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1 Literarni prehled - sira

1.1 Vyznam siry

Sira je kliCovym prvkem ve vyzivé rostlin, kde se vyskytuje pifi syntéze aminokyselin,
glutationu, chlorofylu a (Mehta et al. 2005; Marschner 2012) a jeji dostatecné zasobeni miize
ovlivnit kvalitu sklizn€, zejména vynos (Bender et al. 2012; Steinke et al. 2015), nebo
napiiklad obsah bilkovin v zrnu obilnin (Flaete et al. 2005). Tato Zivina se v poslednich
desetiletich ovSem stava limitujicim prvkem ve vyzive rostlin diky snizujicim se obsahtim
tohoto prvku v pud¢ (Scherer, 2009).

Lehmann et al. (2008) a Yang et al. (2007) poukazuji na tfi hlavni faktory, které jsou
zodpoveédné za snizeni obsaht siry v ptidé v poslednich desetiletich. Za prvé jde o snizeni
vstupti S do pudy =z atmosférickych depozic. Jako druhy faktor uvadéji péstovani
vykonnéjSich odriid rostlin, které se vyznacuji vy$Sim odbérem S. Za tfeti se jednd o
pouzivani velmi kvalitnich hnojiv, pro které je typicky velmi nizky obsah balastni siry.
Nejdramatictéj$i zmeény ve vyvoji téchto tii faktorti byly zaznamendny pravé ve zmeénach
depozic atmosfericke siry. Jejich vyvoj v EU popisuje studie Gao et al. (2018), kde se uvadi
snizeni vstupii S do ptidy z tohoto zdroje z hodnot az stovek kilogramii siry.ha™.rok?* na
hodnoty jen né&kolika desitek kilogram@ S.ha™.rok.” za poslednich &tyficet let. Obdobny
trend popisuji také Balik et al. (2009) na uzemi CR. Vliv t&chto faktord muiZe vést
k podcenéni zmén obsahu siry v pud¢, jejiz urcity podil je pfijiman rostlinami (Lehmann et

al. 2008).

1.2 Kolobéh siry

Svétovy kolobéh siry zahrnuje pevninské a vodni prostiedi a také atmosféru. Na
rozhrani téchto t¥i prostfedi stoji Zivé organismy, které zprostredkovavaji mnohé
z fyzikalnich a chemickych pfemén (Stevenson et Cole 1999). Na obrazku €.: 1 je znazornén
strucné kolob¢h siry v prostredi. Je zde videt, ze sira se vyskytuje v Siroké Skale sloucenin,
(Marschner 2012). V minulosti byl tento iont dodavan do pidy praveé z atmosféry
prostiednictvim suché a mokré depozice (Scherer, 2009; Lehmann et al. 2008; Yang et al.
2007). V ramci suché depozice dochazi ke spadu oxidu sifi¢itého, nebo pevnych ¢astic
nesoucich siru pfimo na puadu. Pfi mokré depozici nejprve dochazi k reakci plynnych castic
s atmosférickou vodou a naslednému spadu na pidu v podobé desté, snéhu, nebo mlhy.
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Aktualné se primérné Evropské depozice pohybuji pod 10 kg S.ha™.rok™® (Marchetto et al.
2021) av Ceské republice az pod 5 kg S.ha.rok* (CHMI 2019). Historicky se depozice siry
se pohybovaly nad hranici 100 kg S.ha™.rok* v CR a dalgich Evropskych statech (Krupova
et al. 2018). Spad siry v takovém mnozstvi vedl naptiklad k acidifikaci ptid naptic¢ celou
Evropou (Schopp et al. 2003). Snizeni depozic bylo dano spole¢enskymi zménami
V devadesatych letech, které¢ vedly k tvorbé dohod cilenych ke snizeni emisi siry do
atmosféry upravou technologii v primyslu, nebo zeméd¢lstvi (Engart et al. 2017). Evropska
agentura pro zivotni prostiedi uvadi snizeni primérnych emisi oxidu sifi¢it¢ho v Evrop¢ az
0 74 % mezi lety 1990 a 2011 (EEA 2015). Obdobny trend je pozorovatelny také v CR, kde
emise SOz dosahovaly hodnoty pies 1800 Kt.rok™ v roce 1990 (MZP 2007) a v roce 2019
se emise tohoto plynu snizil na 80 Kt.rok™ (CHMI 2020) (sniZeni o vice, jak 90 %).

Tyto hodnoty odpovidaji pouze emisim z primyslu. OvSem vzhledem k tomu, ze
vyméra zemé&délské pudy je podle CUZK (2021) 4 200 204 ha (tedy pies 50 % celkové
vyméry CR) je dalsim potencialnim zdrojem emisi samotné zemé&délstvi. V ptidé probihaji
pfemény forem S zprostiedkovdvané mikroorganismy (Marschner 2012; Vermien et al.
2018) a produkty/meziprodukty téchto reakci mohou byt pravé plyny SO2 a H2S (Burton et
al. 2006; Kinsela et al. 2011). Podle Kinsela et al. (2011) jsou emise oxidu sifi¢it¢ho vice
ovlivnény teplotou pidy (r> = 0,387; p < 0,01) zatimco emise sirovodiku spise souvisi
s vlhkosti pudy (r? = 0,124; p < 0,01). To je v souladu se studii Mengel et al. (2001), ve které
byl zjistén vétsi obsah siry v oxida¢nim stavu S? na silné podmacenych ptdach, kde
prevladaji redukéni podminky. Podle Kinsela et al. (2011) jsou zemédé€lské pidy schopny
emitovat v praméru 3,7 kg S.hal.rok® (souet emisi SOz a H2S). Pokud tento tdaj
vztahneme k vyméie zemédélské pudy CR, dochazi ke kazdoroéni emisi 15,5 Kt siry
z celého zemédélského ptidniho fondu CR. Je nutné oviem podotknout, Ze hodnoty ve studii
Kinsela et al. (2011) byly naméfeny na Australskych ptidach bohatych na S a jen v relativné
kratkych casovych intervalech (2 mésice). Vzhledem k t€émto faktlim je pravdépodobné, Ze
emise ze zemé&délskych piid v CR budou dosahovat mnohem mensich hodnot.

V minulosti potfeba hnojeni rostlin sirou nebyla pozorovadna, nebot si rostliny
vystacily s pfidélem z kazdoro¢ni depozice. Aktudlni vyvoj depozic siry ov§em vede k tomu,
ze rostliny vycCerpavaji pidni zasobu této Ziviny (Hu et al. 2005), protoze pii svém vyVvoji
spotfebuji vice, nez se jim z pidy dostava (McGrath et al. 2002). To vede k potiebé
hospodaiské plodiny hnojit. Potfeba hnojeni S je u jednotlivych druht plodin riznd. Vliv ma

samotny druh rostliny, pivodni zasoba na stanovisti, ale také pouzity hybrid v ramci jednoho
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druhu (Bender et al. 2013). Nedostatek siry v rostliné mize mit vliv jednak na velikost
vynosu (Grant et al. 2012; Varényiova et al. 2017; Ercoli et al. 2012; Kulhanek et al. 2014),
tak na kvalitu sklizené hmoty (Varényiova et al. 2017; Ahmad 2007; Khan et al. 2006; Ercoli
etal. 2012).

vyzaduji siru, mimo jiné, pro produkci glukosinolati (Fismes et al. 2000; Grant et al. 2012;
Aarabi et al. 2016; Zhang et al. 2020). Jedna se o sekundarni metabolity, které maji
antibakterialni u¢inek (Dubuis et al. 2005) a zvySuji odolnost proti hmyzu a herbivorim
(Sugiyama et Hirai 2019; Jeschke et al. 2019). McGrath et Zhao (1996) uvadéji, ze rostliny
fepky ozimé odebiraji z ptidy az 51 kg S.ha Toto zjisténi odpovida vysledkiim ostatnich
studi. Vyznamny nardist vynosi pii aplikaci hnojiva S v davce 50 kg S.ha™ 0 10 % popsali
Zhao et al. (1993), zatimco Fismes et al. (2000) uvadéji narist az 20 % pti davce 75 kg S.ha”
! Ovsem Grant et al. (2012) a uvadéji optimalni davku mezi 20 — 60 kg S.ha™. Zaroven pfi
davce hnojiva nad 20 kg S.ha™ popisuji Ahmad et al. (2007) vyznamné zvyseni olejnatosti
semena a obsahu glukosinolatl. Také Sykora (2006) popisuje nariist obsahu glukosinolati
a7 0 30 % pii davce 50 kg S.ha™t.rok™ a uvadi odbér S témé 90 kg S.ha.rok* pti této davce.
Naptori tomu naptiklad Varényiova et al. (2017) zminuji, ze pti davkach S hnojiva nad 60
kg S.hal jiz za¢ina dochézet ke snizeni vynost, ale vyznamné zvyseni olejnatosti je patrné
jiz pti davee 15 kg S.ha™.

Mezi méné narocné plodiny patii naptiklad kukufice, kterd je schopna poskytnout
krmivo pro nékterd hospodaiska zvifata diky vysokému vynosu, dobré stravitelnosti a
piijatelnosti zivin (Rafael et al. 2006). Odbér této rostliny &ini necelé 3 kg S.ha™* pokud neni
hnojena S (Sakal et al. 2000). Pokud je rostlina hnojena S, dochézi k naristu odbérii az
k témé&f 10 kg S.ha (Sakal et al. 2000; Dwivedi et al. 2002; Suran et al. 2021). Tohoto
zvyseni dosahli Sakal et al. (2000) pii ddvce hnojiva 40 kg S.ha™, Dwivedi et al. (2002) jiz
pii davce 34 kg S.hal. P¥i davce 60 kg S.ha™! uvadéji Mehta et al. (2005) zvyseni vynosu
zrna a biomasy 0 29,1 % a 25,1 % na ptdach s b&Zznym obsahem siry. Davku 60 kg S.ha
doporucuji také Khan et al. (2006), ktery zaznamenava zvySeni vynosu susiny az o 55 % na
pudach, které jsou velmi chudé na S. Vyssi davky jiZ na rostlinu mohou ptisobit negativné
(Khan et al. 2006), piipadné se k rostlin¢ ani nedostanou a mtze dojit k jejich vyplaveni
(Suran et al. 2021; Riley et al. 2002; Bergholm et Majdi 2001).

Obilniny jsou dalsi vyznamnou kategorii plodin diky jejich vyuziti pro vyrobu peciva.

Zpracovatelska kvalita je dana obsahem a kvalitou lepku (Schofield 1994). Obsah lepku a

-3-



jeho kvalita se vyrazné zvysuje pii hnojeni rostlin sirou (Ercoli et al. 2012). PSenice ozima
odebira v priibéhu vegetace mezi 10 — 30 kg S.ha (Kulhanek et al. 2014), kdy nizsi hranice
byla pozorovana u rostlin které nejsou hnojeny S, zatimco vys$si hranice byla pozorovana u
rostlin hnojenych 40 kg S.hal. Ercoli et al. (2012) uvadgji podobné vysledky, oviem
nejvyssi odbér zaznamenal pii ddvce 60 kg S.ha™! a uvadéji, ze vyssi ddvka neméla na obsah
S v rostling vliv. Jeémen odebira v priib&hu vegetace 15 — 25 kg S.ha™! (Hfivna et al. 2011)
a pfi hnojeni davkou 20 kg S.ha je rostlina zvysit vynosy cca. 0 14 %. To potvrzuji také
Zhao et al. (2006), kteti pfi stejné davce na padach chudych na S zvysil vynos az o 27 %.
Zpracovatelska kvalita (jako je obsah bilkovin) sklizn¢ se podle Fox et al. (2003) a Zhao et
al. (2006) se pfi této davce S hnojiva také zvysuje. Je tedy evidentni, Ze sira je dilezitou
zivinou a vzhledem K nizkym atmosférickym depozicim a zminénym narokim rostlin je
nutné vénovat vyzivé timto prvkem pozornost, zvlast, kdyZz zminéné studie ukazuji, Ze
rostliny jsou schopné reagovat na hnojeni S jiz v relativné malych davkach (v mnoha

piipadech jiz kolem 15 kg S.ha™?).

________________________________ Atmosferickd S §

Redukovana S
(H,S; HSY)

Vyplaveni

Obrazek 1: Schéma kolobéhu siry

Siranovy aniont, ktery rostliny pfijimaji je v pudé ovSem velice mobilni. Na
potencialni problém je mozné ukézat v ptidach hnojenych sirou, ptipadné v padach, kde byly
diive vysoké depozice S z atmosféry. Ne¢kolik studii se zaméfilo na vyplavovani siry z téchto
pud. Riley et al. (2002) popisuji vyplavovani S v pokusu s jilkem vytrvalym. Z aplikované
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davky hnojiv s riznou rozpustnosti siry se vyplavuje vyznamné mnozstvi S. V prvnim roku
jejich pokusu bylo zjisténo, Ze doslo ke ztratdm S vyplavenim 72, 26 a 7 % z aplikované siry
V podobé¢ siranu amonného, elementarni siry a smési bentonitu s elementarni sirou z davky
50 kg S.ha. Dale je nutné podotknout, Ze za celou dobu experimentu doslo k simulovanym
depozicim z atmosféry v podobé& 22 kg S.ha (nejsou zahrnuty ve vypoétu procentickych
ztrat). Zminéné ztraty vyplavenim se tfetim rokem navysily na 96, 75 a 33 %. Bergholm et
Majdi (2001) také uvadeji, ze se v jejich Sestiletém experimentu vyplavuje vyznamné
mnozstvi siry (41,2 % z celkové davky 821 kg S.ha™.6 let let v podobé siranu amonného).
Nicmén¢ je nutné podotknout, ze jejich prace se zabyvala lesnimi piidami. Suran et al. (2021)
popisuji vyplaveni zna¢ného mnozstvi S z monokultury kukufice. Autofi ve své studii
zjistili, ze z varianty hnojené siranem amonnym se kazdoro¢né v pruméru vyplavi necelych
143 kg S.hat.rok?, coz je vice, nez dodavana davka hnojiva 142 kg S.ha.rok™ ve formé
siranu amonného. Obdobné autor popsal vyplaveni 95,3 kg S.ha™.rok™ na variant& hnojené
siranem hofe¢natym v ddvce 84 kg S.hal.rok™. Je tedy patrné, ze dochazi k uvolnéni siry
také zjinych zdroji nez zhnojiva. Timto zdrojem budou nejspiSe pozlstatky
z atmosférickych depozic predeslych desetileti. Z prace Riley et al. (2002) je evidentni, Ze
se tyto ztraty vyplavenim daji omezit pouzitim hnojiv s nizkou rozpustnosti (jako je a smes
bentonitu s elementarni sirou). Na druhou stranu Santoso et al. (1995) uvadéji, ze rychle
rostouci rostliny, jako je naptiklad kukufice mohou mit snizeny odbér siry praveé vlivem
pouziti hnojiv s niZ8i rozpustnosti. I pfes rozdilnost vysledkl téchto studii je patrné, Ze
dochazi k vyplavovani siry, ¢imz dochazi k znepfistupnéni zna¢ného podilu S rostlinam.
Nehledé na to, Ze takto vyplavena sira musi n€kde koncit a jednim z moZnych mist jsou
pravé podzemni vody (Sharma et Kumar. 2020), nebo povrchova vodni télesa (Kopacek et
al. 2014). Singh et al. (2004) uvadé&ji, ze meliorovand krajina umoziiuje rychlejsi
mineralizaci organické siry a urychluje tak jeji vyplavovani. Kopacek et al. (2014) to svym
vyzkumem potvrzuje. Na Ceskych zemédélskych ptidach uvadéji pravé nejvétsi ztraty siry
vyplavenim na pocatku devadesatych let, zeyména na meliorovanych piidach z predchozich
20 let. Konkrétné v hodnotach vyplavené S az 80 kg S.hal.rok™ a kdy zaroveri autofi
pozorovali nejvy$§i vstupy do ptid. Nasledny pokles k hodnotam pod 10 kg S.ha™rok™? jiz
autofi vysvétluji snizenim depozic z atmosféry a uvadéji, Zze vliv mélo také nasledné snizeny

zastoupeni meliorovanych puad.



1.3 Sira v padé

V geosféte je sira hojné se vyskytujicim nekovovym prvkem. V pudach se celkovy
obsah siry pohybuje v rozmezi 0,01 az 0,1 % (Morche, 2008). Primérny celkovy obsah siry
Balik et al. (2009). Nicméné praveé v této studii byl popsan také vysSe zminény vliv
snizujicich se depozic, ktery vedl na vybranych lokalitach ke snizeni primérného obsahu
z 221 mg S.kg* v roce 1981 na obsah 204 mg S.kg™ v roce 2008. V pudé se sira vyskytuje
V mineralni a organické forme a neustdle se mezi témito formami transformuje (Tabatabai a
Al-Khafaji 1980), nicméné¢ pro rostliny je dilezity obsah pravé mineralni formy (Marschner

2012).

1.3.1 Mineralni sira

Mineralni sira je ve vétsin€ zemédelskych pid zastoupena méné, nez organicky vazana
sira. Jedna se o vysoce proménlivou slozkou, ktera je hlavnim ptistupnym zdrojem tohoto
prvku pro rostliny a tvofi vétSinou pouze 5 % z celkového obsahu siry (Tisdale et al., 1993;
Barber 1995). Mineralni sira se v ptidé nachazi ve formé rozpustného anorganického siranu
vplidnim roztoku, dale v podobé sorbovaného anorganického SOs> a ¢&asti siranii
vysrazenych pospolu s vapnikem nebo hoié¢ikem v podob& uhli¢itanu vapenatého a
hofe¢natého (Tisdale et al. 1993).

Barber (1995) poukazuje na to, Ze anorganicka sira je v zemédélskych pldach
piitomna zpravidla ve formé siranti (SO4), ale také se zde vyskytuje v niz§ich oxidaénich
stavech sulfidd (S?), sifi¢itanti (SOs%), thiosirant (S20s%) a elementarni (S°). V dobie
provzdusnénych ptdach je nejbéznéjsi siranova forma, kterd je dle Knauff in Kulhanek et
vyskytuje, jako meziprodukt oxidaci a redukeci jinych forem, thiosiranova forma se vyskytuje
spiSe po prumyslovych havariich, kdy dochdzi k ovlivnéni aktivity ptidnich mikroorganismi
a kumulaci této formy S. Tyto formy nemaji podstatn€ vyznam pro vyZzivu rostlin (McLaren
et Cameron 1996).

V pudnim roztoku se sira objevuje v rozsahu kolem jednoho procenta z celkového
obsahu S (Knauff in Kulhanek et al. 2016), pfitom je podle Tabatabai (1982) velmi dulezitou
slozkou pro rostliny. Obsahy této slozky se velmi rychle méni v prib&hu sezony a to
pfedev§im diky odbéru rostlinami (Scherer 2009), mineralizaci/imobilizaci v ramci

organickych latek v ptidé (Blum et al. 2013), aplikace hnojiv obsahujicich S (Eriksen 1996).
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Dal8im vyznamnym faktorem je také vyplavovani sirani z pud, které je samo také ovlivnéno
davkou S, formou hnojiva a pocasim v prubehu sezény (Riley et al. 2002, Bergholm et
Majdi, 2001).

Adsorbovana sira je podobné¢, jako sira v piidnim roztoku dilezitd pro vyzivu rostlin.
Snadno dochazi k uvolnéni sorbovaného iontu do ptidniho roztoku. V piidach se muze
vyskytovat Vv §iroké $kale obsahu. Napiiklad Kulhanek et al. (2018) stanovili v padach CR
pramémy obsah 6,15 mg S.kg? Obsah adsorbovanych sirani je vyznamné ovlivnén
hodnotou pH. Podle Curtin et Syers (1990) a Xiao et al. (2015) dochazi k nejvétsi sorbei
siranti pti pH = 3, ale pii rostoucim pH se sirany spise uvoliuji a na hodnoté pH = 6 je jiz
témet veskery piivodné sorbovany siran uvolnén do vodného roztoku. Pfi rostoucim pH se
zvysuje mnozstvi OH™ aniontt, které jsou v kompetici s SO4> o vazebné misto na paidnich
casticich (Korentajer et al. 1983), coz vede k uvolnéni siran. Adsorpce siry je rovnéz
podpoiena pritomnosti hydratovanych oxidi zeleza a hliniku, které ¢asto obaluji povrch
jilovych mineralti a volnych oxidi, a rovnéz jsou soucasti rozhrani hlinitokfemicitanovych
jilovych ¢astic (Bohn et al. 1986), zejména v pudach chudych na vapnik (Chen et al. 1997;
Xiao et al. 2015). Z vysledku Tisdale et al. (1993) vyplyva, ze adsorpce siry je rovnéz
ovlivnéna dalSimi anionty, a to v potadi fosfore¢nany > dusi¢nany = chloridy. Fosfore¢nany
se vV pudé sorbuji mnohem silnéji a jsou v kompetici se siranovymi anionty (Bohn et al. 1986;
Barrow et Debnath, 2015). Nartst obsahu fosfore¢nani a siran v ptdé vede ke snizeni
adsorpce S (Bohn et al. 1986). Protoze jsou sirany vazany vyrazné slabsi vazbou nez
fosforecnany, vede hnojeni fosforem spolu s vapnénim k zvySeni piistupnosti S (Scherer
2009). Dale Harrison et al. (2009) stanovili pozitivni korelace mezi adsorbovanou S a
organickou hmotou, ¢imz ukazuji na fakt, ze i sira mize byt adsorbovana na organickou
hmotu. Nicméné podle Martinez et al. (1998) dochazi k niz$i adsorbci na jilnatych pidach
s vy$$i organickou hmotou a to diky kompetici siranil o sorpéni mista s organickymi anionty,
jako jsou zbytky organickych kyselin, lipidi a jiné.

Obsah okludované siry vyborné koreluje s obsahem uhli¢itant (12 = 0,986; p < 0,05),
jak popsali Chen et al. (1997). Na to navazuje Hu et al. (2005) a popisuji, ze s rostoucim
obsahem uhli¢itani roste i obsah okludované siry (v priméru az 11,7 % z celkové S). Tento
podil je ovSem rostlindm pouze piistupny, pokud je uvolnén do pidniho roztoku, nebo se

transformuje do vyménné-sorbovaného podilu.



1.3.2 Organicka sira

Organickd sira se vpuadé vyskytuje, jako soucCast rostlin, makroedafonu a
mikroorganismil v zivém, nebo mrtvém podilu hmoty. Jeji obsah v ptidé¢ dobie koreluje
s obsahem celkové S (Biederbeck, 1978), a jak popisuji pozdéji naptiklad Yang et al. (2007),
nebo Kulhanek et al. (2018) z celkové pldni siry tvoii prevazny podil pravé organicky
vazanad forma. Podle Hu et al. (2005) je podil organické siry v ptid€ 77 % z celkového
obsahu, ale na obhospodatovanych ptidach je tento podil zpravidla vétsi a to kolem 95 %
(Scherer 2009).

Sira vézana na organickou hmotu se vyskytuje ve dvou zdkladnich, hojné
zastoupenych skupinach (Freney et al. 1986).

e Prvni skupinou je estericky vdzana sira (C-O-S), kterd je na uhlik nepiimo
vazana pres atom kysliku. Do této skupiny patii naptiklad sulfatové
polysacharidy, thiogliceridy, cholinsulfat a sulfatované polysacharidy.

o Jiz mén¢ vyznamnou skupinou jsou napiiklad sulfamaty, kde je S
vazana ptes dusik (C-N-S).

e Druhou skupinou je sira vdzana pifimo na uhlik (C-S), jako naptiklad
Vv aminokyselindich metioninu a cysteinu, merkaptanech, sulfolipidech a
disulfidech sulfonovych kyselin.

Estericky vazana sira ¢ini mezi 30 — 70 % z organického podilu S (Neptune et al.
1975). Tato frakce S je vice mobilni (Shan et al. 1997) a také v ni nastava zabudovani SO4>
do C-O-S rychleji (Fitzgerald et al. 1982), nez C-S. Sira pfimo vazana na uhlik ¢ini
z organického podilu 19 — 43 % a vykazuje vyznamné vysSi obsahy v systémech
S intenzivnim organickym hnojenim (Forster et al. 2012). Scherer et al. (2012) také popisuji,
ze se C-S a C-0O-S nejvice kumuluji na jemnych ptadnich ¢asticich (zejména < 0,002 mm),
nicméné tyto &astice se v ptidach vyskytuji zpravidla v mensim mnozstvi. Castice vétsi nez
0,002 mm tvoii podstatné vétsi podil a budou mit vyznamnéjsi vliv na celkové mnoZstvi

sorbované S.

