-plant treatments, we observed
equilibrium between dissolved and exchangeable Ca at 55 DAS
(Fig. 2). It is a slightly shorter time compared to planted treat-
ments, where the same pattern was found mainly at 69 DAS.

Phosphorus

Ash amendment was the strongest factor influencing P
concentration in soil solution (F =261, p < 0.001) (Table 6).
Phosphorus concentrations increased substantially in SA treat-
ments, while the influence of WA on P concentrations only
slightly differed between soils (Fig. 3). In Fluvisol, increased
P concentrations after WA addition were observed during the
whole growth period, contrary to Cambisol, where P contents of
WA in planted treatments were almost similar to CON. It can
be noticed that the soils, used in our experiment, varied in their
pseudototal contents of Fe and Al (data not shown). This differ-
ence played a likely minor role in P soil solution dynamics in BA

treatments as the pH of soil solution was generally higher than
6.5 (Fig. 1, Table 6). At neutral and alkaline pH, solution activi-
ties of Fe3™ or A3 ions are usually negligible and therefore,
phosphate minerals like variscite (AIPO 4-2H, O) or strengite
(FePO,-2H,0) do not precipitate (Hinsinger, 2001; Lindsay
1979). In addition, wheat is reported to have negligible ability of
rhizosphere acidification (Neumann and Rémheld, 1999; Pearse
etal., 2007; Liu et al., 2012) so markedly more acidic conditions
in root close surroundings are not expected. Generally, P con-
centrations in WA were not significantly different from CON
(Table 6). This is in good agreement with previously reported
low P solubility from WA (Biedermann and Obernberger, 2005;
Demeyer et al., 2001). Some discrepancies occur in the literature
between P availability from WA in incubation experiments and
the real P plant-uptake in soil-plant systems (Park et al., 2012;
Demeyer et al., 2001; Vance, 1996; Erich, 1991). Etiegni et al.
(1991) described a decrease in P uptake by wheat when WA was
applied in doses up to 2%. In Cambisol with no-plant treatment,
P contents in WA were even lower compared to CON, probably
due to an increase of pH caused by WA addition. In this case, soil
solution pH of CON was lower than 6.5, while WA had a pH of
around 7; thus, solubility of Ca-phosphates decreased and their
precipitation probably caused the decrease of P concentration

in soil solution. However, Tunesi et al. (1999) showed that pre-
cipitation and adsorption phenomena can take place at the same
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time. The second factor influencing P in soil solution was plant
factor (F = 89, p < 0.001) (Table 6). In planted treatments, we
found significantly lower concentrations compared to no-plant.
We suppose this is partly due to continuous P uptake by plants,
and due to lower pH value of solutions in no-plant treatments.
Erich and Ohno (1992) reported fast sorption of P released from
ash onto soil surfaces. In our experiment, time had only a slightly
significant effect (F = 3.2, < 0.05) on P in soil solution. This
indicates fast establishment of equilibrium between different P
fractions in soil and soil solution after biomass ash addition. Soil
type also had a significant effect on P concentration in soil solu-
tion (Table 6). We observed strong differences between soils in
the percentage of P increase in soil solution after ash amendment.
Although Fluvisol had a significantly lower content of available
(Mehlich 3) P compared to Cambisol, the average increase of P
in solution after ash addition was higher in Fluvisol in all cases.
Phosphorus concentrations in soil solution of treatments with
plants were, on average, increased (compared to CON) to 1230
and 208% after SA and WA addition in Cambisol, and to 3000
and 432% after SA and WA in Fluvisol, respectively. However,
in no-plant treatments, average increases were 888 and 79% in
Cambisol, and 2380 and 272% in Fluvisol after SA and WA
additions, respectively. Higher increments in planted treatments
likely reflect the influence of thizosphere and root exudates

(c.g., low molecular weight organic acids) on P release from the
BA matrix. This trend was expected, as acidic extraction agents

released more P from BAs (Table 1). However, this is in contra-
diction with the levels of soil solution pH, which were generally
lower in no-plant treatments (Table 6).

Potassium

The strongest factor influencing K concentration in soil
solution was the type of ash (Table 6), due to a significant
increase of K concentration in solution after SA amendment.
This phenomenon was likely a result of fast sylvite (KCl) and
arcanite (K,SO,) dissolution (Table 2). Wood ash increased K
in solution only slightly, although many studies reported high
water solubility of K from WA (Vassilev et al., 2013a; Demeyer
etal., 2001; Ulery et al., 1993). In Cambisol, K increase (over
control) after WA addition was observed only at 27 DAS in
no-plant treatments, while no increase was found in planted
treatments (Fig. 4). In Fluvisol, we found K only increased
in solution after WA addition in the planted treatment at
27 DAS, but in no-plant treatment, K increased during the
whole growth period after WA addition (Fig. 4). Wheat plants
seem to be able to take up substantial portions of easily soluble
K from WA in the early stages of development. Generally, WA
had no significant influence on K concentrations in soil solu-
tion (Table 6). In no-plant SA treatments of both soils, we
found an almost linear decrease of K from 27 up to 69 DAS,
and then concentrations equilibrated. This can be explained by
K adsorption to cation-exchange sites or by fixation of K into
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mineral or organic structures. Such K becomes exchangeable,
and is traditionally believed to form a reserve that can be avail-
able for plant uptake in the short term (Simonsson et al., 2007).

Magnesium

As was the case for Ca, application of both ashes increased
Mg contents in soil solution of both soils. The higher con-
centrations were found in SA treatments (Table 6), although
CH;COOH extractable portions of Mg were comparable in
both ashes and portions extractable by Mehlich 3 were even
higher in WA compared to SA (Table 1). The reason may be
similar to increased Ca concentrations. Namely, due to the
high dose of K supplied by SA and subsequent mass action.
Seggewiss and Jungk (1988) showed that K fertilization
increases Mg concentration in soil solution. It is questionable
whether there was competition for sorption-sites between
Ca®* or K* and Mg?*. Gransee and Fithrs (2013) postulated
that even though the ionic radius of Mg is smaller than that of
CaorK, its hydrated radius is substantially larger. Thus, Mg
is less strongly bound to soil charges, leading to higher con-
centrations in the soil solution, and therefore higher mobility
in soil compared to those listed above. However, higher Mg
concentrations in soil solution in SA compared to WA could be
expected according to CaCl, a H,O extractable Mg portions
from ashes (Table 1). Therefore, it is questionable if K mass

action took place in the case of Mg. Similar to Ca, the strongest
factor influencing Mg content in soil solution was soil factor
(F=409; p < 0.001) (Table 6); higher Mg concentrations were
found in Fluvisol with higher CEC compared to Cambisol.
Consequently, the proportion of initial Mg concentration
increase in solution between ashes differed in the investigated
soils. In Fluvisol (higher CEC and higher Mchlich 3 extract-
able Mg compared to Cambisol), the Mg concentrations at

27 DAS were much more similar in SA and WA (Fig. 5),
reflecting the portions of Mg extractable by CH;COOH from
ashes (Table 1). However in Cambisol, Mg concentration at

27 DAS was more than twofold higher in SA compared to WA.
This can be related to higher total Mg content in Cambisol.
We assume that two phenomena could play a role in differ-

ent behavior of ashes between soils. First, different portions

of water- and acid-soluble Mg fractions present in ashes and
second, mass action between ash-derived K and soil-derived
Mg. However, taking into consideration that pH of soil solution
was rather alkaline (Fig, 1, Table 6) and soils differed in their total
Caand Mg contents (Table 1), precipitation of magnesite (MgCO5)
and/or dolomite [Mg,Ca(CO3),] cannot be excluded. Plants had a
slightly significant (Table 6) influence on Mg concentrations in soil
solution and similarly to Ca, differences between planted and no-
plant treatments were found in relatively low Mg CON treatments.
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CONCLUSIONS

This study evaluated spring wheat and soil solution dynamics
after wood and straw ash amendments. Positive yield responses
after biomass ash amendment were found in soils with higher
N content. Application of WA even resulted in a wheat yield
decrease in Cambisol. Both ashes increased soil solution pH, and
no differences were found between SA and WA. Predictability
of BA behavior in soil, using simple extraction procedures, has
shown to be difficult. Straw ash amendment resulted in higher
concentrations of Ca, K, Mg, and P in soil solution compared
to WA. High K doses supplied by SA in the form of KCl and
K, SO likely caused a release of soil-derived Ca and Mg from the
sorption complex into soil solution. This phenomenon may pose
arisk of leaching of these nutrients in field conditions, especially
shortly after SA application. Subsequently, SA only increased
plant uptake of K and P. Calcium and Mg uptake was not influ-
enced by SA amendment possibly due to uptake antagonism
with K. This effect was found in both investigated soils. Wood
ash increased Ca and Mg concentrations in soil solution, while
no changes in nutrient uptake were found in Cambisol. On the
contrary, in Fluvisol, WA increased uptake of Ca, K, Mg, and
P. Straw ash amendment resulted in higher PUE than WA in
both soils, due to higher solubility of P compounds contained in
SA. However, the majority of these soluble P compounds could
not be determined by XRD, due to their amorphous character.

Higher relative increases of Ca, K, Mg, and P in soil solution
after ash addition were found in Fluvisol, which had higher CEC
compared to Cambisol. This leads to the suggestion that soil
CEC does not have any major impact on the release of nutrients
from BA into soil solution. This is in accordance with recently
published results of Komonweeraket et al. (2015), who showed
same phenomenon for coal fly ashes.

This study demonstrated that the behavior of two BAs in
soil may vary largely, depending on types of ash and soil. These
differences are governed by the complex of reactions and simple
extraction procedures of ash are unlikely to predict its real
behavior in soil-plant systems. Prior to the soil application of
BA, detailed analysis of soil is necessary to sufficiently predict
ash behavior. More effort is therefore needed to develop effec-
tive practices in the utilization of these materials as alternative
fertilizers and to identify crucial factors influencing the release
of BA-contained nutrients into soil.
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ABSTRACT

Ochecova P, Mercl F, Kosnar Z., Tlusto$ P. (2017): Fertilization efficiency of wood ash pellets amended by gypsum
and superphosphate in the ryegrass growth. Plant Soil Environ., 63: 47-54.

Application of biomass ash to soil can save mineral nutrients due to its relatively high contents of Ca, K, and P. The
study assessed the effect of powdered ash and pellets made from wood fly ash (WFA), combined moreover with
additives rich in S (flue gas desulfurization gypsum — FGDG) and P (single superphosphate — SP) on the yield and
uptake of nutrients (Ca, K, P, and S) by ryegrass (Lolium perenne L.), the accumulation of nutrients in plant biomass
at individual four cuttings, and the available nutrients amount in the acidic loamy soil after the last harvest. Plants
grown in pots enriched by wood ash showed significantly higher yield and nutrient uptake than in the unamended
treatments. The uptake of nutrients by plants, content of nutrients in plants and in soil was substantially positively
influenced by both components added to the wood ash, especially by FGD gypsum. The combination of wood ash
with additives proved to be effective. The soil enrichment by WFA + SP + FGDG increased the availability of SP-

contained P and available P content in soil even after harvest.

Keywords: plant nutrition; soil amendments; sulfur; phosphorus; plant growth

Currently, there is a growing interest in the
agricultural utilization of biomass combustion
by-product — ash. Returning biomass ash to agri-
cultural land is beneficial thanks to the fertilizing
potential which is determined by the Ca, K, P, and
Mg content (Pels et al. 2005) as well as micronutri-
ent contents (Ochecovd et al. 2014), and thanks to
the highly alkaline pH (Mercl et al. 2016, Ochecova
etal. 2016). The application of untreated wood ash
creates severe dust problems and stabilization is
necessary to make uniform spreading feasible. The
use of a compaction technique can help to solve
dust problems, decrease heterogeneity of ash ap-
plication and costs of transport. The compaction
process also permits to control particle size and

composition of the ash products (Holmberg et al.
2000). Ash contains usually sufficient amounts of
Caand K but P is represented by smaller amounts
of approximately 1%, and the most S is lost as gas
during combustion process similarly to nitrogen.
The biomass ash and materials rich in P or S im-
plemented into ash pellets could be beneficial for
plant nutrition. Superphosphate (SP) is a commonly
used P fertilizer; flue gas desulfurization gypsum
(FGDG@) represents a new large source of S. FGDG
(CaSO,e 2 H,0) is produced when brown coal is
burned (Chen and Dick 2011). Concentration of Ca
and S in gypsum usually ranges between 20—-24%
for Ca and 17-19% for S. FGDG can provide a
continual release of S to the soil and it has been
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verified for grass and also for many crops such as
corn, soybean, alfalfa, wheat, sorghum, etc. (Chen
et al. 2005, 2008, Lee et al. 2008, Chen and Dick
2011, Shi et al. 2011).

The main objective of the present study was to
test the efficiency of dust ash application with
comparison to the compacted ash pellets and the
amendments of P and S in compacted ash on the
growth and nutrient uptake by ryegrass (Lolium
perenne L.) in the pot experiment.

MATERIAL AND METHODS

Soil. The experimental soil was Cambisol (loam —
the textural class was classified according to the FAO
Soil Classification) originated from the field near the
town of Humpolec (49°33'N, 15°21'E) in the Czech
Republic. Soil samples were collected from topsoil
in the layer at 0-20 cm depth, air-dried at 20°C,
ground in a mortar, and passed through a 15 mm
sieve before establishment of the pot experiment.
Soil characteristics are presented in Table 1.

Pot experiment. The pot experiment was set up
in 6 treatments, each in 4 replicates. Air-dried soil
(5 kg) was either mixed with powdered or pelleted
ash alone or in combination with SP, FGDG or
both (SP and FGDG were applied as a constituent
of the pellet), and a treatment without ash addi-
tion was used as control (Table 2). The amount
of the applied ash was 100 g in all treatments,
representing 2% w/w per pot. However, since the
pellets were partly formed by other additives, 100 g
of ash corresponded to different amounts of ash
mixture in the different treatments (Table 2). The
amounts of nutrients added in each treatments in
form of amendment are shown in Table 3.

Table 2. Experimental design

Table 1. Physico-chemical characteristics of the ex-
perimental soil

Soil property Cambisol
Altitude (m a.s.l.) 527
Mean annual temperature (°C) 7.1
Mean annual precipitation (mm) 603
PHe,q, 5.0
Cation exchange capacity (mmol /kg) 68
Total organic carbon (%) 1.3
Pseudototal Ca (%) 0.2
Pseudototal K (%) 0.04
Pseudototal P (%) 0.09
Pseudototal S (%) 0.03
Soil texture loam
sand 30.2
Soil particle size (%) silt 48.4
clay 21.4

All values represent means (n = 3)

Wood fly ash (WFA) originated from a combus-
tion plant with production of 27 000 tons of ash
per year. The producer uses a specific combustion
technology — fluid burning (820°C).

Soil-ash mixtures were mixed thoroughly, placed
into 5 L plastic pots, and moistened by deionized
water to keep 60% of water holding capacity (de-
termined for each treatment separately).

As the experimental plant, ryegrass (Lolium
perenne L.) was chosen in the seed rate 20 g/m?2.
Sowing took place on 9 May 2013. During the veg-
etation, weeds were removed to avoid interplant
competition. The pots received N fertilization
(0.5 g N in the form NH,NO,) before sowing, and
after 15t and 2" harvest.

Treatment Ash form Ash portion in amendment (%) Amount of applied amendment (g/pot) Pellet enrichment (%)

I no ash 0

II powdered 100
111 pelleted 90
v pelleted 88
\Y% pelleted 78
VI pelleted 70

0 —
100 -
111.1 -
113.6 SP (2)
128.2 SP (2) + FGDG (10)
142.9 FGDG (20)

SP — single superphosphate; FGDG - flue gas desulfurization gypsum. Pelleted amendments contained 10% (w/w) of

inert binder
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Table 3. Total amount of nutrients applied as an amend-
ment (g/pot)

Treatment Ca K P S

I - - - -

II 10.2 5.10 0.79 1.20
I1I 10.2 5.10 0.79 1.20
v 10.8 5.11 0.95 1.58
\% 13.6 5.13 0.95 4.02
VI 16.4 5.15 0.79 6.61

The experiment was conducted in the rain-con-
trolled vegetation hall (50°13'N, 14°37'E). The
pots were randomized side by side on the bench
exposed to daylight and outdoor climate. Plants
were irrigated regularly by deionized water to
maintain optimal growth conditions.

Biomass was harvested manually with scissors
at a height of 2 cm from soil surface on 27 June,
23 July, 26 August, and 8 October (four cuts) in
order to distinguish possible differences in nutri-
ent release dynamics among treatments. For each
pot, plant material was dried at 40°C, dry matter

doi: 10.17221/142/2016-PSE

was weighed, ground through 0.75 mm sieve and
homogenized. The soil samples were taken from
25 ¢m deep profile using the soil sampler (five
samples from different places of each pot with
total weight of approximately 100 g) at the end
of the experiment. Then, the soil samples were
air-dried at ambient temperature, ground in a
mortar, passed through a 2-mm plastic sieve, and
homogenized.

Analytical procedures. Non-destructive X-ray
fluorescence (XRF) spectrometry (Spectro IQ,
Kleve, Germany) was used for the determination of
total nutrient contents in the ash and amendments.

Harvested plant material was pressure-digested
according to Szdkova et al. (2013). The Ca and K
concentrations were determined by flame atomic
absorption spectrometry (F-AAS, Varian 280FS,
Varian, Mulgrave, Australia), while P and S were
determined by inductively coupled plasma op-
tical emission spectrometry (ICP-OES, Varian,
VistaPro, Mulgrave, Australia) (Szdkova et al.
2013). RM TAEA V-10 Hay Powder (Analytika,
Prague, Czech Republic) was used as the certified
reference material. The soil pH was determined
after extraction with 0.01 mol/L CaCl, (w/v =

Table 4. Nutrient concentration in dry matter biomass of plants (%) at individual harvests

Harvest/Treatment I 11 111 v A% VI
18t 0.672B 0.692B 0.672B 0.65B 0.6138C 0.692B
ond 0.5324A 0.523A 0.492A 0.5124 0.46°A 0.5024A
e 3rd 0.62¢AB 0.59bcAB 0.52abcA 0.513bcA 0.492bAB 0.472A
4th 0.672B 0.592AB 0.662P 0.662B 0.633C 0.712B
1st 3.6138BC 4.202bC 4.373bC 4.212bB 4.67bC 4.69bC
ond 3.212bB 3.392bB 3.64PP 3.0324 3.502bA 3.122bA
K 3rd 3.822C 4.65¢P 4.67<C 4.40b<B 4.042bB 4.002bB
4th 2.47%A 2.80abcA 2.94bcA 2.65%bA 3.08¢A 2.853bcA
18t 0.322B 0.312B 0.312B 0.2424A 0.2824A 0.292¢
» ond 0.2424 0.25%4 0.2224A 0.2424 0.25%4 0.1824A
3rd 0.252bcA 0.29¢AB 0.242bA 0.28bcA 0.28bcA 0.222AB
4th 0.2324 0.262AB 0.2624 0.2724 0.2524 0.252BC
1st 0.222A 0.48bA 0.68PBC 0.48bA 0.57bA 0.93¢<C
2nd 0.312AB 0.44b4 0.54¢A 0.48bcA 0.50bcA 0.53bcA
> 3rd 0.372B 0.80PB 0.78bC 0.77b8 0.80bB 0.79"B
4th 0.322AB 0.49PA 0.62¢AB 0.60PcAB 0.69¢AB 0.804B

All values represent means (n = 4). Different lower case letters indicate significant differences (P < 0.05) among the

treatments in individual harvests. Different capital letters indicate significant differences (P < 0.05) among harvest

times for each nutrient and treatment individually
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1/2.5) and measured by WTW pH 340i meter
with ion-selective electrode (WTW, Weilheim,
Germany). Cation exchange capacity (CEC) was
calculated according to the ISO 11260 (1994).
Total organic carbon (TOC) was determined by
the method described by Sims and Haby (1971).
For determination of potentially available ele-
ments in soils after harvest, Mehlich 3 extraction
procedure was applied (Mehlich 1984).

Statistical analysis. The effects of WFA ap-
plication were examined by one-way analysis of
variance including all treatments and harvests.
When this test revealed significant differences, the
mean values were compared by Tukey’s means test
(P < 0.05). The software Statistica 12.0 (Statsoft,
Tulsa, USA) was used.

RESULTS AND DISCUSSION

The highest Ca concentration in ryegrass was
found out at the first and last cuttings (Table 4),
which correspond with the lowest biomass yield,
but no significant differences were observed among
the treatments even in the treatments with FGDG.
Bailey (1995) observed no response to gypsum
only at first cut of ryegrass.

The highest K concentration in ryegrass was
recorded at the first and third cuttings. Treatments
V and VI were significantly different from the
control treatment I in the first cut although almost
no K was present in SP or FGDG. The explana-

60 -

HE 1° harvest
1 2" harvest
I 3" harvest

g biomass (DW/pot)

50

tion was provided in the experiment of Sardi et
al. (2012) who found out that the better levels of
P supply had a beneficial influence on K uptake
and K concentrations in plants. During the uptake
of K*, root may exchange another cation, such as
H* for K*, or it may absorb an anion as NO,; or
H,PO, in order to maintain the electrical balance
in cells (Marschner 1995). If the external pH de-
clines, cation-anion imbalance may occur in the
root tissues and therefore, anion absorption may
be preferred. In our case, treatment VI had 70%
of wood ash and 20% of FGDG. The acidic reac-
tion of FGDG could therefore increase solubility
of ash-contained nutrients, like P or K. On the
other hand, synergism between K and S could
also take place.

Only minor significant differences were found for
P concentrations in ryegrass biomass. Generally,
no amendment treatment was different from the
control. This was probably due to soil’s ability to
supply plant-available P and therefore the possible
P fertilization effects of amendment treatments
were masked. However, from the results of Sardi
et al. (2012) it was evident that P accumulation
by ryegrass and amounts of P taken up by plants
both responded to the level of applied P.

The highest S concentration in ryegrass was re-
ported mostly in the third and the last cut. Among
the treatments, the most significant differences
were observed from all tested nutrients. In the
treatment VI with FGDG, on average almost 60%
higher S concentration was noted compared to

Figure 1. Total dry aboveground
biomass yield of ryegrass (g
biomass/pot). Different letters
indicate significant differences
(P < 0.05) among treatments. Dif-
ferences among the individual
harvests are represented by small
letters, differences among the to-
tal biomass yield are represented
by capital letters
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unamended treatment I. Warman and Sampson
(1994) confirmed that gypsum was effective for
supplying plant available S.

Effects of fertilizer treatments on biomass
production. Application of wood ash in different
forms and with different amendments resulted in
significantly (a = 0.05) higher total biomass yield
production compared to the control treatment
(Figure 1). At the first harvest, yields were small,
on average about 9 g of dry matter. The ash pel-
letized together with FGDG and SP resulted in
the significantly (a = 0.05) largest yield. During

2500 ~

EE 1 harvest
3 2™ harvest
I 3 harvest

2000 1 4" harvest

= 1500
(]
o
S
[oTs}
£ 1000

500 -+

the second harvest, plants grown in treatments
enriched by FGDG resulted also in larger biomass.
At third harvest, ryegrass that had been fertilized
with ash developed well and resulted in the sig-
nificantly (a = 0.05) larger yields compared to
unamended treatment. At the last, fourth harvest,
yields were small in general, probably because of
lower temperature and light in autumn, and also
due to the fact that the plants were not fertilized
by nitrogen after the third harvest.

Overall, treatments with FGDG resulted gener-
ally in larger total yield than with SP alone, but

Figure 3. Potassium (K) uptake
by ryegrass during four har-
vests. Different letters indicate
significant differences (P < 0.05)
among the treatments. Differenc-
es among the individual harvests
are represented by small letters,
differences among the total K up-
take by plants are represented by
capital letters
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differences between these effects were not signifi-
cant (a = 0.05), although the relative increase at
the treatment V were 30% compared to untreated
soil. The yield increase after FGDG application
was observed also by Chen et al. (2005) in the
experiment with alfalfa growing on silt loam soil.