1.4 Transformace siry v pudé

Jak jiz bylo zminéno vySe, jednotlivé frakce S se mezi sebou neustale transformuji
z organické na mineralni a naopak. Organicky vazana sira je rostlindm samostatné
nepfistupnd, nicmén¢ mineralizace tohoto podilu se vyznamné podili na dopliiovéani zasoby
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anorganického siranu v pude, ktery rostliny vyuzivaji (Blum et al. 2013). Tento
mineraliza¢ni proces je zprosttedkovan pomoci enzymu a mikroorganismti (McGill et Cole,
1981). Sira vazand v mikrobialni mase je schopna rychlé cirkulace a diky tomu ma velky
vyznam (Randlett et al. 1992) i pfes to, Ze jeji obsahy jsou kolem 6,15 mg S/kg v praméru
(Chowdhury et al. 1999). Mikroorganismy jsou schopné mineralizovat, nebo také
imobilizovat elementarni siru, coz je dilezity faktor pro hospodateni se sirou (Jaggi et al.
1999). Na rozdil od Neptune et al. (1975) Ghani et al. (1992) popisuji, Ze vétSina takto
mineralizované siry pochazi z C-S. V této frakci je velké mnozstvi bilkovin, které se
Vv prvnim kroku rozlozi na sirné aminokyseliny v procesu aerobni hydrolyzy. Dale se vytvoii
sulfan, ktery se v aerobnich podminkach oxiduje na siranovy aniont (Marschner 2012).
Pokud nejsou v padé aerobni podminky, tak je sulfan oxidovan pouze do podoby
elementarni siry (sulfurifikace) chemotrofnimi bakteriemi rodu Thiothrix, nebo
Thiobacillus. Tento proces také mohou vykonavat i fotosyntetizujici bakterie celedi
Thiorhodaceae, Opaénym procesem se v pud¢é oznacuje desulfurikace a vznika pii ném
sulfan z oxidovanych forem S. Jednd se tedy o redukce S za tUcasti bakterii rodu
Desulfovibrio. Vysok4 piitomnost siry v oxidaénim stupni S% je typickd pro ptdy, kde
prevladaji redukéni procesy, Casto tedy na podmacenych ptidach (Mengel et al. 2001).
Mikrobidlni mineralizace C-S je zavisla pfevazné na aktivit¢ pldnich
mikroorganismil, na druhou stranu mineralizace sulfatické siry probihad spiSe na zakladé
aktivity enzymd, které jsou schopné hydrolyticky §té€pit vazbu C-O-S. Jako prvni enzym
z této skupiny byla popsana arylsulfataza, ov§em neni to jediny piiklad (dale: alkyl-, gluko-
, chondro-, mykosulfatazy) (Eriksen et al. 1998). Tato frakce S je vice mobilni (Shan et al.
1997), je labilné€jsi a podléha vice vliviim, neZ sira ve vazbé C-S (McLaren et al. 1985).
Nicméné je to bohatd skupina latek a Klose et al. (1999) popsali, ze v priabéhu jejich
dvouletého experimentu se obsah estersulfatii vyznamné nelisil, coz vede k zavéru, ze tato
skupina S latek je variabilni ve své rozpustnosti. Lou et Warman (2004) uvadéji, Ze
hydrolyza téchto latek je velmi zavisld na jejich poloze v molekule latky, ve které se
vyskytuji. Autofi v této studii popisuji, ze estersulfaty z molekul s niz$i hmotnosti jsou
nachylnéjsi k mineralizaci, neZ u molekul s vétS§i hmotnosti. Zaroven zminuji, Ze nachylng;si
jsou také sirany pfitomné na okrajich molekul, které jsou Iépe dosazitelné pro hydrolytické
enzymy, oproti siranlim uzavienym hluboko v molekulach. Na zakladé€ toho Eriksen et al.
(1998) ptedpokladaji, ze C-O-S frakce zaujima ve své dostupnosti pro rostliny velmi Siroké

spektrum od slou¢enin dobte mineralizovatelnych, az po pomalu mineralizovatelné. Nejvétsi
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podil mineralizovanych estersulfatt pochdzi =z hydrolytického rozkladu pomoci
mikrobialnich enzymd, které zprostfedkovava Siroka skala riznych organismii (Nannipieri
et al. 1990). Aktivita téchto enzymi je tedy dana pfitomnosti a aktivitou mikroorganismii
(Tabatabai et Fu, 1992). Vyssi aktivita byla také popsana v pudach s vys$s§im obsahem
humusu (Klose et Tabatabai, 1999) a také v mensi hloubce (Tabatabai et Bremner, 1970a).
Dale je také popsan vliv vlhkosti pudy a teploty (Castellano et Dick, 1991). Zde autofi
zminuji, ze aktivita byla vyssi poCatkem léta a na osetych plochéch, coz vysvétluji zvySenou
aktivitou kofenovych exsudatii a rozkladem odumielych kotfent a listi. B€zn¢ se udava, ze
cca. polovina aktivity tohoto enzymu je mimo buniku a za druhou polovinu je odpovédna
mikrobialni biomasa.

Celkové je mikrobialni mineralizace organickych sloucenin S ovlivnéna riznymi
faktory. Jaggi et al. (1999) zjistili, Ze nejvyssi mira mineralizace S probiha pfi teploté 36 °C.
Matula (2007) poukazal na vliv takovéto mineralizace pro vyzivu rostlin fepky ozimé
V jarnim obdobi a zjistil, Ze Eistd mineralizace dosahovala v priméru kolem 4 kg S.ha' ato
jen u trodnych druhti pid. Na netrodnych ptadach byl zaznamenén spiSe ubytek. To je u
naro¢né plodiny, jako je fepka nedostacujici a mineralizace organického podilu nedokaze
pokryt jeji naroky. Obdobné vysledky prezentuji také Eriksen et al. (1995), ktefi zméfili
¢istou mineralizaci mezi 3,30 az 6,70 mg S/kg pudy. V laboratornich pokusech neni situace
na prvni pohled o moc ptiznivéjsi. Podle Tabatabai a Al-Khajaci (1980) Ize mineralizovat
mezi 16 az 86 mg S.kg’ za 26 tydnt. Dle Knights et al. (2001) je rychlost mineralizace
pouze 14 az 35 mg S.kg™ po dobé 28 tydnil, nicméné podle Vermien et al. (2018) predchozi
studie nepocitaji s remineralizaci Cerstvé imobilizované siry, jejiZ labilita je mnohem vyssi.
Pravé tito autofi pouzitim isotopového trasovani (*°S) popisuji mnohonisobné vyssi
mineralizaci organické S (v€etné remineralizace) a to v hodnotach 30,94 az 96,46 mg S.kg’
! po 26 tydnech experimentu. Zaroven ma také vliv samotné dusikaté hnojent, které snizuje
mineralizaci S a mnohdy spiSe zptisobilo dokonce imobilizaci (Matula, 2007).

Nelson (1973) popisuje, Ze rostliny jsou schopné zuzitkovat rezidudlni siru, ktera se
do ptdy vrati po zapraveni poskliziiovych zbytkti rostlin. Pokud se jedné o biomasu bohatou
na siru (naptiklad nadzemni ¢asti fepky ozimé), tak je toto opétovné zuzitkovani az 85 %.
Zajimavym piistupem k uréeni, zda pida bude spiSe imobilizovat, nebo mineralizovat S je
vyuziti poméru C:S, které navrhuje Barrow (1960). Autor uvadi, Ze k mineralizaci dojde
spiSe pokud je pomér C:S < 200:1 a k imobilizaci bude dochazet pokud je pomér C:S >
400:1. Idedlni je tedy pohybovat se v rozmezi téchto dvou hodnot, aby nedochézelo k ptilis
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vysokému vyplavovani sirand, jako popisuje napiiklad Riley et al. (2002), a aby nedochéazelo
k tak velké imobilizaci S, ktera by mohla mit negativni vliv na pfistupnost S rostlinam.
V souvislosti s tim zminuje Eriksen (1997), ze ptidavek jednoduchého zdroje uhliku zptisobi
redukci piijmu S, prave diky jeji imobilizaci do nové organické hmoty, coz potvrzuje zjisténi
Chapman (1997). Tento autor popisuje, ze v regionech s deficienci S mize mit zapraveni
rostlinnych zbytkli chudych na S za nasledek zhorSeny rtst rostlin. Morche (2008) dale
uvadi, Ze transformacim podléhaji také mineralni frakce. Autor ve své praci uvadi, Ze vodou
extrahovatelna frakce S je v prubéhu vegetace dopliiovana také z ostatnich anorganickych
frakci. Nicméné odbér ,,vodorozpustné* S rostlinou neni plné¢ kompenzovan piisunem
Z ostatnich podilii v této praci. To doklada zjisténim, Ze obsah vodou rozpustné S v priubéhu
vegetace neustale klesa. Bylo zaznamenano také sniZeni obsahii adsorbované S, které se da
vysvétlit pravé tim, Ze dochazi k desorpci do pidniho roztoku, pii vytvoieni nové rovnovahy
mezi témito frakcemi (Tisdale et al. 1993, Barber 1995). Dale Morche (2008) zaznamenava
snizeni obsahu frakce okludované S, coz autor vysvétluje mobilizaci této frakce do

ptistupnéjsich forem.

1.5 Stanoveni siry v pudé

Koncentrace rostlindm pfistupné mineralni siry se béhem roku méni (Ghani et al.
1992) a je vysledkem zmén rovnovahy mezi aktivitou mikrobidlni biomasy, ztrdtami
vyplavenim do hlubSich vrstev pidy a povrchovym odtokem, hnojenim, atmosférickymi
vstupy a piijmem plodinou. Proto se kazda analytickd hodnota koncentrace sirant ve vzorku
pudy vztahuje v podstaté jen k té dobé, béhem které byl vzorek odebiran (Schnug a
Haneklaus 1998).

1.5.1 Stanoveni mineralni siry

1.5.1.1 Vodny roztok

Jak jiz bylo zminéno vySe, sira se v ptidé vyskytuje v mnoha frakcich a pro vyzivu
této frakce pouziva extrakce siry vodnym vyluhem (Tabatabai, 1982; Kulhanek et al. 2016).
Tato extrakce ma za cil stanovit obsah siry v pidnim roztoku, ktera je tou nejmobilné&;jsi a
tedy nejlépe piijatelnou frakci. Vyznamnou korelaci (r? = 0,878) mezi sirou v tomto extraktu
a obsahem S v rostliné popisuje napiiklad Matula (1999). Vzhledem k problémim s

disperzitou v piipad¢ extrakci vodou se Casto dava piednost slabym roztokim soli, jako
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CaClz, NaCl, LiCl, BaCl>, KH2PO4 (Tabatabai 1982, Saalbach et Aigner 1987, Ketterings et
al. 2011), které neextrahuji adsorbovanou frakci (Sahrawat et al. 2009). Matula (1999) zjistil,
ze hlavni piekazkou, omezujici uziti roztoku CaClz ke stanoveni S Vv padnim roztoku je
nebezpeci srazeni siran vapenatych pii extrakci, coZ ma za nasledek snizeni koncentrace
siry ve vyluhu. Stanoveni ve vodném vyluhu je tedy stale jedno z té€ch nejrozsitengjSich a
nejbéznéjsich (Balik et al. 2009; Kulhanek et al. 2016; Kulhanek et al. 2018; Suran et al.
2021; Morche 2008; Lavatya et al. 2019 a mnoho dalsich).

1.5.1.2 Sekvenéni stanoveni

Frakcionac¢ni stanoveni maji za kol extrahovat siru riiznymi ¢inidly uloZenou v ptade¢.
To ma umoznit rozliSeni jednotlivych frakci siry, na zaklad¢ schopnosti jednotlivych
extrakénich ¢inidel uvolnit tento prvek. Kazdé Cinidlo je typické tim, Ze uvolni jen ¢ast
z celkového obsahu. Tento obsah se da nasledné srovnat napiiklad s obsahem v rostliné a
ur€it, ktera frakce (nebo soucet vice frakci) je rostlinam piistupna. Vzhledem k jejich
vyznamu pii vyZivé rostlin je pozornost vénovana mineralnim frakcim S.

Jedno z prvnich frakciona¢nich stanoveni S popsali jiz Freney et al. (1970), jez mélo
za cil sekvencné stanovit obsah vodorozpustné a adsorbované S v plidé s ndslednym
stanovenim organické siry dle Johnson et Nishita (1952). Nicméné v pribéhu let se tato
metodika postupné€ upravovala a dnes se vyuZivaji postupy, které umoziuji stanovit také
okludovanou frakci S. Napfiklad metoda dle Shan et al. (1997) dale upravena dle Morche
(2008) ma za cil stanovit frakci rozpustnou ve vodé (extrakce destilovanou vodou),
adsorbovanou na ptdnich ¢asticich (extrakce pomoci 0,032 M NaH2PO4) a okludovanou ve
srazeninach uhli¢itand (za pomoci 1 M HCI) a jejich soucet oznacuje jako rostlindm
piistupnou siru. Obdobné postupuji také Lavanya et al. (2019). Na rozdil od Morche (2008)
je pri této extrakci pouzit misto NaH2PO4 1 % roztok NaCl, za ti¢elem extrakce velmi lehce
rozpustnych slozek mineralni S, ktera se neuvolnila do vody. Autofi oznacuji jako rostlindm
pfistupny obsah soucet vodou + NaCl extrahovatelné. Pouziti riznych Cinidel ma své
davody. Pro uplnou extrakci adsorbovaného podilu se pouzivaji fosfore¢nanové soli (diky
schopnosti fosfore¢nant uvolnit sirany z povrchu ¢astic) a soli chloridii se pouzivaji na tipIné
uvolnéni pouze vodorozpustné frakce. Tento proces je mozné nasledovat pouzitim metod
pro stanoveni organické S a urcit tak rozloZeni SV jednotlivych frakcich v témét celém
obsahu (Morche 2008; Lavanya et al. 2019). Tato analyza je typicka tim, Ze je jeden stejny

vzorek sekvenéné extrahovan vyse zminénymi Cinidly.
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Tyto analyzy je mozné provadét také za ticelem dlouhodobého studia zmén v ptdé.
Lavanya et al. (2019) provedli studii, ve které dlouhodoba aplikace hnoje po dobu 30 let
vedla ke zvySeni obsahli vodorozpustné, piistupné, okludované, organicky vazané a celkové
siry oproti variantdm bez aplikace hnoje. Podobné Balik et al. (2009) popisuji dlouhodobé
zmény frakci S v piidé na iroké skale ptid CR, které jsou také hnojeny hnojem v letech 1980
a 2007 s pouzitim metody dle Morche (2008). Autofi popisuji opa¢ny trend, kdy dochazi ke
sniZzeni obsaht celkové siry. Dale dochazi ke snizeni vodorozpustné siry az na 35 % (4 — 9
mg S.kg?) z ptivodni zasoby. Obdobné také obsah adsorbované S se snizil na 61 % z
puvodni zasoby. Obdobny trend ve svych pracich na Evropskych pidach popisuji také
Morche (2008), Lehmann (2008), nebo Suran (2021). Jednim z diivod téchto rozdili mize
byt fakt, ze studie Lavanya et al. (2019) (provedena v letech 1986 a 2016) byla na indickych
pudach, které jsou stile siln€é zatizeny v nékterych regionech depozici S z atmosféry
(Feinberg et al. 2021), zatimco puidy v CR vykazuji dlouhodobé klesajici ptijmy z depozice
(CHMLI, 2019). Dale mitize mit vliv rozdil primérné davky aplikovaného hnoje (Lavanya et
al. 2019 — 15 t.ha- 0 50 % vice, nez Balik et al. 2008), samotna pé&stovana rostlina, nebo
dalsi faktory.

Tyto faktory popisuji naptiklad vysledky studie Chen et al. (1997), kdy autoti zminuji,
Ze adsorbované mnoZstvi je ovlivnéno mnoZstvim Ca v ptid€. DalSim moZnym jevem je dle
Curtin et Syers (1990) zjisténi, ze v ptidach s nizkym pH dochazi ke zvysené adsorpci sirant,
coz odpovida i zjisténim Chen et al. (1997) a McLaren et Cameron (1996), podle kterych pii
snizujicim se pH roste kladny naboj povrchli pidnich ¢astic a to vede k vazbé zaporné
nabitého siranu. V pidach bohatych na uhli¢itany zjistili Chen et al. (1997) vyborné korelace
(r? = 0,986) mezi obsahem uhli¢itantl a sirou extrahovanou HCI (okludovanou S) a uvadé;ji,
ze v pudéch bohatych na véapnik tvoii okludovand sira az 39 % celkového obsahu siry na
ukor snizeni obsahu adsorbované siry. DalSim uskalim této extrakce je schopnost HCI
rozpustit také vyznamny podil organicky vazané S na piidach s nizkym obsahem vapniku.
Je tedy nutné pii méfeni obsahu této frakce zvolit metodu, kterd je schopna rozlisit pivod
uvolnéného siranového aniontu. Proto se jako koncovka této extrakce doporucuje méteni
uzitim iontové chromatografie, nebo kapilarni elektroforézy, které jsou oproti ICP-OES

schopné rozlisit plivod S (Kowalenko et Grimmett, 2007).
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1.5.1.3 Mehlich 3

Jedna se o treti iteraci extrakéniho ¢inidla ptivodné vyvinutého s diirazem na extrakci
P, Ca, Mg, K, Na ve své prvni verzi (Mehlich 1953). Slozeni tohoto extrakéniho ¢inidla je
CH3COOH 0,2 M; NH4F 0,015 M; HNO3 0,013 M; NHsNOs 0,25 M; EDTA 0,001 M. Pri
analyze se roztok misi s vysuSenou jemnozemi < 2 mm v poméru 1:10 w/v. V poslednich
desetiletich tato metoda vyrazné nabyla na vyznamu. Podle Ostatek-Boczynski (2012) ma
metoda Mehlich 3 (Mehlich 1984) jednu velkou vyhodu oproti jinym extraktantim - je
univerzalné vyuzitelny pro stanoveni fady zivin, jako fosfor (Vona et al. 2022; McNally
2022; Beure et al. 2022, Tseng et al. 2022), draslik (Tseng et al. 2022; Xu et al. 2022; Mattila
et al. 2022), nebo Mg; Ca; S; Mn; Zn; Cu (Zbiral et al. 2016; Zbiral et al. 2018).

Ve svété se objevuji studie zamétujici se na schopnost ¢inidla Mehlich 3 extrahovat
rostlinam pfistupnou siru (Rao et Sharma 1997; Matula 1999; Ketterings et al. 2011,
Kowalenko et al. 2014; Kulhanek et al. 2018; zbiral et al. 2018) ovsem v mnohem mensi
mife.

Jako jedna z prvnich studii zamétujicich se na Mehlich 3 a rostlinam piistupnou siru
je publikace Rao et Sharma (1997). V této praci autoii popisuji vyznamnou korelaci (r* =
0,552) mezi obsahem S v roztoku Mehlich 3 a sirou naméfenou v rostlinach ¢ajovniku.
Obdobny vysledek se od té doby v literatufe téZko naléza. Naproti tomu ovSem Matula
(1999) uvadi, ze toto ¢inidlo neni vhodné pro méteni rostlindm pfistupné siry, diky nizkému
korelaénimu koeficientu mezi obsahem S v rostliné a obsahem S v roztoku Mehlich 3 (r? =
0,224) a faktu, Ze tato metoda extrahovala az 31 % z celkového obsahu S v ptud¢. Tento zavér
je odlivodnén tim, Ze Mehlich 3 musi stanovit i jiné frakce siry (nez jen pfistupnou),
vzhledem Kk tomu, Ze organicky vazana S v pudé tvoii 95 % z celkové zasoby. Je pravda, ze
organicky vazana sira tvoii vétSinu celkové zasoby, ale obsah mize byt variabilni, naptiklad
studie Hu et al. (2005) uvadéji 77 %. OvSem Sedlaf et al. (2021) zmifuji vyznamny vztah
obsahu S v rostlinach pSenice ozimé a v roztoku Mehlich 3. Konkrétné na pidach, kde je pH
> 7,0 byl regresni koeficient r = 0,526 ve fazi sloupkovani a 0,408 ve fazi kvétu. Na piidach
spH < 7,0 byl r =0,623 a 0,420 ve zminénych fenofazich. Z téchto vysledk je vidét, ze se
Vv pribéhu vegetace vztah méni.

Ve studii Katterings et al. (2011) byla extrakéni schopnost Mehlich 3 srovnavéana
mimo jiné se schopnosti slabého roztoku CaClz. Autofi popsali zvyseny obsah S v roztoku
Mehlich 3 oproti CaCl, a domniva se, Ze je to ¢ast adsorbované frakce, kterou roztok slabé

soli neni schopny uvolnit. Kowalenko et al. (2014) uvadéji, ze vliv na extrakéni schopnost
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roztoku Mehlich 3 mé také pH ptdy. Na kyselejsich vzorcich (pH < 6) popsali vyssi obsah
S v roztoku, oproti pidam s vyssi hodnotou pH (> 6).Vzhledem k tomu, ze adsorpce aniontli
roste s klesajicim pH (Scherer 2009) se Kowalenko et al. (2014) domnivaji, ze Mehlich 3
uvoliiuje z pudy 1 adsorbovanou frakci. To je ve shodé s vysledky Kulhanek et al. (2018),
kde autoti uvadgji korela¢ni koeficient pro obsah S v Mehlichu 3 a rostlinam piistupné S
méfené sekvenéni extrakci dle Morche (2008) (2 = 0,882; p < 0,001). Zaroveti autofi V této
studii poukazuje na to, ze obsah téchto dvou frakci se pohyboval kolem hodnoty 18 mg S.kg
! bez statisticky vyznamného rozdilu. Dale autofi uvadgji slaby korela¢ni koeficient pro
organicky vazanou S (12 = 0,349; p < 0,01). Kulhanek et al. (2018) tedy poukazuje na to, Ze
Mehlich 3 je schopen urcit rostlindm ptistupny podil S. Zbiral et al. (2018) popisuji, Ze toto
extrakéni ¢inidlo je moZné pouzit také ke sledovani dlouhodobych zmén stavu S v pidé. Ve
své studii autor zjistil snizeni obsahu S extrahovatelné Mehlichem 3 na Siroké Skale
zemédélskych pid v CR z praimémych 26 mg S.kg™ v roce 1995 na 17 mg S.kg™ v roce
2013. Tento vysledek odpovida zjisténi Balik et al. (2009), ktefi pouzili standardni metody.
Vzhledem k témto faktim je toto ¢inidlo zajimavou alternativou pro standardni metody,

zaloZené na extrakci vodou a/nebo soli fosfore¢nanu a chlorida.
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Obrazek 2: Regrese vztahu mezi rostlinam p¥istupnou sirou (Sav) a Mehlich 3
extrahovatelnou (Swms). Pievzato z Kulhanek et al. (2018)
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1.5.1.4 Aniontov¢ vyménné membrany (AEM)

Dalsi moznou metodou je pouziti aniontové vyménnych membran. Dle Turrion et al.
(1999) je klicovym prvkem v pouziti aniontové vymeénnych membran (AEM) jejich
selektivita pro urcité ionty, v tomto pfipadé anionty. Pfi stanoveni P se pfi tfepani
fosforec¢nany desorbuji z ptidnich Castic a sorbuji se na membrany, ovsem bez membrany by
doslo ke zpétné adsorpci na piidni ¢astice a toto pouziti je jiz béZné rozsiteno (Goloran et al.
2014; Bertrand et al. 2003). Obdobn¢ jako P je v ptdéach sorbovan i siranovy anion, jak
uvadéji Chen et al. (1997). Podle Qian et Schoenau (1995) jsou AEM také napiiklad
pouzivany k méfeni obsahti pfistupného nitratového dusiku. Turrion et al. (1999) ve své
studii zjistili, Ze obsahy nitradtu namétené pomoci AEM ve vodném vyluhu vyznamné
korelovaly s bézné pouzivanymi metodami. Qian et Schoenau (1995) vlozili membranu na
2 tydny do pidy a pii srovnani obsahi NOgz™ extrahovanych pomoci AEM a celkovym
obsahem N v rostlin€ ziskali prikazné korelacni koeficienty. Rostliny musi mit pro spravny
vyvoj i pomér obsahu dusiku a siry v rozmezi ur€itych hodnot (11,5 — 17,0:1 v zavislosti na
dané plodin€) (Randall et al., 1981, Ercoli et al., 2012). Na zaklad¢ tohoto faktu Qian et
Schoenau (2007) provedli studii, kde se zaméfili na porovndni poméru poméru N:S
stanoveného AEM v pidé a pomérem N:S v rostling. Zjistili, Ze tyto pomé&ry jsou si velmi
blizké a uvadéji, Ze je mozné rychlotest AEM (inkubace 1 h) aplikovat pfimo v pid¢ i pro
stanoveni spravného poméru téchto Zivin pro naslednou vyzivu. Dle Uchoa et al. (2003) je
mozn¢ siru pomoci AEM extrahovat stejné€ spolehlive jako N a P. Autofi zjistili, Ze jsou po
48 hodinach tfepani vodného vyluhu AEM z pid schopni extrahovat okamzZité dostupnou
siru, a to na jednom pruhu membrany (20 x 50 mm) po dobu inkubace 48 h. Schoenau et al.
(1993) AEM pouzili ke stanoveni piistupné siry aplikaci pfimo do pudy. Vysledky pak
srovnavali s béznou extrakci 0,01 mol/l CaCl, a dospéli k zavérim, ze jsou patrné tésné
vzajemné korelace mezi obéma pouzitymi metodami. Uvadéji vyrazné lepsi vztah vysledki
AEM/odbér S fepkou nez CaCly/odbér S fepkou. Proto autoifi AEM metodu doporucuji jako
jednoduchy test pro stanoveni skute¢né piistupné siry. Suran (2018 nepublikovano) provedl
podobné stanoveni, ale laboratorni formou, a objevil tésné korelace (r*> = 0,810; p < 0,001)
mezi obsahem S namétenych touto metodou a rostlinam dostupnou sirou. Sedlar et al. (2021)
pouzili AEM pro stanoveni rostlinam piistupné siry v polnim pokusu. Korelace mezi
obsahem S v rostlinach pSenice a extrahované pomoci AEM autofi uvadéji regresni
koeficient 2 = 0,059 ve fazi sloupkovani a 0,110 ve fazi kvétu na padach s pH > 7,0ar =
0,133 ve fazi sloupkovani a 0,428 ve fazi kvétu na padach s pH < 7,0. Krom¢ posledniho
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zminéného koeficientu nejsou zadné z téchto korelaci statisticky vyznamné. Je zde evidentni
vyvoj vztahu po dobu vegetace rostliny a také vliv pH, coz nahrava myslence, ze AEM jsou
schopné extrahovat sorbovanou siru. Na druhou stranu na zakladé grafu 3, je vidét, ze obsah
S uvolnény z pudy se blizi spiSe obsahu extrahovatelného vodou. Tyto nesrovnalosti
nechavaji dostatek mista pro dalsi vyzkum.

40

N — 1

C org (%o) pH S w (ppm) S M3 (ppm) S AEM (ppm)

Obrazek 3: Obsah siry v pidé uvolnény riznymi metodami. Corg — pidni
organicky uhlik; Sw — vodorozpustna S; Sms — sira uvolnéna Mehlich 3; Saem — sira
uvolnénad AEM. Pievzato z Sedlar et al. (2021).

1.5.1.5 Stanoveni organické siry

Jiz bylo zminéno, Ze organicky véazana sira je v piidé dulezitym cinitelem, jak pro
mikroorganismy, tak pro rostliny. OvSem pfi analyzach pid je na tuto frakci kladen mensi
diraz. Bézné rozsifené metody se zamétuji na redukci estersulfatové frakce S v pud¢. Jednu
Z prvnich metod pouzitych pro tato stanoveni popisuji Johnson et Nishita (1952). Cilem této
analyzy bylo redukovat organicky vazanou siru pomoci redukéniho ¢inidla obsahujici
cerveny fosfor, kyseliny iodovodikovou a kyselinu mravenci pii teploté¢ 115 °C. Do této
analyzy také vstupovaly dalsi ¢inidla, jako smésice octanu zine¢natého a sodného za tcelem
absorbce vzniklych sulfidii, ptipadné plynny N», jako hnaci plyn a dal$i. Moderni upravy
této metody stdle vyuzivaji stejny aparat. Nicméné dochézi k Gipravé a zjednoduseni
z hlediska ptipravy jednotlivych reagencii. Shan et Chen (1995) pouZivaji misto ¢erveného
fosforu kyselinou fosfornou. Redukéni ¢inidlo vytvaii smichanim 300 ml HI, 75 ml H3PO-
(50 %), a 150 ml 88 % kyseliny mravenci. K zachyceni H2S, ktery je hnan pomoci plynného
N2 pouzivaji 10 ml 0,05 M NaOH. Nasledn¢ je sulfan oxidovan pomoci H.O2 do podoby
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siranu. Pfi pouziti této metody nedochazi k uvolnéni siry z cysteinu, methioninu (tedy frakce
C-S), ale za to dochazi k redukeci siry z montmorillonitu a illitu. Zaroven je tato metoda ale
schopna pIn¢ redukovat estericky vazanou siru (C-O-S). Morche (2008) tuto metodu upravil
tak, ze nejprve vzorek podrobi frakcionaci mineralni S a tim odstrani mineralni podil S ze
vzorku a az poté tento vzorek podrobi redukci HI, ¢imz se ve vysledném roztoku objevi
pouze C-O-S frakce. Po odecteni této frakce a minerdlné extrahované siry od celkového
obsahu S je mozné dopoditat obsah siry pfimo vazané na C.

Pirela et Tabatabai (1988) se pokusili vyuzit aparat Johnsona et Nishity pro stanoveni
pouze siry vazané ptimo na uhlik. Jejich reak¢ni ¢inidlo byla smésice cinu a dehydratované
kyseliny fosfore¢né a predpokladali redukci siry z C-S do podoby anorganického sulfidu.
Dehydratovanou HzPOj4 piipravili zahtatim 250 ml této latky na 360 °C. Pozd¢ji je tato
kyselina smichana s SnCl2.2H20 za vzniku reak¢éniho ¢inidla (Sn-HsPOs). Tato metoda
bohuzel nebyla specifickd a redukovala Sirokou skalu latek mimo své piivodni zaméfeni.
Scherer (2009) zminuje, ze prave nespecificnost podobnych metod je divodem postupu, ze

se bézné vyuziva dopocet C-S frakce po extrakci ostatnich frakci, jak je zminéno jiZ vySe.

1.5.1.6 Nedestruktivni metody

Bézné stanoveni C-S organické siry dle Johnson et Nishita (1952) trpi podle Prietzel
et al. (2001) nepiesnosti. Ta je dana zpisobem vypoctu tohoto ¢isla (od celkové siry se
odecita C-O-S a mineralni S). Podle autora dochazi k podhodnoceni C-N frakce. Proto
zamé&fili svij vyzkum na testovani metody XANES (X-ray Absorption Near Edge
Spectroscopy, tedy vyuziti rentgenové absorpce Vv blizkosti absorpéni hrany) -
nedestruktivni stanoveni na suché cesté. Jedna se o metodu, kdy jsou castice pidy ozafovany
rentgenovym zafenim a nasledné je pozorovana vinova délka a intenzita zafeni, které tyto
¢astice poté vyzaii a podle kterych se urci specie prvku a jeji mnoZzstvi.

Pomoci této metody Xu et al. (2016) zjist'uji, Ze pfi porovnani vysledkii této metody
s metodou Johnson a Nishita (1952) je v extraktu metodou na mokré cesté vétsi mnozstvi S,
nez u XANES, coz vysvétluji hydrolyzou ur€ité Casti organickych forem siry do podoby
sirant v prib¢hu analyzy na mokré cesté.

Zatimco tradi¢ni extrak¢ni postupy umoziiuji stanoveni pouze pfiblizného mnoZzstvi
dané frakce siry, pomoci XANES je mozné oddélit siru v riznych oxidacnich stupnich.
Solomon et al. (2005) popisuji XANES jako uc¢inny ndstroj umoziujici detekovat

organickou siru ve vSech oxidac¢nich stupnich. Nicméné podle Prietzel et al. (2003) tato
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metoda neni schopna rozlisit mezi estericky vdzanym siranem a anorganickym SO+, diky
stejnym oxida¢nim stavim. Tito autofi dale zjistili, Ze XANES neni schopna rozlisit specie
siry u nékterych organickych sloucenin (thioly, sulfidy a polysulfidy, thiofeny), diky
blizkosti oxidac¢nich stavli S (0 az +1). Nevyhodou pfi téchto stanovenich je také podle
Prietzel et al. (2007) nutnost vyuziti synchrotronu, coz prakticky znemoziuje §irsi vyuziti

této metody pii rutinnim stanoveni S.

1.6 Prijem siry rostlinami
1.6.1 Ptijem siry z pidy

Podle Eriksen (1997) je tuloha siry v rostlinach klicova pfi syntéze aminokyselin
cysteinu
a metioninu, koenzymu A, biotinu, thiaminu, glutationu a chlorofylu. Zaroven se podili na
syntéze glukosinolatd a fixaci N leguminosami. Rostliny piijimaji S ve form& SO+%* pomoci
koteni. Rostliny jsou schopné pfi deficitu S v ptdé vyuzit také atmosfericky oxid sificity,
zasoba (Marschner 2012).
Podle Hawkesford et De Kok (2006) rostliny reguluji odbér siry:
e Tvorbou zasob, kdyz je S nedostatek;
e Redistribuci S ze zasob, nebo starSich vegetacnich organt spole¢né s N, vzhledem
k tomu, ze S a N jsou soucasti bilkovin, nebo vlivem nedostatku S v pidé, kdy je
rostlina donucend vyuzit S ve svém téle, naptiklad v dobé zakladani klasu;
e Omezenim pfijmu S pfi nadbytku prvku, kvili energetickym poZadavkim pfii
metabolismu tohoto prvku, ale mliZe se stat, Ze obsah siranil v prosttedi je tak velky,
Ze se rovnovaha vnitiniho prostfedi rozrusi a dojde k piijmu S.
Rizné membranové prenaSece pomahaji rostling s odbeérem siry z piidy a jeji distribuci
v buiikach organismu. Mechanismus symportu zahrnuje vstup H+ spoleéné s SO42".
Samotny pfijem tohoto aniontu rostlinou zplidy a prenos pfes membrany je
katalyzovan symportéry protont (Hawkesford et al. 1993). Symportéry jsou podle Kotyk
(2003) zprostiedkovateli sekundarniho aktivniho transportu Zivin, vyuZivajici gradient H,
Na* a vyjimeéné K* rostlinnych bunék bez vyuzivani energie chemickych vazeb. Sirany
vyuzivaji symport typu H*/SO4% (Leusteck et Saito, 1999), kdy spoleéné s vodikovymi ionty
dochdzi zaroven ke vstupu siranového iontu. Tento proces probiha diky gradientu protont,
ktery vyvolava adenosin trifosfatdza. K pienosu siranu ptes tonoplast dochazi diky
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elektrickému gradientu mezi cytoplasmou bunky a vakuolou. (Li et al. 2020b; Agrawal,
2003).

Vyse zminény proces popisuje prenos sirant na velmi kratkych vzdalenostech, jako je
napfiklad zminovanych ptechod pies tonoplast do vakuoly v buiice. Samotny siranovy
aniont je potfeba piepravit i na relativné vetsi vzdalenosti, jako ptiklad se da pouzit transport
od kotene az po list rostliny. Za uc¢elem prenosu sirant na kratké, ale i dlouhé vzdélenosti si
rostliny vyvinuly ,,siranovy transportni systém‘ (sulfate transporters — SULTR). Tento
systém je mozné rozd¢lit na pét skupin dle jejich fyziologickych a biochemickych funkci
(Narayan et al. 2022). Tento transportni systém je popsan relativné komplexné u rostlin rodu
Arabidopsis:

e Transportéry prvni skupiny SULTRI1.1 a SULTR1.2 se vyskytuji pfevazné
Vv kofenové epidermis, primarni kife a tenkém kofenovém vldseni. Pficita se
jim odbér siry z pudy (Yoshimoto et al. 2002). Dalsi zastupce z této skupiny
(SULTRI1.3) se nachazi ve floému a je zodpovédny za pienos S mezi zdrojem
a mistem uzitku. Misto ptivodu tohoto pienasece je v koteni (Yoshimoto et al.
2003).

e PrienaseCi z druhé skupiny (zejména SULTR2.1) se vyskytuji ve floému a
xylému a jsou zodpovédni za pienos siranti mezi pletivy. Zprostiedkovavaji
napiiklad ptfenos S z kofene do vyhonku. Dale umoziuji pfenos sirani do
parenchymu xylému a podileji se na zvySeni koncentrace S vV bunécné sténé.
(Maruyama-Nakashita, et al. 2015). Zastupci této skupiny se také ucastni
prenosu S do semen (Awazuhara et el. 2005).

e K funkci tfeti skupiny zatim neni mnoho informaci. Nicméné& vysledky
Kataoka et al. (2004) poukazuji na fakt, ze zastupci této skupiny (SULTR3.5)
asistuji druhé skupin€ pii prenosu siranti z kofene do vyhonku.

o Ctvrta skupina prenase¢t (SULTR4.1 a SULTR4.2) se nachazi v membrang
vakuoly a je zodpovédna za uvolnéni siranti a pokryti pozadavkil na tento iont
v rostlin¢ (Kataoka et al. 2004).

e Patd skupina se vyznamné li§i od téch ptedeslych. V této skupiné byl
transportér SULTRS.2 identifikovan, jako ptfenaSe¢ molybdenu v rostliné

(Tomatsu et al. 2007).
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Ptesny proces samotného pienosu sirant do mista asimilace (v plastidech) zatim nebyl
popsan. VSechny zminéné skupiny reaguji zvySenim své aktivity v podminkach, kdy je sira

deficitnim prvkem pro rostlinu (Narayan et al. 2022).

1.6.2 Prijem siry z atmosféry

Ptijem S z atmosféry je podle Vanék et al. (2012) schopny pokryt jen cca. 30 %
zZ celkové potieby S rostlinou. Sira se v atmosféfe vyskytuje ve form¢ oxidu sifi¢itého, ktery
se pii foliarnim pfijmu dostava do rostliny prevazné skrze priduchy (Marschner 2021).
V mezofylu tésné¢ pod pruduchem dochazi k redukci oxidu sifi¢itého (Aghajanzadeh et al.
2016). Touto cestou se v listech mize ukladat az 90 % oxidu sifi¢itého, ktery je sorbovan na
povrchu listu (Garsed, 1985). Po vstupu do rostliny je oxid sifiity distribuovan po rostling
a je zabudovan do riznych sloucenin. Pfijem touto cestou se odehrava i v noci, ale diky
vysoké rozpustnosti oxidu sifi¢itého ve vod¢ prevazuje pies den (Marschner, 2012).

Podobn¢ také atmosfericky sulfan a karbonylsulfid (COS) je rostlina schopna
pfijmout. Sulfan je v mezofylu asimilovan O-acetylserin (thiol)lyazou (OASTL) pro syntézu
cysteinu (Fuentes et al. 2019). Rostliny jsou schopné také pfijimat sulfan z atmosféry a to
zejména pies den pii otevieni praduchii (Marschner 2012). Nicmén¢ tuto slouc¢eninu rostliny
spiSe vyluCuji, v rdmci detoxifikace po kontaktu s vysokou koncentraci oxidu sifi¢itého

v ovzdusi. COS se po piijmu v rostliné metabolizuje na CO2 a H2S pomoci karbonanhydrazy
(CA) (Stimler et al. 2010).

1.6.3 Deficit siry

Z hlediska zemédélské produkce muze vyrazny nedostatek siry vést ke snizenym
vynostim a kvalité sklizn€ (Etienne et al. 2018; Ercoli et al. 2012), zatimco mirny nedostatek
muize mit vliv pouze na kvalitu, a nikoliv na vynos (Hawkesford et al. 2016). Skliziiova
kvalita ovSem neni z hlediska vyzivy S ddna pouze obsahem bilkovin ve sklizené Casti
rostliny, ale i jeji formou. Hnojeni sirou vede kK vyznamné zvysSené kvalité lepku u rostlin
pSenice ozimé (Ercoli et al. 2012; Lerner et al. 2006; Yu et al. 2021). U fepky ozimé dochazi
také ke zvysSeni obsahu bilkovin (Grant et al. 2012); olejnatosti a obsahu glukosinolatii
(Ahmad et al. 2007) v semenu. Zaroven tato rostlina velmi dobfe reaguje na hnojeni sirou
zvySenim vynosil (Grant et al. 2012) vzhledem k tomu, Ze je na tuto Zivinu velmi narocna.

Obdobné také rostliny kukufice ukladaji vice bilkovin v zrnu pfi aplikaci hnojiva se sirou
(Chaudhary et al. 2013).
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Z hlediska fyziologie rostliny je nedostatek S ve vyzivé rostliny vede az ke snizené
syntéze enzymu Rubisco, ktery ovliviiuje asimilaéni rychlost oxidu uhli¢itého. To miize mit
za nasledek zhorSenou syntézu uhlovodiki, ktera nakonec vyusti v chlordézy na listech
(Hawkesford et al. 2016; Yu et al. 2021). Deficit tohoto prvku mutize také snizit vyuziti N
Vv rostlin€. Dochazi ke snizenému pfijmu dusi¢nani a také ke snizeni aktivity nitratreduktazy
(Prosser et al. 2001) a zvySeni obsahu rozpustného dusiku v rostliné v podob¢é amida a
dusi¢nanti, coz vede ke zvyseni poméru N:S a vytvofeni nerovnovahy téchto prvki
(Carciochi et al. 2017). PiekroCeni urcité hodnoty tohoto poméru je jednim z faktort, podle
kterych se da deficit S urcit. Dobie Ziveny porost pSenice ozimé se pohybuje v hodnotach
N:S kolem 15:1 a pii prekroceni 17:1 se jiz d& zaznamenat snizeni vynosu (Flaete et al.
2005). U kukutice by mél €init tento pomér 11,5:1 (Weil et Mughogho 2000).

Byla také popsana korelace mezi metabolismem siry a fosforu (Allaham et al. 2020).
V rostlinach dochazi ke zvysené tvorbé sulfolipidii pii nedostatku P a zvySené produkci
fosfolipidl pfi nedostatku S (Sugimo et al. 2007). PifenaSece S a P maji podobnou strukturu
a regulacni mechanismy (Smith et al. 2000). Napfiklad se nabizi cytokiny, které reguluji
ptijem a transport S a P (Franco-Zorilla et al. 2005), Pii nedostatku P také dochazi ke zvyseni
aktivity SULTR1.3, ktery transportuje S z kotene k vyhonktm (Hsieh et al. 2009).

1.7 Asimilace siry v rostliné

1.7.1 Cystein

Rostlina neni schopna vyuzit siranové ionty okamzité. Nejprve musi byt tento iont
aktivovan do podoby adenosin 5’-fosfosulfat (APS) a 3’-fosfoadenosin-5’-fosfosulfat
(PAPS) (Kaufmann et al. 2019). Adenosin-5-trifosfat sulfurylaza (ATPS) katalyzuje SO4>
do formy APS, nasledné je APS fosforylovan do podoby PAPS pomoci APS kinazy (APK).

Redukce sirani probihd vyluéné v plastidech ve dvou krocich. V prvnim kroku
adenosine 5'-fosfosulfat reduktdza (APR) katalyzuje tvorbu sifi¢itanu z APS. Poté sificitan
reduktaza (SIR) katalyzuje sifi¢itan do dvoumocného sulfidu (S%) za casti ferredoxinu, jako
redukéniho ¢inidla. Dale je sulfid s asistenci serin acetyltransferazy (SAT) a O-acetylserin
(thiol)lyazy (OASTL) integrovan do uhlikového fetézce O-acetylserin (OAS). To vede
k tvorbé cysteinu. Samotna syntéza cysteinu jiz mize probihat nejen v plastidech, ale také
V mitochondriich a cytoplasmé bunck a je dillezitym krokem, ktery umoziiuje tvorbu dalSich

metabolitli (Chan et al. 2019).
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Obrazek 6: Schéma metabolismu S. Enzymy jsou zvyraznény oranzZove.
Zkratky metabolitd: APS - adenosine 5’ -fosfosulfat; PAPS - 3"-fosfoadenosine
5 fosfosulfat; R-OH - hydroxylovy prekurzor; Ser - serin; OAS - O-acetylserin;
Cys - cystein; OPH - O-fosfomonoserin; Thr - threonin; Cyst - cystathionin;
Hcyst - homocystein; Met - methionin; y-EC - y-glutamylcystein; GSH -
glutation; GS-X - glutation konjugovany; Glu - glutamat; X-cysGly -
cysteinylglicin konjugovany; Zkratky enzymi: ATPS - adenosin-5-trifosfat
sulfurylaza; APK - APS kinaza; SOT: sulfotransferaza; APR - APS reduktaza;
SiO - sifi¢itan oxidaza; SiR - sifi¢itan reduktaza; SAT - serin acetyltransferaza;
OASTL - O-acetylserin (thiol)lyazy; CGS - cystathionin y-syntetaza; TS -
threonin syntetdza; CBL - cystathion B-lydza; MS - methionin syntetaza; y-ECS
- y-glutamylcystein syntetaza; GSHS - glutation syntetaza; GST - glutation-S-
transferaza; GGT - y-glutamyltransferaza. Prevzato z: Li et al. (2020b).

1.7.2 Glutation

Glutation (GSH) je hlavni zdsobéarna a pfenase¢ organické siry v rostlin€. Ke svému

vzniku potiebuje cystein. Za ucasti y-glutamylcystein syntetdzy (y-ECS) vznika y-

glutamylcystein (y-EC) z cysteinu a glutamatu. Nasledné y-EC reaguje s glycinem, nebo
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alaninem a vznikd GSH za ucasti glutation syntetazy (Hendricks et al. 2020; Jez 2019). GSH
hraje vyznamnou roli v odolnosti rostliny vii¢i stresu a je to také prekurzorem pro vyrobu

fytochelatinti, které hraji vyznamnou roli v odolnosti rostliny vii¢i vlivu rizikovych prvka

(Chan et al. 2019; Maruyama et Ohkama. 2017).

1.7.3 Metionin

Tato aminokyselina obsahujici S ma vyznamnou roli v primarnim a sekundarnim
metabolismu Vv rostlinach a vznika z cysteinu. Z metioninu za ucasti S-adenosylmetionin
synthetdzy (SAMS) vznikd S-adenosyl metionin (SAM). SAM je prekurzor pro syntézu
etylenu, polyaminti, vitamini, koenzymt a nicotinaminu (NA). Etylen je dilezitym
rostlinym hormonem. NA je kliCovy pfi absorpci a transportu Zeleza v rostliné (Aarabi et al.

2020; Wawrzynska et al. 2015).

1.7.4 Glukosinolaty a PAPS

Glukosinolaty jsou sekundarni metabolity, které se vyskytuji pfevazné v brukvovitych
rostlindch (Aarabi et al. 2016; Zhang et al. 2020). Jejich syntéza vyZaduje GCast PAPS,
cysteinu a sulfotransferazy (SOT). Tyto latky samy o sobé nejsou biologicky aktivni, ale
poSkozeni rostliny nastartuje procesy, pii kterych se z glukosinolatl vytvafi nitrily a
thiokyanatany, které jiz biologicky aktivni jsou. Mezi funkce té€chto metabolitl patii
napiiklad tvorba nepfijemného zapachu, inhibice mikrobidlniho rustu, odolnost proti
herbivorim a hmyzu (Sugiyama et Hirai 2019; Jeschke et al. 2019). Samotné PAPS je
zasobni formou APS a vstupuje do fady procest, jako substrat (Glinal et al. 2019).
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2 Literarni prehled — pidni organicka hmota

Pldni organickd hmota (z anglického soil organic matter - SOM) je nejvétsi aktivni
zasobarnou uhliku na planeté (Kleber et al. 2021). Jeji zasoba representuje dlouhodobou
rovnovahu mezi vstupy rostlinnych zbytki a rozkladem téchto zbytkli piadnimi
mikroorganismy. Zemédélstvi tuto rovnovahu naruSuje tim, ze zvySuje rychlost rozkladu
organické hmoty (Magdoff et Weil 2004). Cast pudni organické hmoty je schopna
z rozkladnych procest alespont na ur¢itou dobu uniknout stabilizaci na povrchu pidnich
Castic, které jsou soucasti pudnich agregati (Lehmann et al. 2020). Ptdni organicka hmota
je svou funkei jeden z nejvétSich reaktivnich povrchti v pudé, ktery ovliviiuje retenci zivin,
rizikovych prvki a organickych polutantd, ¢imz snizuje jejich mobilitu a potencial pro
vyplaveni do povrchovych a podzemnich vod. SOM tvofi cca. 1 — 6 % hmotnosti
zemédélskych pud. Méné urodné pudy, zpravidla pisé¢ité, dosahuji i pod 1 %. Pidy hlinité
dosahuji 2 az 3 % a jilovité pudy i ptes 5 % SOM (Magdoff et Van Es 2021).

Pudni organickd hmota je velky reservoar uhliku, ktery je esencialni komponent
udrzitelnosti ptidni urodnosti a stability ekosystémut (Kwiatkowska-Malina, 2018; Sokol, et
al. 2019; Wiesmeier et al. 2019; Xue et An 2018). Obsah pidni organické hmoty je ovlivnén
mnozstvim a piivodem rostlinnych zbytkli a organického hnojeni (Cotrufo et al. 2019).
Napiiklad Gregorich et al. (2003), Song et al. (2022) a Wang et al. (2015) uvadg&ji nartst
SOM pfi pouziti riznych organickych hnojiv (naptiklad hndj a sldma) v porovnani s
mineralnimi hnojivy.

Vyznamnym komponentem SOM je pudni organicky uhlik (Csom). Mnozstvi uhliku
V pudé€ je cca. trojnasobné V porovnani s mnozstvim uhliku v atmosféfe (Stockmann et al.
2013), a zaroven je vétsi, nez soucet uhliku vegetace a atmosféry (Lehmann et Kleber 2015).
Tato skute¢nost d€la z ptidniho uhliku zajimavou cestu pro snizeni obsahu CO; v atmosfére
(Lorenz et Lal 2014). To je jeden z duvodu, které vedly k velkému rozmachu studii

zameétenych na obsah a kvalitu SOM a Csowm.

2.1 Pudni organicky uhlik

Obsah a kvalita ptidniho organického uhliku jsou vyznamnymi parametry pii ur¢ovani
pudni urodnosti. Pidni organicky uhlik je zejména ovlivnén Sirokou Skalou pladné-

klimatickych podminek (Meier et Leuschner 2010, Koven et al. 2017), zptsobem vyuZziti
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pudy (Viscara-Rossel et al. 2014; Poeplau et al. 2011), hnojenim (Balik et al. 2020),
agrotechnikou (Luo et al. 2010, Powlson et al. 2014).

V globalnim méfitku teplota a srazky vyrazné ovliviiuji obsah Csom (Wiesmeier et al.
2019). Obsah Csom je vyssi ve vlh¢im prostiedi (Meier et Leuschner 2010) diky
zrychlenému zvétravani matecnich hornin vedoucimu ke zvysené produkci sekundéarnich
hlinito-kiemicitant, které mohou na svém povrchu vazat Csom (Doetterl et al. 2015). Orné
pudy v teplejsich klimatickych podminkach jsou typické snizenim Csom (Koven et al. 2017),
diky zvySené mineralizaci dané vys§i mikrobialni aktivitou (Conant et al. 2011).