Effects of fertilizer treatments on Ca uptake by
plant biomass. Although plants utilized less than
1% of Ca applied with the powdered ash, Ca uptake
in the treatment II was by 25% higher compared
to the treatment I. The treatment II was the most
successful in the case of Ca uptake by ryegrass but

400 -
B 1 harvest
3 2" harvest
I 3" harvest BC
C— 4" harvest | B
300 6
b
=
g b
= 200+ b
%n b
A
100 - [ a | H
a

I II 111 v

52

Figure 4. Phosphorus (P) up-
take by ryegrass during four
harvests. Different letters in-
dicate significant differences
(P < 0.05) among the treatments.
Differences among the individual
harvests are represented by small
letters, differences among the to-
tal P uptake by plants are repre-
sented by capital letters

not significantly compared to the other enriched
treatments (Figure 2). During the vegetation pe-
riod, plants in the amended treatments, except
the treatment IV, took up significantly more Ca
than in the control treatment. It corresponds to
the results of Mercl et al. (2016) that the addition
of biomass ash increased Ca concentrations in
soil. The higher Ca content in the FGDG treat-
ment did not affect the Ca uptake by plants. It is
contrary to the statements of Alvarez-Ayuso et
al. (2011) that Ca in gypsum is well soluble but
in agreement with the experiment of Buckley and

Figure 5. Sulfur (S) uptake by rye-
grass during four harvests. Dif-
ferent letters indicate significant
differences (P < 0.05) among the
treatments. Differences among
the individual harvests are rep-
resented by small letters, differ-
ences among the total S uptake by
plants are represented by capital
letters
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Table 5. Plant available nutrients in soil after the fourth harvest (mg/kg DW)

Treatment I 1I v \ VI
Ca 10842 1759> 15042 13982 1794 1710P
K 552 131P 130P 126° 1112 1052
P 362 612 582 732 111P 46°
S 122 30? 272 652 2512b 420P

All values represent means (n = 4). Different letters indicate significant differences (P < 0.05) among the treatments in

individual harvests. DW — dry weight

Wolkowski (2012) where the concentration of Ca
in corn and soybean were largely unaffected by
application of FGDG.

Effects of fertilizer treatments on K uptake by
plant biomass. There were significant differences
in K uptake after WFA fertilization (Figure 3).
Overall, utilization of K supplied in WFA signifi-
cantly increased the K uptake on average more
than 40% compared to the treatment I. The highest
total K uptake by ryegrass was in the treatment
V although only 2% of K contained in these pel-
lets was utilized by plants. K content in SP and
FGDG was negligible (Table 3) but presence of
these additives could improve the K uptake as
also observed Blum et al. (2014).

The application of the WFA pellets with SP or
FGDG alone was not as successful as their com-
bination.

Effects of fertilizer treatments on P uptake by
plant biomass. The total P amount taken up by
ryegrass was significantly higher by 26% on average
in the treatments II-VI compared to the treatment
I (Figure 4). Although a significant increase of P
uptake by plants after SP addition alone was ex-
pected, surprisingly, these pellets were not such
efficient as the combination of SP with FGDG.
It is in agreement with Philips et al. (2000) who
also found out that applications of P and gypsum
increased wheat grain and forage yields compared
to P banded without gypsum. The latter authors
suggested that P fertilizer bands with respect to
Ca?* could induce precipitation of applied P as
dicalcium phosphate or dicalcium phosphate dihy-
drate which would slowly become plant available
with time. Contrary to the findings stated above,
results from the experiment of Silva et al. (2013)
with strawberries or the studies of Murphy and
Stevens (2010), and Clark et al. (2001) showed
that the combination of P and gypsum were not

beneficial for plants, and P solubility decreased
with increased Ca concentration.

Effects of fertilizer treatments on S uptake by
plant biomass. Among the analysed nutrients, S
was found to be the most sensitive element to ap-
plication of different additives to soil. In all harvests
of amended treatments were found significantly
higher uptakes of S compared to the treatment I
(Figure 5). As expected, the highest uptake was
observed at treatment VI — by 70% higher than
in the treatment I. Our results are in agreement
with Baligar et al. (2011) who stated that FGDG
is an excellent source of S to plants.

As seen from Table 5, the amount of plant avail-
able Ca, P, and S in the soil was significantly in-
fluenced by the amendments added to the WFA.
The most noticeable changes were observed in the
case of S where the amount of plant available S in
the treatment VI was 35 times higher than in the
control treatment. Even though, WFA increased
the uptake of Ca, K, P and S in our experiment,
a significant increase in plant-available portions
in soil after harvest was found for K only. This
indicates a possible effect of long-term K fertili-
zation with WFA. Ohno (1992) observed that the
increase of soil available K levels resulted from the
release of wood ash K as well as from the replace-
ment of K on soil exchange sites by Ca and other
exchangeable cations released directly from wood
ash into the soil suspension.

The application of WFA in various forms to
the soil resulted in the increase of yield, nutrient
contents and nutrient uptake by ryegrass biomass
and plant available portion of nutrients in soil after
harvest. Compaction of ash did not significantly
affect nutrient release and biomass growth.

The addition of FGDG into WFA pellets did
not influence total biomass yield but resulted in a
significant increase of S concentrations in ryegrass
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biomass. This may represent strong potential for
further waste-recycling in agriculture. However,
it was shown that nutritional effects are difficult
to predict and due to complex character of waste
materials may not necessarily lead to higher yields.
More effort is therefore needed to optimize final
composition of waste-based fertilizers.
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Abstract

Background: The recycling of waste products into P fertilisers in agriculture is advisable from the perspective of sus-
tainability. Bioeffectors (BEs), which have the ability to increase the plant uptake of P from recycled fertiliser products,
may increase the fertiliser value of these products. This paper investigated the effect of a range of different recycled
fertilisers on the growth and P uptake of wheat in pot experiments conducted at three different locations in Europe.
Furthermore, investigations were undertaken as to whether the addition of a range of bioeffectors could significantly
enhance P availability, P uptake and plant growth.

Results: BE additions were found not to significantly increase the aboveground biomass of wheat plants or the
uptake of P when plants were fertilised with recycled fertiliser products. This was shown across a range of pot experi-
ments with soils of different P status. Only in the case of the positive control P fertiliser (TSP) was a positive effect of
Proradix and RhizoVital on plant growth observed in one of the experiments, while in the same experiment RhizoVital
and Biological fertiliser DC had a negative impact on plant biomass when the P fertiliser was Thomas phosphate.
With regard to P uptake, there was only a slight positive effect of Proradix in plants not supplied with P fertiliser in
this experiment. Clear differences were seen in the efficiency of P fertilisers. Generally, sewage sludge ash performed
quite poorly (20-40 % of TSP), while sewage sludge, Thomas phosphate, P-enriched slag and the fibre fraction of pig
manure all had a high availability of P (>74 % relative to TSP). Compost composed mainly of garden/park waste and
sewage sludge was intermediate in availability (40-70 %). The elemental composition of the harvested wheat plants
was significantly affected in all cases by the different P fertilisers added. The BE treatments significantly affected the
elemental composition of the aboveground biomass in one of the experiments where the product Proradix had the
greatest effect on elemental composition.

Conclusions: In conclusion, the experiments revealed a wide difference in the bioavailability of P in the different
waste products, but the added microorganisms demonstrated a limited capacity to influence plant P uptake across a
range of soils and waste products.

Background

Phosphorus (P) is a non-renewable resource [1], and cur-
rently the majority of P added as fertiliser in agriculture is
in the form of inorganic fertilisers. From a sustainability
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@ Springer Open

point of view, it is sensible to make better use of P resources
that are discarded as waste from urban areas; hence, there
is a need to improve the recycling of P from agricultural
and urban wastes [2]. Recycled fertiliser products are by
no means homogenous and the availability of P for plant
uptake from recycled fertiliser products may vary consid-
erably, depending on the feedstock of the fertiliser and the
subsequent type of processing [3]. Sewage sludge as a fer-
tiliser may contain a range of different P forms depending
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on the specific process used to recover P from the sew-
age water, but a precipitation reaction using Al, Fe, Mg or
Ca to precipitate P is often employed [3]. Sewage sludge
may contain different types of organic contaminants [4].
Although it is still used as a fertiliser in many countries
across Europe [5], the use of sewage sludge has declined
in a number of European countries, while sewage sludge
application on agricultural land was banned in Switzer-
land in 2008 [6]. A common practice that eliminates the
organic contaminants in sludge is to incinerate the sewage
sludge, thus producing sewage sludge ash. However, the
availability of P in sewage sludge ash is quite low, but is also
observed to be variable depending on the type of treatment
in the sewage treatment plant [7]. Techniques such as acid
leaching and thermal treatment have been investigated for
their potential to recover P from sewage sludge ash while
separating it from the detrimental heavy metals with vary-
ing success [5, 7], but there is also a possibility of combin-
ing the upgrading of sewage sludge ash with the recycling
of metallurgical slags. Slags from the metallurgical indus-
try had been recycled as fertiliser in Germany in the form
of Thomas phosphate for more than 100 years, but this is
no longer produced [8]. BOF (basic oxygen furnace) or LD
(Linz—Donawitz) slag from steel production may be used as
a liming agent in agriculture [8]. It is also possible, however,
to use sewage sludge ash as a means to enrich the hot lig-
uid BOF slag with P, resulting in a fertiliser with a mark-
edly higher P availability compared to the feedstock sewage
sludge ash, due to a conversion of Cas(PO,), (whitlockite)
of low neutral ammonium citrate (nac) solubility into Ca-
silico-phosphates with a higher nac solubility [9]. P con-
tained in animal manures can be used more sustainably if
it is up-concentrated, and thereby more easily transported
from areas with a P surplus to areas where soils have a P
deficit [3]. The majority of P (60—-90 %) found in pig manure
is inorganic [10] and only very little is in the form of phytate
[11, 12]. Biomass ash (e.g. wood and straw ash) from bioen-
ergy-plants could also potentially serve as a P fertiliser [13].

Different types of biostimulants or bioeffectors (BEs) have
been investigated for their ability to increase plant produc-
tivity in agricultural systems [14]. The concept of BEs covers
quite a diverse group of natural products [15]. In the present
paper, the scope was limited to plant growth-promoting
microorganisms (PGPM) focusing on plant growth-pro-
moting rhizobacteria (PGPR) [16] and free-living fungi, such
as species of the genus Trichoderma [17]. PGPM may have
the potential to enhance plant uptake of P from soil [14, 18,
19]. Improved growth under P-limiting soil conditions as a
result of microbial inoculations has been observed in many
different plant species, such as mung bean [17], bean [20],
maize [21] and wheat [22]. In soil, a large proportion of the
total P pool is not directly available for plant uptake [23],
and the ability to solubilise phosphates in the rhizosphere
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has been viewed as an important function of PGPM [24].
The plant growth-promoting effect may, however, be over-
estimated due to a publication bias, and an observed posi-
tive plant growth response may be due to mechanisms
other than an increased availability of P in the rhizosphere
brought about by PGPM solubilisation of P, e.g. changes in
root architecture and total root length [24].

Further research is therefore required into the potential of
BEs to facilitate the plant uptake of nutrients from soil. Fungi
of the ascomycete genera Trichoderma and Penicillium have
been extensively studied for their potential as PGPM [25],
and fungi of the genus Trichoderma may have an ability to
increase plant nutrient uptake from soil [26, 27]. The specific
T. harzianum strain Rifai 1295-22 (T22) has been observed to
increase the solubilisation of sparingly soluble calcium phos-
phates [28] and to have a plant growth-promoting effect in
willow [29], chickpea [17] and maize [30]. Fungi of the genus
Penicillium have been shown to have P-solubilising capabili-
ties [31, 32], and members of this genus have been observed
to have a positive effect on biomass and P uptake of wheat
and bean [20]. Wakelin et al. [33] found that a strain of P, bilaii
is both capable of increasing the yield of medic and lentil in
the field and of significantly increasing the level of HCO,-
extractable P in soil microcosms, and more recently P. bilaii
has been found to increase yield in maize in field trials [21].
On the other hand, the positive effect of P, bilaii under P-lim-
ited conditions has also been linked in pea to an increase
in the root adsorptive capacity under P-limited conditions
rather than through increased P solubilisation [34]. How-
ever, an investigation across a number of field studies involv-
ing wheat showed that P. bilaii does not significantly affect P
uptake and yield [35]. Gram-negative gammaproteobacteria
of the genus Pseudomonas are ubiquitous bacteria in soil, are
known to proliferate greatly in the rhizosphere [36] and have
been studied for their plant growth-promoting activities for
many years [37]. Bacteria from this genus have been observed
to increase plant productivity under P-limiting conditions 38,
39]. As a representative of Pseudomonas PGPR, the product
Proradix was selected. This product has primarily been devel-
oped and investigated for its effects on plant resistance to
pathogens [40—42], but there is also evidence that this prod-
uct may improve plant growth under nutrient-limiting con-
ditions [43]. Low G 4 C Gram-positive bacteria of the genus
Bacillus have been shown to solubilise calcium phosphates
and increase the dry matter yield of wheat in a pot trial in
which no P fertiliser or calcium phosphates were applied [22].
A number of B. amyloliquefaciens strains have been investi-
gated for their biocontrol capabilities [44] and the type strain
(FZB42) for the subspecies plantarum of B. amyloliquefaciens
[45] is reported to work as a biofertiliser and provide protec-
tion against various soil-borne diseases [46, 47].

The aim of the present paper was to investigate whether
a variety of BE organisms could significantly enhance
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the availability and uptake of P from a range of recycled
P-fertiliser products with very different P availability. The
paper encompasses a number of pot experiments carried
out in Denmark, Germany and the Czech Republic. The
experiments included a negative control as well as a posi-
tive control (in two out of three studies) in which highly
available triple superphosphate was added.

Sewage sludge ash in particular is an example of a
product with quite low P solubility, offering considerable
potential for improvement by BEs. The microorganisms
were expected to have a positive effect on the solubilisa-
tion of fertiliser-derived P in the soil, as well as a direct
effect on the plants through hormonal effects. The latter
effects might occur in all P-addition treatments, whereas
the positive effects on soil P availability are expected
to be of greater significance in treatments with lower P
availability, such as sewage sludge ash. It was therefore
hypothesised that: (i) inoculation with the selected BE
strains would increase the availability of P from the recy-
cled fertilisers and (ii) inoculation with the selected BE
strains would increase the uptake of P by wheat from soil,
leading to a larger production of aboveground biomass.

Due to differences in the conditions between the indi-
vidual experiments, it is not possible to compare the con-
centrations of elements or biomass produced per kg soil
across experiments. We therefore only analyse the rela-
tive changes in, for instance, biomass compared to the
negative and positive controls (where included) across
experiments. We analyse the effect of BEs in the individ-
ual experiments. The fact that some of the BEs are tested
using different soils and slightly different growing condi-
tions serves as a stronger test of their performance than a
single pot experiment would have.

Methods

The paper deals with the results of three separate pot
trials. The pot trials were carried out at Arbeitsgemein-
schaft Hiittenkalk e.V., Germany (HK Kalke experiment),

Table 1 Soil data
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the University of Copenhagen, Denmark (UCPH experi-
ment), and the Czech University of Life Sciences Prague,
Czech Republic (CULS experiment).

Sampling of soil and soil characterisation

The three pot experiments included in this publica-
tion were performed with four different soils (Table 1).
Soil for the HK Kalke experiment was sampled from the
plough layer of a field with arable feed production that
had not had any P fertilisation for over 30 years, located
in Marienmiinster-Vorden in East Westphalia, Germany.
Soil for the UCPH experiment was sampled from the
plough layer of the long-term nutrient depletion trial
at the University of Copenhagen’s experimental farm
in Taastrup, Denmark, where cereals have been grown
continuously for more than 50 years without the addi-
tion of P fertilisers. Finally, the soils used in the CULS
pot experiment were sampled from the plough layer of
either the long-term experimental farm in Humpolec,
Czech Republic, where wheat, potato and barley were
grown in rotation continuously without fertilisation for
20 years (Humpolec soil), or a field managed by a conven-
tional farming system with low P inputs (Podébrady soil).
The air-dried soil was analysed in the laboratory of the
Landesanstalt fiir Landwirtschaftliche Chemie at the Uni-
versity of Hohenheim, Germany, for the HK Kalke and
UCPH experiments. Selected results of these analyses are
presented in Table 1. Texture was analysed using a com-
bination of wet sieving and pipetting according to the
VDLUFA standard method C 2.2.1 [48]. Organic carbon
content was measured according to the VDLUFA stand-
ard method A 4.1.3.1 [48]. pH was measured in 0.01 M
CaCl, according to the VDLUFA standard method A
5.1.1 [48]. Finally, calcium-acetate lactate-extractable P
(Pcar) was measured according to the VDLUFA stand-
ard method A 6.2.1.1 [48]. The soils for the CULS experi-
ments were analysed at the Czech University of Life
Sciences following the same protocols.

Soil Management Texture (%) 0C (%) pH*  PcaL Pror
(mgkg™)  (mgkg™)
Sand  Silt Clay

Vorden® Conventional farming system. Arable land food 41.1 46.9 12.0 0.8 50 26 310
production. No P addition for more than 30 years

NDT-A® Continuous cropping. No addition of P fertiliser 554 312 134 1.1 58 35 397
for more than 30 years

Humpolec® Continuous cropping (potato, wheat, barley). 30 49 21 1.6 4.5 59 587
No addition of P fertilisers

Podébrady® Conventional farming system. Low P input 57 24 19 1.9 6 30 384

? pH measured in CaCl,
b Data were recorded on the 2:1 soil:sand mixture used in the pot experiments

¢ Data were recorded on the pure soil
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Bioeffector (BE) treatments

A range of different bioeffectors (BEs) was added to the
growth medium at sowing. A control treatment without
the addition of BEs was included (BEO). The BEs inves-
tigated were a Trichoderma harzianum isolate marketed
as Trianum-P by Koppert (TrP), Proradix (Pro) from
Sourcon Padena containing Pseudomonas sp., RhizoVi-
tal 42 (RhVi) produced by ABIiTEP containing Bacillus
amyloliquefaciens ssp. plantarum, strain FZB42, bio-
logical fertiliser DC (Bio-DC) produced by Bayer Crop
Science Biologics GmbH containing Penicillium sp. and
BactoProf (BaPr) produced by Terra Bioscience, Ger-
many, which contains isolates of T. harzianum and five
species of Bacillus. BE suspensions were prepared in
0.25 mM CaSO,. The concentrations used for the inocu-
lation are given in Table 2.

P fertilisers and P-fertilisation treatments

A number of recycled P fertilisers were applied in the
experiment (Table 3). Thomas phosphate was obtained
from the Luxengrais steel plant in Luxembourg. Sewage
sludge and sewage sludge ash for the HK Kalke experi-
ment were obtained from a municipal treatment plant
in Bonn, processing wastewater mainly from house-
holds and from an attached sewage sludge incineration
plant. The sewage sludge and sewage sludge ash used
for the UCPH experiment originated from a public
treatment plant receiving wastewater from house-
holds and industries (Spildevandscenter Avedere). A
P-enriched steelmaking slag (LDS/SSA in the HK Kalke
experiment) was produced by blowing sewage sludge
ash into a liquid 1500 °C basic oxygen furnace slag (pre-
pared by the Linz—Donawitz process) from a steelwork
in Salzgitter [9]. A fibre fraction of pig manure (FFPM)
was obtained using the decanter centrifuge method.
A compost (Comp) consisting of a mixture of mainly
garden park waste and sewage sludge (42 % garden
park waste, 36 % sewage sludge, 14 % straw and horse
manure, 8 % wood mass) was obtained from the private
company KomTek, Denmark. Straw ash (StA) was a

Table 2 Bioeffector (BE) products applied in the experiments
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mixture of fly and bottom ash from a grate-fired boiler
(15 MWt) and originated from cereal straw combus-
tion. Finally, wood ash (WoA) was obtained from a flu-
idised bed reactor (15 MWt) in which wood chips were
combusted.

For the majority of the fertilisers, the equivalent of
50 mg P kg™ soil was added. There were, however, some
deviations from this in the CULS experiment (Table 3).
For both the HK Kalke experiment and the UCPH exper-
iment, sewage sludge (SS) and sewage sludge ashes (SSA)
were included. Furthermore, both TSP and a low-grade
type of TSP, termed superphosphate (SP) here, were
included in both these experiments as positive controls.
In all three experiments, a negative control without the
addition of P fertiliser (P0) was included. An overview
of the BE and P-fertilisation treatments included in the
three pot experiments is presented in Table 4.

Pot trial setup, growing conditions and harvest
Soil preparation, growing conditions, harvest days and
nutrient application are presented in Table 5.

HK Kalke experiment

The air-dried and sieved soil (mesh size 5 mm) was
mixed with water-washed quartz sand in a propor-
tion of 2:1. This substrate was mixed with 0.843 g kg™
Ca(NO,),-4H,0 and 0.719 g kg ™' Patentkali (27.8 % K,O,
9.49 % MgO, 15.8 % S). Each pot was filled with 6 kg of the
fertilised soil/sand mixture and watered to 70 % of WHC.
Before watering, Bio-DC was mixed into the substrate of
the Bio-DC treatment. Spring wheat (cultivar Aranka)
was sown in 32 separate sowing holes (approximately,
2 cm deep). To each of the sowing holes, 2 ml of the Pro
or RhVi suspensions were added in the corresponding BE
treatments. After germination, plants were reduced to
24 wheat plants per pot. The pots were placed in a ran-
domised design, with four replicates per treatment, in
an outdoor roofed vegetation hall. Pots were irrigated
with demineralised water to 60-70 % WHC (controlled
gravimetrically once a week) during the whole vegetation

Product Producer Abbr. Name of organism(s) Type of Application rate
organism (cfu g~ soil)

Control na. BEO na. na. na.

Trianum-P, T22 Koppert, The Netherlands TrP Trichoderma harzianum, strain T-22 Fungi 2510

Proradix Sourcon Padena, Germany Pro Pseudomonas sp., strain DSMZ 13134 Bacteria 2:10°

RhizoVital 42 ABITEP, Germany RhVi Bacillus amyloliquefaciens Bacteria 2:10°

Biological fertiliser DC Beyer/Prophyta, Germany Bio-DC  Penicillium sp. Fungi 110°

Bacto prof Terra Bioscience, Germany BaPr T.harzianum and five species of Bacillus Bacteria + 2:10°

fungi




Lekfeldt et al. Chem. Biol. Technol. Agric. (2016) 3:22 Page 5 0of 18

Table 3 P-fertilisation treatments applied in the experiments

P fertiliser Treatment Total P content in Water-extractable App. rate (g dry P app. rate
abbreviation  product (g kg™") P (% of total P) productkg~'soil)  (mg P kg~ soil)

Negative control PO na. na. na. na.

Triple superphosphate TSP 200 433 0.25 50

Superphosphate SP 81 114 0.62 50

Thomas phosphate Thph 68 0 073 50

Sewage sludge, HK Kalke SS 36 nd. 140 50

Sewage sludge, UCPH SS 37 nd. 1.36 50

Sewage sludge ash, HK Kalke SSA 103 0.18 048 50

Sewage sludge ash, UCPH SSA 89 n.d. 0.56 50

Fibre fraction of pig manure FFPM 24 nd. 50

SSA-enriched LD slag LDS/SSA 17 0 292 50

Compost mainly consisting of sewage Comp 36°P nd. 138° 50

sludge and garden/park waste

Ashes from cereal straw StA 13.6 6.5 10 136

Ashes from wood chips WoA 10.2 0.05 10 102

Dipotassium phosphate DKP 178 100 0.18 32

2 According to information from the producer
b These measurements are in g kg~ fresh matter

period. The plants were supplemented with an additional
50 mg N kg~ soil on day 40 in the form of Ca(NO,),. The
plants were harvested 8 weeks after sowing. The plants
were at stage 59 (without P fertilisation) or stage 63 (with
P fertilisation).

UCPH experiment

Soil was partially air dried and sieved (mesh size 5 mm).
The soil was mixed with quartz sand in the proportion
of 1:1. The water-holding capacity of the soil/sand mix-
ture was determined. For each pot, 2.5 kg of the soil/
sand mixture was mixed with 0.645 g kg™' Ca(NO,),
and 0.667 g kg™! Patentkali (30 % K,O, 10 % MgO, 42.5 %
SO3). Subsequently, this substrate was mixed with either
50 g sand (PO treatment) or 50 g sand mixed with one
of the P fertilisers being investigated (Table 5). The ferti-
lisers were mixed with sand prior to being added to the
soil to ensure thorough mixing throughout the whole
soil volume. The soil was watered to 40 % of WHC. Fif-
teen wheat seeds (cultivar Scirocco, KWS) were sown
in separate sowing holes (approximately, 2 cm deep).
After the seeds were sown, 1 mL of BE suspension (or
0.25 mM CaSO, in the BEO controls) was added to each
of the sowing holes before these were closed. For each
treatment, five replicate pots were set up, resulting in a
total of 140 pots in the experiment. The pots were placed
in a greenhouse in a randomised block design. After ger-
mination, the wheat plants were thinned out, leaving
ten plants in each pot. During the experiment, the pots
were watered to weight (initially, 60 % and subsequently
70 % of WHC) at regular intervals (every 1-3 days).

The blocks were rotated and reshuffled once or twice a
week during the experiment. At 25 days after sowing,
the youngest fully developed leaf was removed from
one plant in three replicates of the BEO treatments (all P
treatments), giving a total of 21 samples. After 32 days,
five plants from each pot were harvested. After 42 days,
extra N was added to each pot (33 mg N kg™ soil).
After 54 days, the remaining five plants were harvested
from each pot. At harvest, the plants were at stage 55.
A follow-up experiment partially replicating the UCPH
experiment was carried out as well (see Additional file 1
for details).

CULS experiment

Soil was air dried and sieved (mesh size 10 mm). No sand
was added to the soil. For each pot, 5 kg (d.w.) of soil was
used, which was mixed with 1.67 g of NH,NO,. 50 g of
WoA or StA was thoroughly mixed with the soil prior to
filling the pots (final dose 10 g of ash per kg soil). K,HPO,
was applied as a water solution and was also thoroughly
mixed into the whole soil volume. The soil was watered
to 40 % of WHC, 25 wheat seeds (cultivar Aranka) were
sown in separate sowing holes (approximately, 2 cm
deep) and 2 ml of BE suspension (or 0.25 mM CaSO, in
the BEO controls) was applied to each hole prior to clos-
ing. After germination, the number of plants was reduced
to 20 wheat plants per pot, and these were inoculated
again by irrigation with 100 ml of BE suspension per
pot. The pots were placed in an outdoor roofed vegeta-
tion hall. Pots were irrigated with demineralised water to
60-70 % WHC (controlled gravimetrically once a week)
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Table 4 Overview of the treatments applied in the differ-
ent experiments (soils)

Soil 1.HK Kalke 2.UCPH 3.CULS
(Germany) (Denmark) (Czech Republic)
Vorden NDT Humpolec Podébrady

Bio-effectors

Negative X X X X
control (BEO)

TrP X

Pro X X

Rhvi X X x@ x@

Bio-DC X

BaPr x@ x@
P fertilisers

Negative X X X2 XP
control (P0)

DKP XP XP
TSP
Sp
Thph
sS
FFPM
Comp
SSa X
LDS/SSA X
StA X X
WoA X X

X X X X
>

X X X X

? Only in combination with StA and WoA
b Only in combination with BEO

during the entire vegetation period. The experiment was
undertaken in a randomised design with four randomisa-
tion procedures during the experiment. The plants were
harvested after 16 weeks. At harvest, the plants were at
full maturity.

Soil data recorded during the HK Kalke experiment

Soil (40 g) was sampled 27 days after sowing. The soil was
air dried and completely passed through a 2 mm mesh
sieve. For pH measurement, 10 g of soil was suspended
in 25 ml of a 0.01 molar CaCl, solution for 1 h, stirred
twice and pH determined using a pH electrode (VDL-
UFA standard method A 5.1.1). For water extraction of
soil phosphate according to Van der Paauw [49] and
Murphy and Riley [50], 4.25 ml of soil was suspended in
demineralised water for approximately 22 h. Thereafter
250 ml water was added; the mixture was mechanically
shaken for 1 h and filtered. P determination was under-
taken using a spectrophotometer and molybdenum blue
method.
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Plant analyses

HK Kalke experiment

After harvest, the aboveground wheat plant material was
dried at 60 °C. 400 mg of plant material was digested with
8 ml 69 % HNO, supra and 1 ml 15 % H,0O, in high-pres-
sure MARS express vessels in a MARS microwave diges-
tion system. The element analyses of P, K, Mg, Ca, Mn
and Na were performed by ICP-OES.

UCPH and CULS experiment

The plant material was dried at 65 °C and weighed to
measure the dry aboveground biomass. For elemen-
tal analysis, the dry plant material was finely ground.
Subsequently, 100 mg of dry plant material was mixed
with 2.5 ml 70 % HNO; and 1 ml 15 % H,O,, followed
by digestion in a pressurised single-chamber micro-
wave oven (UltraWAVE, Milestone Srl, BG, Italy). Sam-
ples were then diluted to 50 ml using Milli-Q water
and analysed for their elemental content (B, Ca, Cu, Fe,
K, Mg, Mn, P, S, Zn in UCPH and Ca, K, Mg, Mn, Na,
P in CULS) by ICP-OES. For the samples from the final
harvest in the UCPH experiment, only P was measured
using flow injection analysis.

Data analyses and statistics
The measurements of aboveground biomass were nor-

malised relative to the control treatment (PO, BEO):

biomassgample

Normalized biomasssample =

ey

biomasscontrol(PO, BEO)

In the CULS experiment, the normalisation was under-
taken separately for the two soils. Significance testing
of differences between treatment means was performed
using one- and two-way ANOVAs and Dunnett’s test (for
comparisons versus the control only) or Tukey’s test (for
all possible comparisons) for post hoc multiple compari-
sons. These were performed using the statistics module
in Sigma Plot 13.0. In the UCPH experiment in which
two separate samplings had been performed, the differ-
ence in normalised biomass between sampling days was
tested using a paired ¢ test. For the CULS experiment,
all the P-fertiliser treatments were combined with the
BEO treatment only. The effect of different P substrates
was therefore analysed by a two-way ANOVA, exclud-
ing data for the RhVi and BaPr BE treatments. The effect
of BE treatments in the CULS experiment was tested in
two separate two-way ANOVAs for the two soils, where
only data from the straw and wood ash treatments were
included.

The efficiency of the fertilisers relative to TSP (positive
control) was calculated as the mean efficiency measured
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in n replicate pots. The efficiency in the individual pots
was calculated as follows where data were available:

biomassgmple — WSPO,BEO
FE(%) = 100 x ( i )

biomassTsp — biomasspg o

Similarly, the P-uptake efficiency from the different fer-
tilisers was calculated as follows where the necessary data
were available:

PUE(%) = 100 x (P contentsymple — P contentpo,BE())
0) — .

P contenttsp — P contentpg o

3

The data for biomass in the HK Kalke experiment were
expressed as a function of the available P level (Py,) in
the pot experiment and the three-parameter exponential
rise to maximum (Mitscherlich) curve was fitted to the
data [51]:

y=y0+a(l—e™). )

The same model was used to express biomass as a func-
tion of the P concentration in the youngest fully devel-
oped leaf at day 25 in the UCPH experiment. These
regressions and simple linear regressions were performed
using the regression wizard in SigmaPlot 13.0 (Systat).

Principal component analysis (PCA) was performed
on data for elemental concentrations. Beforehand, PCA
data were standardised by subtracting the mean for each
element and then dividing this by the standard devia-
tion. PCA was performed in R version 3.1.1 [52] using
the ade4 package [53] with a chosen number of principal
components of 10.

Results

Aboveground biomass and P content

HK Kalke experiment

In the KALKE experiment (Fig. la), the normal-
ised aboveground biomass was significantly differ-
ent between the P-fertilisation treatments (two-way
ANOVA, P < 0.001) and BE treatments (two-way
ANOVA, P < 0.05), and there was a significant inter-
action between the two factors (two-way ANOVA,
P < 0.001). For the TSP treatment, the inoculation
with Proradix and RhizoVital resulted in a significantly
higher normalised aboveground biomass (Dunnett’s
test, P < 0.05). When Thomas phosphate (Thph) was
applied as a P fertiliser, inoculating with Proradix and
biological fertiliser DC resulted in a significantly lower
normalised aboveground biomass compared to the
BEO control (Dunnett’s test, P < 0.05). For the remain-
ing P fertilisers, the applied BEs (Pro, RhVi and Bio-DC)
did not have a significant effect when compared with
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the control. The post hoc analysis of P-content data
(Table 6a) showed that although there was a highly sig-
nificant effect of both the P fertiliser, the BE application
and the interaction between the two (two-way ANOVA,
P < 0.001), there was not a significant positive effect of
any of the BE treatments on P uptake from any of the P
fertilisers compared to the BEO control (Dunnett’s test,
P > 0.05). Only in the PO treatment, there was a sig-
nificant positive effect of Pro and RhVi on total above-
ground P content (Table 6a).

UCPH experiment

In the UCPH experiment, plants were harvested after 32
(Fig. 1b) and 54 days (Fig. 1c). The normalised biomass
across all treatments was significantly different between
harvests (paired ¢ test, P < 0.001); therefore, the normal-
ised aboveground biomass data from the two harvests
were analysed individually. The normalised biomass was
significantly different between P-fertilisation treatments
at both harvests (two-way ANOVA, P < 0.001). In con-
trast to this, the different BE inoculations did not affect
the biomass obtained (two-way ANOVA, P > 0.05) and
no interaction was observed between the two factors
(two-way ANOVA, P > 0.05). At both harvests, all treat-
ments in which a P fertiliser was applied resulted in a
significantly higher aboveground biomass than the con-
trol without added P fertiliser (Dunnett’s test, P < 0.05).
The absence of a significantly higher aboveground bio-
mass when inoculating with the three BEs (TrP, Pro,
RhVi) compared to the uninoculated control (BEO) was
confirmed for sewage sludge, sewage sludge ash and
compost as the P fertilisers in a follow-up experiment at
the University of Copenhagen in which only five wheat
plants were grown in each pot (Additional file 1: Fig. S1).
P uptake was only evaluated for the P fertilisers SSA and
FFPM at the second harvest (Table 6b). No effect was
produced by either of the two main factors (P fertiliser
and BE addition) and there was no interaction between
the two factors in relation to the aboveground P content
(two-way ANOVA, P > 0.05).

CULS experiment

In the CULS experiment (Humpolec and Podébrady
soils), there was no significant effect of the soil type on
the aboveground biomass in the control (PO/BEQO) treat-
ment (one-way ANOVA, P > 0.05, data not shown). For
the Humpolec soil, the DKP treatment yielded a sig-
nificantly lower normalised biomass compared to the
control (two-way ANOVA on BEO data with soil and P
fertiliser as factors, Dunnett’s test P < 0.05), while in the
Podébrady soil the normalised aboveground biomass was
not significantly different from the control when add-
ing DKP (Dunnett’s test, P > 0.05). The addition of straw
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Fig. 1 Normalised aboveground biomass of wheat plants in the HK Kalke (a), UCPH (b, ¢) and CULS (d, e) experiments. The data are normalised

by dividing by the mean of the control treatment (no P fertiliser and BEO) in each experiment and in each of the two soils in d and e. The following
P fertilisers were added in the experiments: no P fertiliser (Control), triple superphosphate (TSP), superphosphate (SP), Thomas phosphate (Thph),
sewage sludge (SS), sewage sludge ash (SSA), compost of sewage sludge and garden/park waste (Comp), P-enriched steelmaking slag (LDS/SSA),
fibre fraction of pig manure (FFPM), K;HPO, (DKP), straw ash and wood ash. The soil was either not inoculated (BEO) or inoculated with Proradix
(Pro), RhizoVital (RhVi), biological fertiliser DC (Bio-DC), Trianum P (TrP) or BactoProf (BaPr). Data in b are for four plants harvested from each pot after
32 days, while data in c are for five plants harvested after 54 days. The Humpolec soil was used in d while the Podébrady soil was used in e
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Table 6 P content in aboveground biomass (mg P kg~ soil) in the HK Kalke (a) , UCPH (b) and CULS (c) experiments

a
P fertilizer Tukey's test (BEO results)? Control (BEO) Pro RhVi Bio-DC
Control (PO) a 38 54 4.7 43
TSP C 89 10.5 10.2 9.5
Superphosphate C 94 96 94 8.6
Sewage sludge C 8.7 9.8 9.8 78
Sewage sludge ashes b 53 6.1 6.1 4.2
Thomas phosphate c 10.3 7.5 10.7 85
LDS/SSA C 9.3 9.0 9.1 8.0
b

Tukey'’s test (BEO results) Control (BEO) TrP Pro RhVi
Sewage sludge ashes ns. 59 58 6.1 59
FFPM n.s. 4.1 6.2 56 6.1
4
P fertilizer Tukey's test (BEO results)? Control (BEO) RhVi BaPr
Humpolec soil
Control (PO) a 1.2 n.a. n.a.
DKP a 104 n.a. n.a.
Straw ash b 13.5 144 16.5
Wood ash a 1.3 10.2 124
Podébrady soil
Control (PO) A 124 n.a. n.a.
DKP A 144 n.a. na.
Straw ash B 19.8 20.2 19.1
Wood ash AB 15.6 14.2 14.9

a Data were analysed by two-way ANOVA. Data were log-transformed prior to statistical analysis due to unequal variances (Brown-Forsythe test, P < 0.05). Tukey's post
hoc test was used to test whether there was a significant difference in P uptake between the different P fertilisers within the BEO treatment. For each P fertiliser, values
in bold italics are significantly higher than the BEO treatment and values in italics are significantly lower than the BEO control according to Dunnett’s test

b Data were log-transformed prior to statistical analysis due to unequal variances (Brown-Forsythe test, P < 0.05)

¢ For each of the two soils independently, Tukey’s post hoc test was used to test if there was a significant difference in P uptake between the different P fertilisers
within the BEO treatment. Small letters indicate differences for the Humpolec soil, while capital letters indicate differences within the Podébrady soil. For each row,
values in bold italics are significantly higher than the BEO treatment and values in italics are significantly lower than the BEO control according to Dunnett's test (one-

way ANOVA with data for straw ash and wood ash)
2 Different letters indicate means that are significantly different

ash resulted in a significantly higher biomass at harvest
in the Podébrady soil (Dunnett’s test P < 0.05), while the
biomass after adding straw ash was not significantly dif-
ferent from the control without the addition of P fertiliser
in the Humpolec soil (Dunnett’s test P > 0.05). Finally,
the addition of wood ash led to a significantly lower
biomass compared to the control in the Humpolec soil
(Dunnett’s test P < 0.05), while in contrast the addition of
wood ash led to an increase in biomass compared to the
control for the Podébrady soil (Dunnett’s test P < 0.05).
Overall, there was only a fairly limited difference in the
harvested biomass in a comparison across P-fertilisation
treatments (Fig. 1d, e). The maximum increase observed
when looking across the BEO treatments was 22 %. This
increase was observed for both straw and wood ash in

the Podébrady soil. The effect of the addition of the two
different ash types (straw and wood ash) in combination
with the different BE inoculation treatments included
here (BEO, RhVi, BaPr) was analysed in two separate two-
way ANOVAS for the two soils (Humpolec & Podébrady)
included in this experiment. No significant effect was
observed of ash type or BE addition or an interaction
between the two factors for any of the two soils investi-
gated (P > 0.05, two-way ANOVA). There was a signifi-
cant effect of soil on P uptake in the PO/BEO treatment
(Table 6¢, one-way ANOVA, P < 0.001). The data for P
content (Table 6¢c) were subsequently analysed for the
two soils independently, and a significantly higher P con-
tent was observed in the straw ash treatment compared
to the control in both soils (Tukey’s test, P < 0.05), but the
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Fig. 2 a Total aboveground biomass of wheat plants in the KALKE
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P fertilisers were added in the experiment: no P fertiliser (P0), TSP,
superphosphate (SP), sewage sludge (SS), sewage sludge ash (SSA),
Thomas phosphate (Thph), P-enriched LD slag (LDS/SSA)

BE treatments did not result in a total P content that was
significantly different from the control (Dunnett’s test,
P > 0.05).

Soil-available P in the KALKE experiment and relationship
with biomass

Water-extractable P (Pp,o) was able to explain a large
part of the variation in the aboveground biomass in the
HK Kalke experiment across P-fertilisation treatments
and BE treatments (Fig. 2a). Using the Mitscherlich equa-
tion, a model with Py, measured after 27 days explained
88 % of the variation in the aboveground biomass (Fig. 2a,
R? =0.88, P < 0.0001). The water-extractable P in soil was
significantly different between the P-fertiliser treatments,
and all P-fertiliser treatments were significantly different
from the control (Fig. 2b, two-way ANOVA, P < 0.001).
The sequence was as follows: PO < SSA < SS < TSP = SP
= Thph < LDS/SSA. There was no significant effect of BE
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inoculation on the level of water-extractable P in the pots
(two-way ANOVA, P > 0.05) and there was no significant
interaction between the two factors (two-way ANOVA,
P> 0.05).

Correlation between plant P data and aboveground
biomass

The variation in the aboveground biomass in the UCPH
experiment in the BEO treatments at both harvests (after
32 and 54 days) was explained by the P concentration
in the youngest fully developed leaf harvested from one
plant during early growth after 25 days. Using the three-
parameter exponential rise to maximum (Mitscher-
lich) curve equation, highly significant relationships
between the two variables were found (Fig. 3: first har-
vest, R*> = 0.73, P < 0.0001; second harvest, R* = 0.78,
P < 0.0001).

Fertiliser use efficiencies

Thomas phosphate and sewage sludge ash-enriched
BOF slag both had a relative fertiliser efficiency and rela-
tive P-use efficiency comparable to or higher than TSP
(Table 7). Sewage sludge tended towards slightly lower
relative efficiencies compared to TSP (76-106 %), but
these differences were only significant in the follow-up
experiment at UCPH (Table 7). Sewage sludge ash, on
the other hand, gave quite low efficiencies (24—31 %) and
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Fig. 3 Total aboveground biomass of wheat plants in the UCPH
experiment from the first harvest (32 days after sowing, black symbols)
or the second harvest (54 days after sowing, grey symbols) as a
function of the P concentration in the youngest fully developed leaf
from one plant measured at 25 days after sowing. Only data from
three replicate pots were included for each treatment and only BEO
treatments were included. P treatments are: negative control (P0), TSP,
low-grade TSP (SP), sewage sludge (59), sewage sludge ashes (SSA),
fibre fraction of pig manure (FFPM), compost of sewage sludge and
garden/park waste (Compost). The data are fitted to three-parameter
functions of the form y =y +a- [1 — e(=0%]
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Table 7 Relative fertiliser efficiencies

P fertiliser HK Kalke (n = 4) UCPH (n =5) UPCH_22 (n=4)
FE (% of TSP) PE (% of TSP) FE (% of TSP), FE (% of TSP), FE (% of TSP)

first harvest second harvest

Negative control Oa 0a Oa Oa 0

Triple superphosphate 100 cd 100 b 100 ¢ 100 cd 100 ¢

Superphosphate 104 cd 110b 79¢ 92cd 103 ¢

Thomas phosphate 117d 127 b na. na. na.

Sewage sludge 86 ¢ 9% b 76 ¢ 106 d 80b

Sewage sludge ash 24b 31a 18ab 41b 36a

Fibre fraction of pig manure n.a na. 93¢ 77 ¢ na.

SSA-enriched LD slag 117d 108 b na. na. na.

Compost of sewage sludge and na. na. 33b 74c 54a

garden/park waste

The efficiencies are calculated for the BEQ treatment only. Efficiencies are calculated relative to TSP as the positive control (see “Methods”). For each column, different
letters after the mean values represent significantly different means (Tukey's test, P < 0.05)

2 This experiment was partly a replication of the UCPH experiment limited to five plants pot~' (see Additional file 1 for details)

the relative P-use efficiency recorded in the HK Kalke
experiment and the relative fertiliser efficiency recorded
at the first harvest in the UCPH experiment were not sig-
nificantly different from the negative control without the
addition of a P fertiliser (Table 7). The compost included
in the UCPH experiment had a relative fertiliser effi-
ciency (33-74 %) between those of sewage sludge ash and
sewage sludge (Table 7).

PCAs on plant compositional data

UCPH experiment

For the UCPH experiment, the elemental composition
(B, Ca, Cu, Fe, K, Mg, Mn, P, S, Zn) was analysed in the
youngest fully developed leaf sampled after 25 days from
the different P-fertilisation treatments (all BE0). The
composition was found to be very similar in treatments
P1 (TSP), P4 (sewage sludge) and P6 (fibre fraction of pig
manure), whereas the treatments P5 (sewage sludge ash)
and particularly PO (no P fertiliser added) were clearly
separated in a PCA plot showing the first two principal
components (Fig. 4a). The two groups of treatments were
partly separated along the first principal component, but
were more clearly separated along the second principal
component. The loadings of the second principal compo-
nent (Fig. 4b) showed that the most negative loading seen
was for the element P followed by Zn and K.

HK Kalke experiment

The samples were grouped according to the P fertiliser
applied along the first principal component in a PCA
on the elemental composition (Ca, K, Mg, Mn, Na, P)
of the aboveground biomass from the final harvest in
the HK Kalke experiment (Fig. 5a). There was also a ten-
dency towards a grouping along the second principal

component due to the different BE inoculations across
P-fertiliser treatments (Fig. 5b). Thus Proradix treat-
ment was separated from the uninoculated control (BEO)
in this plot. When looking at the loadings of the second
principal component (Fig. 5¢), higher concentrations of
Mn in the BEO plants were observed to be important for
the separation in elemental composition between BEQ
and Proradix plants.

CULS experiment

There was a clear grouping of pots according to the P
fertiliser applied when concentrations of Ca, K, Mg,
Mn, Na and K in leaves, stems and grain were used in
a PCA (Fig. 6a). The clearest separation was between
plants that had received no P fertiliser (P0) and plants
that had received straw ash (StA). The treatments were
primarily separated along the second principal compo-
nent, which explained 30.8 % of the variation in the data-
set. The loading plot of PC2 (Fig. 6d) shows that higher
concentrations of P, K and Mn were especially important
for the grouping of samples along the second principal
component and that plants that had received straw ash
as a fertiliser generally contained higher concentrations
of P and K in the three tissues investigated compared
to the remaining treatments, while higher concentra-
tions of Mn in plant tissues pulled the samples that had
received PO, DKP and WoA in the opposite direction
in the PCA plot (Fig. 6a, d). The samples were grouped
along the first principal component according to soil
(Humpolec or Podébrady), where higher concentrations
of P and Mn were generally observed in plants grown in
the Humpolec soil, while higher concentrations of Ca
and Mg were recorded in plants grown in the Podébrady
soil (Fig. 6a, c).
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Discussion

Was P the limiting factor in these experiments?

These pot experiments were undertaken on the assump-
tion that P was the limiting factor in these trials. In the
case of the UCPH experiment, the clear saturation-type
relationship between P concentration in the youngest
fully developed leaf during early growth and the sub-
sequent biomass production (Fig. 3) served as valida-
tion that P limitation was in fact being studied in the
UCPH experiment. Furthermore, the concentration of
P recorded in leaves from the unfertilized treatment
(Additional file 1: Table S3) was as low as 0.24 mg g !
in one case and therefore probably within the deficiency
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Fig. 5 Score plots (a, b) showing the result of a PCA on the elemen-
tal (Ca, K, Mg, Mn, Na, P) composition of the aboveground biomass
grouped either according to P fertiliser applied (a) or BE inoculation
(b). Loading plot (€) showing the loadings of the second principal
component. Data are from the HK Kalke experiment. Codes for P
fertilisers in a negative control (P0), TSP (TSP), superphosphate (SP),
Thomas phosphate (Thph), sewage sludge (SS), sewage sludge ash
(SSA), SSA-enriched LD slag (LDS/SSA, light green points)
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range at this stage [54]. Along the same lines, the clear
relationships between soil P status and aboveground
biomass in the HK Kalke experiment (Fig. 2) was valida-
tion that P was the limiting nutrient in the experiment.
Here, we did not observe a positive response of P ferti-
lisation on P concentration which shows that the P con-
centration of the whole shoot after 8 weeks of growth
is not a robust measure of P deficiency. In contrast to
the above, P could not be considered the sole limiting
factor in the CULS experiment, since a positive growth
response of adding readily soluble DKP (32 mg kg ™) as
the P fertiliser was not observed in this experiment. In
general, the concentration of P was probably in the defi-
cient range across all treatments (below 0.1 % in stem
and leaves, Additional file 1: Table S4). This may partly

be explained by a nitrogen limitation in the Humpolec
soil, since soil solution nitrate levels in the Humpolec
soil during the pot experiment were three times lower
than those recorded in the Podébrady soil (data not
shown).