Zpusob vyuziti pudy je jednim z nejvyznamnéjSich faktort ovliviujici obsah Csom
(Viscara-Rossel et al. 2014; Poeplau et al. 2011). Obecné plati, Ze obsah Csom se zvySuje
V nasledujicim pofadi orna ptida < lesni pida < trvalé travni porosty (Martin et al. 2011).
Obsah Csom se muze snizit o 30 az 80 % pokud dojde ke konverzi vyuziti pidy z lesnich
nebo trvalych travnich porosti na ornou ptdu (Poeplau et al. 2011, Wei et al. 2014). Tato
ztrata Csom se da piisuzovat zvySené erozi na orné pud¢, snizené stabilizaci Csom kvuli
degradaci pudnich agregati a naslednému narstu mineralizace diky zvySeni teploty a
provzdusnéni pudy (Hamza et Anderson 2005). Byl pozorovan narast Csom, kdyZ se orna
puda ptevadi na lesni ptdu, nebo trvalé travni porosty (Schulp et Veldkamp 2008). Na orné
pide s monokulturami byl prokdzan nizsi obsah Csowm, V porovnani s rotaci plodin (Jarecki
et Lal 2003). Ruznorod¢jsi rotace plodin hraji vyznamnou roli ve zvySovani obsahu Csom
diky zvySenym vstuptim C do kotenl, zvySené diverzité¢ mikroorganisml a vyssi stabilité
pudnich agregatii (Tiemann et al. 2015), zejména pii pouZiti plodin s bohatym a hlubokym
kofenovym systémem (Kitterer et al. 2011). Viceleté¢ picniny podporuji kumulaci Csom
(Poeplau et Don 2015).

Dlouhodobé hnojeni organickymi hnojivy je béZné asociovano se zvySenim obsahu
Csom (Qaswar et al. 2020, Ashraf et al. 2021), zatimco mineralni hnojiva poskytuji misty
protichidné vysledky (Shah et al. 2020, Waqas et al. 2020), coz mize byt zplisobeno
ruznymi davkami a typy pouzitych hnojiv (Shah et al. 2020). Organicka hnojiva zvysuji
obsah Csom dvéma zpusoby. Za prvé se jedna o piimy vstup organického C, jehoz
vyznamnymi zdroji jsou klasicka organicka hnojiva. Dale vstup organickych hnojiv vede ke
zlepSeni fyzikalnich vlastnosti pudy, coz vede K nardstu biomasy a dale ke zvySenym
vstuptim organické hmoty skrze poskliziiové zbytky (He et al. 2018, Mustafa et al. 2022).
Kombinace mineralniho NPK hnojeni a hnoje vede k vyznamnému naristu Csom (0bsah 3,5

%) oproti nehnojené kontrole (1,5 %) a samotnému mineralnimu NPK (1,8 %) (Mustafa et
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al. 2022). Na mén¢ urodnych pidach je tento efekt vice zietelny. V pokusu Dai et al. (2013)
byl pozorovan vyssi narust obsahu Csom na varianté hnojené chlévskym hnojem (1,1 %)
oproti kontrole (0,44 %) a NPK (0,63 %). Obdobné vysledky popisuji také napiiklad
Ku$mierz et al. (2023). Aplikace slamy muze vést k vyznamnému nartstu Csom (Meng et
al. 2024). Kombinace organickych a mineralnich hnojiv je dal$im zajimavym pfistupem
V péci o obsah Csom. Napiiklad Jac¢imovié et al. (2023) uvadéji, Ze pii kombinaci aplikace
slamy a mineralniho N zaznamenali vyznamny narust Csom (1,47 %) V porovnani
s nehnojenou kontrolou (1,27 %). Aplikace ¢istého N bez slamy nevedla v jejich pokusu
k vyznamnému narustu Csom. V1iv ma také davka organického hnojiva. Wang et al. (2021)
stanovili nartist Csom do davky cca 7 t slamy.ha™. Pfi vyssich hodnotach jiz nedochézelo
K nariistu obsahu Csowm.

Pramérné obsahy Csom se pohybuji v rozmezi 0,7 — 4,0 % (Viscarra-Rossel et al.
2014). Ne vsSechen uhlik v organické frakci si je ovSem roven a rozdéleni Csom do
jednotlivych forem je vyuzivano pro posouzeni schopnosti pud odolavat degradaci (Piccolo
2012, Olk et al. 2019, Savarese et al. 2021). Tyto formy uhliku je mozné povazovat za
kvalitativni parametry Csom. Pldni organicky uhlik 1ze rozdélit, pro tcely této prace, na:

a) labilni - frakce je reprezentovana mineralizovatelnym uhlikem (Cnwe), nebo
rozpusténym organickym uhlikem (Cpoc) a jednd se o prechodnou frakci na
pomezi Cerstvé rozlozenych rostlinnych zbytkd a stabilizované organické hmoty.
Diky rychlosti jejich obratu jsou dobrym indikdtorem zmén kvality padni
organické hmoty (Dumale et al. 2009). Pidni mikroorganismy jsou hlavnimi hraci
ovlivityjici obsahy labilnich forem, a tyto formy se proto pouzivaji pro urceni
mikrobialni aktivity (Kallenbach et al. 2016).

b) stabilni - frakce reprezentovana humusem, ktery se da rozdé€lit na huminové
kyseliny (HK), fulvokyseliny (FK) a huminy (HU) (Kwiatkowska-Malina 2018).
Jejich obsah a potazmo obsah uhliku v téchto frakcich je velmi dilezitym
indikatorem kvality pldy a jeji odolnosti vii¢i degradaci (MenSik et al. 2018). Za
specifickou c¢ast této frakce se da povazovat urcitd ¢ast skupiny glykoprotein,
souhrnnym oznacenim ,,glomalin®, ktera v pidé mize zlstavat témet pét dekad
(Harner et al. 2004).

Je nutné také zminit, Ze se Cast plidni organické hmoty nachéazi ve frakci primarni

organické hmoty. Jednd se o piivodni organickou hmotu, kterd se dostdva do pldy

(sacharidy, organické kyseliny, aminokyseliny, bilkoviny, tuky, vosky, celuléza aj.) a
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nachazi se v rizném stupni rozkladu. Rychlost rozkladu téchto rostlinnych a zivocisnych
zbytkl je do jisté miry ddna latkovym slozenim a pidnimi podminkami. Obsah primérni
organické hmoty je cca. 5 — 15 % z celkového obsahu organickych latek v piadé¢ (Balik et al.
2019). Zavarzina et al. (2021) uvadéji 2 — 30 %.

Pro uréeni kvality Csom Se tedy aktualné pouziva Siroka skala metod. Jednim
Z pozadavkl pro zeméd¢€lské védy a praxi je vytvoreni metody, kterd je ,,user-friendly*. Pro
takovou metodu jsou pozadovany nasledujici vlastnosti: spolehlivé vysledky, jednoducha
procedura, jednoduché vyhodnoceni dat, nizka cena, rychlost a nizka spotieba chemikalii.
Z téchto divodt byla vénovana pozornost stanoveni obsahu glomalinu (GRSP) jako
kvalitativniho parametru ptidni urodnosti (Bedini et al. 2013), pfipadné také indexu
smacivosti (Ellerbrock et al. 2005), nebo indexu aromaticity (Cunha et al. 2009).

K uréeni obsahu Csom se tradi¢né ptistupuje dvéma zplsoby. Uréeni obsahu Csom ha
suché cesté, nebo na mokré cesté (Davis et al. 2018). Na mokré cesté se jedna zpravidla o
Walkley-Black metodu (Walkley et Black 1934), v Ceské republice modifikovanou dle
Novaka-Peliska (Jandak et al. 2010). Jedna se o oxidaci Csom pomoci K2Cr.O7 Vv prostiedi
H2SO4. Obsah oxidovaného uhliku se stanovi z objemu vyprodukovaného CO2 nebo z
nespotiebovaného objemu oxidac¢niho Cinidla titraci Mohrovou soli (Bisutti et al. 2004,
Davis et al. 2018). Postup na mokré cesté byl ptivodné kritizovan diky faktu, Ze nedokaze
oxidovat veskery Csom (Tivet et al. 2012). Proto se objevuji modifikace, kdy se oxidace
uhliku podpofi zahiatim na teploty kolem 120 °C (Jandak et al. 2010), ale ani takové upravy
nezarucuji vzdy 100 % oxidaci (Rheinmer et al. 2008). Na suché cesté se da obsah Csom
urcit oxidaci pidniho organického uhliku spalenim vzorku pfi teplotach v rozsahu 1000 —
1600 °C (Davis et al. 2018). Tato cesta je problematicka diky faktu, ze se oxiduje také padni
mineralni uhlik a vede k nadhodnoceni vysledki. Mineralni uhlik se v§ak da pted analyzou
odstranit kyselinou chlorovodikovou (Brodie et al. 2011), ptipadné u ptid majici pH < 6 neni
pfitomno vyznamné mnozstvi uhli¢itand a neni potfeba mineralni uhlik odstrafiovat viibec
(Mikha et Marake 2023) a obsah Csom je téméf roven obsahu celkového uhliku (Périé et
Ouimet, 2008). Obéma zptisoby je mozné ziskat obsah Csom. Z této hodnoty se da nasledné
dopocitat obsah pidni organické hmoty dle nasledujici rovnice:

SOM (%) = Csom (%) * 1,724.

Hodnota 1,724 je znama pod oznacenim ,,van Bemmelen faktor* a po piepoc¢tu bude

vyhazet SOM cca. dvojnasobné vyssi nez Csom. Prvni zminky o tomto faktoru Ize datovat

az do roku 1826 (Sprengel 1826) a vychazi z faktu, ze v ptivodni praci byl stanoven obsah
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uhliku v huminovych kyselinach na 58 % a byl ptedpoklad, Ze podobn¢ bude uhlik zastoupen
ve vSech slouc¢eninach pidni organické hmoty. Tedy, zZe organickd hmota je tvofena z 58 %
uhlikem. Moderni vyzkum ovsem uvadi, ze v priméru Csom tvoii kolem 52,6 % z ptdni
organické hmoty, a tedy faktor 1,9 by byl pti pfepoc¢tu vhodné&jsi (Pribyl 2010). Je vSak jasné,

ze se jedna o pramér ze Siroké skaly ptd a v podstaté se jedna pouze o orienta¢ni hodnotu.

2.2 Labilni frakce pidniho organického uhliku

Tyto formy se proto pouzivaji pro uréeni mikrobialni aktivity (Kallenbach et al. 2016),
nebot’ reprezentuji Zivy komponent plidni organické hmoty. Tyto frakce labilniho uhliku se
povazuji za prvotni indikatory zmén kvality ptidniho organického uhliku (Ghani et al. 2003,
Kalisz et al. 2017).

2.2.1 Uhlik extrahovatelny horkou vodou (CHwe)

Stanoveni obsahu lehce mineralizovatelného pudniho uhliku je mozné s pouzitim
extrakce horkou vodou (z anglického hot-water extractable carbon - Chwe). Piedstavuje na
ornych pudach zpravidla 1 — 5 % z organického ptidniho uhliku (Jiang et al. 2009), coz
adové odpovida stovkam mg.kg™ pidy (Simon et al. 2012; Singh et Kumar 2021, Kalisz et
al. 2017). Cruwe zéaroven velmi dobie koreluje s obsahem uhliku v mikrobialni biomase
stanovenym pomoci fumigace pidniho vzorku chloroformem (Ghani et al. 2003). Pouziti
(odpada prace s chloroformem). Cxwe obsahuje az 60 % uhlovodikti a amidi pochazejicich
Z biomasy mikroorganismu, enzymi a kofenovych exudati (Ghani et al. 2003). Indikuje tedy
predevsim uhlik mikrobialni biomasy. Metodika dle Ghani et al. (2003) je zakladem pro tyto
extrakce.

Je mozné pouzit zjednodusenou modifikaci dle Korschens et al. (2013). Vysuseny
pudni vzorek (< 2 mm) je zalit demineralizovanou vodou v poméru 1:5 (w/v). Tato suspense
se vaifi po dobu jedné hodiny. Po vychladnuti se ptida oddéli od roztoku vétSinou
odstfedénim. Obsah uvolnéného uhliku je mozné méfit ve vysledném filtratu po pfevedeni
do formy CO2 digesci za ucasti UV-zafeni a persiranu, vedouci k oxidaci uhliku. Mineralni
uhlik je odstranén z roztoku acidifikaci kyselinou sirovou. Jako detektor CO. se vyuziva
nedisperzniho infracerveného (NDIR) analyzatoru diky schopnosti tohoto plynu dobie

absorbovat svétlo v infraerveném pasmu.
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V ptipadé Crwe byl popsan, jak vliv agrotechnickych opatfeni, tak sezonni. Singh et
Kumar (2021) zjistili, ze obsah Chwe je vyssi pti pouziti krycich plodin 0 34 % pted setim
kukufice proti varianté se samotnym vysevem kukufice. Toto sniZzeni miZze byt pfisouzeno
kombinaci rychlych period jarnich mrazt a ndhlého otepleni spole¢né s nadmérnou vihkosti
(Lipson et al. 1999). Lipson et al. (2000) zminuji, rychlé ze stfidani mrazu a otepleni
nastartuje mikrobialni aktivitu a vysoka vlhkost v dobé otepleni vede k tani zmrzlé vody a
naslednému vyplaveni jednoduchych organickych slouc¢enin do nizsich horizontt. Singh et
al. (2021) dale zminuji, Ze vliv kryci plodiny na obsah Chwe byl vétsi, neZ jina agrotechnicka
opatfeni (minimalizace zpracovani pudy, rotace plodin). Schopnost mikrobialni biomasy
reagovat na zasahy do pudy byla demonstrovana ve studii Fiedler et al. (2015), kde bylo
zjisténo, ze se obsah Chwe V priméru zdvojnasobil den po orbé v porovnani s pfedchozim
dnem a dalsi den se prudce snizil pod piivodni troven, coz poukazuje na omezenou zasobu
labilnich frakci uhliku v ptidé (Uchida et al. 2012). Efekt dlouhodobého hnojeni chlévskym
hnojem, mineralnim NPK a jejich kombinace popsal Simon (2008). Byl pozorovan
vyznamny nériist Chwe pfi kombinaci NPK a hnoje (336 mg.kg™) oproti kontrole (252
mg.kg?). Vyznamny nardst (303 mg.kg™) byl pozorovan také na varianté se samotnym
hnojem. Obsah Chwe na varianté¢ s mineralnim NPK byl srovnatelny s kontrolou. Autor
zaroven pozoroval vyznamnou korelaci mezi Chwe & Csom. Kalisz et al. (2017) pozorovali
nartst CHwe V pruméru o 22 — 23 % po aplikaci Cistirenského kalu a kompostu v porovnani
s kontrolou. Vétsi nartist byl ovSem pozorovan na variantach s kompostem, coz indikuje
lepsi piistupnost substratu pro mikroorganismy v tomto hnojivu (Kalisz et al. 2017). Liang
et al. (2012) popisuji vyznamné korelace mezi Csom @ Crwe (r? = 0,950; 0,01). Dale je
popsan vliv aplikace chlévského hnoje na vyznamné zvySeni obsahu Chwe na témeét
dvojnasobek kontroly (kontrola cca. 220 mg.kg?), zatimco minerdlni hnojivo bylo

srovnatelné s kontrolou.

2.2.2 Rozpustény organicky uhlik (Cpoc)

Rozpustény organicky uhlik (z anglického dissolved organic carbon — Cpoc). Jsou
malé (< 0,45 um) rozpustné castice pudniho organického uhliku tvofené mikrobiadlnimi a
rostlinnymi exudaty a produkty hydrolytickych rozkladl organické hmoty, schopné sorbovat
se na povrchy jilovych minerali (Leinemann et al. 2018). Zpravidla se hodnoty Cpoc
pohybuji fadové v desitkach mg kg™ piidy (Bongiorno et al. 2019) a dosahuji tak nizich
hodnot, nez Chwe (Ghani et al. 2003). Obecné¢ vyssi teplota a vlhkost pudy vedou ke zvySeni
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rychlosti rozkladu ptidni organické hmoty a narastu obsahu Cpoc (Zhou et al. 2015). Velké
zmény ve vyuziti pady (konverze lesni plidy na ornou) a zavedeni orby zvysuje mikrobidlni
aktivitu a také obsah Cpoc (van Gaelen et al. 2014). OvSem jedna se o relativné kratkodoby
efekt (Leinweber et al. 2008).

Laboratorni stanoveni je mozné provést z Cerstvého vzorku (< 5 mm) v poméru 1:10
(w/v) roztoku 0,01 mol. Lt CaCl, (Houba et al. 2000). Smésice vzorku s CaCl; je dvé hodiny
titepana a dochazi k uvolnéni Cpoc. Nasledné se odstredi extrakt od ptidniho vzorku. Obsah
uvolnéného uhliku je mozné méfit ve vysledném supernatantu po prevedeni do formy CO2
digesci za Ucasti UV-zafeni a persiranu vedouci k oxidaci uhliku. Mineralni uhlik je
odstranén z roztoku acidifikaci kyselinou sirovou. Jako detektor CO2 se vyuziva NDIR
analyzatoru, diky schopnosti tohoto plynu dobte absorbovat svétlo v infraerveném pasmu.

Bongiorno et al. (2019) uvad¢ji, Zze vstupy organické hmoty ovliviiuji obsahy Cpoc
(cca. 27,6 mg.kg? oproti systému bez vstupu organiky 24,2 mg.kg p < 0,05), zatimco
zpracovani pudy (orba versus minimalizace) a interakce téchto faktord nema statisticky
vyznam. Hodnoty Cpoc jsou totiz mnohem vice ovlivnéné vlastnostmi stanovisté (teplota a
vlhkost), nez zpracovanim pudy (Federici et al. 2017, Mouloubou et al. 2016). Na jate je
studii Schiedung et al. (2017). Vliv aplikace zeleného hnojeni popsali Li et al. (2024).
Aplikace zeleného hnojeni v kombinaci s mineralnim hnojenim vyrazné zvysila obsah Cpoc
(cca. 0 20 %), zatimco samotna aplikace zeleného hnojeni neméla vyrazny efekt.

Objevuji se také studie, ve kterych neni pozorovan vliv hnojeni na obsah Cpoc
(Margenot et al. 2017, Ladoni et al. 2015). To muze byt dano vlastnostmi ptudy. Padni typ
muze ovlivnit miru vlivu zpracovani pidy na kvalitu pidniho organického uhliku. Zaroven
muze mit v leh¢ich pidach ptidavek organické hmoty vyssi vliv na labilni frakce uhliku, nez

pii minimaliza¢nim zpracovani pudy (Chievenge et al. 2007).

2.3 Humusové latky

Humus je vyznamnou ¢ast pidni organické hmoty. Jedna se o Siroké spektrum molekul
v rizném stupni rozkladu a syntézy (Baveye et Wander 2019). Nejvyznamnéjsi skupinou
latek tvofici humus (z 85 — 90 %) jsou huminové latky (HS), které jsou popisovany jako
skupina latek relativné vySSich molekulovych hmotnosti, resistentnich mikrobidlnimu
rozkladu, o neznamé strukture molekuly (Zavarzina et al. 2021), vznikl¢ rozkladem

organickych latek v pidé (McCarthy et al. 2001). Zbylych 15— 10 % jsou nehuminové latky,

-31-



tedy latky jako polysacharidy, aminokyseliny, nizkomolekularni organické slouceniny a
nékteré cukry (Schnitzer 1972). Huminové latky jsou na zakladé své rozpustnosti v alkaliich
rozdéIné do tii kategorii. Huminové kyseliny (HA), které se srazi pii pH < 2, fulvokyseliny
(FA) rozpustné v celém rozsahu pH a huminy (HU), jako nerozpustné reziduum (Stevenson
1994). Pavodni tvrzeni, ze huminy, fulvokyseliny a huminové kyseliny jsou stabilni
makromolekuly s vysokou molekulovou hmotnosti, jsou jiz znaénou dobu konfrontovana
s nov¢jSimi koncepty. Huminové latky je mozné popsat spiSe jako supramolekularni
asociace, nez polymery makromolekul (Piccolo et al. 2002). Tedy velké kongregace molekul
spojené Van der Walsovymi silami, vodikovymi mistky, nebo ®= — m vazbou. Clanek
v periodiku Nature dokonce odmita existenci huminovych latek, jako samostatné kategorie
ptirozenych slouc¢enin (Lehmann et Kleber 2015). Autofi piispévku navrhuji model pidniho
kontinua (z anglického ,,s0il continuum model“ - SCM). Argumentuji tim, Ze pudni
organicka hmota je kontinuum biomolekul v riznych stadiich rozkladu vedouci ke snizeni
molarni hmotnosti a zvyseni rozpustnosti. Tradi¢ni rozdéleni totiz vychazi z metodiky
extrakce huminovych latek (obrazek 7). Dalsi argument (Lehmann et Kleber 2015) je ten,
7e toto rozdéleni nemd analog v Zivych organismech a pii extrakci dochazi k tvorbé artefakti
- pfi extrakci se uvolnuji také frakce humusu nepatiici mezi huminové latky. Primérné

prvkové sloZzeni huminovych latek je v praméru popsano v tabulce 1.

Tabulka 1. Prvkové sloZeni huminovych latek

Prvek/ C 0] H N S
Frakce %

FK 40 - 50 44 —50 4-6 1-3 0-2
HK @ 50 - 60 30-35 4-6 2-6 0-2
HU ®) 48 — 62 29— 45 7-14 3-6 0-1

3 pievzato z: Sible et al. (2021)

b) pfevzato z: Rice et McCarthy (1991)

I pres tuto kritiku se extrakce huminovych latek vyznamné vyuziva pro posouzeni
kvality padniho organického uhliku (Jien et al. 2011, Kukujs et al. 2019, Ampong et al.
2022). Stanoveni téchto frakei uhliku vychazi z uprav puvodni metodiky dle Kononova
(1966). Nejprve je padni vzorek (5 g) extrahovan vV poméru 1:20 (w/v) pomoci smésice 0,1
mol.L™* NaOH a 0,1 mol.L™ NasP.O7; po dobu 24 hodin. Timto dojde k oddé&leni
nerozpustnych humint od fulvokyselin a huminovych kyselin, které se pfevedou do roztoku.

Roztok je filtrovan. Cast filtratu se odebere a uschové pro stanoveni uhliku v huminovych
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latkach (Chs). Ve zbylém filtratu se snizi pH na hodnoty 1,0 az 1,5 pomoci koncentrované
H2>SOs4 a je zahtivan po dobu 30 minut. Po 24 hodinach se odd¢li vysrazené huminové
kyseliny od fulvokyselin filtraci za ucasti 0,05 mol.L™ H2SO4 a je ziskan &isty roztok
fulvokyselin. Dale je nutné prevést do roztoku vysrazené huminové kyseliny pomoci
horkého 0,05 mol.Lt NaOH. Takto ziskdme roztoky pro stanoveni uhliku v HA (Cna) a FA
(Cea). Vsechny tii ziskané roztoky se nasledné odpati do sucha. Ziskané suché vzorky se
nasledné¢ zaliji smési KoCr,O7 a HoSO4 a zahteji. Dochézi k oxidaci uhliku pomoci K2Cr207.
Zbytek nezreagovaného K>Cr,07 se titruje pomoci KI do bodu ekvivalence.

Svou strukturou jsou huminové kyseliny a fulvokyseliny velice variabilni. Obsah a
slozeni funkénich skupin téchto latek se muze lisit dle ptivodu organického materialu, ze
kterého vznikly, jejich stafi, ale také na zédkladé podminek stanovisté (De Melo et al. 2016).
Svou strukturou jsou fulvokyseliny obecné aromaticky fetézec uhliku se tfemi aZ péti
substitenty. Jedna se o hydroxylové funkéni a éterické funkeni skupiny, alifatické fetézce
obsahujici ketonické, nebo aldehydické funkéni skupiny, navézané na dal$i aromatické
fetézce. Déle mohou obsahovat karboxylové funkéni skupiny, cukry a aminokyseliny
(Schaumann et al. 2006, Tan et al. 2014). Huminové kyseliny maji oproti fulvokyselinam
vice uhliku v aromatickych slou¢eninach (Zhou et al. 2019). Huminové kyseliny také
obsahuji hydroxylové a karboxylové funkéni skupiny, ale zaroven se v jejich struktufe
objevuje vice chinonti (De Melo et al. 2016). Fulvokyseliny jsou bohat$i na C-N vazby,
karboxylové a hydroxylové fuknéni skupiny, zatimco huminové kyseliny ve své struktuie
nesou vice (CH2)n, NHz, a nenasycené C=C vazby (Mu et al. 2024).