Were other nutrients limiting or present in toxic
concentrations?
In the HK Kalke experiment, the concentrations of Ca,
Mg, Ca, Mn and K (Additional file 1: Table S2) were in
the adequate range for these elements in wheat shoots at
the given growth stage [54].

In the UCPH experiment, the concentrations of Fe, K,
S, Zn in the youngest fully developed leaf 25 days after
sowing (Additional file 1: Table S3) were within the
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adequate range at this stage [54]. For B, Ca, Cu, S and Zn
this was also generally the case (Additional file 1: Table
S3), but the leaf from one of the three control plants
analysed showed concentrations (see minimum in Addi-
tional file 1: Table S3) in the deficiency range [54]. For B,
the highest concentration recorded (156 ug g~') might be
at the limit of toxicity at this stage [54]. However, no clear
symptoms were observed.

In the CULS experiment, the grain concentrations
of K (Additional file 1: Table S4) indicated deficiency in
this element across all treatments, while Mn (Additional
file 1: Table S4) was in the adequate range for grain at
maturity [54].

Did the added BEs enhance the availability of P

from recycled fertiliser products?

As stated in the introduction, one possible mechanism
for improving plant growth by a BE would be to increase
the availability of P in the soil. When used in combina-
tion with recycled fertilisers, it is of interest whether or
not the introduced organisms directly affect the solubi-
lisation of the introduced P. In the HK Kalke experiment,
no significant effect was observed for any of the tested
BEs (Pro, RhVi, Bio-DC) on the level of available P in the
soil (Pyyy0). Since we do not have soil data for the other
experiments, we cannot make claims regarding the soil
P availability in these experiments. This is in accordance
with previous studies showing that although microbial
inoculants may demonstrate potential for solubilisation
of sparingly soluble P sources (such as Ca-phosphates)
in vitro, this does not necessarily translate into increased
plant availability of P in the soil [55]. In the present study,
there was no support for an increase of plant-available
P in the soil as a result of inoculation with two bacterial
products (Proradix and RhizoVital 42) and one fungal
product (Biological fertiliser DC). There may be several
possible explanations for the lack of a significant posi-
tive effect on P availability: (i) a limited proliferation of
the introduced microorganisms in soil due to competi-
tion with native microorganisms, for example, (ii) the
soil P level may not have been sufficiently low to promote
the up-regulation of enzymes involved in P solubilisa-
tion, (iii) released P may have been taken up by the intro-
duced microorganisms without subsequent release to the
soil within the time frame of the experiments and finally
(iv) the native microbial community of the soil and/or
organic waste materials may have been optimal already in
making P available from the introduced fertilizers.

Did the added bioeffectors affect the growth of plants

and plant P uptake?

Despite previous reports that the tested organisms may
enhance plant growth [30, 43, 46], only a small positive
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effect on aboveground biomass of Pro and RhVi in com-
bination with TSP was found (Fig. 1a). The fact that there
was only a positive effect in combination with TSP as a
fertiliser may point towards a direct effect of the BEs on
the plants rather than an effect on P availability in the
soil. This interpretation was also supported by the fact
that the uptake of P from TSP-fertilised soil was not sig-
nificantly different between BE treatments (Table 6a).
The direct effects of these microbial inoculants on the
plants are in line with earlier work showing that Pro and
RhVi may elicit defence responses in plants [41, 56], thus
directly affecting the plant’s metabolism. In the PO treat-
ment, a positive effect of Pro and RhVi was observed on
the total P content of the aboveground biomass, which
seemed to indicate that under these P-limited conditions
the two BEs did improve plant P uptake, even though a
BE-mediated increase in Py, was not observed.

As a prerequisite for an effect of BEs on the growth
of wheat plants, the successful establishment of organ-
isms in the rhizosphere may be required, and it has been
stated that rhizosphere competence may be a key factor
in the effectiveness of PGPM [57, 58]. On the other hand,
there is also an example of a study where the superna-
tant of the culture medium in which T. harzianum T22
was grown resulted in a stronger effect on the growth of
maize plants compared to inoculating with spores [30].
This indicates that active growth in the rhizosphere may
not always be a prerequisite for an effect of a PGPM and
that a direct hormonal effect on the plants is a possible
mode of action of these organisms. The present study did
not measure whether the microorganisms established
themselves in the rhizosphere of the wheat plants, mean-
ing that it cannot be ruled out that the lack of a plant
growth-promoting effect of the added BEs was due to an
unsuccessful colonisation of the wheat rhizosphere. On
the other hand, the fact that a significant BE effect was
seen on the elemental composition of the aboveground
biomass in the HK Kalke experiment may be an indica-
tion that the added microorganisms were in fact able to
establish in the wheat rhizosphere in these pot experi-
ments. In the CULS experiment, the plant elemental
composition of the aboveground biomass did not give
any indication of a BE effect.

Do the different recycled fertiliser products tested have
potential as P fertilisers?

A low availability of P in the soil after fertilisation with
sewage sludge ash was observed, which translated into a
relative fertiliser efficiency based on biomass production
of 24—41 % and P uptake of 31 %. This result was in line
with earlier work, showing that phosphorus in sewage
sludge ash is generally not readily taken up by plants [9].
On the other hand, there may be considerable variations
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between different sewage sludge ashes, depending on
the processing of sewage sludge in the water treatment
plant [7]. Sewage sludge, Thomas phosphate and sew-
age sludge-enriched BOF slag (LDS/SSA) all resulted
in levels of available P similar to or higher than TSP. In
fact, fertilisation with LDS/SSA resulted in a significantly
higher level of P, compared to TSP. This was probably
related to an increase in soil pH from ~5.6 in the TSP
treatment to ~6.5 in the LDS/SSA treatment (Additional
file 1: Table S1), since the availability of phosphates in soil
is generally highest close to neutrality [59]. Severin et al.
[9] found that the LDS/SSA product had high efficiency
as a P fertiliser [9] in accordance with this study’s results,
yielding a P-fertilisation effect comparable to TSP. This
shows the potential of this technology to produce a highly
effective P fertiliser, partly based on sewage sludge devoid
of any organic contaminants. However, the content of
heavy metals could potentially be problematic. The con-
tent of Cr (1712 mg kg™, data not shown) for instance is
above the current Danish limits [60], while in Germany
contents above 300 mg kg~! have to be declared [61]. An
alternative to using sewage sludge ash could be to use
sewage sludge as a fertiliser instead. Concerns may be
raised regarding organic contaminants and problematic
microorganisms, which are not relevant in the case of
sewage sludge ash. However, organic contaminants prob-
ably do not pose a great threat here when the quality of
present-day sewage sludge is taken into account [4]. In
the present study, sewage sludge was observed to pos-
sess high potential as a P fertiliser, resulting in responses
that are 76-106 % of those observed when using TSP.
This was in relatively good agreement with a pot trial
using English ryegrass in which the efficiency of differ-
ent sludges was 62—-86 % of monocalcium phosphate [62].
In the case of wood and straw ash, it was not possible to
clearly evaluate their potential as P fertilisers based on
the results presented here. This was due to the fact that
(i) the CULS experiment lacked a positive control with
the addition of a comparable level of total P and (ii) the
input of P with the two different ash types was different.
These problems aside, from the results presented here,
it would not appear that wood ash and straw ash have
great potential as P fertilisers, since the relative increase
in biomass yield was not above 25 % in comparison to
the HK Kalke and UCPH experiments showing yield
increases of 50 % or more, even for sewage sludge ash.
This result contradicted an earlier study in which a high
P-fertilisation effect was found for rape meal, straw and
cereal ashes [63]. However, as observed from the PCA
plot, a small effect was observed on the plant elemental
composition due to the wood ash and DKP treatments
and greater effect of the straw ash treatment, but these
differences were not clearly associated with differences in
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the aboveground biomass. These effects were observed
to be independent of soil type. The fibre fraction of pig
manure (FFPM) prepared using a decanter centrifuge
was shown to have a high fertiliser efficiency that was
not significantly lower than the positive TSP control. This
was in accordance with previous results showing a high P
availability after application of this solid manure fraction
to soil [64].

Conclusions

Based on the results from the HK Kalke experiment, we
did not find evidence to support the hypothesis that BE
products increase the availability of P in the soil. Fur-
thermore, the BE products only had a very limited effect
on the growth of wheat plants across all experiments.
Further work is therefore needed to elucidate whether
inoculation with BEs has agronomic potential in wheat
production. A number of the tested recycled P-fertiliser
products (sewage sludge, P-enriched BOF slag and fibre
fraction of pig manure) were shown in the HK Kalke
and UCPH experiments to have a high potential as P
fertilisers without a requirement for further processing.

Additional file

Additional file 1. Fig. S1. Biomass in the UCPH follow-up experiment.
Table S1. Data on soil pH from the HK Kalke experiment and Tables S2-
S4. Data on plant elemental composition from the HK Kalke (Table S2),
UCPH (Table S3) and CULS (Table S4) experiments.
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Abstract

Aims Improvement in nutrient efficiency of recycled
fertiliser products represents a crucial step for sustain-
able agriculture. In this context, ash from biomass com-
bustion belongs to the materials of interest.

Methods Novel strain of potential plant growth-
promoting bacterium (Paenibacillus mucilaginosus
ABi13) was tested for its ability to increase the plant
availability of nutrients from wood ash (WA) in P-
deficient soil-plant systems. Maize plants were grown
in soil microcosms in semi-natural conditions, enabling
rhizospheric- and bulk-soil solution analysis with spe-
cial emphasis on low-molecular-mass organic acids
(LMMOA).

Results Wood ash, as a sole fertiliser, increased biomass
yield and improved nutritional status of maize plants.
Concomitantly, application of WA led to lower root

Responsible Editor: Ellis Hoffland.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11104-018-3664-z) contains
supplementary material, which is available to authorized users.

F. Mercl (D<) - K. Bfendova - M. Kulhanek - Z. Ko$naf -

J. Szakova - P. Tlustos

Department of Agro-Environmental Chemistry and Plant
Nutrition, Czech University of Life Sciences Prague, Kamycka
129, 165 00 Prague, Czech Republic

e-mail: mercl@af.czu.cz

V. Tejnecky

Department of Soil Science and Soil Protection, Czech University
of Life Sciences Prague, Kamycka 129, 165 00 Prague,

Czech Republic

exudation rates of malate and isocitrate likely due to
improved P status of plants. P mucilaginosus ABil3
was inefficient in mobilising P from plain, acidic soil,
but increased P solubility in ash-amended soil. Howev-
er, P mucilaginosus ABil3 consequently decreased
NO; concentrations in soil solution and induced N
deficiency in maize, which led to decreased biomass
yield and LMMOA exudation rates.

Conclusions This study demonstrated the importance of
plant nutritional status on the final outcome of PGPR
inoculation and contributes to our understanding of
interactions between introduced PGPR, soil microbiome
and plants.
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Introduction

The majority of biomass ash produced is repre-
sented by wood ash, since wood is the single most
important biomass fuel worldwide (FAO 2017).
Major mineral nutrients contained in wood ash
are Ca, K, Mg and P, which are present in various
forms of minerals. Wood ash exhibits several other
valuable properties, which may significantly im-
prove soil quality. In addition to possible improve-
ment in hydraulic conductivity or water holding
capacity, high alkalinity of wood ash reduces soil
acidity, which, in turn, reduces Mn and Al toxicity
and nutrient leaching into groundwater (Demeyer
et al. 2001). Transfer of some risk elements, e.g.
Cd, from soils to crop production can be also reduced by
ash application (Ochecova et al. 2014; Li et al. 2016).
However, the plant-availability of ash-bearing mac-
ronutrients is generally very low and is inversely
proportional to combustion temperature due to
mineral-phase transformation into various forms
of insoluble silicates and phosphates (Vassilev
et al. 2013). This is especially so with industrial
wood ash where combustion temperatures are rare-
ly lower than 800 °C (Vos 2005). Very low plant-
availability of ash-bearing nutrients associated with
low nutrient use efficiency discourages from wide
use of wood ash as a recycled fertiliser product.
Nonetheless, effective recycling of biomass ash as
fertilisers is an important step in agricultural sus-
tainability as wood ash recycling on agricultural
land achieves a closing of the loop for phosphorus
and several other nutrients. Consumption of P and
K fertilisers in particular, which are associated
with high costs and limited supply of these materials,
is reduced and, therefore, overall energy input into
agriculture may be lowered.

Paenibacillus mucilaginosus (syn. Bacillus
mucilaginosus) is a typical silicate-weathering bacteri-
um characterised as a gram-positive and facultatively
anaerobic bacterium with extracellular polysaccharide
production (Xiao et al. 2016). Hu et al. (2006) described
phosphate and potassium solubilisation ability of P.
mucilaginosus. According to Xiao et al. (2016), P.
mucilaginosus can secrete carbonic anhydrase (CA),
which catalyses the conversion of CO, to carbonate
and protons accelerating the acidification by dissolved
CO,. Such effect consequently promotes the microbial
conversion of silicate minerals and releases a number of
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nutritional ions, especially Ca and Mg, from minerals
and soil. However, the most well-known mechanism of
inorganic nutrient solubilisation, for Ca-associated P in
particular, is due to organic acid (OA) production. This
was the case in studies by Hu et al. (2006) and Lu et al.
(2014), which reported OA production for all tested
strains of P. mucilaginosus. Moreover, Liu et al.
(2006), proposed significant participation of both
exopolysacharides and OA produced by P.
mucilaginosus in the dissolution of silicates. Authors
further suggested formation of bacterial-mineral com-
plexes where polysaccharides strongly adsorb the or-
ganic acids and formation of an area of organic acids
at a high concentration near the minerals (Liu et al.
2006). Several studies reported plant growth-
promoting ability of P. muclaginosus due to improved
K and P nutrition when combined with sudan grass
(Basak and Biswas 2009), maize, wheat (Singh et al.
2010), tobacco (Li et al. 2007), cucumber and pepper
(Han et al. 2006). Thus, the use of P. mucilaginosus may
represent a cost-effective and ecological solution, im-
proving the bioavailability of nutrients contained in
wood ash. To our knowledge, there is no study which
has focused on the combination of P. mucilaginosus and
ash.

The main objective of this study was to test
novel strain P. mucilaginosus ABil3 in terms of
its influence on maize and on soil solution com-
position, with particular emphasis on its potential
to increase nutrient availability (P in particular)
from wood ash in the soil-plant system. We tested
the effect of P. mucilaginosus ABil3 on maize
plant parameters and soil solution composition
using a microcosm approach with natural soil
reflecting in vivo P-limiting conditions. In order
to understand and sufficiently predict the possible
influence of the tested strain, a rhizospheric micro-
cosm was developed with emphasis on low-cost
and easy-to-use methods. Nutrient-poor, acidic soil
with low cation-exchange capacity (CEC) was cho-
sen in order to simulate highly limiting conditions.
In such conditions, the influence of PGPR is ex-
pected to be maximized as: i) soil buffering ca-
pacity is low and, therefore, potentially solubilised
nutrients are likely to be taken up by the plant and
not to be adsorbed on soil particles; ii) plant
growth is limited by nutrient deficiencies and even a
small increase in soil-nutrient availability is likely to
result in better growth performance of the plant.
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Material and methods
Experimental design

The experiment was conducted using soil microcosms,
each containing 5 kg dry wt of soil and placed in an
outdoor precipitation-controlled vegetation hall. Each
microcosm was made from a 6 L polypropylene pot
(h=20.5 cm, diop =22 cm, dpoom=18.5 cm). Inner
space of each microcosm was vertically divided into
two compartments by nylon (PA 6.6) membrane with a
30-um pore size (SEFAR, Thal, Switzerland). The root
zone compartment (70% of inner volume, 3.5 kg of soil)
was sown with maize and the bulk zone compartment
(30% of inner volume, 1.5 kg of soil) was without
plants. The membrane was used to provide comparable
conditions between both compartments, mainly in terms
of water saturation level, water residence time and con-
sequently redox potential, factors which are known to
have a strong influence on soil solution properties. Sim-
ple segregation of planted and non-planted pots may
lead to bias and incomparable results for carboxylate
concentrations in soil solution (Mercl et al. 2017). One

Fig. 1 Schematic representation

of the microcosm and description

of individual treatments. ICP- )

OES inductively coupled plasma ‘

optical emission spectrometry; ‘ ‘ Y
|

Rhizon MOM suction cup (Rhizosphere Research Prod-
ucts, Wageningen, Netherlands) was installed vertically
in the centre of each zone. The Rhizons had a 10-cm
porous section with a 0.12—-0.18 pm pore size. Schemat-
ic representation of the microcosm is shown in Fig. 1.

Experimental soil (Haplic Cambisol) was collected
one week prior to sowing from a field (plow depth, 0—
20 cm) near the city of Zamberk, Czech Republic (50°8’
38.102 N, 16°30'51.351 E). Soil was air dried, passed
through a 10-mm stainless steel sieve and manually
homogenised prior to the experiment. Wood ash origi-
nated from the combustion of wood chips in a fluidised
bed reactor (15 MW?1) and is described in more detail
elsewhere (Mercl et al. 2016). In this study, wood ash
treatment is denoted W, whereas control treatment (plain
soil with no wood ash added) is denoted C. In the case of
W treatment, 24 mg P was supplied in form of wood ash
by thorough mixing of corresponding amount of ash
with soil. This dose of P resulted in theoretical applica-
tion rate of 7 tons of wood ash per hectare. The basic
characteristics of experimental soil and ash are given in
Table 1. Results of P fractionation are shown in
Table S1.
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Table 1 Physicochemical properties of the experimental soil and ash

Characteristics Experimental soil Wood ash®
Textural class Silt loam -
Clay (%) 13 -
Silt (%) 56 -
Sand (%) 31 -
CEC (mmol kg™ 74.9+3.7 125+120
PHcac 5.20+0.01 11.2+0
TC (%) 1.90+0.01 8.00+0.7
DOC (mg kg ") 63.6+2.0 -
COs% (%) 0.10£0.05 423+0.18

Pseudototal (aqua regia) Available (Mehlich 3) Total (XRF) Available (CH;COOH)
N (%) 0.19+0.01% 55.9+3.821" 0.02+0.01 -
P (mgkg ") 551+£26.7 22.0£0.02 10,195 +£50.0 315+1.00
K (mgkg™) 3802+169 59.6+0.36 58,938 £170 6607 +£571
Mg (mg kg™ 2838 +50.5 27.7+0.28 17,478 £280 3990+£97.0
Ca(mgkg™" 1722 +114 1418+8.31 117,789 +200 40,824+ 174
S (mgkg ™" 193+£16.4 10.3+0.13 15,816£16.0 5313+129
Fe (mg kg ") 20,682 +84.6 178 £0.63 38,339+£84.0 10.8+1.77
Mn (mg kg ") 939 +50.1 70.4+0.51 15,292+61.6 1119+13.2
Zn (mgkg ") 53.5+0.69 1.84+0.02 1154 +£98.0 47.0+1.50
Cu (mgkg ™" 7.24+0.13 1.12+0.01 98.84+6.48 0.13+0.04
Al (mgkg ") 21,835+122 1098 £0.26 57,028 £200 144+1.42

Shown values represent arithmetic mean + standard deviation (SD)

 Previously described in more detail by Mercl et al. (2016)

T Total contents of N are given in % and were determined using CNS analyser

T Available N contents are given in mg kg' as a sum of NH4* and NO;~ extractable in 0.01 M CaCl, (determined by

means of colorimetry)

Seven untreated maize seeds (organic variety
Colisee; KWS Saat, Germany) were sown in the
root zone compartment and plant numbers were
thinned to five after germination. Immediately after
sowing, both compartments were inoculated with
P mucilaginosus ABil3 (MUCI). Tap water
(200 mL), instead of inoculum, was applied in
the case of control (non-inoculated) treatments (C
and W). Treatments involving MUCI inoculation
are denoted C+M and W+ M in this study.

Each treatment was replicated four times. During
the course of the experiment, microcosms were
maintained at 60 +5% of maximum water-holding
capacity (MWHC) by irrigation with demineralized
water. MWHC was controlled gravimetrically once
every two days.

@ Springer

Bacterial strain Paenibacillus mucilaginosus ABi13

Tested strain Paenibacillus mucilaginosus Abil3 was
isolated from the rhizosphere of wheat growing in Al-
pine foothills area in Germany and was cultivated in
liquid Aleksandrov medium (Hu et al. 2006) at 30 °C.
Strain was identified as Paenibacillus mucilaginosus by
16S rDNA gene sequencing using universal primers
27F (AGAGTTTGATCMTGGCTCAG), 1492R
(TACGGYTACCTTGTTACGACTT) and the resulting
PCR fragment was sequenced by Sanger method
(Sanger et al. 1977). The sequence was compared with
NCBI-Database and matched 100% with Paenibacillus
mucilaginosus. The strain was grown in a bioreactor at
30 °C in a complex media until complete sporulation. A
pure spore product (MUCI) was formulated by
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membrane-separation of spores from broth culture and
subsequent washing out of possible residues of broth
and metabolites and was provided by ABIiTEP (Berlin,
Germany) as a liquid suspension containing living
spores of P. mucilaginosus ABil3 at a concentration of
1.0 x 10° CFU/mL. MUCI suspension was diluted with
a tap water and 200 mL of inoculum was applied direct-
ly on seeds in the planting holes resulting in a concen-
tration of 1 x 10'° CFU/kg of soil.

Soil solution sampling

Two methods were used to collect soil solution, namely
suction cup and centrifuge drainage method. Using suc-
tion cups, soil solution was sampled twice during the
experiment (at 14 and 28 days after emergence; DAE)
and was used for analysis of available nutrients. Four
hours prior to sampling, microcosms were irrigated with
a precise amount of demineralized water to reach 60%
MWHC and soil solution was collected using 20-mL
syringes (B. Braun, Germany) as described elsewhere
(Mercl et al. 2017). Immediately after collection, pH of
soil solution was measured using a Sentron SI400 pH
meter with ISFET electrode (Sentron Europe BV, Leek,
Netherlands). Aliquots of collected solution (5 mL)
were separately frozen (—42 °C) and kept for subsequent
NO; and NH," analysis. Solutions collected by suction
cup method are denoted as root zone solution and no-
root zone soil solution.

LMMOA concentrations in rhizospheric and bulk
soil solutions were determined at the end of the exper-
iment (28 DAE). These solutions were obtained using a
centrifuge drainage method. Immediately after collec-
tion of suction cup solutions, individual compartments
of microcosms were carefully dismantled. Rhizospheric
soil was collected by careful shaking of the whole root
system to remove non-adhering soil (this was discarded)
and subsequent gentle brushing of roots to remove root-
adhering soil which was analysed. Special emphasis
was taken to minimize any damage of the roots. Col-
lected soil was thoroughly checked for tiny roots which
were then removed with tweezers. Bulk soil was col-
lected from bulk zone compartment by taking represen-
tative samples, avoiding both the upper (3-cm) layer and
the bottom (3-cm) layer of soil. Approximately 20 g of
fresh collected soil was placed in Falcon Maxi-Spin
Filter Tubes (Ciro Manufacturing Corp., Deerfield
Beach, USA) with a 0.45-um pore size nylon membrane
and was immediately centrifuged at 4 °C for 30 min. No

storage of freshly collected soil took place since it is
known that LMMOA concentrations are strongly influ-
enced by sample storage (Mimmo et al. 2008). As
rhizospheric soil samples inevitably contained root
hairs, the relative centrifugal force (RCF) was set to
2500 g to avoid symplastic sap leaching and therefore
root cell rupture, as reported by Yu et al. (1999). After
centrifuging, supernatant was transferred to a 0.5-mL
vial; 10 puL of 99.9% (v/v) methanol (Lach-ner,
Czech Republic) was added (final methanol concentra-
tion 2% v/v) in order to prevent any microbial degrada-
tion. Samples were then frozen at —42 °C and kept for
subsequent analysis.

Collection of exuded LMMOAS

Immediately after collection of the rhizospheric soil, the
plant root system was briefly rinsed with a gentle stream
of demineralized water and carefully placed for 30 min
ina 0.5 L glass beaker covered with aluminium foil and
filled with 1 mM CaCl, solution. During this period,
stabilization of root cell membranes by Ca** is provided
and protoplast of mechanically-damaged root cells is
washed out into the solution (Neumann and Romheld
2001). After 30 min of stabilization, roots were removed
from the solution, gently rinsed with demineralized
water and transferred into a new 250 mL beaker filled
with a fresh 1 mM CaCl, solution. Plants were left to
exude for 1 h. Plants were then removed, divided into
shoots and roots and dried at 60 °C to a constant weight.
The exudate solution was stirred briefly and 10-mL
aliquots were immediately filtrated through a nylon
syringe filter (0.2 um pore size), frozen at —42 °C after
addition of 200 uL 0f 99.9% (v/v) methanol and kept for
further analysis.

Analytical procedures

Dried plant biomass was milled and digested with con-
centrated HNO; (65% v/v; Analytika) and H,O, (30%
v/v; Analytika) in an Ethos 1 microwave-assisted wet-
digestion system (MLS, Leutkirch, Germany). Nutrient
concentrations (P, S, Mg, Ca, Fe, Mn, Zn, B, Cu) were
then determined by inductive coupled plasma-optical
emission spectrometry (ICP-OES; Agilent 720, Agilent
Technologies Inc., Santa Clara, CA). Concentrations of
K only were determined using flame atomic absorption
spectrometry (F-AAS; Varian AA285S, Varian
Australia, Mulgrave) (Szakova et al. 2013). The
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standard reference material used was 1515 Apple
Leaves (NIST, Gaithersburg, USA).

For the determination of total C and N, a CHNS
Vario MACRO cube analyser was used (Elementar
Analysensysteme GmbH, Hanau, Germany). Carbonate
content was determined using the volumetric calcimeter
method (Loeppert and Suarez 1996). Cation-exchange
capacity was determined according to Gillman (1979).
Pseudototal contents of nutrients in soil were deter-
mined by ICP-OES after microwave-assisted aqua regia
extraction, as described by Szakova et al. (2013). Avail-
able fractions of nutrients in soil were determined by
extraction of samples in Mehlich 3 solution (Mehlich
1984). Content of available N (NH," and NO5 ) in soil
was determined using a continuous flow colorimetric
analyser (SAN plus System, Skalar Analytical, Breda,
Netherlands) after 2 h extraction with 0.01 M CaCl,
(1:10 w/v). Concentrations of available nutrients in ash
were measured using ICP-OES after extraction for 16 h
in CH;COOH (1:40 w/v). Soil and ash pH values were
determined after extraction with 0.01 M CacCl, at a ratio
of 1:2.5 (w/v) (VDULFA 1991), using a Sentron SI1400
pH meter with ISFET electrode (Sentron Europe BV,
Leek, Netherlands).

Concentrations of nutrients (P, K, S, Mg and Ca) in
soil solution (root zone and no-root zone solutions sam-
pled with Rhizons) were determined by ICP-OES. Con-
centrations of P in these solutions were usually below or
close to the detection limit (DL) of ICP-OES
(0.05 mg Lfl). Therefore, P concentrations in all soil
solution samples were determined by inductively
coupled plasma mass spectrometer (ICP-MS, 7700x%;
Agilent Technologies Inc., USA). Nitrate, nitrite and
LMMOA concentrations in soil solutions and/or exu-
date samples were determined by means of ion-
exchange chromatography with suppressed conductivi-
ty, using an ion chromatograph ICS 1600 (Dionex,
Sunnyvale, CA) equipped with IonPac AS11-HC
(Dionex) guard and analytical columns. The eluent com-
position was 1 to 35.2 mM KOH with a 1 to 65 min
gradient; flow rate was set to 1 mL min '. Quality
control and assurance of ion chromatography analysis
are described by Mercl et al. (2017). Concentrations of
NH," in soil solution were determined by means of ion-
exchange chromatography with suppressed conductivi-
ty. The ion chromatograph ICS 90 (Dionex) equipped
with IonPac CS16 (Dionex) guard and analytical col-
umns was used. The eluent composition was 38.0 mM
methanesulfonic acid and flow rate was set to
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1 mL min~'. To suppress eluent conductivity, the

CMMS 300-4 mm suppressor (Dionex) and 0.103 M
tetrabutylammonium hydroxide reagent was used. The
limit of detection was 0.046 mg L.

Soil DNA extraction and Illumina MiSeq sequencing

DNA was extracted from the soil samples collected at
the end of the experiment. Prior to DNA extraction,
water content of air-dried soil (0.4 g) was firstly adjusted
to 20% by adding sterile PCR-grade water and soil was
incubated at 4 °C for 30 min (Clark and Hirsch 2008).
The method of DNA extraction is described in
Sagova-Mareckova et al. (2008). The method is
based on bead-beating and phenol/chloroform extrac-
tion. The samples are purified by incubation with cetyl
trimethylammonium bromide followed by chloroform
extraction and incubation with CaCl,, and finally
cleaned with GeneClean Turbo kit (MP Biomedicals,
Santa Ana, CA, USA).

From the DNA samples, a fragment of the bacterial
16S rRNA gene including the variable region V4 was
amplified by PCR using universal primers with over-
hang adapters CS1-515F (5’-ACACTGACGACATG
GTTCTACAGTGCCAGCMGCCGCGGTAA-3") and
CS2-806R 5’-TACGGTAGCAGAGACTTGGT
CTGGACTACHVGGGTWTCTAAT-3") (Caporaso
et al. 2011). Construction of amplicon libraries and
sequencing using MiSeq sequencer (Illumina, San
Diego, USA) were done at the DNA Services Facility,
Research Resources Center, University of Illinois (Chi-
cago, USA). The resulting paired sequence reads were
merged, filtered, aligned using reference alignment from
the Silva database (Quast et al. 2013), and chimera
checked using integrated Vsearch tool (Rognes et al.
2016) according to the MiSeq standard operation pro-
cedure (Miseq SOP, February 2018; Kozich et al. 2013)
in Mothur v. 1.39.5 software (Schloss et al. 2009). A
taxonomical assignment of sequence libraries was per-
formed in Mothur using the recreated SEED database
subset of Silva Small Subunit rRNA Database, release
132 (Yilmaz et al. 2014) adapted for use in Mothur
(https://mothur.org/w/images/7/71/Silva.seed v132.
tgz) as the reference database. Sequences of plastids,
mitochondria, and those not classified in the domain
Bacteria were discarded. The sequence library was
clustered into OTUs using the Uparse pipeline in
Usearch v10.0.240 software (Edgar 2013), and the
OTU table was further processed using tools
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implemented in the Mothur software. Distance matrices
describing the differences in community composition
between individual samples were calculated using the
Yue-Clayton theta calculator (Yue and Clayton 2005).
Maximum-likelihood phylogram of the OTU represen-
tative sequences was constructed using FastTree 2 (Price
et al. 2010). The Illumina MiSeq 16S rRNA gene
amplicon sequences have been deposited in the NCBI
Sequence Read Archive (www.ncbi.nlm.nih.gov/sra) as
BioProject ID PRINA448787.

Statistics and data analyses

The normality of the data was checked using the
Shapiro-Wilk test. Data for individual LMMOAs con-
centrations in rhizospheric and bulk soil solution did not
follow normal distribution when comparing mean
values (n =16) and the comparison of means was con-
ducted using the non-parametric Mann-Whitney Rank
Sum test. STATISTICA 12 (StatSoft, Inc., Tulsa, OK)
and SigmaPlot 11.0 (Systat Software, Inc., San
Jose, CA) were used for statistical analyses, such
as correlation and analysis of variance (ANOVA),
and for preparation of figures. Statistically significant
differences (post-hoc Tukey’s honest significant
difference test — HSD) are shown at the 95.0%
confidence level.

For the determination of the most limiting nutrient,
index values for individual nutrients were calculated
using nutrient concentrations in shoot biomass based
on the Diagnosis and Recommendation Integrated Sys-
tem (DRIS) (Beaufils 1973). Data published by Elwali
et al. (1985) were used as reference parameters. Con-
centrations of N, P, K, S, Mg and Ca were used for the
calculations. Shoot tissue contents of Fe, Mn, Zn, B and
Cu were within sufficiency ranges in all treatments and
are therefore not shown in this study. No significant
differences between treatments were found in soil solu-
tion concentrations of NH," and NO,  and, therefore,
these results are not shown.

Results
Nutritional status and uptake of nutrients

The application of wood ash (WA) significantly in-
creased the yield of both shoot and root biomass
(Table 2). Shoots with wood ash treatment (W) were
increased by 33% compared to control (C) and the roots
increased by 17%. The influence of MUCI on the bio-
mass yield was inconsistent and varied between treat-
ments. No significant difference in yield from C was
found in C+M while a significant decrease in both

Table 2 Biomass yield and nutrient concentrations in individual plant parts at 28 DAE

Plant part Yield (gpot ) N@mgg') P(mgg')  K(mgg') S(mgg') Mgmgg') Ca(mgg)
Shoots C 8.18+0.30a 16.6+0.38b  0.99+£0.03ab 163+041b 126+0.02b 2.53=0.09  7.66+0.29bc
C+M  7.79+04la 113£077a  091£0.04a  13.8+0.78a 093+0.02a 242+0.12b  7.79+0.46¢
\ 10.9+0.88b 148+121b  1.00£0.05b  17.7+128b 1.19+0.13b 2.35+0.15b  6.62+0.40a
W+M  7.05£045a  973£027a  125+0.02c  23.0£04lc 098+0.04a 2.00+0.0la  6.91+0.14ab
F-value 36.6% 5] 4 46,64 70 4 15. 7 13,0 8.20%*
Nutrient sufficiency ranges’ 27.6-35.0 250-4.00  17.1-25.0 1.504.00""  2.10-6.00  2.10-10.0
Roots C 751+0.67a  893£03lc  0.54+0.05ab 3.83+024a 0.85+0.03a 1.14+0.10a  5.50+0.30b
C+M  7.66+038ab  6.83+£032ab 0.54+0.07ab 4.80+0.54a 0.86+0.03a 1.09+0.1la  3.86+02la
\ 877+£0.74b  7.72+123bc  052+003a  4.92+040a 145+0.12b 125+0.13ab 5.48=0.61b
W+M  681+026a  578+028  0.68+0.08b 744099 190+£022¢c 1.51=0.14b  4.71+£0.46ab
F-value 871 11,93 432+ 19,2 44 g 7.9 10. 1%

Values shown represent arithmetic mean + SD (n =4); different letters indicate significant difference (Tukey’s HSD test; p < 0.05) between
treatments in individual plant parts; all results are given on a dry basis

C control; C + M control inoculated with MUCI; W wood ash treatment; W + M wood ash treatment inoculated with MUCIL; * p < 0.05; **

p<0.01; #** p<0.001

 Nutrient sufficiency ranges for maize ear leaf taken at silk according to Jones et al. (1990)

T Sufficiency range for maize biomass content in early growth according to Campbell and Plank (2000)
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shoot and root yields after MUCI inoculation was found
in the case of W + M compared to W (Table 2).

Phosphorus concentration in biomass was not influ-
enced by WA application, but WA significantly in-
creased the total P content. No significant effect of
MUCI on biomass P concentration and subsequently
on P content was found in plain soil treatment (C + M)
(Table 2; Table S2). However, application of MUCI on
ash-treated soil (W + M) significantly increased P con-
centration in both shoots and roots, but the P content in
shoots was significantly decreased. Phosphorus concen-
trations in shoots were generally lower than the suffi-
ciency range with all treatments (Table 2). Highest P
concentration in shoots was found with W+ M treat-
ment (1.25 mg g '), while the lowest value was with
C+M (0.91 mg g "). Phosphorus was identified by
DRIS to be the most deficient nutrient in C, C + M and
W treatments in contrast to W + M, whereas N was
determined as the most limiting one (Table 3).

Wood ash had no significant influence on N concen-
tration in shoots or roots, but significantly increased N
content in shoots (Table 2; Table S2). Application of
MUCI significantly decreased N concentration in both
shoots and roots with both treatments and this reduction
led to a decreased shoot and root N contents with C + M
and W +M treatments. In general, N concentration in
shoot biomass in this experiment ranged between
9.73 mg g ' and 16.6 mg g ' (Table 2). All treatments
therefore suffered from N deficiency.

Biomass concentration of K remained the same in W
compared to C, but increased K content in shoots and
roots was evident after WA addition. Application of
MUCI did not affect K content in roots, but had a
significant effect on shoots where it resulted in a de-
creased content with both treatments. Concentration of
K in shoot biomass was generally close to the lower
level of sufficiency. Only in the case of C+M did K
concentration fall slightly more below the sufficiency

Table 3 Nutrient DRIS index values for individual treatments

Treatment Nindex Pindex Kindex Sindex Mgindex Caindex

C -11 —56 12 -17 25 46
C+M =31 =51 13 -30 35 64
4 -16 -49 20 -18 24 39
W+M —49 32 43 =31 20 48

C control; C+M control inoculated with MUCI; W wood ash
treatment; W + M wood ash treatment inoculated with MUCI
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limit and could be considered as deficient with a value
13.8mgg .

Sulphur nutritional status of maize plants was signif-
icantly improved by WA; WA application resulted in
increased S concentration in shoots and roots, as well as
S content in these parts. The effect of MUCI on biomass
S concentration differed between treatments and plant
parts. A significant decrease in S concentration in shoot
biomass after MUCI application was found with both
C+M and W +M treatments. Conversely, the S con-
centration in roots was increased by MUCT in the case of
W +M treatment but no effect was found in C+M
treatment. Sulphur concentrations in shoot biomass
ranged between 0.93 mg g ' and 1.26 mg g ' in this
experiment. These values are lower than the sufficiency
range (Table 2).

Finally, Mg and Ca content in shoots and roots were
increased by WA application. Application of MUCI
resulted in lower shoot Mg concentration in W+ M
treatment, and subsequent decrease in Mg content and
lower shoot Ca content in C + M without any effect on
the content of Ca in shoots. Concentrations of Mg and
Ca were within the sufficiency ranges (Table 2).

Soil solution properties and nutrient concentrations

Soil solution pH was in the range 5.03—6.72 and in-
creased approximately by 1 unit over time (14 DAE —28
DAE) with all treatments (Fig. 2; Table S3). Solution pH
was significantly increased by wood ash application in
both zones at 14 DAE (by 0.56 and 0.53 in root and no-
root zones, respectively). The effect of wood ash on
solution pH disappeared in the root zone at 28 DAE
but was still significant in the no-root zone. Concentra-
tions of NO; showed a decreasing trend over time in
both zones. Wood ash slightly affected NO;  concentra-
tions in soil solution, but a significant increase was
found only in the no-root zone during the first sampling

Fig. 2 Soil solution properties. Data shown represent arithmetic P>
mean (n=4); error bars indicate standard error of the mean;
different letters above bars indicate significant differences
(Tukey’s HSD; p <0.05) between treatments for individual
zone and sampling time separately; asterisks above bars
indicate significant differences (Tukey’s HSD; p<0.05)
between sampling times for individual treatments separately; F-
values of ANOVA are shown in Table S3 n.s not significant; DAE
days after emergency; C control; C +M control inoculated with
MUCI; W wood ash treatment; W + M wood ash treatment inoc-
ulated with MUCI
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Fig. 3 Exudation rates of 700 | Dicarboxylates - Valate F = 466
individual dicarboxylates at 28 c 1 Oxalate F = 358"
DAE. Data shown represent
arithmetic mean (n = 4); error bars 600 -
indicate standard error of the
mean; different letters above bars - b
indicate significant differences = 5007
(Tukey’s HSD; p < 0.05) between -
treatments for individual 3 400
LMMOA separately; C control; %
C + M control inoculated with S 300-
MUCI; W wood ash treatment; £ a
W +M wood ash treatment < a
inoculated with MUCT; 200
p<0.001; * p<0.05
100 - b ab ab a
N 1IN o AN I
Cc C+M w W+M
Treatment

period. Application of wood ash did not affect P con-
centrations in soil solution within this experiment. Wood
ash did increase K concentrations in solution but this
effect was significant only in the no-root zone at 14
DAE. Concentrations of S were also increased by WA
both at the first and at the second sampling period in
both zones. At 14 DAE, concentrations of Mg were
increased by wood ash application only in the no-root
zone, while the increase became significant in the root
zone over time (28 DAE). Finally, wood ash did not
influence Ca concentrations in soil solution at 14 DAE,
but changes appeared over time.

Application of MUCT significantly increased pH in
the no-root zone with both treatments at 14 DAE. In the
latter stage of the experiment, the significant increase in
pH was recorded only for C+ M treatment (Fig. 2).
Effects of MUCI on P concentrations in soil solution
were relatively inconsistent. At 14 DAE, MUCI affected
only soil solution of W+ M treatment in no-root zone
where a significant increase of 9.24 g P L™! was found
compared to W. No effect of MUCI was obtained for the
same treatment at 28 DAE, while P concentrations
decreased in root zone after MUCI application at 28
DAE. Application of MUCI resulted in a significant
decrease in NO5 in both zones of soil solution at 14
DAE, but its effect at 28 DAE was significant only in the
no-root zone. Potassium concentrations in solution were
lowered with MUCI treatments in both solution types at
14 DAE. The effect of MUCI on S in soil solution was
evident only at 28 DAE with W + M treatment when a
decrease of 14.3 mg L™ was recorded. The effect of
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MUCI on Mg concentrations in both zones was visible
and significantly lower Mg concentrations were detect-
ed at 14 DAE. A significant decrease in Ca concentra-
tions in solution at 14 DAE was found with all MUCI
treatments, whereas this effect remained significant at
28 DAE in root zone of W + M.

Low molecular mass organic acids

Wood ash application had no significant influence on
the exudation rates of oxalate, but those of malate were
significantly decreased by WA application (Fig. 3). This
led to the decreased total sum of exuded dicarboxylates
(Table 4). Similar to malate, exudation rates of isocitrate

Table 4 Rate of total amount of carboxylates (nmol g(d.w.)f' hh
exuded at 28 DAE

Treatment Dicarboxylates Tricarboxylates
C 734+37.1¢c 1978 361
C+M 305+38.9a 1258 £292

W 542+111b 1585+315
W+M 243+39.3a 1738 £340
F-value 48.7#%* 3.38™

Values shown represent arithmetic mean (n=4)+ SD; different
letters indicate significant differences (Tukey’s HSD; p <0.05)
between soil treatments for each LMMOA group

C control; C+M control inoculated with MUCI; W wood ash
treatment; W + M wood ash treatment inoculated with MUCT; ***
p<0.001; ™ not significant at p < 0.05
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and cis-aconitate were also suppressed in W compared
to C (Fig. 4). Two-way ANOVA showed significant and
homogenous effect of wood ash on the exudation rates
of malate and isocitrate and consequently on the lower
total exuded rate of dicarboxylates (Table S4).

Application of MUCI resulted in a significant
decrease of malate exudation rate with both C+M
and W+M treatments and consequently in lower
total amount of dicarboxylates exuded (Fig. 3;
Table 4). The response in terms of exudation of
tricarboxylates to MUCI application was different
between C and W. In the case of ash-treated soil, total
amount of tricarboxylates remained unchanged after
MUCI application (Table 4) and no changes in the
exuded amount of individual tricarboxylic LMMOAs
were detected (Fig. 4). However, exudation rates of
citrate and isocitrate were significantly lower when
MUCI was applied to plain soil. According to two-
way ANOVA, MUCI had significant and consistent
lowering effect on the exudation rates of malate, oxalate
and citrate (Table S4). In the case of isocitrate, cis- and
trans-aconitate and, consequently, the rate of total
amount of tricarboxylates, the interactions between the
effects of MUCI and WA were observed (Table S4),
suggesting a difference in MUCI effects between plain
and ash-treated soil.

Concentrations of LMMOAs were determined in
rhizospheric and bulk soil solutions at 28 DAE. Signif-
icantly higher concentrations (Mann-Whitney Rank
Sum test) were generally found in rhizospheric than
bulk soil solutions (Table S4; Table S5). Only acetate

showed similar concentrations between both solution
types. In addition, more types of LMMOA were found
in the rhizospheric soil solution (Table S5). Isobutyrate,
maleate and isocitrate were below the DL (DL =0.005,
0.007 and 0.011 mg L', respectively) in bulk soil
solutions, but were found in rhizospheric ones.
No differences in individual LMMOA concentra-
tions between all treatments were found in bulk
soil solutions (Table S4). In the case of rhizospheric soil
solution, WA showed decreasing influence (two-way
ANOVA) on the concentrations of acetate. In the
same solution type, MUCI had a significant influ-
ence on the concentrations of acetate, formate,
malate and, consequently, on the concentrations
of total monocarboxylates (Table S4).

Survival of MUCI in soil

We obtained 803,196 high quality bacterial sequences
divided to 3821 OTUs on the 3% similarity level.
Paenibacillaceae were represented by 17,911 sequences
divided to 126 OTUs. In the NMDS plot,
Paenibacillaceae were separated by treatments of both,
wood ash and MUCI additions (Fig. S1). The known
sequence of MUCI belonged to OTU 37, which was
higher by two orders of magnitude in the inoculated
treatments (C+M; W + M) compared to the control.
Above that bacterial communities were affected by the
treatments. In particular, OTUs from Actinobacteria
were upregulated with the 20 most affected OTUs
(Table S6).
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Discussion

Verification of the experimental and methodological
approaches

Simplified soil microcosms were used in this experi-
ment in order to study rhizospheric processes after
PGPR inoculation of maize. The choice of proper
growth system and exudates sampling technique still
remains challenging since all known approaches have
some advantages and drawbacks (Neumann and
Romheld 2001; Fitz et al. 2006; Oburger et al. 2013).
The soil microcosms were used for following reasons: 1)
experimental soil underwent only minimal disturbance
since it was air dried and sieved through 10 mm sieve.
Such procedure should keep soil structure, aggregates
and natural microbial communities relatively un-
changed; ii) root architecture is also expected to be
similar to field conditions, at least in early growth stages
since plants were soil-grown and microcosms were
placed in outdoor conditions with natural sunlight and
temperature. These parameters, when different from
natural ones, may strongly influence the rate and com-
position of root exudates, which, in turn may have
strong impact on the structure of rhizoplane and rhizo-
sphere microbiome as well as PGPR colonization and
vice versa (Nguyen 2003; Schulze and Pdschel 2004;
Lakshmanan et al. 2014; Giagnoni et al. 2016). Howev-
er, when quantification of LMMOA exudation rates is
needed, it is impossible to remove intact root system
from soil. Damage of root hairs is inevitable even when
maximum effort is taken during roots removal. Exuda-
tion rates determined in our study were generally in the
same magnitude as reported in published literature
(Gaume et al. 2001; Oburger et al. 2013) suggesting
minimal damage of the roots.

Sampling for LMMOA determination in soil solution
has been subject to other problems. Rapid biodegrada-
tion (Neumann and Rémheld 2001), adsorption on the
suction cup material and spatial resolution of suction
cups (Puschenreiter et al. 2005), distinct LMMOA con-
centrations between methods of sampling (Shen and
Hoffland 2007) or changes in LMMOA extractability
caused by sample storage (Mimmo et al. 2008) need to
be taken into account when interpreting the results. Even
though Rhizons used in this study were previously
tested for LMMOA sampling from soil solution (Mercl
et al. 2017), their spatial resolution is low compared to
micro-suction cups (Géttlein et al. 1996; Puschenreiter
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et al. 2005) and sample collected by suction cup repre-
sents an average soil solution concentration over the
whole sampling time (Shen and Hoffland 2007). It is
notable that in this study LMMOA concentrations in
soil solution sampled by suction cups were much lower
than in solution obtained by centrifuge drainage and the
maximum correlation coefficient (r) between these
methods was =0.5; p=0.03 (for oxalate in bulk soil;
data not shown). Despite high root density in root-zone
compartment, individual LMMOA concentrations in
suction cup solutions were not statistically different
between root zone and no-root zone (data not shown).
Lack of differences for suction cup solution between
rhizospheric and bulk soil solution was previously
reported by Oburger et al. (2013) who sampled soil
solution using micro-suction cups in mm scale distance
from roots. However, these results are not in agreement
with the generally accepted concept of rhizosphere
where higher carbon concentrations are expected close
to the roots due to rhizodeposition (Nguyen 2003; Sauer
et al. 2006; Hinsinger et al. 2009; Jones et al. 2009). The
centrifugation-drainage method showed better distinc-
tion between rhizosphere and bulk soil solution since the
concentrations of almost all determined carboxylates
were higher in rhizospheric soil solution (Table S5).
We hypothesise that the superior performance of the
centrifugation-drainage method is likely to be a result
of collection of different fractions of pore water (e.g.
micropore water), which are not collected by suction
cups because of lower suction tensions (Di Bonito et al.
2008). However, one cannot rule out the possibility that
higher concentrations of LMMOAs in soil solution ob-
tained by centrifugation-drainage method were caused
by disruption of microbial cells even though such phe-
nomenon is generally reported for RCFs higher than
5000 g (Peterson et al. 2012).