Vyzkum se zamé&fuje pievazné na studium FA a HA, nebot’ mohou zvysit kvalitu Csom
a pudni trodnost v relativné kratSich ¢asovych intervalech (Ampong et al. 2022). Pti procesu
humifikace dochazi k tvorbé huminovych latek. Obecné se udava, ze fulvokyseliny jsou
mén¢ vyzralé a huminové kyseliny jsou zralejsi a stabiln€jsi (McCarthy et al. 2001). Proto
pii vypoctu poméeru obsahu huminovych kyselin k fulvokyselindm vyS$si hodnoty popisuji
kvalitngj$i organickou hmotu, zatimco pfevaha FA a sniZzené hodnoty poméru indikuji nizsi
kvalitu a stabilitu humusovych latek (Mockeviciene et al. 2021). Huminové kyseliny
pozitivne ovliviwji fyzikalni vlastnosti pidy a biochemickou aktivitu tim, ze zlepsuji pidni
strukturu a zvysuji retenci vody, mikrobialni aktivitu (Nardi et al. 2017, Fuentes et al. 2018,
Shah et al. 2018), a dale také kationtovou vyménnou kapacitu (Yang et al. 2021).
Fulvokyseliny zvysuji stabilitu ptidnich agregatt diky tvorbé komplexnich sloucenin s oxidy
zeleza a hliniku (Zhang et al. 2022). Huminové kyseliny a fulvokyseliny obsahuji rostlinné
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ziviny a pfi své mineralizaci je uvolnuji (Laskovsky et al. 2020). Jedna se zejména o dusik
(Sootahar et al. 2020, Boguta et al. 2017). Dale mohou imobilizovat rizikové prvky a snizit
jejich piijem rostlinami (Wu et al. 2017). N¢které studie uvadéji, ze diky obsahu hormont,
jako auxin a cytokinin v HA, pomahaji svou piitomnosti k resistenci vuci stresu a stimulaci
ristu nadzemni a podzemni biomasy (Canellas et al. 2020, van Tol de Castro et al. 2021,
Nardi et al. 2021). Ve studiich zaméfenych na piidavky fulvokyselin do ornice byla také
popsana schopnost téchto latek ovliviiovat pH pady. Bylo popsano jak snizeni (Sootahar et
al. 2020), tak zvyseni hodnot pH (Cunha et al. 2009). Hlavnim faktorem ovliviiujicim
chovani huminovych latek v ptidé jsou huminové kyseliny, jejichz slozeni je ovlivnéno
typem hnojiva (Kawasaku et al. 2015).

Obsah HA a FA v pudg je ovlivnén primarné pudnim typem, ale uréity podil maji také
pouzita hnojiva. Obecné plati, ze aplikace organickych hnojiv zvySuje obsah HA a FA
Vv ptdé. Pozitivni vliv organického hnojeni na obsah HA a FA byl popsan v mnoha studiich
(Sadej et Zolnovsky 2019, Tang et al. 2018, Lapa et al. 2011). Pouziti slamy a kombinace
mineralniho hnojiva (NPK) s chlévskym hnojem v pruméru zvysila obsahy Cra na hodnoty
4,02 az 5,34 g.kg ptidy v porovnani s kontrolou 2,64 g.kg™. Pro obsah Cra byl narist také
vyznamny 4,43 az 5,18 g.kg? v porovnani s kontrolou 3,52 g.kg. Obdobné zavéry popisuji
také Sadej et Zolnovsky (2019) ve své studii zaméfené na chlévsky hnij a kejdu v kombinaci
s mineralnim PK hnojenim. Zde byl sledovan také vliv vapnéni. Bylo zji§téno, ze vapnéné
varianty maji v priméru o 25 % vice CHa nez Cra. Pomér CHa/Cra byl tedy vyssi (v praiméru
1,32 — 1,87 oproti nevapnénym variantam 0,75 — 0,97). Na druhou stranu ¢isté mineralni
hnojeni ma pouze slaby vliv na obsah humusovych latek v ptidé (Banger et al. 2009).
Napiiklad ve studii Tang et al. (2018) byl obsah Cna a Cra po aplikaci samotného NPK
stejny jako u kontroly. Obdobné vysledky je mozné najit také u Kawasaki et al. (2008).
Naproti tomu Sadej et Zolnovsky (2019) popsali nértist obsahu Cra pfi pouziti samotného
NPK (2,20 g.kg™) oproti kontrole (1,78 g.kg™) a snizeni Cna (1,98 g.kg?) oproti kontrole
(2,29 g.kg?) na nevapnénych variantach a snizeni obsahu Cra na vapnéné varianté. Nartst

obsahu FA na nevapnénych padach popisuji také Mockeviciene et al. (2022).
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Obrazek 7: Tradi¢ni schéma rozdéleni huminovych latek. Pievzato z: Zavarzina et

al. (2021).

2.4 Glomalin-related soil

protein

Velka pozornost byla vénovana v poslednich desetiletich obsahu glomalinu jako

jednoho z mnoha indikatort kvality ptidni organické hmoty (Bedini et al. 2013). Glomalin

je produkovan na sténach arbuskularni mykorrhizy (AM). Tato sloucenina byla jako prvni

popsana autory Wright et Upadhyaya (1996). Glomalin je glykoprotein, produkovany

houbou Glomeromycota. Piesna molekularni struktura zatim ovSem nebyla popsana (Singh

et al. 2016), protoZze pii procesu extrakce glomalinu neni mozné ziskat Cisty glomalin

(Schindler et al. 2007). Proto se ve védeckych publikacich pouziva termin ,,glomalin-related

soil protein® (GRSP) (Rillig 2004). V cestin¢ nema tato skupina pudnich glykoproteind

ekvivalent a pouziva se pouze termin glomalin nebo piesnéji GRSP, nebot’ neni mozné pii
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extrakci ziskat ¢istou molekulu glomalinu. Z téchto divoda bude déle, v ¢esky psané Casti
prace, pouzivano rozdé€leni konsistentni s anglofonni literaturou. Ve své ptuvodni praci
definuji Wright et Upadhyaya (1996) dv¢ frakce. Jednak lehce extrahovatelny GRSP (EE-
GRSP) a celkovy GRSP (T-GRSP). Nov¢jsi literatura ovSem také zmifnuje obtizné
extrahovatelny GRSP (DE-GRSP) (Liu et al. 2021; Singh et al., 2016). Obsah DE-GRSP je
dopocitan z obsaht T-GRSP a EE-GRSP dle nasledujici rovnice:

DE-GRSP = T-GRSP — EE-GRSP

Samotna extrakce ptidniho GRSP splnuje pozadavky na uzivatelskou piivétivost,
ekologi¢nost, jednoduchost procedury a interpretace vysledkd, nizkou cenu a nizkou
spotiebu chemikalii (Bedini et al. 2013). Metodika stanoveni dle Wright et Upadhyaya
(1996) ziistava v podstaté nemeénnd i1 po téméf tiech dekadach vyzkumu. Padni vzorek je
v poméru 1:8 (w/v) extrahovan 20 mmol.L? citronanem sodnym (pH = 7,0) po dobu 30
minut pfi teploté 121 °C v autoklavu. Extrakt EE-GRSP je nésledné oddélen od piidniho
vzorku pomoci centrifugy. Pro stanoveni T-GRSP je postup obdobny. Vzorek je také
Vv poméru 1:8 (w/v) extrahovan citronanem sodnym 50 mmol.I™%, ale pti pH 8,0 a po dobu 60
minut (121 °C). Supernatant s extraktem je oddélen od vzorku. Nicméné na rozdil od EE-
GRSP se extrakce na stejném vzorku opakuje, dokud neni veskery T-GRSP uvolnény a
supernatanty se postupné slévaji dohromady. Postup je u konce v okamziku, kdy je vysledny
extrakt Ciry a nabyva svétle zluté barvy. Bylo prokdzano, Ze pii opakované extrakci ptidniho
vzorku citronanem sodnym je do extraktu uvolnéna smésice riznych proteini a dalsich
molekul, jako naptiklad huminové kyseliny (Nichols 2003, Gillespie et al. 2011). Extrakéni
postup navic ziejmé neuvolni veskery T-GRSP pritomny v ptidé (Irving et al. 2021). Na
rozdil od T-GRSP, kde dochazi k opakované extrakci stejného vzorku, pfi extrakci EE-
GRSP staci pouze jeden cyklus k uvolnéni cilové frakce. Méteni koncentrace GRSP se
provadi z hodnot absorbance pii 595 nm po obarveni extraktu Bradfordovym ¢inidlem. Toto
¢inidlo, ovSem také reaguje s huminovymi kyselinami, sacharidy a tuky (Banik et al. 2009).
Tento fakt vede k nadhodnoceni vyslednych obsaht (Jorge-Araujo et al. 2014).

Pii vyctu vlastnosti GRSP literatura zpravidla uvadi, ze se jedna o hydrofobni a
teplotn¢ stabilni smés glykoproteinti, kterd je vyznamné odolnéd vici rozkladu v pidnim
prostiedi (Rillig 2004, Gadkar et Rillig 2006). Obsah obou frakci je pfimo umérny zvysené
kolonizaci AM (Holatko et al. 2021, Agnihotri et al. 2018, Agrnihotri et al. 2021). EE-GRSP
je povazovan za relativné mladsi produkt aktivity AM, ktery je labiln¢jsi. DE-GRSP je

povazovan za star$i, vyzralejsi a méné aktivni frakci, vzniklou pfeménou EE-GRSP (Koide
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et Peoples 2013, Wu et al. 2014). Produkce GRSP sezonné kolisa zdanliveé podle aktivity
AM s vrcholem v letnich mésicich (Emran et al. 2012). Vyznamna ¢ast GRSP v pudé ovsem
zustava i pres 40 let, ¢imz se podili na sekvestraci uhliku (Rillig et al. 2001).

V zeméd¢lsky vyuzivanych ptidach se obsahy EE-GRSP pohybuji fadove ve stovkach
mg.kg? pady (Dai et al., 2013, Turgay et al. 2015, Sandeep et al. 2016), oviem na velmi
tirodnych pidach, jako jsou mollisoly, mohou dosahovat také pies 3000 mg.kg™ (Curaqueo
et al. 2011). T-GRSP dosahuje vyrazné vyssich hodnot, bézné v intervalech od 750 do 2500
mg.kg* (Dai et al., 2013, Turgay et al. 2015, Sandeep et al. 2016). Na ornych pudach CR se
obsahy T-GRSP pohybuji v priméru v rozmezi 1 900 az 4 200 mg.kg™ pidy (Zbiral et al.
2017). Na velmi trodnych ptdach dochazi k narGistu hodnot az k 9000 mg.kg? puady
(Curaqueo et al. 2011). Jedna se o Siroké rozmezi, nicméné hodnoty frakci GRSP odpovidaji
nékolikanasobné& vyssim hodnotdm Csom (21 050 mg C.kg™) ptdy (Curaqueo et al. 2011),
nez naptiklad ve studii Dai et al. (2013) (6 471 mg C.kg™). Obsah T-GRSP v pidé vyznamné
koreluje s obsahem pudni organické hmoty (Li et al. 2020c). VSechny tii frakce GRSP také
koreluji s obsahem Csom (Singh et al. 2016). V puidach CR byly obdobné popsany vyznamné
korelace mezi obsahem Csom a T-GRSP. Zajimavé je, Ze ve studii Li et al. (2020c) nebyl
popsan vyznamny vztah mezi EE-GRSP a Csom. T0 je pravdépodobné dano tim, ze EE-
GRSP je vice ovlivnény aktivitou AM (Koide et Peoples 2013, Wu et al. 2014). Diky jeho
pozitivni Korelaci s obsahem ptdniho organického uhliku je GRSP povaZzovan za indikator
zmén pudni urodnosti (Wright et Upadhyaya 1998, Xie et al. 2015, Dai et al. 2013, Wright
et Upadhyaya 1996). Byly také popsany silné pozitivni korelace mezi obsahem GRSP a
dal$imi indikatory ptidni urodnosti (napiiklad obsah ptidniho N a P) (Singh et al. 2016, Singh
et al. 2020), rostlinam piistupnym P, celkovym N a K (Sarapatka et al. 2019). Na druhou
stranu je prokazan také negativni vztah mezi obsahem GRSP a obsahem ptdni organické
hmoty (Galazka et al. 2017).

V porovnani s nehnojenymi systémy (Curaqueo et al. 2011, Dai et al. 2013, Turgay et al.
2015, Sandeep et al. 2016). Dlouhodoba aplikace hnoje (Bertagnoli et al. 2020, Zhang et al.
2014, Valarini et al. 2009, Turgay et al. 2015, Dai et al. 2013), kompostu (Zhang et al. 2014,
Rezadova et al. 2021, Valarini et al. 2009, Turgay et al. 2015), &istirenského kalu (Sandeep
etal. 2016) a slamy (Nie et al. 2007, Liang et al. 2017) také vedou ke zvySeni obsahu GRSP.
Pozitivni vliv kombinace hnojiv na obsah GRSP byl také prokazan pii kombinaci

mineralniho hnojeni a slamy (Nie et al. 2007) a pfi aplikaci podestylky hospodaiskych zvirat
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(Zhang et al. 2014, Valarini et al. 2009). Nizsi obsahy GRSP byly zaznamenany na orné
pudé¢ oproti trvalym travnim porostim, coz je pravdépodobné¢ déno vysSsi mirou
provzdu$néni orné pudy vedouci k intenzivnéj$i mineralizaci padni organické hmoty
(Smatanova et Komprsova 2019). Zaroven byl prokazan vliv agrotechnickych opatfeni na
obsah GRSP. Na ptdach v bezorebném systému obdélavani pady byl popsan vyssi obsah
V porovnani s konven¢nimi systémy (Curaqueo et al. 2011). Dale byl popsan vliv péstované
plodiny. V dlouhodobych pokusech v Polsku byl pozorovan niz§i obsah T-GRSP na
monokultufe Zita v porovnani s rotaci brambor a Zita (Wojewddzki et Cie$cinska 2012).

I pfes to, ze molekula glomalinu neni znama, jsou uvadéna prvkova slozeni GRSP,
ktera jsou dle literatury nasledovna 3-5 % N, 36-59 % C, 4-6 % H, 33-49 % O, 0,03-0,1
% P, 0,8-8,8 % Fe, a dalsi kationty (K, Ca, Si, Cu, a Mg) (Rillig et al., 2001, Lovelock et
al., 2004, Nichols 2008, Zhang et al. 2017). Zastoupeni N v glomalinu z Nt v pidé je 5 %
(Lovelock et al. 2004).

Jedna z klicovych roli GRSP je ucast této skupiny proteint pii tvorbé a stabilizaci
pudnich agregati. GRSP ucinkuje jako lepivy, hydrofobni/nerozpustny biofilm vézajici
mineraly, jily, organickou hmotu a mikroorganismy (Irving et al. 2021, Rillig et al. 2002,
Xu et al. 2014). GRSP po dlouhou dobu pouta mineralni a organické castice pudy do
agregatu, jelikoz obsahuje az 85 % polysacharidd, které jsou resistentni k mikrobialnimu
rozkladu (Gunina et Kuzyakov 2015). Podle Rillig (2004) a Harner et al. (2004) je doba
degradace GRSP v pidé mezi 6 — 42 lety. Timto dochazi k vyznamnému naristu stability
pudni organické hmoty (Wright et Upadhyaya 1998, Rillig 2004, Driver et al. 2005, Emran
et al. 2012, Galazka et al. 2017). Stabilngjsi pidni agregaty zpomaluji rozklad ptdni
organické hmoty (Jastrow 1996, Six et al. 2000). Vyssi obsah GRSP byl pozorovan u vétsich
pudnich agregatt (2,0 — 5,6 mm) v porovnani s obsahem u mensich ¢astic (0,25 — 2,00 mm)
(Gispert et al. 2013). Zvyseni obsahu GRSP také vede ke zvyseni retence vody, zpomaleni
eroze, dale podporuje rust kotenti, ovlivituje aktivitu ptidnich enzymti a stimuluje rtst rostlin
(Wang et al. 2015). Snizené obsahy GRSP se daji nalézt na stanovistich s naruSenou ptadni
strukturou (napiiklad orbou, nebo suchem) (Wright et Anderson 2000). Obsah GRSP se

méni také s hloubkou ptidniho profilu.

2.5 Index smacivost a index aromaticity

Infracervend spektroskopie v rozsahu ve stfedni infracervené oblasti (1,5 — 50 um,

vlnocet 4000 — 200 cm™) se d4 vyuzit ke studiu struktury pidni organické hmoty bez
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extrakce z puady. I ptfes své limity dané komplexnosti ptidniho prostiedi je tato metoda
schopna detekovat ne¢které funkeni skupiny ptidni organické hmoty a popsat jejich strukturu
napfi¢ riznymi pudnimi typy (Pavli et al. 2023).

Metoda infraervené spektroskopie s Fourierovou transformaci (z anglického diffuse
reflectance infrared Fourier transform spectrometry — DRIFTS) je tedy jedna z moznych
metod pro urCeni kvality plidni organické hmoty. Obycejn¢ se pouziva ke studiu
hydrofobnich a hydrofilnich funkénich skupin ptdni organické hmoty pii vinovych délkach
3000 — 2800 cm™ a 1740 cm™, 1640 — 1600 cm™ (Dai et al. 2013, Sekgota 2018, Ellerbrock
et al. 2005). Pudni organicka hmota je také charakterizovana pomérem C-H (A) a C=0 (B)
vazeb, oznaCovanych jako index smacivost (z anglického pottential wettability index —
PWI), méfitelny pravé pomoci metody DRIFTS. C-H vazby se povazuji za hydrofobni
(mé&fené v pasmech 2 948 — 2 920 a 2 864 — 2 849 cm™*) a C=0 vazby (méfené v pasmech 1
710 a 1 640 — 1 600 cm™) se povazuji za hydrofilni. Tuto metodu pouzili Demyan et al.
(2012) pro studium kvality pudni organické hmoty, kde pozorovali vliv hnojeni na hodnotu
PWI a jeji vyznamné korelace s obsahem piidniho organického uhliku. Zvysené hodnoty
indexu smacivosti poukazuji na snizenou smacivost plidnich agregati (Haas et al. 2018).

PWI = A/B

Pidni organickd hmota je také charakterizovana pomérem alifatickych a aromatickych
sloucenin a jejich pomérem oznacovanym jako index aromaticity (z anglického aromaticity
index — iAR) (Cunha et al. 2009). Tento index se pocita z odraznosti alifatickych pasem
(AL) v rozsahu 3000 — 2800 cm™ a aromatickych pasem (AR) pti 1520 cm™ molekul. Méfeni
tohoto indexu se da provést soucasné s métenim indexu smacivosti.

IAR = AL/(AL+AR)

Vys8i hodnoty indexu aromaticity znamenaji relativn€ nizsi podil aromatickych
soucasti, respektive vyssi podil alifatickych slozek organické hmoty ve stabilnich agregatech
nez v agregatech nestabilnich (Thai et al. 2023). Napiiklad Mustafa et al. (2022) zjistili, ze
stabiln€jsi organickd hmota se nachazi na variantdch orné pidy po aplikace chlévského
hnoje. Obeng et al. (2023) uvadgji, Ze aromaticita je nizsi na trvalych travnich porostech
(index je tedy vyssi), nez v lesich. Je to diky zvysené rychlosti rozkladu ligninu a fenolickych
sloucenin. Dale byla popsana vyssi stabilita ptidniho uhliku po zméné vyuziti pady z orné
pudy na lesni (Ovsepyan et al. 2020). Nartist mineralizace organické hmoty a tvorba
alifatickych sloucenin v agregatech muize vést k nartistu hodnot indexu aromaticity (Cunha
et al. 2009).
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3 Cile prace a hypotézy

3.1 Cile prace

Pomoci frakcionace siry urcit mineralné a organicky vazany podil siry a nasledn¢ z
mineralniho podilu urcit rostlinam skute¢né piistupny podil siry a dale vyhodnotit bilanci
siry v dlouhodobych pfesnych polnich pokusech s rGznymi systémy organického a
mineralniho hnojeni.

Provéfit vhodnost novych metod (rychlejsich a Setrnéjsich k Zivotnimu prostiedi) ke
stanoveni riznych forem pidni organické hmoty (POH) (obsah glomalinu, index smacivosti
a index aromaticity) jako indikatorti kvality piidni organické hmoty.

Kvantifikovat vztah mezi jednotlivymi frakcemi siry v piddé a vybranymi

kvalitativnimi indikatory ptidni organické hmoty.

3.2 Dil¢i hypotézy

Z predchozich vyzkumu je zfejmé, ze metoda Mehlich 3 je vhodné pro stanoveni
pristupnych obsaht zivin. Obsahy siry ziskané metodou Mehlich 3 v ptade¢:
e nebudou vyznamné odlisné od obsahu rostlindm piistupné siry.
e Dbudou v dobré korelaci s obsahem siry v rostling.
Je pravdépodobné, ze bézné systémy hnojeni zaloZené predevsim na doplnéni dusiku
mohou vést k nevhodné bilanci ostatnich Zivin v€etné siry.
e lIze ptedpokladat vliv riznych systémua hnojeni na bilanci siry.
K urceni kvality POH je mozné vyuzit data o obsahu glomalinu, a hodnotach indexu
smacivosti a indexu aromaticity. Tyto tfi parametry budou:
e ve vztahu k obsahu uhliku ptdni organické hmoty v ptude¢.
e ve vztahu K bézné pouzivanym indikatorim kvality pidni organické hmoty
(Cha, Cra).
e budou ovlivnény pouZzitym systémem hnojeni
Je pravdépodobné, ze obsah glomalinu a humusovych latek budou ve vztahu k riiznym

frakcim siry, pfedevsim vSak k obsahu organickeé siry.
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4 Publikované prace

Tato prace predkladand formou svazanych védeckych c¢lankti vznikla na zakladé
sedmi, nize uvedenych praci. Jedna se o publikovana dila v ¢asopisech databaze Web of
Knowledge s Impact Factorem. Prace publikované mimo impaktovana periodika, jsou
vypsany na konci disertacni prace v podkapitole ,,ostatni publikace®. Zaroven jsou ve stejné

podkapitole sepsany publikace mimo rozsah této prace.
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Abstract: Sulfur nuteition is a critical part of proper crop growith and development. In our study,
biomass yvields (BY) and 5 uptake were investigated on long-term maize monoculture an haplic
luvisol soil during the 23 years of this trial, as well as changes in water extractable (S,,), adsorbed
1Sa:). mimeral (Sav ), and pseudo-total 5 (S} fractions. Treatments used in this study are: (1) Control
(Cont); (2) ammonium sulfate (AS); (3) urea and ammonium niteate (UAN); (4) UAN + phosphorus
and potassium (UAN + PK); (5) UAN + phosphorus, magnesium, sulfur (UAN + PMgS); and (6)
Fallow. Recently, the Mehlich 3 method started to be wsed in the Czech Republic to determine content
of plant avallable 5. Using this method, it was found that the content of 5 extracted by Mehlich 3
Sy closely correlates to 5, in both topsoil and subsoil (r = 0.958 in 1997 and 0.990 in 2019, both
at p < 0N ). We also found that, on average, during the entire experiment, all treatments had
imcreased yields over Cont (135-147%) and increased 5 uptake (291, 192, 180, and 246% of Cont for
AS, UAN, UAN + PK, and UAN + PMg5, respectively). Examining the changes from 1997 to 2019 in
topsodl (-3 cm depth), we discovered a decrease of 5 content in Sy, 5,4 Sy and 5 fractions on all
treatments to an average of 34.6%, 65.8%, 42 2%, and 78.6% of their initial valuses. The exception was
AS treatment, which doubled its indtal content in mineral fractlons and maintained the same levels
of 5y, and which we attribute to the very high dose of S on this treatment (142 kg ha~? year—1). Using
the simple balance method, AS and UAN + PMgS treatments lost 1422 and %5.3 kg Sha ™! year ' to
other sinks, except plant uptake, from the entire soil profile (60 cm} during 23 years of experiment.
Orher treatments also show significant losses with the exception of Fallow. Given these results, it
is clear that comtent of sulfur in soil is generally decreasing and attention should be paid mainly
towards minimizing of its losses.

Keywaords: corn; mineral fertilizing: soil sulfur fraction; sulfur balance: Mehlich 3

1L Introduction

Sulfur is a key nutrient in plant nutrition, where it appears in the synthesis of amino
acids, glutathione, chlorophyl, and other processes [1], influencing vields, crop quality,
harvest quality, and other parameters [2,3].

Sulfur deficiencies in plant nutrition in European countries were described by
Lehmann et al. [4] and Yang et al. [5], who mention that, in recent decades, the content of
5 in soils is being reduced due to desulfurization technologies in industry, the use of high
analysis fertilizers with low amounts of 5 [6], and M only fertilization, which increases
yields and creates greater demands for plant available nutrients [7]. More recent research
states, that amount of wet + dry § depositions are roughly around 18 kg ha~! year™* for
Europe [4] and 15 to 30 kg Sha " year ! in the Czech Republic [4], but currently, in 2019,
the total depositions of 5 in the Czech Republic average 4.2 kg ha~! [10], while in the
19805, depositions reached 100 kg S ha™! year™! [11], which could have been a sufficient
supply for crop production or, even in some cases, toxic for some crops. Because of the
above-mentioned facts, 5 fertilizing is often underestimated [4,12].

Agronomny 221, 11, 376 hrtpsc_."_."cl'limg.-' ]ﬂ.m;"w}'l 122376
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The content of total sulfur is divided between organic and inorganic 5 fractions. The
most important for plant nutrition is inorganic S04% . Inorganic S04~ comprises about
5-10% of the total content [12,13]. The mineral form of 5 is present in soil in three groups—
readily available sulfates in soil solution, which represents usually only about 1% of total
5; adsorbed sulfates on soil particles that can be released into soil solution and directly
influence the preservation of the sulfate balance with the soil solution [14,15]; and sulfates
occluded in calcium and magnesium carbonate precipitates, unavailable to plants. The
majority of total 5 is organic bound. This fraction can play a role in resupplying mineral
sulfates throughout the vegetation [16,17], which is a biologically mediated process [15].

The total sulfur in soils at 10 experimental stations in the Czech Republic averaged
221 mg kg ! in 1981, and slightly decreased to 204 mg kg~ ! in 2007. A much bigger
decrease (by 50%) was discovered in plant available 5 content, mainly because of lower 5
inputs from atmospheric deposition [4]. Kulhanek et al. [1%] investigated the influence of
long-term fertilization in stationary field experiments under crop rotation (from 1996 to
2014), and they describe a decrease of mineral 5 fraction in seil by up to almost 40% on
unfertilized treatment on two different stations. On the other hand, it was found that the
lowest decrease was observed on farmyard manure and sewage sludge treatments.