Suction cup solution was used in our study for the
interpretation of plant-available nutrients and pH, as was
previously suggested and tested by Argo et al. (1997)
and Rais et al. (2006). In general, initial pH of soil
solution corresponded well with soil pH determined by
CaCl, extraction (Table 1; Fig. 2) and it increased over
time most probably because of predominant NO;  up-
take by plants (Mistrik and Ullrich 1996; Brimecombe
et al. 2007). The shift in pH led to increased P concen-
trations in soil solution over time (Fig. 2); however, this
phenomenon was masked in root zone and was detect-
able only in no-root zone solution. We assume that the
decrease in concentrations of NO3, and subsequent
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increase in pH in no-root solution was caused by diffu-
sive transport of soil solution from no-root to root zone
compartment.

The effect of wood ash

The positive impact of wood ash on crop yield has been
widely reported (Erich 1991; Erich and Ohno 1992;
Insam and Knap 2011; Ochecova et al. 2017), its agro-
nomic efficiency was shown to be relatively high (Brod
et al. 2015) but its influence on crops may vary among
soils (Mercl et al. 2016). As we found significant in-
crease in maize yield (Table 2), the combination be-
tween soil and rate of wood ash application used in this
experiment can be concluded as suitable approach for
the soil fertility improvement. According to Nkana et al.
(1998), a positive effect of WA on the biomass yield is
mainly caused by Ca and K supplementation. In our
experiment, the application of WA resulted in increased
biomass uptake of all studied nutrients (N, P, K, S, Mg
and Ca). The higher uptakes of K, S, Mg and Ca can be
casily explained by increased concentrations of these
nutrients in soil solution after WA addition (Fig. 2). This
may be also partly true for N as significantly higher
NO; concentrations in no-root zone soil solution were
found at the early stage of the experiment (Fig. 2). Since
WA contained a negligible amount of N (Table 1), in-
creased NO3  concentrations in soil solution should be
related rather to N mineralisation and/or enhanced rate
of nitrification as reported by several studies (Park et al.
2004; Patterson et al. 2004; Odlare and Pell 2009).
However, maize plants in our experiment were limited
mainly by P as determined by both, nutrient sufficiency
ranges (Table 2) and calculated DRIS index values
(Table 3). One would expect that higher biomass yield
in W compared to C as well as higher P uptake was
therefore caused by supplementation of P-rich ash.
However, results of soil solution P (Fig. 2) cannot
confirm this since there was no significant increase of
solution P in W compared to C treatment. The lack of
difference in P concentrations in soil solution may be
caused by sorption and precipitation reactions in soil or
may be masked by intensive and continuous uptake by
plants since P was still the most limiting nutrient in W
treatment (Table 3). A similar trend was reported by Li
et al. (2007) who found higher P and K uptake by plants
but no increase in soil available P or K content. Such
phenomenon may also lead to the suggestion that these
nutrients were taken up by plants not directly from soil

solution but likely from “biofilm cover” as proposed by
several authors (Seneviratne and Jayasinghearachchi
2005; Liu et al. 2006; Bogino et al. 2013). Our sugges-
tions are partly confirmed by the results of root exuda-
tion (Figs. 3 and 4). Increased citrate and malate
exudation rate from roots in maize has been reported
by Gaume et al. (2001) to be the adaptation to P-limiting
conditions. Our results showed a significantly lower rate
of malate and isocitrate exudation in W compared to C
which may, therefore, indicate higher supply of P to
plants. However, Lyu et al. (2016) reported rather root
morphological than physiological response of maize to
P-limiting conditions. In order to study the influence of
individual treatments on LMMOA concentrations in soil
solution, rhizospheric and bulk soil solutions were
analysed. It is known that once carboxylates are
released from root to the rhizosphere, they may be
quickly utilised and/or transformed by the soil microbial
community or may be adsorbed onto soil particles.
Oburger et al. (2009) suggested that sorption is a major
regulator of bioavailability of di- and tri-carboxylates. A
recent study of Gunina et al. (2017) showed the carbon
oxidation state to be a dominant factor governing half-
life of low-molecular-weight organic substances in soil
solution. Moreover, it has been suggested by Oburger
et al. (2013) that the majority of LMMOA in soil solu-
tion sampled from the close vicinity of the root (1—
3 mm) are not of plant origin. In our study, two-way
ANOVA revealed an influence (decreasing trend) of
WA application on the acetate concentrations in
rhizospheric soil solution (Table S4). Since no effect
was observed in bulk soil solution, the direct effect of
WA on shifts in microbial metabolism is unlikely. We
hypothesise that the lower concentration of acetate in
rhizospheric soil solution was an indirect result of sup-
pressed carboxylate rhizodeposition due to better P sup-
ply to maize plants. It is noteworthy that WA signifi-
cantly decreased carboxylate C flux from maize plants
to soil (Table 4), but only with a little effect on carbox-
ylate concentration in rhizospheric soil solution
(Table S4; Table S5).

The effect of Paenibacillus mucilaginosus ABil13

The inoculation was successful and MUCI was detect-
able in soil even after 35 days from the application as
seen from the differences in counts of OTU 37 between
the treatments. However, it seems that the inoculated
strain as well as ash supplementation changed the
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bacterial community so the observed effect on soil
chemistry and plant performance might have been partly
a result of more complex bacterial interactions (Panke-
Buisse et al. 2015).

Bacterial inoculation has been reported to have better
stimulatory effects on plant growth in nutrient deficient
(Egamberdiyeva 2007), unfertile, stressed soils or in
soils with poor microbial biomass and activity (Strigul
and Kravchenko 2006; Fliessbach et al. 2009; Mader
et al. 2011). According to several studies (Krey et al.
2011; Krey et al. 2013; Mosimann et al. 2017), positive
effects of P-solubilising bacteria on maize growth and
nutrition are to be expected in P-deficient soils, but it
cannot be taken for granted that inoculation with well-
colonising and persistent PGPR will lead to a positive
effect on the yield (Mosimann et al. 2017). The wood
ash-amended soil (W) and control soil (C) and in our
experiment can, therefore, be considered as suitable for
PGPR use, since with both treatments maize plants
exhibited P deficiency (Tables 2 and 3). However, ap-
plication of MUCI had no beneficial effect on maize
growth when applied in plain soil (C + M), possibly due
to inefficient P solubilisation since P remained to be the
most limiting nutrient, even after inoculation (Table 3).
On the one hand, such an effect could be expected as the
soil was strongly acidic (pHcacpp 5.2) and, therefore, a
considerable amount of P was present as precipitated
Fe- and Al-phosphates, or was sorbed on Fe- and Al-
oxides (Hinsinger 2001). Potential localised simple
acidification induced by MUCI, as reported by Hu
et al. (2006), Liu et al. (2006) and Lu et al. (2014),
would thus be expected to have lower efficiency as the
solubility of these phosphates decreases with decreasing
pH (Lindsay 1979; Bashan et al. 2013). On the other
hand, organic acids formed may act through other mech-
anisms, such as ligand exchange and occupation of P
sorption sites and/or ligand-promoted dissolution of Fe-
or Al-oxides and subsequent desorption of P into soil
solution (Jones et al. 2003; Oburger et al. 2011). How-
ever, to mediate significant desorption of P, relatively
high carboxylate concentrations are required (Neumann
and Romheld 2001). Such “hotspots” could be theoret-
ically possible, as was hypothesised by Liu et al. (2006),
for the combinatory carboxylate and polysaccharide
excretion by MUCI. More favourable conditions for
microbial-induced P dissolution were expected with
W+ M treatment, as the soil was supplied with WA
containing a considerable amount of acid-soluble P
(Table 1; Table S1). In this case, we found significantly
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higher P concentrations in soil solution, but only at 14
DAE in no-root zone (Fig. 2). We attribute the fact that
no significantly different P concentrations were found in
root zone due to the continuous P uptake by maize roots.
However, part of P solubilized by MUCI could be
hidden in “biofilm cover” and therefore, not sampled
by suction cups. Nevertheless, inoculation of MUCI to
W + M shifted the nutritional status of maize in favour
of N deficiency (Table 3), which consequently led to
lower biomass yield (Table 2) and N uptake (Table S2).
Soil solution analysis (Fig. 2) revealed that the applica-
tion of MUCI lowered NO5s ™ concentrations in solution
irrespective of the treatment. It is questionable whether
N was utilized by MUCI into organic forms, denitrified
and lost from the system or simply sorbed onto
exopolysacharides produced by MUCI, since we found
no differences in NO, or NH,* concentrations in soil
solution between treatments. Interestingly, MUCI also
decreased solution concentrations of K, Mg and Ca (Fig.
2). Tang et al. (2014) studied exopolysaccharides pro-
duced by P. mucilaginosus as a possible bioflocculant in
waste water treatment. Authors showed that the produc-
tion of polysaccharides was enhanced by the addition of
Mg?**, Ca** and Fe’* ions into the culture medium and
they hypothesised a metabolic reaction of P.
mucilaginosus to these ions. Moreover, these polysac-
charides contained hydroxyl, carboxyl and phosphate
functional groups, making them a possible sorbent for
mentioned ions since divalent cation bridging of poly-
saccharides is reported to be the main mechanism of
bioflocculation (Sobeck and Higgins 2002). Neverthe-
less, as soil conditions were not K, Mg or Ca limiting,
the decreased concentrations of these ions in soil solu-
tion induced by MUCI were unlikely to affect growth of
maize. As mentioned above, inhibition of maize growth
in W + M treatment was related to N deficiency. Lower
N status of plants probably led to lower exudation rates
of malate in C + M and W + M treatments (Fig. 3) since
carboxylate exudation of maize is known to be affected
by nitrate supply due to involvement of carboxylates in
nitrate reduction in roots (Neumann and Rombheld
2001). This is partly confirmed by Pearson correlation
analysis between exudation rates of individual carbox-
ylates and nutrient concentrations in shoot biomass.
This analysis revealed strong correlation for malate
(r=0.94; p<0.001), oxalate (»=0.70; p <0.01), citrate
(r=0.72; p<0.01) and isocitrate (r=0.58; p <0.05),
particularly with N concentration in shoots. As a conse-
quence, the effect of MUCI on the concentrations of
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acetate, formate and malate in rhizospheric soil solution
was noticeable (Table S4). As mentioned above, lower
concentrations of carboxylates in the rhizosphere may,
in turn, decrease P acquisition by roots. This effect could
be theoretically overcome by increased N supply but
such hypothesis needs be tested in future research.

Conclusions

Wood ash, as a recycled fertiliser product, represents an
important source of mineral nutrients which are, how-
ever, of low plant availability as demonstrated in this
experiment. Application of P. mucilaginosus ABil3 led
to changes in soil microbiome from which
Actinobacteria were mostly affected. Inoculation of
P. mucilaginosus in untreated, nutrient-poor, acidic soil
had no significant influence on biomass yield of maize
due to inefficient mobilisation of soil P. When soil was
amended by addition of wood ash, increased P concen-
trations in soil solutions were detected after
P mucilaginosus inoculation. In this case, however,
the growth of maize was inhibited due to significant
decrease in NO5  concentrations in soil solution induced
by P. mucilaginosus. As a consequence, the rate of
LMMOA rhizodeposition in maize was lowered but
decreased LMMOA exudation rates resulted in
negligible concentration changes in rhizospheric
soil solution sampled using centrifuge drainage
method. To the best of our knowledge, this is the
first report of increased P solubility from wood ash
amended soil by PGPR. However, the mechanism by
which P. mucilaginosus ABi13 immobilises N needs
to be elucidated in future research in order to
optimise N fertilisation strategies. Moreover, P.
mucilaginosus ABil13 could be theoretically used
for prevention of K, Ca, Mg and particularly NO5~
leaching from soils after further tests. This study
demonstrated the importance of plant nutritional
status on the final outcome of PGPR inoculation
and contributes to our understanding of interac-
tions between introduced PGPR, soil microbiome
and plants. Lower LMMOA rhizodeposition in-
duced by PGPR may be clearly of ecological
significance.
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Abstract

Effective recycling of phosphorus remains a critical issue in sustainable agriculture. Wood
ash represents valuable soil amendment and potential source of phosphorus for agriculture, but its
solubility and subsequent P-fertilisation efficiency is extremely low. This study tested fungal
inoculants (Penicillium sp. PK112 and Trichoderma harzianum OMGOS8) applied alone and in
combination with wood ash on P-deficient acidic soil to determine if they can improve P-nutrition
in maize. Wood ash alone did not have any significant P-fertilising effect. Application of both
inoculants, when combined with wood ash, led to significant increment of plant-available P content
in soil, increased P uptake by maize plants and consequently to higher yield of maize biomass.
Both inoculants suppressed overall microbial activity in soil as determined by the activity of
dehydrogenase, alkaline phosphatase and microbial P content. Only 7. harzianum led to higher
activity of soil acid phosphatase. This study demonstrated that tested strains may be co-applied
with wood ash and improve its P-fertilisation efficiency. The positive influence of inoculants on P
availability was mainly due to stronger acidification of rhizosphere and decreased content of
microbial P. However, both effects seemed to be hindered by the P sorption capacity of the soil in
the case of inoculation without wood ash. Such findings may lead to development of novel

formulations of recycled fertiliser products and boost nutrient recycling in agriculture.
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P-solubilizing microorganisms; wood ash; bioeffector; recycled fertilizer products; maize
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1 Introduction

Effective recycling of P is one of the main challenges of sustainable agriculture. Wood ash
represents an important source of P and valuable soil amendment. Wood fuel provides 40% of
today's global renewable energy supply and thanks to its net carbon emissions being zero; its
production is expected to grow in future. Wood ash is also one of the cheapest and most available
soil amendments in developing countries (FAO 2018). Soil application of wood ash supplies
mineral nutrients, especially Ca, K, Mg and P (Ochecova et al. 2017) and increases soil pH with
concomitant benefits such as element leaching reduction, mitigation of possible Mn- and Al-
toxicities (Demeyer et al. 2001) or reduction of the heavy metal uptake by crops (Ochecova et al.
2014). However, the solubility, and therefore the plant-availability of wood ash-bearing P is
generally very low. The predominant P-minerals present in wood ash are apatite
(Cas(POy4);(F,C1,0H)) and whitlockite (Cag(MgFe)(PO4)sPO;OH) (Bostrom et al. 2011; Vassilev
et al. 2013). Due to the very low water solubility of these minerals, the P fertilisation efficiency of
wood ash is very low, incomparably lower than that of soluble commercial fertilisers (Demeyer et
al. 2001; Nkana et al. 1998; Ohno & Erich 1990; Park et al. 2012). One strategy for improving the
P availability from wood ash may be the application of P-solubilising microorganisms. Such
approach represents environmentally friendly, easy-to-use and low-cost strategy, especially when
compared with industrial leaching or thermochemical P-recovery methods used for ashes (Ohtake
& Tsuneda 2019).

Some soil fungi species are well known for their strong P-solubilisation potential and/or
mobilisation of organic P in soils. Their general involvement in P cycling in soils is therefore well
recognised. Fungi belonging to genera Penicillium and Trichoderma have been studied extensively

in recent decades. Many successful applications were demonstrated mostly in their use for
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biological control of plant diseases (Howell 2003). However, their use in terms of P-solubilisation
still remains challenging. A perfect example is work of Karamanos et al. (2010) demonstrating the
positive effect of Penicillium bilaiae application only in 5 out of 47 field experiments. Although
some recent studies (GOmez-Mufioz et al. 2017; Lekfeldt et al. 2016; Raymond et al. 2019) reported
very limited capacity of the inoculants to influence P uptake of crops, many authors rather report
strong influence of soil type and P-source on the outcome of fungal inoculants (Mpanga et al. 2018;
Sanchez-Esteva et al. 2016; Thonar et al. 2017). However, soil property determining the
performance of inoculants is rarely identified due to complexity of soil-plant systems (Goémez-
Muioz et al. 2018; Leggett et al. 2015).

The objectives of this study were (1) to test P-solubilising strains of Penicillium and
Trichoderma whether they can be co-applied with wood ash for improving its P-fertilisation
efficiency and (2) to identify key mechanisms responsible for their influence on P transformations

in soil-plant system.
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2 Materials and Methods
2.1 Soil and wood ash characteristics

Experimental soil (Haplic Cambisol) was collected from a field (plow depth, 0-20 cm) near
the city of Zamberk, Czech Republic. The soils textural class was silt loam and soil had following
properties: cation exchange capacity (CEC) 74.9 mmol, kg'!'; pH 5.2 in 0.01M CaCl, 1:2.5 (w/v);
Ciot 1.9%; Py 551 mg Kg''; Pyentien m 22 mg kg'!. For more detailed characterisation and P
fractionation of the soil we refer to Mercl et al. (2018). The soil was air dried and passed through
a 2 mm mesh stainless sieve prior to using. Wood ash originated from industrial power plant from
Czech Republic combusting exclusively wood chips in a fluidised bed reactor (15 MWt). Tested
wood ash was of following properties: CEC 125 mmol; kg!; pHyno 11.2; Cior 8%; Pior 10 195 mg
kg and Pcpzcoon315 mg kgl. Detailed characterisation of the wood ash can be found in work by
Mercl et al. (2016). Wood ash was also air dried and passed through 2 mm sieve prior to use. The
ash was then thoroughly mixed with soil in the amount corresponding to addition of 24 mg P per
kg of dry soil. This dose corresponded to theoretical ash application rate of 7 t/ha. Treatments
without ash application (plain soil) are denoted as CON and treatments where ash was applied are
denoted WA.

2.2 Tested inoculants

Two fungal inoculants were tested in this study, namely Penicillium sp. PK112,and
Trichoderma harzianum OMGOS. The Penicillium sp. PK112 was provided by Bayer Crop Science
Biologics GmbH as a product Biological Fertilizer OD (BFOD) containing concentrated liquid
spore culture. The 7. harzianum (OMG) was provided as a dry spore powder by Institute of
Bioanalytical Sciences at Anhalt University of Applied Sciences in Germany. Inoculants were

dissolved (OMG) or diluted (BFOD) in tap water (free of chlorine) and applied on the soil surface
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after sowing and immediately before first watering. The amount of applied solution (only tap water
in the control treatments) was always 20 mL and the final concentration of inoculants was 1 x 10°
CFU kg! soil (dw; dry weight). Treatments where Penicillium was inoculated are denoted as
+BFOD and treatments inoculated with 7. harzianum are denoted as +OMG.
2.3 Experimental setup

The experiment was established as a 2 x 3 full factorial design where each treatment was
replicated four times. Plants of maize (Zea mays L. var. Colisee; KWS Saat, Germany) were grown
in polyethylene pots placed in a greenhouse with natural light conditions under controlled
temperature (22/18 + 2 °C day/night). Each pot contained soil in an amount corresponding to 0.5
kg of dry soil. All pots received basal fertilisation of 100 mg N kg! in the form of NH4;NO3 (aqueous
solution) prior to sowing. Five untreated seeds were sown into each pot and plant numbers were
thinned to two after germination. Immediately after sowing, pots were inoculated with tested
microorganisms. During the experiment, pots were irrigated using demineralised water to reach
60% of maximum soil water holding capacity (gravimetrically monitored twice per week). Position
of pots was fully randomised with three re-randomisations during the experiment. After 45 days
from emergence, the above-ground biomass of maize plants was harvested, dried at 60 °C, milled
to fine powder and analysed. Soil was passed through the 2 mm mesh stainless sieve in order to
remove roots, and divided into two parts. One part was air dried and used for determination of pH,
available P concentrations and P sorption capacity, whereas the second part was stored at 4 °C and
used for determination of enzymatic activities and microbial P biomass (Py;c).

2.4 Analytical Procedures

2.4.1 Soil enzymatic activities
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The activity of dehydrogenase (DHA) (EC 1.1) was assayed following the methodology
described by Garcia-Sanchez et al. (2018). Briefly, 1 g of fresh soil was incubated with
triphenyltetrazolium chloride (TTC) dissolved in 0.1 M Tris—HCI buffer (pH 7.6) for 24 h at 30
°C. After incubation, the triphenylformazan (TPF) produced was extracted with acetone in a ratio
of 1:4 (extract/acetone; v/v) and measured spectrophotometrically at 490 nm. The results are
expressed as ug TPF g! dry soil day!. Activities of acid (EC 3.1.3.2) and alkaline (EC 3.1.3.1)
phosphatases were determined according to Eivazi and Tabatabai (1977). In brief, the sample (1 g
of fresh soil) was mixed with a modified universal buffer (pH 6.5 for acid and 11 for assays of
alkaline phosphatase) and incubated for 1 h at 37 °C. The p-nitrophenyl-phosphate was used as a
substrate and the concentration of produced p-nitrophenol was determined spectrophotometrically

at 400 nm after addition of 0.5 M NaOH and 0.5 M CacCl,.

2.4.2 Determination of nutrients

In dried plant biomass, total concentrations of P, K, Mg and Ca were determined by
inductive coupled plasma-optical emission spectrometry (ICP-OES; Agilent 720, Agilent
Technologies Inc., Santa Clara, CA, USA) after the dry-ashing procedure according to Mader et
al. (1998). Nitrogen concentration in plant biomass was determined by the Kjeldahl method using
the automatic distillation system Vapodest 50s (Gerhardt, Germany). The pH of soil samples was
measured after extraction with 0.01 M CaCl, (VDLUFA 1991). The plant-available portion of
inorganic P in the soil after harvesting (Pagv) Was assayed by a 16-h extraction of soil with
demineralised water (1:60; w/v) with two anion-exchange membrane strips (AEM-PES membrane;
FumaTech GmbH, Bietigheim-Bissingen, Germany). The P adsorbed by the membranes (Pagy)
was then extracted using 0.5 M HCI (Tiessen & Moir, 2007). This method provides more accurate

information about the real amount of plant-available P in the soil compared to conventional soil-
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liquid extractions because only inorganic phosphate ions (Pi) are continuously taken up by the
membrane from solution. The adsorbed P is not desorbed back into the solution; the membrane
therefore, mimics continuous uptake of P by the plant root. The amount of microbial biomass P
(Pmic) in the soil was determined according to the method of Brookes et al. (1982) as a difference
in Pi (determined according to Murphy and Riley (1962)) extractable by 0.5 M NaHCO; between
fumigated (CHCl3) and unfumigated samples. A conversion factor (K,) of 0.4 was used for
calculation. The P sorption capacity of the soil and soil + ash mixture was determined by shaking
1 g of air dried soil with 20 ml of 75 mg P L-! solution (KH,PO,) for 24 h at 4 °C. The amount of
sorbed P was determined by ICP-OES after centrifugation for 10 min at 4500xg. Water soluble
organic carbon (WSOC) was determined in the supernatant by the Walkley-Black method (Walkley

& Black, 1934) after extraction of soil with demineralised water (1:10; w/v).
2.5 Statistics and data analyses

STATISTICA 12 (StatSoft, Inc., Tulsa, OK) was used for statistical analyses. Figures were
prepared using SigmaPlot 11.0 (Systat Software, Inc., San Jose, CA). Statistically significant
differences (post-hoc Fisher's Least Significant Difference - LSD) are shown at the 95.0%
confidence level.

Diagnosis and Recommendation Integrated System (DRIS) indices (Beaufils 1973) were
used to determine the most plant-growth limiting nutrient in individual treatments. For the
calculation, biomass concentrations of N, P, K, Mg and Ca were used and data by Elwali et al.

(1985) were used as a reference.
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3 Results and Discussion

3.1 Nutritional status and biomass yield of maize

Phosphorus was the most growth-limiting macronutrient in all variants of the experiment.
This is indicated by calculated DRIS index values (Table 1) and also by P concentrations in biomass
ranging from 1.3 to 2 g kg! (data not shown) which are considered far below sufficiency range
(Jones et al. 1990). The sole application of wood ash (WA) (~ 7 t ha'!) did not result in higher yield
of maize or P uptake as compared to CON (Fig. 1) indicating very low plant-availability of P in
this material. Similar results were recently published by Cruz-Parades et al. (2017) who observed
a P-fertilising effect of wood ash only at the application rate of 22 t ha-!.

Inoculation of wood ash-treated soil with Penicillium (WA+BFOD) as well as T. harzianum
(WA+OMGQG) led to significantly (p < 0.05) higher biomass yield (Fig. 1) and higher plant uptake
of P (Fig. 2) as compared to WA treatment. This leads to the suggestion that the better growth
performance was caused by higher availability of P in soil. The results of P5gy in soil after harvest
confirmed this hypothesis as both treatments (WA+BFOD and WA+OMG) showed significantly
higher concentrations of this readily plant-available inorganic P in soil (Fig. 3). Contrarily, the
inoculation of Penicillium or T. harzianum to plain, non-treated soil (CON+BFOD; CON+OMGQG)
did not result in any significant difference in biomass yield, P uptake or the concentration of Pagy

as compared to corresponding non-inoculated treatments (CON).

(Table 1)
(Figure 1)
(Figure 2)

(Figure 3)
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3.2 Microbial activity in the rhizosphere of maize

In order to elucidate the reason why maize plants exhibited positive and significant response
to tested inoculants only in the case of the wood ash-treated soil, a set of microbial analyses was
performed on soil samples after the harvest. Application of wood ash alone did not influence the
overall activity of DHA, acid phosphatase or the concentration of WSOC in the soil (Table 2). A
slight, but significant decrease in WA treatment was found in the activity of alkaline phosphatase.
Phosphomonoesterases are generally known to be very sensitive to pH. In the long term, alkaline
phosphatases are more present in alkaline soils (Ekenler & Tabatabai 2003), but application of ash
may result in a short-term disturbance of autochthonous microbial communities and lead to
decreased activity of these enzymes as demonstrated by several works (Noyce et al. 2017; Perucci
etal. 2006). Concomitantly, a significantly higher amount of P,,;. was determined in WA compared
to CON treatment. This may point to the fact that potentially plant-available P from wood ash was
preferably immobilised into organic forms by the autochthonous soil microorganisms and
therefore, not directly available to the plants.

The effect of Penicillium and T. harzianum inoculation on soil enzymatic activities was
surprisingly the same in CON and WA treatments. In both cases, both inoculants significantly
decreased the activity of DHA (Table 2). Activity of DHA represents cumulative activities of many
microbial dehydrogenases involved in the multiple oxidation reactions during respiration
processes, and it is considered that all determined activity is intracellular (Prosser et al. 2011). The
lowered activity of these enzymes in inoculated treatments can be therefore considered as a
suppression of overall microbial activity in soil as induced by two tested fungi. Some strains of P.
bilaiae and T. harzianum had been reported to produce secondary metabolites with antibacterial as
well as antifungal activity (Cunningham & Kuiack 1992; Yang et al. 2011). However, it is difficult

to distinguish whether the inhibition of activity was caused by production of such secondary
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metabolites or by competition for available carbon sources between inoculated fungi and
autochthonous microbes. Results of WSOC in the soil (Table 2) likely confirms the latter
hypothesis because significantly lower concentrations of WSOC were always found in inoculated
compared to non-inoculated treatments. The inhibiting effect of tested inoculants on autochthonous
microbes is further confirmed by significantly decreased activities of alkaline phosphatases (Table
2). As the soil alkaline phosphatases are not reported to be produced by higher plants but solely by
soil microorganisms (Nannipieri et al. 2011; Spohn & Kuzyakov 2013), the activities of this
enzyme confirm the overall inhibition of microbial activity in treatments inoculated by both,
Penicillium and T. harzianum. Likewise, the amount of P;. in inoculated variants was lower in all
cases compared to non-inoculated treatments (Table 2). Although our data do not provide direct
evidence of inoculant survival, taking into consideration that the effect of inoculation was the same
in CON and WA treatments, we hypothesise that both fungi were able to survive in the control soil
as well as in the ash-treated soil.

Inoculation by 7. harzianum led to significantly higher activities of acid phosphatase in
soil. The effect was the same for CON and WA treatments (Table 2). Acid phosphatases (namely
phosphomonoesterases) are responsible for hydrolysis of phosphomonoesters in soil. Soil acid
phosphatases may be produced by soil microorganisms as well as by plant roots (Spohn &
Kuzyakov 2013).Therefore, it is impossible to distinguish whether the higher activity in +OMG
treatments is caused by direct production of this enzyme by the inoculated fungi, other
autochthonous microorganisms or by maize roots. Furthermore, all commonly used assays for
determination of phosphatases in soil do not distinguish between extracellular and intracellular
phosphatases, but likely measure their potential maximal activity at optimal conditions. Therefore,

higher rates of phosphatase activity cannot be considered as a higher rate of organic P
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transformations, but should be interpreted a higher potential to transform organic P (Nannipieri et

al. 2012).

(Table 2)

3.3 Mobilisation of P by soil microbial activity

The application of wood ash alone did not influence the concentration of plant-available P
in soil, but it increased the amount of soil P,,;.. The amount of added ash-bearing P extractable in
acetic acid, usually considered as exchangeable or bioaccessible, was 0.7 mg P kg!' of soil, but the
content of P;. in the WA treatment increased by 24.2 mg P kg-'of soil after application of wood
ash compared to the control (Table 2). Such significant disproportion indicates that autochthonous
microbes utilized, besides readily available ash-bearing P, also P of soil origin, which probably
became available due to chemical changes caused by wood ash. The soil used in this experiment
contained approximately 34% of total P in organic forms while more than 40% of total soil P was
associated with Fe/Al minerals (whether present as precipitated Fe- and Al-phosphates, or sorbed
on Fe- and Al- oxides) (Hinsinger 2001; Mercl et al. 2018). McLaren et al. (2015) reported that the
majority of organic P in soil is present as phosphomonoesters in supramolecular structures of humic
substances. As the solubility of Fe/Al-phosphates increases with increasing pH (Lindsay 1979); the
same goes for humic molecules (Piccolo 2001), only a slight increment in pH, as induced by wood
ash, could mobilise a certain amount of P. This P was probably rapidly utilised by soil microbes.

Contrarily, both applied inoculants inhibited the soil autochthonous microbial communities
and caused a significant decrease in amount of P;.. This effect was same for plain soil as well as
ash-treated treatments. One would expect that such a decrease in P,;c will lead to a higher amount
of plant-available P; at least in treatments with a higher potential of phosphatase activity because

the phosphatases catalyse the hydrolysis of phosphomonoesters leading to the release of
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orthophosphate. However, the decreased content of P, in plain soil treatments (CON+OMG;
CON+BFOD) led neither to increased Pagv nor to higher P uptake. Interestingly, even in
CON+OMG treatment with significantly higher activity of acid phosphatase (Table 2), there was
no detectable increment in plant-available P (Fig. 3). Such a result can be explained either that P
released from microbial cells was rapidly sorbed and immobilised by soil particles or that the
organic P (mainly nucleic acids and phospholipids) was not mineralised. However, these sources
of P are usually mineralised within a few days (Spohn & Widdig 2017; Van Veen et al. 1987) so
the preferential sorption of released orthophosphate is more likely.

In the case of wood ash treatments (WA+OMG; WA-+BFOD), it is difficult to distinguish
the origin of extra P taken up by maize plants compared to the WA variant because two main
possible modes of action were detectable in these treatments, namely a decrease in P.;. and
acidification (Table 2). Even though the wood ash-treated variants contained 0.7 mg kg! more of
exchangeable P (extractable in 0.11M CH;COOH supplied by wood ash) compared to plain soil
treatments, sole acidification caused by inoculants cannot account for all of the excess available P
and excess P taken up by plants (sum of differences over WA variant in Pogy and P uptake were
3.46 and 3.12 mg kg'! in WA+BFOD and WA+OMG, respectively). Similarly, the decrease in Py
solely is insufficient to explain why the overall equilibrium of the soil-plant system shifted to more
plant-favourable conditions because the same trend was observable in inoculated treatments
without wood ash. The linear regression analysis revealed a significant effect (»=-0.733; p <0.001)
of P sorption capacity of soil on P uptake (Fig. 4). Wood ash-treated variants had clearly lower P
sorption capacity and it is worthy to note that WA treatment (where no change in P uptake or Pagy
content was found) also showed lower P sorption capacity than other plain soil variants. The
decrease in P sorption capacity of soil as induced by wood ash could be caused by many chemical

factors. Surely pH and level of P played a role, but more importantly, the content of carbonates and
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other anions competing with orthophosphate for sorption sites probably caused the decrease in
sorption capacity. We therefore hypothesize that improved P uptake in WA+OMG and WA+BFOD
treatments was caused by three mutual effects: acidification with subsequent release of acid-soluble

P, and mineralisation of P,,;., both accompanied by lowered P sorption capacity of soil.

(Figure 4)

4 Conclusions

Wood ash is a valuable soil amendment, however, it has extremely low or no direct P-
fertilisation effect when applied in agronomically relevant amounts. A combination of wood ash
with Penicillium sp. PK112 and Trichoderma harzianum OMGOS significantly improved P
nutrition, and subsequently, the yield of maize on acidic soil compared to application of wood ash
alone. The tested inoculants therefore represent a promising and cost-effective way to improve the
P-fertilisation efficiency of wood ash. Their modes of action were mainly soil acidification and
reduction of microbial P content in soil. Our results further suggest that the P sorption capacity of
soil may be an integral factor influencing the performance of P-solubilising inoculants. This
property of soil and its management requires more attention as it may at least partly explain often
reported soil-type dependent effects of applied phosphate-solubilising microorganisms.
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Table 1 Nutrient DRIS index values

Treatment Nindex Pindex Kindex Mgindex Caindex
CON -2,0 -31 -20 21 32
CON+BFOD -10 =27 -13 19 31
CON+OMG -7,9 -23 -9.,4 16 24
WA -6,9 =27 -15 24 24
WA+BFOD  -17 -21 -0,4 17 21
WA+OMG -13 -23 -1,4 18 20

Values in bold represent the most limiting nutrient

Table 2 Soil physicochemical and microbial characteristics at harvest

Treatment pH WSOC Dehydrogenase Acid Alkaline Microbial P
phosphatase  phosphatase
-log c(H") mg Ckg! (d.w.) Up Up Up Upmic
CON 4.95+0.07d 46.6 + 8.54d 66.8 £ 6.22¢ 234+214a  92.1+1.45d 47.1 £ 4.64b
CON+BFOD 4.61+0.13b 18.6 + 4.33bc 39.1+4.41b 223+ 11.4a  89.6 +4.36cd 37.2+0.76a
CON+OMG 441+0.11a 21.1+7.28¢ 25.7+3.94a 331 +36.4b 76.5+1.14b  43.9+2.18ab
WA 5.16 £0.05¢ 48.7 +4.54d 77.5+4.55¢ 221 +15.3a 854+191c 71.3+6.64d
WA-+BFOD 4.74 +0.10c 8.66+4.37a 459 +3.14b 251 +£10.1a 74.2 £2.98b 473 +795b
WA+OMG 4.83 £0.03cd 9.92 +£3.35ab 43.7+7.09b 317 £22.7b 66.0 = 0.75a 55.7+5.86¢

day!, Up ug pNP g'!(dw) h'! and Upyic mg Pryic kg (dw)

22

Data shown represent arithmetic mean (n = 4) + standard deviation; different letters indicate

significant differences (Fisher’s LSD; p < 0.05) between treatments. Units: Up pg TPF g'! (dw)



431 Figure 1 Yield of maize shoot biomass

4.0
3.0 4 ?_ b
- Il
5
o a a a
2.0 - a ==
3 1
] > T
o
1.0
0.0 T T T T T T
g 8 (U] << 8 (V]
m e m ry
5 = :,': <
8 ] g =

432

433  Data shown represent arithmetic mean (n = 4); error bars indicate standard deviation; different

434  letters above bars indicate significant differences (Fisher’s LSD; p < 0.05) between treatments

23



435 Figure 2 Phosphorus content in maize shoot biomass
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437  Data shown represent arithmetic mean (n = 4); error bars indicate standard deviation; different
438

letters above bars indicate significant differences (Fisher’s LSD; p < 0.05) between treatments
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439 Figure 3 Soil concentration of P,gy after harvest
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441  Data shown represent arithmetic mean (n = 4); error bars indicate standard deviation; different

442  letters above bars indicate significant differences (Fisher’s LSD; p < 0.05) between treatments

25



443 Figure 4 Regression of P uptake by P sorption capacity of soil at the harvest
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5) Sumarni diskuze

Sumarni diskuze této prace je rozdélena do tii hlavnich podkapitol podle jednotlivych
Cilt prace. V podkapitole 5.1 jsou shrnuty vysledky publikovanych praci 4.1 a 4.2 tykajicich
se vyznamn¢ odlisného vlivu dievéného popela a dievéného biocharu na chemické a biologické
vlastnosti ptidy. Podkapitola 5.2 pojedndva o vyznamu plivodu a zpracovani odpadnich
materialti na slozeni pidniho roztoku a odbér zivin rostlinami. Jako modelové materialy zde
byly pouzity popel po spalovani dieva a popel po spalovani slamy. V této kapitole jsou shrnuty
poznatky z praci 4.3, 4.4 a 4.5. Posledni podkapitola 5.3 shrnuje vysledky dosazené
v experimentech, kde byly pro zlepSeni hnojivého potencidlu odpadnich materiald pouzity

mikrobialni inokulanty. Vysledky této ¢asti jsou obsazené v pracich 4.6, 4.7 a 4.8.

5.1) Vliv aplikace dievéného popela a biocharu na puidni vlastnosti

V ramci feSeni Cile 1 této prace byl realizovan inkubacéni experiment S puidou velmi
siln¢ kontaminovanou rizikovymi prvky, ptedevsim Cd, Pb a Zn. Do této ptidy byly jednotlivé
aplikovany popel ze spalovani dieva a dfevény biochar. Oba tyto materidly pochazely ze
zpracovani dfevéné S§tépky a byly ziskdny z primyslovych zdrojii. Oba materidly byly
davkovany tak, aby jejich davka zvysila hodnota pH smési 0 0,5, 1 a 1,5 jednotky. Nadoby se

zeminou a smeésmi byly inkubovany za fizenych podminek po dobu 60ti dnt.

5.1.1) SniZeni mobility rizikovych prvkii aplikaci dfevéného popela a biocharu

Ze ziskanych vysledki je patrné, ze schopnost imobilizovat rizikové prvky se vyznamné
1181 mezi popelem a biocharem. Aplikace obou materiali sice vedla ke snizeni rostlindm
ptistupnych, popt. vyménitelnych forem rizikovych prvki, avSak varianty, kde byl aplikovan
popel, vykazaly prikazné nizsi koncentrace Cd, Pb a Zn oproti variantam s biocharem, a tudiz
mnohem U¢innéj§i imobilizaci téchto prvkd. Tato skuteCnost je zplisobena predevSim
rozdilnymi mechanismy imobilizace u testovanych odpadnich materiali. Popel po spalovani
dfeva ptedstavuje smés anorganickych sloucenin S nizkym obsahem organického uhliku.
Imobilizace se tudiz déje predevsim dvéma zpiisoby, a to adsorpci na povrch pidnich castic a
castic popela diky zvySenému pH a potom srazenim a tvorbou nerozpustnych srazenin (Lee et

al., 2004). Naproti tomu materialy S vysokym obsahem organického uhliku, jako je biochar,
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imobilizuji rizikové prvky vice zptsoby. Tyto zahrnuji komplexotvorné interakce S funkénimi
skupinami na povrchu biocharu, elektrostatické interakce, fyzikalni sorpci, iontovou vyménu a
srazeni (Inyang et al., 2015). Uchimiya et al. (2010) uvadi, ze za imobilizaci rizikovych prvki
v piipadé vysokoteplotniho biocharu jsou vice nez iontova vyména zodpovédné déje jako
koordinace m-clektrony dvojnych vazeb mezi uhliky biocharu a srazeni. Vzhledem ke
skute¢nosti, ze popel obsahuje mnohem vice rozpustné minerdlni slozky nez biochar, Ize
predpokladat, Ze po jeho aplikaci se do pidniho roztoku uvolni mnohem vice soli, s kterymi se
rizikové prvky srazi. Mezi tyto soli patii pfedev§im uhli¢itany, hydrogenuhli¢itany a
fosfore¢nany (Voegelin et al., 2005; Cao et al., 2011). | v okamziku, kdy bylo aplikovano
priblizn¢ dvakrat vétsi mnozstvi biocharu nez popela po spalovani dieva, nedosahovala varianta
s biocharem takové imobilizace, jako v piipad¢ popela. Dle naSich vysledkt Ize tedy fici, ze

v

popel je efektivnéjsi imobiliza¢ni agent nez biochar.

5.1.2) Vliv dievéného popela a biocharu na pidni respiraci a enzymatické aktivity

Utinky pouzitého dievéného popela na pudni respirace byly priikazné negativni. Po
aplikaci popela doslo ke sniZeni bazélni i substratem indukované pidni respirace, coZ miliZze
znacit negativni vliv popela na ptidni mikrobidlni spolecenstva a celkovou mikrobialni biomasu
v pudé. Aktivita dehydrogenazy v pudé po aplikaci popela zna¢né poklesla. Vzhledem ke
snizenym respiracim lze tedy usuzovat, ze mnozstvi celkové mikrobialni biomasy v pudé se po
aplikaci dfevéného popela sniZilo. Podobné pak aplikace popela snizila aktivitu kyselé fosfatazy
a vyssi aplika¢ni davka potom inhibovala i aktivitu ureazy a B-glukosidazy. Celkové tyto
vysledky znaci silny inhibi¢ni efekt popela na ptidni mikrobialni spolecenstva, jejich biomasu
a naruSeni transformacnich cykli fosforu, dusiku a uhliku. Podobné toxicky vliv dievéného
popela ve své praci popisuji autofi Noyce et al. (2017) a Perucci et al. (2006). Dle Perucci et al.
(2006) je tento negativni vliv pouze kratkodobého charakteru a zavisi na davce popela a typu
pudy. Kratkodobost negativniho ptisobeni nelze z naSich vysledka potvrdit, jelikoz snizené

aktivity kyselé fosfatazy, ureazy a bazalni i substratem indukované respirace byly prokazatelné

cv w7

Podobné jako u aplikace popela, i v ptipadé biocharu klesaly hodnoty ptidnich respiraci,
avSak aktivity dehydrogenazy, B-glukosidazy a hydrolyzy fluorescein diacetatu prikazné
vzrostly. Enzymy dehydrogenazy jsou pritomné pouze v zivych burikach a zahrnuji oxida¢ni

procesy béhem bunécné respirace, enzymy B-glukosidazy katalyzuji posledni stupeni hydrolyzy
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celulozy a hydrolyza fluorescein diacetatu pak znaci celkovou mikrobidlni aktivitu, jelikoz je
tato reakce katalyzovana Sirokym spektrem enzymu. Celkové lze vysledky mikrobialnich
aktivit interpretovat jako nartst ptidni mikrobidlni biomasy. Skute¢nost, ze bazalni i substratem
indukovana respirace byly nizsi 1ze tedy pravdépodobné pfipsat chemické sorpci CO2 na Castice
biocharu. Diky tomu potom vysledky respiraci mohou vykazovat nepravdivé nizsi hodnoty, nez
realn¢ jsou (Ameloot et al., 2013; Thies et Rillig, 2009). Oba materialy se tedy odliSovaly
V jejich ucinku na pidni mikroorganismy. Popel m¢l jednoznacné negativni a inhibi¢ni ucinek,

kdeZto biochar naopak stimuloval jejich aktivitu.

5.1.3) Vliv popela po spalovani di‘eva a di‘evéného biocharu na ekotoxicitu pudy

Pro stanoveni vlivu testovanych materidlti na ekotoxicitu pidy bylo pouZzito nékolik
testll, konkrétné byl stanoven vliv na délku kotene hoic¢ice seté (Sinapis alba L.), inhibici
pohyblivosti hrotnatky velké (Daphnia magna) a zmény v hmotnosti, mife pfeziti a mnozstvi
kokont zizaly hnojni (Eisenia foetida). Pouzita pida byla pisCito-hlinitda fluvizem silné

kontaminovana rizikovymi prvky.

Aplikace obou materiali v testech zvysila primémou délku kotfene hoi¢ice, avsak
statisticky prikazny rozdil byl nalezen pouze v pfipadé biocharu. Obdobné pak vSechny
varianty vykazaly niz8i toxicitu v testech s hrotnatkou velkou oproti kontrole, av§ak pouze
nejvyssi davka popela vedle ke statisticky prukaznému rozdilu a celkovému odbourani toxicity.
Tuto skute¢nost Ize prisuzovat vysokému pH a velmi nizkym koncentracim Cd a Zn, na coz je
test s hrotnatkami velmi citlivy (Teodorovic et al., 2009). Aplikace popela vedla k prikazné
vyS$§imu nérGstu hmotnosti Zizal a statisticky vy$§imu poctu kokonli. Podobny vliv méla 1
aplikace biocharu, kdy pii niz§i davce byl pozitivné ovlivnén pocet kokont. OvSem vyssi
aplika¢ni davka vedla k imrti vSech ZiZal v testu. JelikoZ niZs§i davka méla na ZiZaly pozitivni
vliv, lze predpokladat, ze divodem umrti zizal nebyla pfima toxicita biocharu tak, jak popisuji
mnozi autofi (Liesch et al., 2010; Sanchez-Hernandez et al., 2019), ale spiSe zmény ve vodnim
rezimu pudy (Li et al., 2011; Tammeorg et al., 2014). Z pohledu ekotoxicity pudy tedy popel

vykazoval lepsi vlastnosti oproti biocharu.
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5.2) Vliv aplikace a apravy popela z biomasy na sloZeni ptidniho roztoku a prijem
Zivin rostlinami

V ramci fesSeni Cile 2 této prace byly uskutecnény tii experimenty. Metodickou vyzvu
predstavovalo vzorkovani a odbér pidniho roztoku. Z piedchozich zkuSenosti bylo znamo, ze
vzorkovace vyrabéné Gottfriedem Wieshammerem (Rakousko) nedosahuji uspokojivych
parametrit ve smyslu rychlosti a mnozstvi odebraného roztoku. Byly proto otestovany tzv.
Rhizony dodavané firmou Rhizosphere Research Products (Nizozemsko). Tyto jiz byly
schopné odebrat dostate¢né mnozstvi piidniho roztoku za relativné kratky ¢asovy usek a byly
tudiz pouzity v ramci celé této prace. Dale byly zaloZzeny dva naddobové pokusy, jeden s pSenici
jarni, kde byly pouzity popely po spalovani dieva a sldmy, pficemz v druhé pokusu byl

studovan vliv peletizace dievéného popela na rist a vyzivu jilku vytrvalého.

5.2.1) Odbér pidniho roztoku

Je velmi dobie zndmo, Ze rostliny piijimaji ziviny témeét vyhradné z pidniho roztoku.
Jeho slozeni ma tedy pfimy vliv na riist a vyzivu rostlin. V zasad¢ existuji tfi zakladni pfistupy,
jak ziskat pidni roztok. Jsou to centrifugace, mechanicka extrakce a aplikace lyzimetrickych
zafizeni (gravitaéni, vakuové) (Strobel, 2001). Nevyhodou centrifugace je skute¢nost, ze tato
metoda je destrukéni a vzorek je tedy béhem odbéru znicen. Diky tomu také nelze odebirat
pudni roztok zjednoho mista dlouhodobé. Vyhodu naopak piindsi centrifugacni metoda
V moznosti ziskat z plidy 1 silné vazanou vodu z mikropori, jejiz doba zdrzeni v pidé je
podstatné delsi, nez v piipadé€ gravitacni nebo rostlinam dostupné vody. Extrakéni metoda také
neumoziuje nedestruktivni dlouhodoby odbér a béhem vzorkovani jsou déale poskozeny buiiky
rostlin a mikroorganismd, jejich obsah je smichan a extrahovan s ptivodnim ptidnim roztokem.
Vysledky tudiz mohou byt velice odlisné od realného stavu (Jones, 1998). Naproti tomu
lyzimetricka zafizeni umoznuji dlouhodoby a nedestruktivni odbér z jednoho mista. Bunky
pudnich mikroorganismi ani rostlin nejsou pii vzorkovani poruseny a lze tudiz dosahnout
odbéru vzorku nezatizené¢ho chybou vzorkovani. Nevyhodami u lyzimetrickych zatizeni jsou
piedevsim mnozZstvi odebraného vzorku, které byva velmi Casto nedostatecné, dale pak velice
proménlivé prostorové rozliSeni jednotlivych vzorkovact, které¢ se vyznamné 1isi v zavislosti
na textufe ptdy. Také plati, Ze prostorové rozliSeni je nepfimo imérné mnozstvi odebraného

vzorku (Puschenreiter et al., 2005). V ptipadé vakuovych zatizeni se pak jednotlivé konstrukce
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vzorkovact znacné 1isi ve velikosti kone¢ného podtlaku ptisobiciho na pidu v misté vzorkovani

a vysledky jsou tudiz obtizné srovnatelné mezi riiznymi typy vzorkovact.