Inorganic sulfates are very mobile in soil solution and are susceptible to leaching [20].
Due to higher atmospheric emissions in the past, sulfur cycles in soil were altered by high
5 inputs and leaching of sulfates from soils was observed [4]. With lowering depositions
from the atmosphere, a recovery of 5 cycles was noted, but it lags behind the decrease of
5 depositions [21]. On top of that, there is evidence that a significant part of the sulfates
present in streams is microbiologically cycled [4] and this mineralization of organic 5 is
responsible for the delayed reduction of sulfates in streams [22].

Sulfates can be supplied either with organic fertilizers, (e_g., farmvard manure, slurry,
and others), or mineral fertilizers, e.g., commonly used 5 fertilizers ammonium sulfate (AS)
or magnesium sulfate. AS is water soluble [6] and quite mobile in soil [23-25]. Dijksterhuis
and Oenema [23] noticed that a leachate in their pot experiment fertilized with AS had
a higher concentration of S04~ anion with higher losses on sandy soil in comparison
to clayey soil. Riley et al. [24] set up an experiment with soil of natural structure in a
monolithic lysimeter fertilized by AS with a dose of 50 kg S ha ™. They found that 72% of
S was lost due to leaching. Bergholm and Majdi [25] described a similar problem in field
trials, where 684 kg Sha™" supplied as the sum of atmospheric depositions and 5 fertilizer
only showed a loss of 339 kg S ha~! by leaching. Kieserite (MgS0y) is also water soluble
and shows similar tendencies to AS. Ponette et al. [26] noticed significant vertical transport
of 504~ anions in soil after application of kieserite. In the trials of Frank and Stuanes [27],
21% of S added in 35 kg ha ! of kieserite-S was leached below 80 cm soil depth. Generally,
these authors mention that drier conditions result in less leaching than wet conditions.

Maize (£ea mays L) shows a good vield response to sulfur fertilization for doses
around 25 kg S ha~! [28] and up to &0 kg S ha ™! [29]. Requirements for § fertilization can
be influenced by so0il organic matter content {Cegp) [25], from which 5 can be released
to supply plants [16,17]; the availability of other nutrients that can increase biomass
production and, therefore, 5 uptake [30,31], water availability [32], and genetic gains [7].

Changes of water extractable, adsorbed, and plant available 5 were previously inves-
tigated by Kulhanek et al. [19]. Gourav et al. [33] conducted a similar experiment with
the inclusion of organic and total sulfur. Both of these experiments were conducted under
crop rotation.

The aim and contribution of this study is to investigate the changes of 5 fractions
and 5 leaching under somewhat “extreme” conditions of 27 years of continuous maize
monoculture. This study aims to assess the effects of mineral fertilization on long-term
stationary trials, focusing on: sulfur content in soil, balance of total sulfur inputs and
outputs in soil, and influence of fertilizers on biomass yields and 5 uptake.

-44 -



Agronowny N2, 11, B276

3of 19

2. Materials and Methods
2.1. Setup and Backgrowmd

A long-term stationary experiment with maize monoculture was established in 1993
in Cer'."en}'r I:I'jezd in the Czech Republic, as part of the Czech University of Life Sciences’
experimental fields. Characteristics of the experimental site can be found in Table 1. The
field experiment was conducted in a randomized complete block design with an area of
170 m?® plot size. All variants were replicated four times. The maize plants were planted
on each plot, except fallow. The maize hybrids DK 205 (1993-19%6), Torena (1997 and
1998), DK 254 (1999), Compact (2000), Etendard (2001-2003), Rivaldo (2004-2011), RGT
Imdescx (2012-2014), and RGT Sixxctus (2015-2019) were planted on each plot at a density of
80,000 plants per ha.

Table 1. Characteristics of lhe{'_‘en'en].i' Uje-zr.l experimental site.

50047227 MW
GFS coondinateg 14°10°19" E
Altibude (meters above sea level) 410
Mean annual preci pitation (mem} 493
Mean annual temperature (°C) 77
Soil type Haplic luvisol
Soil texture Loam
pH (CaClz) 65
Clay (%) { <0002 mm) 54
Silt (%) (0.002-0.05 mam) 681
Sand (%) (0U05-2 mm) 265
Bulk denslty topsoll (g am ) 147
Bulk density subsoil (g cm ) 150
Caon (%) 126
Cation exchange capacity (mmol;,,/kg) 118

2.2, Treabments

For the purpose of this study, several treatments were selected, namely: (1) unfertilized
control with crop production (Cont); (2) ammonium sulfate (AS); (3) urea and ammonium
nitrate {(LUAN); {4) UAN + phosphorus and potassium (AN + PK); (53) UAN + phosphorus,
magnesium, sulfur (AN + PMgS); and (6) unfertilized fallow without crop production
{Fallow). Annual nutrient inputs from fertilizers are described in Table 2. M fertilizers were
applied in spring before sowing. P, K, Mg, and 5 fertilizers were applied in autumn. Each
of the fertilizers was applied in a single dose. Mo additional amendments were added
to individual treatments, and only stubble from previous year was incorporated to the
soil. No analysis of 5 content in stubble was performed. The entire harvest of above-

biomass was removed from the trial fields and all treatments were later ploughed
{including Fallow). Total sulfur inputs including annual sulfur deposition (dry + wet)
are described in Table 3. Precipitation (as an only source of irrigation) was measured
directly at the experimental site; however, there is no equipment for detecting S depositions.
Therefore, we used data provided from the meteorological statiom Prague Ruzyné, which
is the nearest professional station measuring 5 depositions (the distance is about 10 km by
air; GPS: 50°6'0.6% N, 14715'19.8" E).
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Table 2 Experimental design and annual nutrient dose.

kg ha ! Year !
Treatment N P K Mg S
Cont 1] 1] ] 0 1]
AS 120 1] 0 o 142
UAN 120 1] ] 0 1]
UAN + PK 120 30 150 L] 1]
UAM + PMgS 120 30 ] 6l A4
Falloaw 1] 1] 0 o 1]

AS—ammominm sulfate (219 N 24% 5), UAN —urea amimoniom nitrate solution (300 M), FK—I:riFIe mpﬂ'pl'm
phate (21% F) + potassium chloride (30% K), MgS—kieserite (MgS0y,; 15% Mg; 21% 5).

Table 3. Total sulfur inputs (deposition + fertilizer) during experiment.

. Cont AS UAN UAN + PK UAM + PMg5 Fallow
Input Period kg Sha !

100319405 80 &8 & B0 416 80

19497201 il ™ a1 il 481 61

20027 48 900 48 48 552 48

0082013 a7 B30 k) a7 541 7

20142019 29 841 2 2 533 29
Sum 1993-2019 254 4088 54 54 v 54
Sum 1997-201% 175 31 175 175 o7 175

Bumbers at Cong, UAN, AN + PE, and fallow represent thee net wet + dry Sdep-m:il'mrl. Data were pm-.-:ided by m:lnn-m]nﬁ.i.:al station
Prague Ruzynit belonging to the Caech Hydrometeoralogical Enstitute.

2.3, Plant Analyses

Two rows of maize aboveground biomass (20 m* per plot) were harvested at silage
maturity {roughly 65% biomass moisture content, BECH 75) to obtain the dry aboveground
biomass yield (BY). Representative subsamples were harvested and chopped using me-
chanical chopper weight and subsequently dried in a forced-air oven to constant weight at
40 °C for at least 72 h and were then fine milled {Retsch SM100, Haan, Germany). Briefly,
the aliquote 0.25 g of milled sample was weighed and immersed in nitric acid (7 mL of
65% HMNOs) and hydrogen peroxide (2 mL of 304 HaOy). Samples were then digested ina
microwave-assisted high-pressure environment. The whole procedure is further described
in Tlastos et al. [34].

24 Sl Analyses

Archived soil samples of topsoil ((-30 cm depth) and subsoil (3060 cm depth) sam-
pled after the crop harvest were air-dried and sieved (<2 mm). For available sulfur fractions,
a sequential extraction method by Morche [35] and modified by Kulhanek et al. [13] was
selected. Briefly, samples were extracted with demineralized water (1,/10 w//v) to extract the
readily available 5 (5,,) fraction and, subsequently, with 0.032 mol /L NaH: POy to extract
thie adsorbed sulfur (S, 4,) fraction. The sum of these fractions is then the bicavailable sulfur
(54 ). Usually, extraction by 1 mol/L HC follows extraction of 5,4., but this fraction is
usually measured using ion chromatography (1C), since optical emission spectroscopy with
inductively coupled plasma {(ICP-0OES) tends to be less accurate as it measures a significant
part of organic 5 in the HCl extract, especially on non-calcareous soils, like the soil used in
this study. Therefore, HCl extraction was omitted.

The pseudo-total sulfur (5:) concentration in the soil was determined by modified
IS0 11,466 1995 [36] method using Agua regia. The modification was a microwave assisted
high pressure digestion and evaporation of samples using a heating plate (150 “C) and,
subsequently, the quantitative transfer with distilled water was allocated to a final volume
of a 25 mL glass tube, topped up by deionized water, and kept at laboratory temperature
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until measurements were taken. Mehlich 3 extraction was also performed following
Mehlich [27] in order to also evaluate the Sy fraction.

Sulfur concentrations in all digests and extracts were determined using the optical
emission spectroscopy with inductively coupled plasma (ICP-0OES) and with axial plasma
configuration, Varian, VistaPro, equipped with autosampler SP5-5 (Mulgrave, Australia).
The operating measurement wavelength for ICP-OES was 180.7 nm for 5.

Statistical analyses were performed using one-way or two-way analysis of variance
[ANOVA; Tukey HSD post-hoc test p < 0L05) using the SA5% system, (Cary, CA, USA).
Even though trials started in 1993, we evaluated the perind of 1997-201% since a more
representative dataset is available.

3. Results
3.1. Biomass Yield and & Uptake

Statistical analysis of average yield in the period 1993-2019 (Figure 1a) shows signifi-
cant differences between the unfertilized Cont treatment and fertilized treatments, which
do not show any differences between each other.

100 % [Control) = 9.04 t ha of dry matter 100 % {Control) = 3.38 kg 5 ha™
200 400
150 1398 1198 e 291C
160 320
1004 _I_ 246C
120 240 1328 qgpp
& =
a0
180 1 1004
40 a0
0 0
Cont AS UAN  UAN + PE LIAN = Cant AS UAM  UAN + PE UAM +
Phgs FMgs
(a) L]

Figure 1. Relative average vields (a) and sulfur uptake (b} at harvest in the years 1993-2019; the capital letters describe
statistically significant differences between treatments. Tukey HSD test (p < 0.05).

Average sulfur uptake in the same period showed more differences. Fertilized treat-
ments produced significantly higher uptake over the Cont. This time, however, significant
differences were present even among the fertilized treatments (as described in Figure 1b),
where AS and UAN + PMg5 fertilized treatments were comparable to each other, but were
higher than UAN and UAN + PE.

A more detailed comparison of 5 uptake is provided in Table 4. In the period 19931996
{judging by the capital letters), differences were already present between the Cont treatment
and AS and UAN + PMg5 treatments, while UAN and UAN + PE were comparable with
Cont. In later periods, UAN and UAN + PK always showed significant increase over Cont.
The AS treatment achieved the highest values of 5 uptake and was always different from
other three treatments mentioned. UAN + PMgS was different from UAN and UAN + PK
treatments in 1997-2001 and UAN + PK in the 2002-2007 perind. AS and UAN + PMg5
were not different in any period.
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Table 4. Detailed plant uptake of sulfur during the experiment (kg S ha- ).
Cont AS UAN UAN + PK UAN + PMgS
Uptake Period
Mean + 5D Mean = SD Mean = 5D Mean = SD Mean + 5D
19931996 157+ 05 A Fe=1¥WC 534110 AB 6097 AB 316+ 056 BC
19972001 MBEL 06T A g35xi1nc 427 £ 065B 401 0708 54 +083C
2002-2007 22049 ADL 659 166 De 432 £ 138BCDh 401 £ 114Bb 567 £ 190CDb
20082013 17.6 + 056 A ab S99 =3MCh 3B = 1T4BCH 368 = 1058 ab 50.5 + 1.89 BC ab
20142019 161 =055Aa 478+ 157Ca 323+123Ba W3I+120Ba 6= 107BCa
S 1993-201% %63 756 1833 1699 117
S 1997-201% 0.6 2361 158 1473 2.1

The capital letters describe statistically significant differences among, treatments. The lowercase letters describe statistically significant

differences among years. Tuk:}' HESD test (p < 0L05). ﬂn.l_'!.' Pedn-d.:-uf 203-200F, 20E-2013, and 2014-2010 mmrrpamd as Il'mpﬂ'lnd.l.

last the same number of years.

In order to estimate what fraction was the most important for plant nutrition, a

Spearman ‘s correlation analysis was performed comparing the 5 biomass content of maize
with individual 5 fractions in topsoil (Table 5). It was possible to compare only the latest
values from the year 2019 (n = 20). In case of this study, 5 fertilizers were applied for
several years before the first evaluations were performed, causing a shift from a purely
linear relationship to a monotonic.

Table 5. Spearman’s correlation coefficients comparing the relationship between individual 5 fractions.
in toxpaoil and plant 5 content.

s‘W S.Hs 5:“3 Ew sl df
Plant 5§ content LETd 0747 = 0579+ 0725+ 0.288 18
Yalues marked with '*m.ﬁpﬁﬁ:ﬂntatp < D01, 'Elepeﬂnl'fmdm'n {df) were the sume for each fraction (m = X

3.2, Topsoil Sulfur Confent

In topsoil, a two-way ANOWVA was performed to analyze the effect of six treatments
and three time periods on S content in individual fractions. Fesults of this analysis (Table &)
showed that both treatment and year had significant effects on content of 5 in individual
fractions. Significant interaction of (vear = treatment) was also present for all fractions
except 5. To evaluate pairwise differences, a Tukey HSD post-hoc test at p = (L05 was used.
This test revealed that interaction of (AS treatment  year 2019) within any of the 5., 5,:..
Sau3, and Say fractions was significantly different from any other (treatment » year pair)
of the same fraction, with the exception being 5;, where the interaction was insignificant.
Interactions of other pairs were omitted because they do not appear significant nearly
as often. Additionally, given the number of possible pairs, this report would become
unbearable in volume at 6 treatments and 3 years per each of 5 fractions.

Table 6. Results for two-way ANOVA comparing the effects of treatment, vear, and their interaction
on S content in individual 5 fractions in topsoll.

Treatment Year Treatment = Year
S Fraction
F-Value df F-%alue i F-Walue df
= 2507 5 1968 * 2 1663 " 10
Sads 2708 5 IBR* 2 1127+ 10
S 3BT 5 4724 2 1627 10
e 3n35e 5 17.72+ 2 1604 * 10
= ] 3926 5 2377 2 208 10

Values marked with astenisk {*) describe a.s-'lgniﬁcanteﬁ:ct at p < 0.06.

Influence of individual effects was described using one-way ANOVA. In samples, 5,,,
S,dsr Sav, and 5 content were measured (Figures 2 and 3) in the years 1997, 2008, and 2019,
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as well as Syps (Figure 4). It is evident that the content of all 5 fractions was significantly
higher in 1947 than in 2019. There are two exceptions, however. Firstly, the content of 5 in
2019 and 1997 on the Fallow treatment (Figure 3b) is not significantly different. Secondly,
the content of St in 1997 and 201% on the AS treatment is not significantly different.

a 1NL0
73ph Sw
800
L. B0
oy
-" il.Ga
e 15.2a 255b .
23.0b 23.5b 24.1b
0 10.3; 12.2a 11.7a
i & L - | BBa_ 10,8 10
. u) a | [ Nl
| e | |
'|‘I.

Lot

UAMN AN+ PK LUAN + PMg5 Fallonw

01997 D008 w2019

b 250
5Jll_'n
1620
'l i -
Ly 1500
o
2
[*.] 9.0a o _
E 1D | gk B.4a 5k 7. 7.7k 835b
T "+ B.Zab f.2a 5 la
Hhu.: H % 5a F.7a - 55a
4.6a s _
. ﬂ |—r‘ I ﬂ ﬂ I _
Cont AL LAN + PE LAN + Phps Fallow

01997 O2008 w2019

Figure 2. Content of sulfur fractions in topsoil (mg 5 kg 1): 5, (ak S, (b). Comparison of the effect of vear within
treatment; the lowercase letters describe statistically significant differences between vears. Tukey HSD test (p < 0.05).
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Figure 3. Content of sulfur fractions in topsadl (mg 5 kg 1_|: Sav (a); 5i (b). Comparison of the effect of year within treatrment.
The lowercase letters describe :iL.'lll.'du."..'l]l_'_.' :"-IW'I:IEI.L'J.I"I.‘i di fferemces between Vears. Tu.ku_-.' HSD test I:IIE' < (LO5).
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Figure 4. Content of Mehlich 3 extractable sulfur (mg S kg " in topsodl; the lowercase letters describe statistically significant
differences between years. Tukey HSD test (p =< 0U05).

Since Sy is calculated as Sy + 5,4., the contribution of each fraction to S was

calculated. For Cont, UAN, UAN + PK, UAN + PMgS, and Fallow, the contribution of
Sy to Sav was 76% on average in 1997, and 62% in 20019, The only exception was the AS
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treatment in all fractions that accumulated 5, where the increase ranged from 79 in 1997
to B29% in 2019,

The 5,, fraction of the Cont treatment amounted to 16.2, 8.5, and 6.9% of 5 in 1997,
2008, and 2019, respectively. 5,, for the Fallow treatment made up 16.5, 10.1, and %.4%
in 1997, 2008, and 2019, respectively. UAN, UAN + PK, and UAN + PMgS behaved very
similarly to Cont.

Interestingly, it seems that the 5; content on the Fallow treatment seems to have stabi-
lized in 2008 and almost identical values are measured in 2019, while the Cont treatment
shows a lowering content.

Extraction with Mehlich 3 (Figure 4) produced results resembling those in
Figures 2a,b and 3a, with UAN + PMgS and Fallow treatments showing no significant
differences in 5 content. Pearson correlation was calculated between 5;,. and Sy fractions
resulting in a correlation coefficient of (1958 and (0990 (both at p < 0.001) in 1997 and 2019,
respectively. Including all values for 5., (Figure 3a) and Sy (Figure 4), it is possible to
calculate the average content in each fraction at 26.0 and 200 mg S kg ™" for Sa and Sy
These numbers are not significantly different according to the Tukey HSD test at p < 0.05. It
can be argued that mainly the content of S on the AS treatment in both fractions in 2019
distorts this comparison by increasing the standard deviation. After removing all outlying
values from both fractions, we obtain averages of 209 and 160 mg S kg ! for S, and Syp.
Even these results produce no significant difference under the Tukey HSD test at p = (L05.
This statistical similarity and close correlations among Sy and Sav allow us to use Syx
values for estimating the 5 content.

Table 7 presents the relative S contents measured in different soil 5 fractions comparing
2019 5 levels with 1997 [t is obvious that (aside from AS) all treatments suffered a decrease
of 5in time. In 2019, the remaining 5,,, 5_ 4., 5a,, and 5; pool of Cont was 23, 58, 31, and 73%,
respectively. UAN, UAN + PK, and UAMN + PMg5S show a similar decrease of 5 fractions.
On the other hand, AS showed an increase in 5., 5, 4., 5., and 5; fractions to 233, 193, 224,

and 101% in comparison to 1997

Table 7. Relative S content (%) in individual fractions comparing sctual S content in 2019 with 1997
(5 content in 1997 = 1)

Sw Sads Saw 5
Treatment

Mean = 5D Mean + 5D Mean = 5D Mean + 5D

Cont 234+ 800 584+ 940 N+9H 73+ 505
AS 233+ 6260 193 £ 4773 224 + 5854 101 + 1337
UAM B L1012 T3+ 1140 43 £ 10.65 7 £1050

UAMN + PK 30 + 5,06 59 + 1055 37 + 606 79+ 2094

UAN + PMg5 42 + 551 T4 +£1184 50+ 710 Ta+573

Fallow 45 £ 951 65 £+ 812 50+ 941 B8+ 498

3.3, Subsoil Sulfur Comtent

Subsoil 5 content was also evaluated for Sw, S,4., Sav. and Sags fractions (Figure 5)
and 5 (Figure 6). Comparison of different treatments was performed only for the year
2019, Content of 5, 5,4., and S,,. fractions shows the same tendencies. Cont, UAN, and
UAN + PK are statistically comparable, while 5 content measured in UAMN + PMg5 is
significantly higher. Content in AS is significantly higher even than that of UAN + PMg5.
The 5, content on the AN treatment shows the lowest values, significantly lower than
Cont, AS, and Fallow. Cont, AS, and UAN + PMg5 and Fallow are statistically comparable,
but generally the entire Figures 2a b, 3a, 4 and 5 show that the AS treatment tends to have
wider error bars than the other treatments.
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Figure 5. Content of sulfur fractions in subsotl (mg S kg ') in 2019: 5, (a); S,4. (b): S,y (€); Sy (d). The capital letters
describe statistically significant differences between treatments. Tukey HSD test (p < (L05)
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Figure 6. Content of pseudo-total sulfur (Se} fraction in subsoll (mg S kg']}in 1997 and 3019; the lowercase letters describe

statbstically shpnbficant differences between vears and the capltal letters {for 2019) betwesn treatmnents. Tukey HSD test
{p < Qu05).

The calculation of different ratios resulted in the following: 5. contributes to S,
by 57, 85, 59, 60, and 83% in Cont, AS, UAN, UAN + PK, and UAN + FMg5 treatments,
respectively. 5, makes up 5.3, 35, 5.2, 5.9, and 21% of 5; in Cont, AS, UAN, UAN + PK,
and UAM + PMg5 treatments, respectively.

AS and UAN + PMgS in Syy3 treatments show significant increase above other treat-
ments. TAN + PK also seems to be different to UAN. On average, the content of Sygx
{35.1 mg S kg~ ') is higher than that of 5, (194 mg S kg~ '). There is no significant dif-
ference according to ANOVA with Tukey HSD post-hoc test at p < 0.05; however, the
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standard deviation for S,, is so wide (even after removal of AS from the calculation) that
this comparison is not appropriate.

Enough data were present to evaluate S, content not only among treatments, but also
its change in years comparing 1997 with 2019 (Figure 6). Cont, UAN + PK, UAN + PMgS,
and AS treatments led to no significant change, while Fallow showed an increase in S
content. Error bars present on the UAN treatment do not allow for accurate comparison.

3.4. Compartson of Sulfur Status in Topsoil and Subsoil

It is clear that in the topsoil in 1997, the results of almost all treatments were similar;
however, in 2019, the AS shows significantly higher values over Cont, UAN, and UAN
+ PK treatments (capital letters), while being comparable with UAN + PMgS and Fallow.
Cont, UAN, and UAN + PK are not different between each other, but they also have some
overlap with UAN + PMgS and Fallow.

In the subsoil in 1997, S content in the AS treatment was already significantly higher
than that of other treatments. Cont, UAN + PK, UAN + PMgS, and Fallow are all compara-
ble. The year 2019 in subsoil is the most interesting, as UAN and UAN + PK produced the
lowest values of S content, significantly lower than Cont. Cont itself seems to be similar
to AS and UAN + PMgS treatments. Fallow produced the highest value of S content in
subsoil, statistically comparable to AS.

Differences in S content at the beginning of the trial and its end were also evaluated
(Table 8). In subsoil, the only difference in S content between the beginning and the end of
the experiment was detected in the Fallow treatment.

Table 8. Balance of S in topsoil and subsoil comparing vear 197 to 2019 (kg Sha ')

AS UAN UAN + PK UAN + PMgS Fallow
Treatment
Mean + SD Mean = SD Mean + SD Mean = SD Mean + SD Mean + SD
Topsotl
197 952 £ 86 Ab ) +42Aa 885 +352Ab 845+97Ab M3I=T1AD 82 +75Aa
2019 692+ 74Aa 911 + 105Ba 682 =74Aa 669 +82Aa 716 = 69 ABa 769 + 67 ABa
Balance 12 -203 -176 -227 -103
Subsoil
197 71+ 41Aa 772+ 19Ba 587 =56 ABa HMB+32Aa 59 =63Aa 519+ 42Ab
2019 519 +26Ba 693 +123BCa  $2:208Aa 53+ M Aa 520 £ 84 ABa 785+23Ca
Balance ~78 —146 5 —60 266

The capital letters describe statistically significant differences between treatments. The lowercase letters describe statistically significant
differences between years. Tukey HSD test (p < 0.05).

The balance row shows how much sulfur each treatment gained (+) or lost (—) over
the course of the trial. In topsoil, the only influx of S was registered on the AS treatment
(although only 12 kg of S ha™!), while others lost some of their initial content (rangin,
between 103 to 260 kg of Sha ). In subsoil, the Fallow treatment gained 266 kg of Sha™!,
while Cont gained 48 kg Sha~! and UAN + PK gained only 5 kg Sha!. UAN, AS, and
UAN + PMgS lost 146, 78, and 60 kg Sha !, respectively.

3.5. Sulfur Movement in Topsoil and Subsoil

Table Y provides an insight into the movement of sulfur in soil. The highest losses of
sulfur were present in the AS treatment, followed by the UAN + PMgS treatment losing
3193 kg and 2133 kg of S, respectively, in both topsoil and subsoil. Other treatments lost
much less, 204 to 356 kg of S ha~!. In subsoil, losses were 199, 308, and 367 kg of Sha !
during the entire experiment for UAN + PK, UAN, and Cont, respectively. Fallow in
subsoil lost only 11 kg of S ha~!. The period 1997 to 2019 was selected as there is a more
representative dataset allowing us to perform this calculation.
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Table 9. 5§ movement in topsoil and subsoll during the experiment.

Treatment Cont AS UanN UAN +PK  UAN + PMg5S Fallow
Topsoil (kg Sha-1)
Status in 1997 + inputs 19972019 (a) 1127 4340 Pl 1020 3050 17
Status in 219 + uptake 1997-2019 (b) 7 1147 838 Ble 917 769
Loss from topsoil (a — b) 356 3193 ol | M 2133 o)
Subsodl (kg 5ha~1)
Status in 1997 + loss from bopsoll (c) a7 3965 08 651 3 746
Satus in 2019 (d) 519 693 2 453 520 785
Lass from subsodl (¢ — d) 308 an 367 199 2193 11

4. Dhscussion

4.1. Biomass Yield and 5 Uptake

Figure 1a shows relative yields increased in all fertilized treatments. Except for Cont,
all fertilized treatments received uniformly 120 kg N ha—! year! and produced comparable
yields, while only two treatments received 5 fertilizer. Based on the fact, that all N fertilized
treatments were statistically the same, we can deduce that 5 was not a limiting nutrient in
our trials.

Relative sulfur uptake (Figure 1b) showed more differences, as treatments amended
with 5 fertilizer have the highest relative S uptake. Cont treatment provided uptake
of 338 kg S ha™! year !, Meanwhile application of 142 kg S ha ! year ' in the form
of AS resulted in uptake of 984 kg 5 ha™! year~ I while application of UAN + Mg5
(B4kgs ha~! year~ 1} increased S uptake to 831 kg S ha™ 1 j.re.ar'1 (increase by 291% and
246% over Cont, respectively). A similar increase of 5 uptake was present in the study
of Sakal et al. [34], where a dose of 40 kg S ha™! increased S uptake of maize by up to
944 kg Sha ! over unfertilized treatment, which provided uptake of 258 kg S ha !in
trials with maize and wheat crop rotation. Cwerall, the increase in 5 uptake was also noted
on treatments TAMN and UAN + PK, providing increase of 192% and 180%, respectively.
Weil and Mughogho [30] presented similar results, as they also observed increase in 5
uptake on treatments fortilized by 80 kg of N ha !, Generally, the application of N increases
yields and, thus, produces higher uptake of other nutrients [39], including 5 [40].

Table 4 describes these results in more detail. Interestingly, uptake on each treatment
shows descending tendencies in periods 2002-2007, 2008-2013, and 2014-2019. During
these perinds, vields on individual treatments also show a significant decrease (not present
in this study); therefore, reduced uptake can be attributed to reduced yields. The reduction
of vields over time can be partially attributed to N dose. Our trials were previously
investigated by Cerny et al. [41], where they focused on N uptake. They found that uptake
of N can reach up to 185 kg N ha~!, while yearly inputs are 120 kg W ha~!, so the nitrogen
dose might not be high enough to properly supply the crops. Other possible explanations
can include a change of the crop hybrid (viz. materials and methods) and precipitation,
which can cause mobilization of M in soil and possibly N leaching [42,43], as well as optimal
growth of the crop itself and better nutrient availability [44].

Given the results of correlation analysis (Table 5), it seems that the 5,4 fraction
correlates best with total 5 content in plant biomass (r = 0.747; p < 0.01), followed closely by
Sap [r=0725; p < 0L01) and Sy (r = 0674; p < 0L01). 5,, is calculated as the sum of Sy and
5, 4. thereby explaining the very similar coefficients of these fractions. This is generally in
agreement with other works, stating that Sy, 5,4, and their sum Sav are very important
fractions in plant nutrition [17,35] (as discussed later). Sy correlates only moderately with
the content of 5 in biomass. Since Mehlich 3 includes HMNO, it is possible that it extracts
some part of the 5; content that is usually not available to plants. Relationship between the
mentioned fractions and S binomass content may not represent the reality well enough in this
study due to the small sample set size. Recently, Sedlaf et al. [45] correlated content of 5 in

-54 -



Agronomy W21, 11, 1376

13 of 19

maize biomass with content of S in Sy and Sy fractions at Pearson “s correlation coefficient
values of r = (.91 and (L5804, respectively, at p < (L001 in a pot experiment. In field trials,
correlation coefficients were measured at r = (1174 (insignificant) and 0L62% (p < (L05) for
Sy and Sags, respectively. In their experiments, S biomass content was determined early
during vegetation (BBCH 16-18), while in this study, maize was sampled quite a bit later
(BBCH 75). Differences in sampling period can explain some of the differences, as content
in 5 is quite variable in soil and plants across the vegetation season [46]. In addition, Sedlaf
et al. [45] collected maize from farmers scattered across the Czech Republic using both a
crop rotation system and monoculture, bringing even more variability into the evaluation.
O the other hand, this study focuses solely on maize from long-term monoculture on one
station only.

4.2, Topsoil and Subsor] Sulfur Conbent

Results of two-way ANOWVA (Table &) revealed significant interaction of year and
treatment on content of 5 in all soil 5 fractions, with the exception of 5. This was caused by
a high content of 5 on AS treatment in the soil in the yvear 2019 (Figures 2 and 3), which
resulted in significant interaction of (AS treatment x year 2019 pair). Possible causes of
such increase in content of S on this treatment are discussed later. These results would
suggest that once inputs of S reach such levels, as with the inputs of 5 on AS treatment in
our study (Table 3), the 5 starts to cumulate in 5, 5.4, 5.y, and Sy fractions over time.
UAN + PMg5 treatment received S fertilizer as well. Interactions of (UAN + PMg5S = any
year pairs) were rarely significant and, in almost all cases, not different from pairs with
(treatments without 5 fertilizer and any year). This suggests that the fertilizer rate on UAN
+ PMg5 is not high enough to cause cumulation of 5 in topsoil.

Soil samples were collected after crop harvest. During crop growth, levels of 5 (espe-
dally Sav) would be high enough for sufficient crop growth in spring. Grobler et al. [47]
mention that maize is capable of producing sufficient yields with 10mg S, kg ™! of soil. S,
in our trials (Figure 3a) never reached lower values than 10 mg 5, kg™ ! even after harvest
{on average around 44 kg S, ha '), when S pools were already drained. Considering the
results of Sy3 extraction (Figure 4 in topsoil and Figure 5d in subsoil), Sy extracted a very
similar amount of sulfur to S,,. Kulhanek et al. [13] investigated the relationship between
Sav and Syg5 and found a very close Pearson correlation (r = (L882; p < 0L001). Using the
Pearson correlation analyses, we also found a very close relationship of these two fractions
in this study (r = 0.958 in 1997 and (0.%90 in 2019, both at p < 0.001). This high correlation
can be caused by the fact that each treatment received the same amount of fertilizer each
year for the entire duration of the trials, as well as all treatments of this study being located
on the same soil type, while Kulhanek et al. [13] investigated a wider variety of soil types
with much more varied fertilizer inputs. A similar relationship was also reported in other
studies [45,4%]. As mentioned in the Results, no differences between S, and Syyz in topsoil
and subsoil (Tukey; p = 0L05) were found. This makes the Mehlich 3 method suitable for
evaluating available S content in soil.

Kulhdnek et al. [50]—in Czech—developed a certified methodology for determination
of plant available 5 using Mehlich 3 extractant. They proposed criteria (5 categories in
total) for evaluation of plant available 5 using Sy content in soil. The results of our
study place Sy43 content in topsoil in the “Satisfactory” category in 1997. Having said this,
UAN and UAN + PK treatments have 207 and 20.4 mg 5 kg'1, which technically puts
them on the border of the “Low” and “Satisfactory” categories {ranges for “Low" and
“Satisfactory” categories are 11-20 and 21-30 mg 5 kg ~'). On the other hand, in the year
2019 the Spis content is ranked in the “Low” category in all treatments, since the content
of Syy3 has decreased in general with the exception of the AS treatment. In subsoil, there
is no temporal comparison, since we only have results from 2019 (Figure 5d). Using the
categories proposed by Kulhanek et al. [50], Cont and UAN are in the “Low™ category,
UAN + PK is ranked in the “Satisfactory™ category, and UAN + PMgS and AS are ranked
in the “High” content category.
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Owerall, S pools of different 5 fractions on all treatments in topsoil seem to be de-
creasing in time with the exception of the AS treatment (Figures 2 and 3), which shows an
increase in 5, 5, and 5;, fractions, while maintaining even levels of 5.

It is obvious that (aside from AS) all treatments suffered a decrease of 5 pools over
time (Table 7). In 2019, the S remaining pool in the Cont, UAN, and UAN + PK treatments
ranged from 23 to 33% of 5, determined in the samples of the year 1997, 5,4, content on
these treatments ranged 58-73% as compared to 1997 and in 201%. S5, content ranged from
3143% of 5,, in 1997, Lastly, 5 content for Cont, UAM, and UAN + PK treatments in
our trials in 2019 reached 73-79% of those in 1997, This conforms to Balik et al. [9], who
investigated sulfur status in soils on 10 different sites in the Czech Republic. They found
that 5., Sids. Sqv. and 5 content decreased in time to 32, 61, 50, and 92°%, respectively
{comparing the year 1981 with 2007). Changes in mineral 5 fractions were evaluated
byv Kulhanek et al. [19] in a long-term field experiment (comparing the yvear 1996 with
2014) with a potato, wheat, and barley crop rotation and several fertilizers. They describe
a decreasing tendency of 53y content in the entire trial; however, Sy content increased
following the application of sewage sludge after potatoes. In other crops, 5, always
showed a decrease.

Indeed, the application of organic matter into soil can increase its water holding
capacity [51] and, therefore, temporarily increase the 5, fraction. In our experiment, no
organic fertilizers were applied to the soil during the entire experiment. Changes of Ceppg
in our monoculture trial were investigated by Balik et al. [52]. Initial Cepyy levels decreased
from 1.26% in 1993 to 0.98%: in Cont and 0.93% in AS in topsoil in 2019 Subsoil Cenyy was
reported at (.73% in Cont and 0.65% in AS in 201%. This is caused by cultivation of maize for
silage, since very little post-harvest residues are present {just stubble and roots), and Ceoyg
presents net loss. Considering the current content of Canyy in Cont topsoil ((L98%) and
subsoil ((0.73%) [52], it is possible to calculate their ratio at 1.34 as well as a ratio of current
&t levels in topsoil (157 mg S kg~ '-Figure 3b) and subscil (115 mg S kg~ l—|:’iE;un! &), where
we get the ratio 1.36. 1t seems that 5, content is bound in the same way in arganic matter in
topsoil and subsoil. After all, organic bound 5 can make up to 90% of 5 [12]. Loss of the Sav
fraction from 1997 to 2019 in topsoil (Figure 3a) amounted roughly to 16.2-240mg S kg™ .
Loss of 5 (Figure 3b) ranged from 24 to 59 mg 5 kg'1 in all treatments except AS. This
suggests that loss of 5 from the organic fraction was present and partially contributed to
loss in 5. In arable systems where soil organic matter is not accumulating, there is little
opportunity for inorganic 502" ions immobilization into organic matter [53]. The 5 loss
can probably be attributed to leaching of the S0, anion, which is discussed later.

Even the Fallow treatment shows interesting results. Content in all 5 fractions is
highest in 1997, but lower in 2008, This treatment has no crop production, so the decrease
in the period 19972008 can be attributed to leaching of 5 from atmospheric depositions.
Unlike the other non-AS treatments, the decrease of S was not present from 2008 to 20149.
The most likely cause is the decrease of atmospheric 5 depositions in recent years [10].
These results are similar to those of Gourav et al. [33], where a higher content of 5, and 5,
was present on the Fallow treatment than on Cont after 48 vears of experiment with maize
monoculture. In our study, the Cont treatment of the 5,, fraction amounted to 16.2, 8.5, and
6.9% of 5, in 1997, 2008, and 2019, respectively. 5,, for the Fallow treatment made up 16.5,
10.1, and 9.4% in 1997, 2008, and 2019, respectively. UAN, UAN + PK, and UAN + PMgS
behaved very similarly to Cont. It is clear, that treatments with maize production and 5
leaching had a higher influence over the decrease of S5, pools than that of Fallow, which is
only influenced by leaching.

The AS treatment seems to show opposing results. The increase of 5_;_ in topsoil in
this treatment (Figure Zb) can be explained, e.g., by a decrease of pH that causes increased
sorption of S0 [54]. AS fertilization indeed decreases the pH of soil [55]. This, however,
does not explain the increase of 5,, and 5, fractions. A possible explanation may be the
combination of site and rainfall variability as well as annual application of 142 kg S per
hectare (which can be considered as a very high dose), which could cause the accumulation
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of sulfur in this treatment over time. Influence of time was deemed significant earlier
(Table &) and seems to suppaort this thought.

The S content in all fractions (Figure 5) in subsoil was increased in 20019 on UAN
+ PMgS and AS treatments over those without S fertilization. Knights et al. [53] and
Zaved et al. [56] report that surplus S can be accumulated in subsoil, which could explain
that the highest increase overall was present on the AS treatment that received the highest
amounts of § inputs, followed by UAN + PMgS, which received the second highest inputs
of 5. This can also explain the increased content of 5; in 1997 on the AS treatment (Figure 6).
Even though we evaluate data from 1997, the experiment and fertilizer applications started
in 1993, s0 AS was applied for several vears before the first data are presented in this study
Leaching of 5 from previous vears could have increased 5 content in the subsoil in 1997 on
this treatment in subsoil.

Sw content in subsoil on AS and UAN + PMg5S treatments had increased by 42.7 and
165 mg S kg ! over Cont (Figure 5a). Since soil samples were taken after harvest, it is
possible that soil was sampled during a downward movement of 5, which was in surplus in
topsoil. This could also explain the increase in 5,4, (Figure 5b). The 5,, (Figure 5c) content
on Cont, UAN, and UAN + PK is on par; however, 5; content (Figure ©) is somewhat lower
for UAN and UAN + PK in comparison with Cont. [t is possible that a higher uptake of 5
by plants in the UAMN and UAN + PK treatments could cause mineralization and upward
movement of S from the subsoil [51]. Accumulation of total S over time is visible in the
subsoil on Fallow in comparison with other non-S-fertilized treatments (Figure 6). Since
there is no crop production on Fallow, we assume that maize roots have influenced the other
treatments. Indeed, maize roots can grow as deep as the subsoil layer (3060 cm) [57,55]
and could, therefore, cause a decrease in subsoil S content.

4.3 Sulfur Status and Movement in Topsol and Subsoil

Values of §; in the topsoil and subsoil (Table 5) are calculated in kg S ha—!. Therefore,
temporal changes represent identical tendencies for the soil S content in Figures 3b and 6.

From Table &, it is clear that all treatments except AS show a decrease in 5y content in
the topsoil. Megative S balance can be attributed to crop growth and leaching [24]. Cont
is influenced by leaching and maize growth, while Fallow is only influenced by leaching;
therefore, it is understandable that Fallow showed the lowest loss of 5. A slightly positive
balance is noticeable in AS. A possible explanation may be the combination of site and
rainfall variability as well as annual application, as was mentioned above in the discussion
of topsoil and subsoil sulfur content. In the subsoil Cont, Fallow, and UAN + PK treatments,
we measured the increase in S content. It is possible that leached sulfates from the topsaoil
were absorbed or accumulated in organic matter.

Table 9 describes the movement of S in the topsoil and subsoil. The calculation
presented in this table is based on a comparison of the original 5 status in soil and total
5 inputs during trials with the status of 5 at the end of the experiment with total plant
uptake during the experiment. Using this method, we calculated that on all treatments in
topsoil, an extensive 5 loss is present. In subsoil, the trend is the same, with the exception
of the Fallow treatment that seems to have stable values. We consider the loss from
subsoil in Table 9 equal to the total 5 lost from the topsoil and subsoil profile (060 cm
depth). The Fallow treatment registered the smallest loss of 11 kg S ha~!, while Cont,
UAN, and UAN + PK lost 308, 367, and 199 kg S ha™ 1 during the entire trial, respectively.
UAN + MgS and AS provided losses of 2193 and 3271 kg 5 ha ! during the entire trial or
95.3 and 142 kg S ha~! year !, respectively. This loss can certainly be attributed to leaching
of S0, anions as described in Riley et al. [24], where a three-year pot experiment with
AS application and undisturbed soil sample was established with a focus on S leaching.
Here, the control treatment received a total input of 22 kg S ha! in terms of depositions,
while the AS treatment received an additional 50 kg S ha™ lin the form of AS fertilizer {in
total 72 kg S ha~' was added). It was found that 78% of S applied on AS was leached in
the first year and it increased to 96% after three years. When loss by leaching and plant
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uptake were added together (55 and 107 kg S ha~! in Cont and AS, respectively), the total
5 outputs in AS and even Cont treatments exceeded the total inputs at the end of the trial
by 35 and 33 kg 5 ha™ !, respectively. The authors explain this by net 5§ mineralization
from organic bound 5 in s0il. Using these data, we calculated a ratio (in%) of outputs
{uptake and leaching) over inputs (deposition and fertilizer) and obtained 253% for Cont
and 149% for AS. The same calculation was performed for Cont, AS, and UAN + PMg5S
treatments with the result of 221%, 102%, and 114%, respectively. Furthermore, 5 uptake
(Table 4) did not reach the levels of fertilizer inputs (Table 3) and mobile sulfates were
generally susceptible to percolation in AS and UAN + PMg5 treatments. Leaching of
sulfates was obviously present. Riley et al. [24] measured the presence of organic bound
5in leachates. It makes sense in the context of our study, since Balik et al. [52] evaluated
changes in organic bound 5 on the same trials as this study and found a decrease of organic
matter content that reduces space for net 50,%" accumulation. This lack of § retention
was also demonstrated in Rothamsted long-term experiments [51], where applications of
52-220 kg Sha ! year ! over 150 years had not increased organic, nor inorganic, pools of
5. In addition, we demonstrated (Figure 3b) that 5 content in our trials is decreasing and
organic bound 5 is, of course, part of this fraction [17].

Bergholm and Majdi [25] also report 5 leaching during a six-year experiment. However,
their results differ from those of ours. Out of a total 5 input of 821 kg S ha™! in the form
of depositions and AS fertilizer, up to 339 kg S ha~! was leached (41.2%) in comparison
with Cont, where inputs were 133 kg 5 ha ! in the form of atmospheric 5 depositions, and
leaching amounted to 7% kg S ha™ I {59%). Accumulation in AS and Cont reached 3171 and
%1 kg Sha ', respectively. Calculation of outputs (leaching and accumulation) over inputs
ratio was performed resulting in 60% and 65% for AS and Cont treatments, respectively.
These results differ from those in our study or in Riley et al. [24]. This difference is due
to the fact, that the Bergholm and Majdi [25] study was conducted on forest soil. Authors
measured accumulation of 5 in the forest floor (that is very rich in organic matter) and
also in mineral soil. On the other hand, Riley et al. [24] as well as our study conducted an
experiment on arable soil. They found leaching of organic bound S and a recent study by
Balik et al. [52] found a decrease of soil organic matter on our trials. There are other factors
that can influence the movement of 5 in soil, like an increase in precipitation being capable
of increasing movement of nutrients in soil [26,27]. Soil texture can have an influence on
water retention and, therefore, leaching as well. The soil texture in our trials was Loam
with 5.4% clay content. In Riley et al. [24], the soil texture was Sandy loam of (—40 cm depth
with clay content around 7.5% and Loamy sand of 4060 cm with clay content around 5.5%.
In Bergholm and Majdi [25], the soil texture was also Loamy sand with 4% clay. In the end,
it is possible to state that the majority of the disparity cam be attributed to vastly different
conditions between forest and arable soil.

Comparing the results of our maize monoculture long-term field experiment with
a pot experiment [24] and forest trial [25] is indeed difficult due to the very different
conditions that apply to each of these respective environments. Even though these trials are
so different, what they share in common is the fact that a significant part of sulfur fertilizers
is leached and unavailable to plants and may even be contaminating ground waters [5%].

In general, to reduce the leaching of sulfates, it is recommended to use fertilizers with
lower solubility, like elemental 5, which is less susceptible to leaching [24,60], or performing
the application in several smaller doses [24]. However, Santoso et al. [60] mention that fast
growing crops like maize show significantly lower 5 uptake if fertilized by slowly soluble
fertilizers, especially if applied in split doses.

5. Conclusions

In this study, we examined the influence of 5 fertilization and atmospheric depositions

on soil and plants in maize monoculture lasting 27 vears. We found that S was not a

limiting mutrient and 5 fertilization did not increase vields, although it created higher 5
uptake by maize. Generally, we noticed a decrease in topsoil 5,,, 5, 4., Sav. and 5 content on
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all treatments with exception being the AS treatment, which doubled its initial content in
mineral fractions and maintained the same levels of S, which we attribute to the very high
S dose on this treatment. In our conditions as well as similar ones, S, fractions (S, + S,a)
determination seems to be most suitable soil tests for plant S uptake prediction.

Using the total S balance, we demonstrate that a significant amount of S is being
leached below the soil depth of 60 cm on all treatments over the period of 27 years of the
experiment, with the highest values on both S fertilized treatments. We conclude that high
atmospheric depositions before the 1990s caused S pools in soil to fill up and contribute to
S leaching. Furthermore, the decrease of S depositions in the period of the 19%0s to 2019
and leaching of S caused a decrease in S content in the topsoil in almost all treatments
(except AS) during the period of 1997-2019. Based on our results, we can propose the
use of multiple small S doses or slowly soluble fertilizers as well as organic fertilizers in
maize monoculture.
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Abstract: Sulfur mutrition is a crucial part of proper crop growth. In this study, we investigated the
influsence of ofganke fertlizers in a long-term Beld experiment (23 years) with continuous malze
monoculture. We focused on: (a) changes in the soil sulfur fraction pools, (b) the balance of toal
sulfur inputs and cutputs, and (c) sulfur uptake by maize. The following treatments were selected:
unfertilized control (Control), urea and ammoniem ndtrate (LLARN), UAN and wheat straw (LLAN + 5t),
sewage sludge (55), farmyard manuse (FYM), and slurey (Slurry). Using sequential extracton, we
determined water-soluble (Sw—in water), adsorbed (5, 3. —in 0032 mol L' NaH2POy), and available
(Say =5w + 5,4, ) sulfur content. Microwave-assisted digestion in an Aqua regia solution was used
to measure the pseudo-total sulfur content (S0, Organic-bound sulfur (S, ) was calculated as
a difference between Sy, and S,,. We found that average biomass yields responded to a uniform
120 kg N ha ! year ' dose, rather than the dose of 5 in fertilizers, with an increase over the Control by
34—49%. The effect of an additional 335 kg Nha ! year ! on UAN + 5t 1t was not significant
Average sulfur uptake responded to increased yields (69-121% higher than Control), rather than the
sulfur application, with the exception of 55, where the dose of sulfur was high enough to cause an
additional uptake. In the topsoll, we discovered a significant decrease over time {fromm 1997 to 2009 in
water-soluble (Sy), adsorbed (5,5.), available (55,), and pseudo-total (Sp ) fractions on all treatments
b 29, 59, 37, and 82% of thelr initial values, respectively. For all treatments, the propomtion of Soe
Spi increased over time, which was caused by the decrease in mineral fractions (S, S.4.. Sw). The
absolute content of Seey decreased over ime for all treatments except 55 and FYM to about 85% of the
initial value. Using the simple balancing method, we calculated that UAN = St 55, FYM, and Slurry
treatments annually lost 8.04, 66.1, 21.4, and 26.8 kg of S ha 1, respectively. This loss was attributed to
the decrease in atmospheric depositions, as well as the release of sulfur from soil erganie matter (for
UAN + Stand Slurry treatments) and a high proportion of easily mineralizable and inorgande sulfur
from the 55 treatment. Generally, the FYM fertilizer provided the highest potential for malntalning
skl Spy stakiis,

Keywords: malze monoculture; sewage sludge: slurry; farmyard manure; straw; organde fertilizer;
skl sulfur

1. Introduction

Sulfur is a key nutrient in agriculture. It influences the metabolism of the plant itself [1],
as well as crop vields and quality [2]. Some soil sulfur inputs are required for proper
crop production.

In the most recent history, one of the biggest avenues of sulfur inputs was atmospheric
depositions, but, due to desulfurization technologies in the industry, this path is no longer
sufficient [3,4]. In the Czech Republic, the amount of sulfur supplied through wet and dry
atmospheric depositions decreased from the hundreds to tens of kilograms of sulfur per
hectare in the late 19805 to the 19%0s, respectively [5,6]. Currently, in the Czech Republic,
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the sulfur inputs through the atmosphere are in the range of 4-5 kg per hectare annually [7].
This trend is reflected throughout all of Europe, where a similar decrease was reported
by Gao et al., []. This decrease is a consequence of the reduction of sulfur-containing
emissions from the industry. The European environmental agency reported a decrease
in emissions in Europe by 74% between 1990 and 2011 [9]. Similarly, a 90% decrease
in sulfur-containing emissions has also been present in the Czech Republic [7,10]. The
development in the sulfur depositions, as well as the use of high-analysis fertilizers with
a low content of sulfur, has caused the crops to show symptoms of sulfur deficiency [3]. On
top of that, another contributing factor is also high pure nitrogen fertilization, which leads
to an increase in yields and can lead to an increase in the uptake of other nutrients [11-13].
The combination of these factors can lead to deficiencies in plant sulfur nutrition [4] for
crops such as maize (Zea mays L.), which seem to respond well to sulfur fertilizers at doses
in the range of 25 to 60 kg of sulfur [14-16].