Jak jiz bylo feceno, nami testované Rhizony, jakozto typ vakuového lyzimetrického
zafizeni, byly schopné odebrat dostate¢né mnozstvi (az 20 ml) roztoku béhem nékolika hodin
pii nasyceni pidy na 60 % jeji maximalni vodni reten¢ni kapacity. Odebrany roztok je diky
konstrukci Rhizonu jiz zfiltrovan na velikost ¢astic <0,16 um, coz dale diky dostatecnému
mnozstvi vzorku umoziuje stanoveni obsahu zivin a rizikovych prvkl, ale také pH a
organickych 1 anorganickych aniontll. V rdmci testovani bylo zjisténo, Ze pomoci Rhizont 1ze
s uspokojivou presnosti stanovovat anorganické anionty (NOs", SO4%, a POs*), stejné jako di-
a trikarboxylové anionty nizkomolekuldrnich organickych kyselin (pyruvat, jable¢nan,
Stavelan, citrat). Dalsi ziviny a rizikové prvky byly testovany v ptedeslych pracich (Shotbolt,
2010; Seeberg-Elverfeldt et al., 2005; Knight et al., 1998; Argo et al., 1997). V naSich testech
nebyl nalezen statisticky prikazny rozdil mezi rannim a vecernim odbérem. Koncentrace
testovanych aniontd se v pidnim roztoku béhem vegetace pSenice ménily v horizontu tydna,
nikoliv dni. I pfes skuteCnost, ze rostliny mély statisticky prikazny rozdil na koncentraci
aniontd organickych kyselin, pfi srovnani s centrifugacni metodou nedokdzaly Rhizony
uspokojiveé rozlisit mezi rhizosférni zeminou a zeminou bez rostlin. Test stability odebranych
vzorkll ptidniho roztoku dale prokazal, Ze vzorky jsou stabilni minimaln€ jednu hodinu po
odebrani. Na zaklad¢ téchto zjisténi lze pldni roztok odebrany pomoci Rhizonli s vyhodou

pouzit pro sledovani rostlinam pfistupnych koncentraci Zivin a rizikovych prvki, pH a EC.

5.2.2) Rozdil mezi difevénym a slamovym popelem V jejich ti¢inku na ptadni roztok a rust
pSenice jarni

V praci byly testovany dva popely ziskané z primyslovych provozl. Jednalo se o popel
ze spalovani dievni $tépky a popel po spalovani sldmy a sena. Celkové obsahy zZivin se mezi
témito popely vyznamné liSily. Dfevény popel obsahoval dvakrat vétsi mnozstvi Ca a Mg oproti
slamovému, ktery naopak vykézal vice nez dvakrat vysSi obsah K. Celkovy obsah P se
Vv popelech vyznamné nelisil. Tyto rozdily jsou ve velmi dobré shod¢ s literaturou a demonstruji
standartni slozeni popell z biomasy (Vassilev et al., 2013b; Tlustos a kol., 2012). Pti aplikaci
1 hm.% popelt do pldy se vsak jejich uc¢inek znacné lisil a absolutné nereflektoval celkové
obsahy prvkll v popelech. Koncentrace Ca a Mg byly vyrazné vyssi ve variantach se slamovym

popelem 1 presto, ze tento popel oproti dievénému obsahoval téchto zivin poloviéni mnozstvi.
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Koncentrace K v ptidnim roztoku také nereflektovaly rozdily v celkovém obsahu a koncentrace
K v ptidnim roztoku byly vice nez desetinasobné ve variantach se sldmovym popelem oproti
dfevénému. Vysoké koncentrace K v pidnim roztoku pravdépodobné vedly K vytésnéni Ca a
Mg z pudniho sorp¢niho komplexu do ptudniho roztoku. I pfes stejny obsah P v obou popelech
drevény popel takika nezvysil koncentraci P v ptidnim roztoku, avsak slamovy popel zvysil
koncentrace P desetindsobné. U¢inek na odbér Zivin pSenici se také lisil. Slamovy popel i pres
zvySené koncentrace Ca a Mg v pidnim roztoku zvySoval odbér pouze K a P pravdépodobné
kvili antagonistickému vztahu mezi K a Ca a Mg. Dievény popel na jedné padé nemél zadny
vliv na odbér zivin, avSak na pid¢ s vy$§im mnozstvim mineralniho N aplikace dfevéného

popela zvysila odbér Ca, K, Mg i P.

Rozdily v prvkovém slozeni popeld jsou jasné zptusobeny rozdilnym slozenim vstupni
biomasy. Na druhou stranu rozpustnost jednotlivych zivin v popelech je pfimo ur¢ena mineralni
formou, v kterych je dana Zivina v popelu pfitomna. Je znamo, Ze mineralni formy jsou uréeny
jednak slozenim, ale pfedevsim teplotou spalovani. Tu lze jen obtizn€ u primyslovych provozii
zjistit, jelikoz v naprosté vétSing ptipadi je teplota méfena az na vystupu spalin, ale ne pfimo
v kotli. Z vysledkt rentgenové difrakéni analyzy vSak lze teplotu spalovani odhadnout. Ve
slamovém popelu byly nalezen mineral albit (NaAlSizOs), ktery vznika pii teplotach nad 575
°C (Vassilev et al., 2013a) a sylvin (KCIl), ktery je stabilni pouze do teplot 700 °C (Wang et al.,
2016; Zevenhoven et al., 2012). Dievény popel naproti tomu obsahoval mineral anortit
(CaAl2Si20s), ktery se tvoti pii teplotach 800 — 1100 °C (Vassilev et al., 2013a). Celkové lze
fici, Ze slamovy popel diky niZS§im teplotdm spalovani obsahoval mnohem vice rozpustné
mineraly, diky ¢emuz byl jeho pfimy hnojivy u¢inek vyznamné vyssi oproti popelu difevénému.
Diky obsahu sylvinu (KCl) a arkanitu (K2S0O4) 1ze slamovy popel povazovat za dobie rozpustny

zdroj drasliku.

5.2.3) Uprava popela peletizaci a modifikace jeho sloZeni pro lep$i hnojivy potencial

Polni aplikace popela v realnych podminkach pfinasi nékolik omezeni. Prvnim je velmi
jemna struktura popela, ktera zpusobuje vysokou prasnost a nizkou homogenitu rozptylu.
Dalsim nedostatkem popela je jeho nevyrovnany obsah hlavnich zivin. Béhem spalovani
dochazi k oxidaci S, ktera pak z popela odchazi se spalinami a popel tak obsahuje nedostatecné
mnozstvi S ve srovnani s ostatnimi zivinami. V piipad¢ difevéného popela pak diky vysokym

spalovacim teplotam dochazi v popelu k transformaci slou¢enin P do nerozpustnych forem a
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hnojivy ucinek je tudiz zna¢n¢ omezen. Proto byl v ramci této prace otestovan vliv peletizace
dfevéného popela. Béhem peletizace pak byl do popela pfidan jednoduchy superfosfat a

elektrarensky sadrovec z odsifeni spalin.

Samotna peletizace popela piekvapivé neovlivnila pii aplikaci 2 hm.% jeho hnojivy
ucinek a ob¢ varianty dosahly prikazné vyssiho vynosu nadzemni biomasy jilku oproti kontrole
bez popela. To by teoreticky mohlo byt zptsobeno vysokou davkou popela, avSak obdobné
Ingerslev et al. (2014) nenalezli rozdil mezi peletovanym a nepeletovanym popelem
v chemickém u¢inku na pudy plantazi smrku ani po 2,5 letech od aplikace. Z toho Ize usuzovat,
ze peletizaci popel v zdsadé neztraci svij hnojivy potencidl. Nejvyssiho vynosu biomasy
dosahla v pokusu varianta popela obohacend o jednoduchy superfosfat a sadrovec. Tato
varianta dale dosdhla nejvyssiho odbéru P nadzemni biomasou a mnozstvi rostlinam
pristupného fosforu v ptidé€ po sklizni bylo statisticky prikazné nejvyssi v ramci celého pokusu.
Pfi srovnani s variantou, kde byl aplikovan pouze popel obohaceny o superfosfat je patrné, ze
ptidavek saddrovce podpofil jednak pfistupnost P v piidé, ale i jeho pfijem rostlinami. Mnozi
autofi uvadi, ze kombinace P se sddrovcem vede diky vysokému obsahu Ca v sadrovci ke
srazeni P a jeho omezené dostupnosti rostlinam (Clark et al., 2001; Murphy et Stevens, 2010;
Silva et al., 2013). V naSem pokusu byl vsak popel se sadrovcem aplikovan do kyselé pidy
(pHcaciz = 5) a jelikoz rozpustnost Ca-P minerall klesa se stoupajicim pH (Lindsay, 1979), lze

predpokladat, Ze sraZeci reakce nebyly tak intenzivni.

5.3) MozZnosti zpristupnéni fosforu z odpadnich materiali pomoci aplikace
mikroorganismi

Velkym nedostatkem vétSiny odpadnich materidlt je nizka ptistupnost jejich zivin
V porovnani s mineralnimi hnojivy. Diky tomu ma aplikace téchto materialii pouze minimalni
ptimy vliv na vynos rostlinné produkce, coz odrazuje od jejich pouziti ke hnojeni. Jednou
Z moznosti, jak zvysit pfistupnost zivin z odpadnich materiald je pouziti mikroorganisma.
V ramci této prace byly experimenty zaméteny piedev§im na zptistupnéni P jakozto strategické
ziviny pro evropské zemeédélstvi. V ramci pokusti byly pouzity komeréné dostupné i1 nove
izolované mikroorganismy se schopnosti rozpoustét Caz(POs)s in vitro (testovano producenty,
nepublikovano). Mikroorganismy byly v experimentech testovany se Sirokym spektrem
odpadnich materialti, avSak pozitivnich vysledkii bylo dosazeno pouze s popelem po spalovani

dreva, a to ve zlomku testovanych piipadi.
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5.3.1) Délka ucinku aplikace mikrobialnich inokulanti

V prvnim roce testovani byly mikroorganismy aplikovany pfi seti a rostliny byly
sklizeny po osmi tydnech rdstu, popt. v obdobi plné zralosti. Zkousky probéhly s kukufici a
pSenici. Testované mikroorganismy zahrnovaly Pseudomonas sp. DSMZ 13134, Bacillus
amyloliquefaciens FZB42, Penicillium sp. (Biological fertiliser DC, Bayer CropScience
Biologics GmbH, Némecko) a smésnou kulturu Bacto_prof obsahujici Trichodermu harzianum
a pét kmend rodu Bacillus (Terra bioscience, Némecko). Zkousky probéhly se Sirokym
spektrem, odpadnich materiali pfevazné anorganického charakteru. Konkrétné byly testovany
Cistirenské kaly, popely po spalovani distirenskych kald, Thomasova moucka, popel po
spalovani dieva, popel ze spalovani obilné slamy a kompost z Cistirenského kalu a odpadu
z udrzby parki a zelené. Na konci experimentli v§ak nebyl zaznamenan ani jeden statisticky
prikazny vliv mikrobidlniho inokulantu na vynos biomasy nebo odbér P rostlinami. V ¢asti
pokusu byl stanoven obsah vodorozpustného P v rhizosféte rostlin po 27mi dnech ristu, avSak
ani v tomto pfipadé se nepotvrdila schopnost testovanych mikroorganismi zvysit uvoliiovani P
do ptdniho roztoku. Obdobnych vysledkt dosahli Thonar et al. (2017) v nadobovém pokusu
s kukufici. V jejich pokusu nebyly nalezeny zadné prikazné rozdily ve vynosu biomasy nebo
odbéru P rostlinami kukufice sklizené po 15ti tydnech riistu. Autofi popisuji pouze jeden
statisticky prukazny vliv na vynos biomasy s pouzitim anorganického odpadniho materialu, a
to ve varianté sklizené po 6,5 tydnech rastu. V tomto piipade vSak navic vys$si vynos biomasy
pravdépodobné nebyl zplsoben zlepSenim piijmu P, avSak vyS§im pfijmem N. NaSe
nepublikované vysledky analyzy pldniho roztoku ukazaly, Ze po aplikaci smésné kultury
Bacto_prof bylo mozné detekovat zmény v obsahu nizkomolekularnich organickych kyselin
Vv pudnim roztoku pouze do patého tydne ristu. Dle Mosimann et al. (2017) se kmen
Pseudomonas sp. DSMZ 13134 stal v rhizosféie nedetekovatelnym mezi 4. a 8. tydnem rustu
kukutice. Gomez- Mufioz et al. (2017) dale popisuji, ze Penicillium bilaiae mélo pozitivni efekt
na délku kotfenti béhem prvnich nékolika dni ristu kukufice, avSak tento efekt zmizel a 27. den
jiz nebyl detekovan. Autofi dale popisuji, ze P. bilaiae nebylo na konci experimentu (27. den)
nalezeno v rhizosféie, avSak zlstalo pouze v misté inokulace. Uvedena zjisténi naznacuji, Ze
aplikované neptivodni mikroorganismy maji v rhizosféte pouze kratkodoby vliv. To je
zpiisobeno mnoha faktory, mezi které patii 1 kratka Zivotnost inokulantt a jejich nizk4 mobilita

V pidnim potazmo rhizosférnim prostiedi.
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5.3.2) Paenibacillus mucilaginosus ABil13 jako potencialni nastroj pro omezeni
vyplavovani Zivin ze zemédélskych pid

Bakterie Paenibacillus mucilaginosus ABi13 (MUCI) byla izolovana z rhizosféry
pSenice v podhiifi Alp. Izolovany kmen ma schopnost rozpoustét Caz(POa4)2 in vitro, produkuje
kyselinu indol-3-octovou a jelikoz jsou bakterie P. mucilaginosus znamy svou schopnosti
naruSovat stabilni matrice silikat (Xiao et al., 2016; Hu et al., 2006), byl tento kmen testovan
na schopnost uvolnéni Zivin z popela po spalovani dieva. Pro experiment byla pouzita kysela
puda s velmi nizkym obsahem pfistupného P. Testovanou rostlinou byla v tomto ptipadé

kukufice, ktera byla sklizena 28 dni po vykli¢eni.

Aplikace MUCI na samostatnou pidu nevedla ke zménam v koncentraci P v pidnim
roztoku, ani k pozitivnimu ovlivnéni odbéru P biomasou kukutice. Tento vliv byl o¢ekavan,
jelikoz na kyselych pudach je P pfedevsim vazan s ionty Fe a Al (Hinsinger, 2001). Kdyz vSak
byl MUCI aplikovan do varianty s piidavkem popela, byla detekovana zvySena koncentrace
rostlinam pfistupného P 14 dni po vykliceni, av§ak pouze v Casti bez rostlin. Tento jev se pfi
nasledujicim odbéru (28. den) jiz neprojevil a koncentrace P v plidnim roztoku bez rostlin se
nelisila od varianty bez MUCI. To jasné potvrzuje jiz zminény kratkodoby vliv mikrobialnich
inokulantfl. Aplikace MUCI méla vSak zasadni vliv na koncentrace NOz,, K*, Mg?* a Ca?*
Vv pidnim roztoku. Koncentrace vSech téchto Zivin v pidnim roztoku byly statisticky vyznamné
niz8i po aplikaci MUCI ve srovnani s kontrolnimi variantami. Doslo tak k prikaznému snizeni
odbéru téchto Zivin a diky nedostatku N MUCI zpiisobil niZ8i vynos biomasy. Horsi zdsobenost
rostlin N déle vedla ke sniZené kofenové exsudaci organickych kyselin (Neumann et Romheld,
2001), diky c¢emuz nasledné poklesla i koncentrace P v pidnim roztoku. Celkovy odbér P
rostlinami nebyl aplikaci MUCI ovlivnén. V ramci této prace nebylo mozné obsahnout
vysvétleni mechanismu imobilizace Zivin, v§ak je nutné podotknout, ze MUCI vykazoval stejny
vliv na ionty v pidnim roztoku ve ¢tyfech dalSich experimentech a tfech dalSich rtiznych
pudach. Tang et al. (2014) popisuje zvySenou produkci polysacharidd u P. mucilaginosus
v kontaktu s ionty Ca?*, Mg?* a Fe®" a Sobeck et Higgins (2002) uvadi tzv. ,.divalent cation
bridging® jako hlavni mechanismus bioflokulace polysacharidi. Imobilizace Zivin z pidniho
roztoku polysacharidy se tudiz zda byt pravdépodobna a po bliz§im objasnéni mechanismu
pasobeni by P. mucilaginosus ABil3 mohl byt teoreticky pouzit pro redukci vyplavovani

predevs§im NOz” do podzemnich a povrchovych vod.
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5.3.3) Mechanismus zlepSeni hnojivého cinku popela u houbovych inokulanti

Ze vsech realizovanych experimentl bylo pouze jedenkrat dosazeno uspésné kombinace
odpadniho materialu a mikrobidlnich inokulanti ve smyslu zvyseni produkce biomasy rostlin.
Pozitivni vliv mély houbové preparaty Penicillium sp. PK112 a Trichoderma harzianum
OMGO08 v kombinaci s dievénym popelem aplikovanym na kyselou padu s velmi nizkym
obsahem rostlindm piistupného P (Pwmeniicnini = 22 mg kg™t), ktery byl pro riist kukuiice limitujici

zivinou. Rostliny byly sklizeny a analyzovany 45. den od vyklic¢eni.

Oba dva inokulanty, podobné¢ jako P. mucilaginosus ABil3, nebyly schopné
mobilizovat P ze samotné neoSetfené¢ zeminy, avsak kdyz byl do zeminy aplikovan popel,
zvysily oba inokulanty obsah rostlinam pfistupného P v pud¢. Diky tomu se zvysil piijem P
rostlinami a nésledné vzrostl vynos biomasy. Inokulanty shodné¢ v pid¢ snizily obsah
vodorozpustného organického C a aktivitu dehydrogenazy. To znaéi silnou inhibici
autochtonnich mikroorganismu v pid¢, ktera byla dale potvrzena snizenou aktivitou alkalické
fosfatdzy jakozto pldniho enzymu produkovaného pidnimi mikroorganismy, nikoliv vSak
vys§imi rostlinami (Spohn et Kuzyakov, 2013). Tato inhibice mohla byt zptisobena produkci
sekundarnich metabolitd (Cunningham et Kuiack, 1992; Yang et al., 2011), nebo kompetici o
dostupné zdroje C, jak tomu napovida snizeni vodorozpustného organického C. Celkovée
inhibice autochtonnich mikroorganismt vedla k prikazné nizsimu obsahu mikrobialniho P.
Inokulanty dale snizily pH v rhizosféte. Tim lze vysvétlit jejich G¢innost ve variantich
S popelem, jelikoZ tento popel obsahoval vétSinu mobilizovatelného P ve forméch rozpustnych
v kyselém prostiedi. Celkovou bilanci P odebraného rostlinami vSak bylo zjisténo, ze ani
samotna acidifikace rhizosféry, ani samotnd mobilizace mikrobidlniho P nemohla pokryt
celkové navySeni odebraného P rostlinami. Pravdépodobné tedy byl vyssi odbér P a vyssi vynos

kukutice zptisoben obéma mechanismy soucasné.
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6) Zaveér

Tématem této disertacni prace je vyuziti odpadnich materiali ve vyzivé rostlin, potazmo
v zemédélstvi. Diky rostouci lidské populaci stoupa tlak na produktivitu a udrzitelnost
zemédé€lské produkce. Udrzitelnost zemédelstvi pak zavisi na recyklaci zivin, kterou lze
realizovat praveé aplikaci odpadnich materialti na zemédélskou ptidu. Tato prace je souborem
osmi védeckych ¢lankt, které jsou rozdéleny do tfi hlavnich okruhti. V prvni Casti se prace
zabyva vlivem prumyslové produkovaného popela a biocharu ze zpracovani drevni §tépky na
chemické a biologické zmény puidnich vlastnosti. Druha ¢ast prace se vénuje uvolnitelnosti
zivin z popelll po spalovani dfeva a slamy a jejich hnojivym U¢inkiim. Posledni okruh
ptedkladané préace je pak zamétfen na snahu zlepSit hnojivy U€inek popela ze spalovani dieva

pomoci jeho spolecné aplikace s mikrobidlnimi inokulanty.

Ze srovnani chovani a vlastnosti popela a biocharu produkovanych z dievni biomasy je
patrné, Ze efektivnéjsi schopnost imobilizovat rizikové prvky ma popel. Aplikace popela ma,
na rozdil od biocharu, silné negativni vliv na piidni mikroorganismy, avSak tento negativni
ucinek muze byt utlumen piidavkem huminovych kyselin. Popel ze spalovani dreva dale
vykazoval mnohem niZ§i pfistupnost Zivin, neZ popel ze spalovani sldmy a jeho hnojivy
potencial fosforem byl zanedbatelny. Jako klicovy faktor rozdilné piistupnosti zivin byla
identifikovana teplota spalovéani. Slamovy popel 1ze povazovat za vynikajici zdroj drasliku,
pficemz dievény popel se jevil spiSe jako vyhodna nahrada vapenatych hnojiv. Aplikace
Sirokého spektra mikrobialnich inokulantii nevedla k vyrazné&jSimu zlepSeni pfistupnosti Zivin
z odpadnich materiald. Aplikace Paenibacillus mucilaginosus ABil13 méla prikazné negativni
vliv na rist rostlin diky imobilizaci ptidniho dusiku. Houbové preparaty Penicillium sp. PK112
a Trichoderma harzianum OMGOS8 byly tspésné zkombinovany s aplikaci popela a prikazné
zvysily vynos kukufice diky okyseleni rhizosféry a mobilizaci mikrobidlniho P, ovsem pouze

Vv rannych stadiich riistu a podminkach nadobového pokusu.

Diky ziskanym vysledkiim lze konstatovat, Ze aplikaci odpadnich materidli Ize zvysit
pudni urodnost a zlepSit pudni vlastnosti. OvSem vliv odpadnich materidlii na padu se
vyznamn¢ li§i V zdvislosti na plvodu odpadniho materidlu, zplGsobu jeho zpracovani a
V neposledni fadé¢ na aplikované davce. Nevhodna aplikace odpadniho materidlu muize
Vv krajnim ptipad¢ pisobit na plidni ekosystém znacné negativné, jak bylo v rdmci této prace

ukazano na ptikladu umrti Zizal po aplikaci vyssi davky biocharu. Stejné tak se 1isi hnojivy
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ucinek jednotlivych odpadnich materialti a tento Ize jen obtizné odhadnout z celkovych obsahti
zivin v materidlech. Na ptikladu popelti po spalovani biomasy Ize dobfe demonstrovat napf.
zésadni vliv teploty spalovani na ptistupnost zivin z téchto materiald. To vede ke skutecnosti,
ze v zasade velmi podobné materialy s velmi podobnym celkovym sloZenim se mohou v pudé
chovat naprosto odlisné a stejné se tak mize liSit jejich G¢inek na rostlinu. Moznosti
zptistupnéni P z odpadnich materiali mineralniho charakteru pomoci aplikace vybranych
mikroorganismt se ukazaly jako zna¢n¢ omezené a z dostupnych vysledkl je zatim nelze
doporucit pro praxi. Celkovd komplexnost a nevyvazenost slozeni a vlastnosti odpadnich
materialii v porovnani s béZnymi mineralnimi hnojivy klade mnohem vyssi naroky na analyzu
jednotlivych materiali a nabizi rozsahlé moznosti kombinaci rtiznych materialti za tcelem
vyvoje inovativnich hnojiv na bazi odpadi. Toto vSak vyzaduje dalsi vyzkum a inovativni

feSeni v ramci budouci zemédélské praxe.
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