Sulfur in the soil is present either in the organic or mineral (inorganic) form [1]. The
mineral fraction represents around 5-10% of the total sulfur content, and the content of
mineral sulfate (SO, ) anions is important for plant nutrition [17,15]. Mineral sulfates
can be present in three forms: (i) water-soluble and most easily available to plants, which
usually represents around 1% of the total S content, (ii) adsorbed sulfur on the soil particles,
which can be released easily into the water-soluble fraction and supply the plants with sul-
fur (together, water-soluble and adsorbed sulfate fractions are regarded as plant available),
and (iii) as a co-precipitated sulfur fraction occluded in the precipitates of magnesium
and calcium carbonates [17,19], which are generally unavailable to plants, yet can be very
slowly released [20].

Mineral sulfates are very mobile and susceptible to leaching into the subsoil [21-24],
or even the ground waters [25]. Due to high mineral § inputs from atmospheric depositions,
this release was measured in the European soils [21,22], as well as the Czech Republic [23,26].
On the other hand, organic-bounded sulfur is generally unavailable to plants, as it is less
soluble; nevertheless, throughout the vegetation, a certain mass can be mineralized and
released [20,21,27] to help with maintaining a steady supply of sulfur. This process can
lead to a significant increase in sulfates in water streams [3].

A decrease in total sulfur content in the soil was reported in the Czech Republic
between the years 1981 and 2007, from 221 mg S kg ! to 204 mg S kg ! [28]. This decrease
does not seem dramatic at first, but in the study, the authors also measured an average
decrease in water-soluble, adsorbed, and available sulfur content by 66.5, 41.5, and 50%,
respectively. A similar investigation between the years 1996 and 2014 was carried out in the
study by [29], and the same trend was found. Mehlich 3 sulfur extraction [30] has recently
been introduced as a possible determination of plant-available sulfur in soil in the Czech
Republic [18,31], and there is also a significant decrease in Mehlich 3 extractable sulfur in
the Czech soils [31], which further confirms the trends.

The application of sulfur-containing fertilizers is helpful in sustaining good crop nutri-
tional status. Generally, mineral fertilizers contain sulfur in the sulfate anion (for example,
ammonium sulfate or magnesium sulfate) [11], but these are quite mobile [21,22,24] or different
forms of elemental sulfur (S"), such as micronized or mixed with bentonite clay [21], that
are less mobile and less susceptible to leaching, yet might be problematic in sustaining
proper sulfur supply for fast-growing crops such as maize [32].

On the other hand, the application of organic wastes in agriculture can be of great
importance to maintain soil fertility [33]. It was found that, in order to maintain or even
increase total sulfur content (and organic-bound sulfur as well) to a steady supply of sulfur
in the soil, there must be a steady input of carbon in the organic matter [24], and this has
been demonstrated in farmyard manure and sewage sludge application. This is something
that Knights et al. [35] did not find in their experiment, where the annual application of
mineral sulfur fertilizers over the course of 150 years did not, in fact, increase total sulfur
content. The ability of organic fertilizers to maintain steady levels of sulfur in the soil can
be different and is based on the kind of fertilizer and its origin. Therefore, more stable
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materials might prove more effective than materials with more unstable compositions
(such as slurries, [36,37]). For example, the sewage sludge produced by water treatment
facilities is an environmental problem and can partially be resolved by using the sludge as
a fertilizer [35]. Out of total sewage sludge production, about 37% is used in agriculture in
Europe [39]. Out of all the countries in the European Union, more than half recycle over
50% of their sewage sludge production into their agriculture [40]. This material has a large
pool of potentially mineralizable sulfur [34] and is water soluble [41,42].

This study aimed to investigate the soil sulfur status under the conditions of 23 years
of continuous maize monoculture fertilized by several organic fertilizers. Specifically, the
assessment included: (a) changes in the soil sulfur fraction pools, (b) the balance of total
sulfur inputs and outputs, and (c) sulfur uptake by maize.

2. Materials and Methods

The experiment was conducted at the long-term stationary experiment site of the
Czech University of Life Sciences in Prague located at Cerveny Ujezd. The field trials were
initiated in the year 1993. The experimental site characteristics at the beginning of the
trials are presented in Table 1. Information about current nutrient levels, as well as pH, is
presented in Table 2. The trials were conducted in a complete block design. There were
four blocks; each block had all fertilizer treatments arranged into individual plots. This
means each treatment was replicated 4 times. Area of plot was 170 m?. The silage maize
hybrids (Zea mays L.) were planted at a density of 80,000 plants per ha. Average monthly
air temperature and precipitation are displayed in Figure 1.

Table 1. Experimental site characteristics.

50°4'22" N

GPS Coordinates 14°1019" E
Altitude (meters above sea level) 410
Mean annual precipitation (mm) 493
Mean annual temperature (°C) 7.7

Soil type Haplic luvisol

Soil texture Silty Loam
pH (Ca(ly) 65
Clay (%) (<0.002 mm) 54
Silt (%) (0.002-0.05 mm) 68.1
Sand (%) (0.05-2 mm) 265
Bulk density topsoil (g cm ) 147
Bulk density subsoil (g cm ?) 150
Csom (%) 126
Cation exchange capacity (mmol,, /kg) 118

Table 2. Content of Mehlich 3 extractable nutrients (P, K, Ca, and Mg) and other soil properties in
2019, topsoil.

Treatments

G o Contol  UAN  UAN* 55 FYM  Slurry
P(mgPkg ) 141 102 125 366 317 303
K(mgKkg ') 141 115 138 129 247 28
Ca(mgCakg ) 2512 2000 2041 2435 3032 2797
Mg (mgPkg ') 1 78.1 152 166 178 153
Coont (%) 098 0.95 116 120 149 112
CHa/EA 0.56 0.63 0.82 078 1.04 0.84
pH (CaCl;) 6.36 591 588 625 681 6.70

P—phosphorus, K Ca—calcium, Mg—magnessum, Coong—carban soil onganic matter, Gy /g

—hu.mx' xld fulvic x-d ratio, UAN-—urea and ammonium nitrate, UAN + St—UAN and wheat straw, SS—sewage
shudge, FYM-—farmyard manure.
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Figure L. A climograph of average air temperatures and monthly precipitation calculated as average
of 1997 to 2019 values.

2.1, Treatments

Six fertilizer treatments were selected, namely: (1) unfertilized control (Control);
{2) urea and ammonium nitrate (UAN); (3) UAN and wheat straw {(UAN + 5t); (4) sewage
shudge from municipal water treatment facility (55); (5) cattle farmyard manure (FYM); and
{6) cowr slurry (Slurry). Annual nutrient inputs from fertilizers are described in Table 3.
UAN fertilizer was applied in spring before sowing. Other fertilizers were applied in the
autumn before tillage. All organic fertilizers were immediately incorporated into the soil by
ploughing. Every fertilizer was applied in a single dose. Mo additional amendments were
added to individual treatments; only stubble from the previous year was incorporated into
the soil. Sulfur content analysis in stubble and roots was not performed.

Table 3. Experimental design and nutrient inputs with fertilizers.

kg Mutrient ha * Year ! C:N:S =]
Treatment
N 5 I3 K

Control 0 0 [i] 0 - -

UAN 120 [i] [ 0 - -
UAN + 5t 120 + 335 261 4.34 4510 Tdupel-0u02 728
S5 120 524 el | 1610 7321043 1710
M 120 164 a 129 13.4:1:0.14 957
Slurry 120 163 X2 105 5081014 3583

UAMN—urea ammaninem nitrate solution, St—whest straw in a-.'erage dase of 5000 kg DM (dry matter) ha 1 VAT 1
S—srwapge sludge in a‘\-ﬂaﬁc dose of 3101 kg D3 ha ' year , ML3% DM. FYM—Ffarmyard mamure in average
diose of 5027 kg DM ha~' year—!, 23.7% DML EIm'n'—s]un'v in the average dose of 2280 kg DM ha " vear—!,
5.7% DM, * Mutrient ratios in femllmm caleulated based on C-N ratio results in Balik et al. [43] and internal
resulis.

Total sulfur inputs including annual sulfur deposition (dry and wet) are described
in Table 4. Precipitation (as the only source of soil water) was measured directly at the
experimental site; however, the site was not equipped to detect 5 depositions. The sulfur
deposition data were provided by the meteorological station at Prague in Ruzyné that
belonged to the Czech Hydrometeorological Institute. This was the nearest professional
station measuring 5 depositions (the distance is about 10 km by air; GPS: 50°6°0.6" N,
14°15"19.8" E).
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Table 4. Total sulfur inputs (depositions and fertilizer) during the experiment.
Control UAN UAN +St SS FYM Slurry
Input Period
kg S ha ! per Period
19931996 80 80 90 290 146 145
1997-2001 61 61 74 323 143 143
2002-2007 48 48 64 362 146 146
2008-2013 37 37 53 351 135 135
2014-2019 29 29 45 343 127 127
1993-2019 254 254 325 1670 697 696
1997-2019 175 175 235 1380 552 551
Numbers m the Contral and UAN the henc depasibons that every treatment recerved.

UAN = 5t, S5, FYM, and Slurry treatments also include inputs from the application of their respective fertilizer.

2.2. Plant Analyses

Every year, once the silage maize reached maturity (BBCH 75 or R4 vegetative stage,
roughly 65% biomass moisture), the aboveground maize biomass from every plot was
harvested and weighed to obtain the biomass yield (BY)—more precisely, two middle rows
were harvested (area of 20 m?). Dry matter content was determined at 105 °C.

To determine the plant sulfur content, the dried samples (for 72 h at 40 °C) were fine
milled (<1 mm) (Retsch SM100, Haan, Germany) in laboratory. To determine the plant
sulfur content, a wet digestion analysis was performed. Briefly, an aliquot 0.25 g of milled
sample was weighed and immersed in nitric acid (7 mL of 65% HNO3) and hydrogen
peroxide (2 mL of 30% H>O;). Samples were then digested in a microwave-assisted high-
pressure environment. The whole procedure is further described in Tlustos et al. [44]. This
analysis was performed twice for every plot, that is, 8 times per treatment.

2.3. Soil Analyses

Topsoil subsamples ((-30 cm depth) were collected in 1997, 2008, and 2019 after the
biomass harvest from every plot and pooled together to get one soil sample per plot. Subsoil
subsamples (30-60 cm depth) were collected in 1997 and 2019 after harvest from every
plot and pooled together to get one subsoil sample. Every sample was later air dried in
a forced-air oven until reaching constant weight at 40 °C; then, samples were ground and
sieved for particles <2 mm. These samples were archived until further analysis.

To study the changes of different sulfur fractions in topsoil and subsoil, the following
methods were selected: A sequential extraction method by Morche [20] and modified by
Kulhanek et al. [15] for available sulfur fractions determination. Briefly, samples were
extracted with demineralized water (1/10 w/v) to extract the readily available S (Sy)
fraction and subsequently with 0.032 mol L~ NaH,POj to extract the adsorbed sulfur
(S,45) fraction After the distilled water was added, the sample was shaken for 30 min, then
centrifuged for 5 min at 8000 g. The supernatant was removed and stored in the freezer at
5 °C until further analysis. The same soil sample was then extracted with sodium dihydro-
gen phosphate, and the process was repeated. The sum of sulfur in these fractions was then
the bioavailable sulfur (S,,). Usually, extraction by 1 mol L™ HCI follows the extraction of
S, 4. to determine carbonate-occluded S, but this determination was omitted due to the low
carbonate content in the investigated soil.

The pseudo-total sulfur (SP') concentration in the soil was determined by the modified
I1SO 11466 1995 [45] method using Aqua regia extraction. The modification was microwave-
assisted high-pressure digestion and evaporation of samples using a heating plate (150 °C)
and subsequent quantitative transfer with distilled water to a final volume of 25 mL glass
tube, which were topped up by deionized water and kept at laboratory temperature until
measurements were taken.

The organic sulfur content (S..;) was calculated as the difference between the pseudo-
total content (Spt) and available (Sav) content. Mehlich 3 extraction was also performed
following Mehlich [3] in order to also evaluate the Sy fraction. Briefly, an aliquot of
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the soil sample was extracted by Mehlich 3 solution (1/10 w/v). The sample was then
shaken for 5 min and filtered. The filtered extract was stored in a freezer at 5 °C until
further analysis. Sequential extraction, Mehlich 3 extraction, and Aqua regia digestion
were performed once on every plot, that is, four times per treatment. In 1997 and 2008, the
sequential and Mehlich 3 extractions were not performed for subsoil. Aqua regia digestion
was not performed in 2008.

Sulfur concentrations in all digests and extracts were determined using optical emis-
sion spectroscopy with inductively coupled plasma (ICP-OES) with axial plasma config-
uration, Varian, VistaPro, equipped with autosampler SPS-5 (Mulgrave, Australia). The
operating measurement wavelength for ICP-OES was 180.7 nm for S.

All statistical evaluations were performed using STATISTICA software, version
13 (TIBCO, Palo Alto, CA, USA). Even though trials started in 1993, we evaluated the
period of 1997-2019, since a more representative dataset was available. Two-way ANOVA
was performed to investigate the interaction of year x treatment and its influence on topsoil
S fractions. Since we did not have historical data for the subsoil S content (except for Spt)
a two-way ANOVA was not performed. The one-way ANOVA analysis was performed to
individually test the influence of year on the topsoil and subsoil sulfur fractions, as well
as biomass sulfur content. The same was performed to test the influence of the fertilizer
treatment over topsoil and subsoil sulfur fraction content, plant biomass sulfur, uptake,
and yield. The differences between means were determined using Tukey s HSD post-hoc
test at p < 0.05. The Spearman rank correlation was performed to determine which top-
soil sulfur fraction was most related to the content of sulfur in biomass. Only results for
p < 0.05 are presented, as lower p-values (0.01) produced no significant results.

3. Results
3.1. Biomass Yield and S Uptake

Statistical analysis of the average maize yield during the period 1993-2019 (Figure 2a)
revealed significant differences between the unfertilized Control treatment and all other
fertilized treatments. Meanwhile, differences between the fertilized treatments were all
within variance and were not significant.

() 100% (Control) = 9.04 t ha* of dry matter (b) 100% (Control) = 3.38 kg Sha
160 260
e 145 b 21¢
145 " 220
192bc 193k

= 130

115

100

Control UAN UAN+ S5 FYM  Slurry Control UAN UAN+ S5 FYM  Slurry
St St

Figure 2. Relative average vields (a) and relative average sulfur uptake (b) at harvest during the
period 1993-2019; the different italic letters describe statistically significant differences between
treatments. Tukey HSD test; p < 0.05. n = 27.

Further data are shown in Figure 2b, where the average sulfur uptake in the period
of 1993-2019 is reported. The Control treatment showed the significantly lowest values
of sulfur uptake by maize in comparison with the fertilized treatments. During this time,
there were significant differences, even between the fertilized treatments. Maize with FYM
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and Slurry treatments had significantly lower S uptakes than plants on SS treatment (which
reached the highest uptake of S). UAN and UAN + St treatments were comparable to Slurry
and FYM, as well as SS treatments.

Table 5 shows plant sulfur content in the years 1997, 2008, and 2019. Judging by the
italic letters (comparison of treatments) the Control treatment always reached the signif-
icantly lowest S content, while the SS treatment reached the highest content in 2008 and
2019. Judging by the standard letters (comparing the difference between the year in one
treatment), it is evident that the S content for all treatments decreased as time moved on.

Table 5. Plant sulfur content (mg S kg ') after harvest in dry biomass (1 = 8).

- Control UAN UAN + St sS FYM Slurry

ear Mean Mean Mean Mean Mean Mean
1997 568ac Tidbe 712be 681 b b 717bc 710b¢
2008 472ab 637bb 590bb 754ch 545bb 538abb
2019 381laa 52ba 484 ba 6l18ca M7aba dlaba

The different italic letters describe statistically significant differences between treatments (n rows). The different
standard letters describe statistically significant differences between years (in columns). Tukey HSD test p < 0.05.

The maize sulfur uptake is further examined in Table 6. Judging by the italic letters,
there were significant differences between treatments, even at the beginning of the ex-
periment. UAN and SS treatments already differed enough from the Control treatment
and kept this trend for the duration of the entire experiment. UAN + St was comparable
with the Control in the first period; however, in the second and all the following periods,
it became significantly different from the Control. Generally, during all of the following
periods, all treatments produced significantly higher values than the Control. Overall, the
highest uptake was always present in the SS treatment.

Table 6. Detailed sulfur plant uptake in the period during the experiment (kg Sha™ ! per period).

Period Mean Mean Mean Mean Mean Mean
1993-1996 157a 2530 242ab 2880 23.0ab 21.7 ab
19972001 248a 427 be 35.4 b 4360 347h 335h

2002-2007 22ab 432bb 4290 b 482bb 395bb 406bb
2008-2013 176aab 398k b 403bch 429cab 325ka 283aba

2014-2019 16.1aa 323ba 331bca 3B6ba Mdaba 30.1ab a
1993-2019 9.3 183 176 202 159 154
1997-2019 80.6 158 152 173 136 133
The different italic letters describe shhsucall) slgmﬁt.\m differences among treatments (in rows). The different
standard letters describe istically si 11 ces yvars(m 1 ). Tukey HSD test (p < 0.05);

n =4 for years 1993-1996 and Imand"{l)i nzbim'lolkvwmg

Evaluating the changes in treatments in years (judging by standard letters) shows that
all treatments produced lower uptakes in later periods than the earlier ones, even in the
fertilized treatments. Only results from the last three periods were compared, as these
periods consisted of an equal number of years.

Spearman’s correlation coefficient was calculated in order to evaluate the impor-
tance of each soil sulfur fraction in maize nutrition (Table 7, results of 1997, 2008, and
2019 were pooled together for this analysis). Given the influence of the fertilizer treatment
over the values, the relationship between the values was monotonic. Therefore, Spearman’s
correlation was chosen. The test revealed that Sy, S, ;.. Siv, Sma, and S, fractions were sig-
nificant in this relationship. The relationship between plant S content and soil S fractions
was not significant.
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Table 7. Spearman’s correlation coefficient values comparing the relationship of plant sulfur conbent
with soil sulfur content.

Sy Sads Sy Snis Spi Sueg
Plant 5 content 0741 LpGY 0743 (a9 0245 0564
Values marked with * wens :ipxil':in:anl atp< i n=TL

3.2 Topsoil Sulfur Content

A two-way ANOVA was performed for topsoil in order to establish the influence of
the vear and treatment and their interaction with the content of 5 fractions in topsoil. The
results in Table 5. show that there was no significant interaction for vear and treatment.
Om the other hand, individually, these effects had significant influences on the content of 5
fractioms in topsoil.

Table 8. Results for two-way ANOVA companng the effects of treatment, year, and their interaction
on the 5 content in individual 5 fractions in topsodl.

- S Fracti Treatment Year Treatment = Year
opsoil 5 Fracton
F df F df F df
Sw X 5 206964 2 0.44 0
S.a TR0 5 @199 2 0.84 10
Saw 751+ 5 20569 2 0.49 10
Sz 1519+ 5 10807 * 2 046 10
Sarg 1976 5 &0+ 2 0.958 10
Spt 2243 5 23,13+ 2 0.95 10

The values marked with asterisk {*) are siﬁn.iﬁcmt ef-lcct at p < EI.TTS.

To further investigate the effect of the vear on the content of 5 fractions in topsail,
a one-way ANOVA was performed. The results of the soil 5 content analysis revealed the
same pattern across all soil sulfur fractions. The mineral fraction, namely Sy, S,4.. S...
and Sy3 in Figures 36, respectively showed a significant decrease in sulfur pools in all
treatments, whether fertilized or not. Generally, the biggest significant decrease happened
between the years 1997 and 2008 for Syy and 5, while the decrease from 2008 and 201% was
smaller and, in many cases, was not significant. The rate of decrease in 5 pools for 5,4, and
Sayq3 fractions from 1997 to 2008 was not as big as the rate for Sy and Sav. The Sav content
resembled the changes in the Sy and 5.4, fractions, because the 5,, fraction content was
calculated as a sum of water-soluble and adsorbed content. The proportion of Sy in Sav
changed over the years. In 1997, the proportion of Sy in 5, from all treatments around
was, on average, 76%. In 201%, this proportion was, on average, around 60%. On the other
hand, the proportion of 5,4, in S.y increased accordingly.

The significantly decreasing soil sulfur pools were found even in the S, (Figure 7)
fraction with few exceptions. Firstly, although the 55 treatment showed a decreasing trend,
due to variability in results, the decrease was insignificant. Given several more vears, the
situation would be likely to change. The second exception was the FYM treatment, which
produced insignificant changes. The FYM and 55 treatments had, in general, the highest
contents of S, fractions. The percentages present in each column of Figure 7 show the
proportion of organic sulfur out of the pseudo-total. 1t is evident that, in all treatments,
the proportion of organic sulfur increased over time. This means that mineral $ pools
accordingly decreased over the course of the experiment. On average, the proportion of 5,
in Spt in 1997 was 15.4%, while the same proportion in 201% was only 7.7%.
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Figure 4. Content of adsorbed sulfur fraction (5,4, ) in topsodl. Different letters describe significant
differences between years within the treatment. Tukey HSD test (p < (L05), (r = 4)
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Figure 5. Content of available sulfur fraction (5;,) in topsoil. Different letters describe significant
differences between years within the treatment. Tukey HSD test (p < (L05), (r = 4)
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Figure 6. Content of Mehlich 3 extractable sulfur fraction (Syys) in topsoil. Different letters describe
signaficant differences between yvears within the treatment. Tukey HSD test (g < 0.05), (n = 4).
27
22 L 2Sta
s H9a 2da
éa 26 a ] 220 a . —
201 a
186 alby 187 ab 189k
171 ab 177k
157 b 155 b )

_ . | a?! |

: 4B [EE FEE E [

Z|= = = =12

Coatrol UAN UAN + 5t 55 FYM Slurry

01997 @208 w29

Figure 7. Content of pseudo-total sulfur fraction (Spi) in topsoll. Different letters describe statistically
significant differences between years within the treatment. Tukey HSD test {p < QU05), (e = 4).
Percentages shown inside the columns are a proportion of organic sulfur fraction out of pseudo-total
sulfur content.

The results present in Figure & describe changes in the Sarg fraction over time for each
treatment {calculated as the difference between the pseudo-total content and available
content). The lowest content of sulfur in this fraction, as well as the most significant
decreases, were present in the Control and UAMN. On the other hand, the organic sulfur
content did not produce any significant change in organic fertilized treatments, namely, the
55, FYM, and Slurry. It is important to note that the Slurry treatment showed a decreasing
trend. This trend might become significant over more time.

The data presented in Table ¥ allow further investigation of the soil 5 changes in
individual fractions. The presented values are a ratio comparing the 1997 5 content to the
2019 5 content. Generally, we can see that the biggest decrease in soil 5 happened for the Sy
fraction, down to 23-42%, of the 1997 content. The FYM Sw content for this treatment was
significantly higher than that of the control. The content of 5 in the S, fraction decreased to
31-48%; however, there were no differences between treatments, which is likely due to the
fact that the Sav fraction has to reflect changes in both the Sy (where some changes were
significant) and 5, 4. fractions (where all the values were not statistically different from each
other). Sulfur in the 5., fraction showed a change to 81-101% of the 1997 values. Organic
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fertilizer treatments in this fraction produced a smaller decrease than the Control and UAN
treatments. On the other hand, statistical differences were only present between the control
and FYM treatments. This also corresponded to a decrease in the Sy fraction, where the SS,
FYM and UAN + St fractions showed a smaller decrease than the other treatments.

2% a 235a
o 213a [
-_"_ 2028 b5 208 a
181 0 ] 188 a
a 180 a -
170a 170a 169 [5e
< 154 ab ey
46 141b
Control UAN UAN + St S5 FYM Slurry

01997 D2008 w2019

Figure 8. Content of organic sulfur fraction (Sorg) in topsoil. Different letters describe statistically
significant differences between vears within the treatment. Tukey HSD test (p < 0.05), (n = 4).

Table 9. Relative changes (%) in the content of respective sulfur fractions in topsoil. Values represent
relative content in the year 2019 in comparison with the vear 1997 (100% = content in 1997). Mean
plus standard deviation (SD).

AL, Sw Sads Sav Sarg Spr
Mean + SD Mean = SD Mean = SD Mean + SD Mean + SD
Control 23+8M0a 58 +940a 31 £944a 81 £793a 73+£505a
UAN 33+ 10.1ab B+114a $3+107a 83 = 9.85ab 77 £105a
UAN + St 32+ 452ab 71+110a 41 £5.18a 90 = 6.18 ab 82+ 4.17 ab
ss 38 + 344 ab 68 +443a 45+ 249a 95 = 643 ab 87 + 541 ab
FYM 42+ 7930 67 £508a 48 +713a 101 £329b 94 +£295h
Slurry 20 +242ab 59+317a 37 +190a 85 = 6.85ab 77 £525a

The different stalic letters describe statistically sigraficant differences between treatments per soil sulfur frachon.
Tukey HSD test p < 0.06 (n = 4).

3.3. Subsoil

The results of the subsoil S content analysis are presented in Table 10. Since the results
in previous years are incomplete, we decided to only present the findings of the year 2019.
Table 10 shows differences between the treatments in each of the investigated S fractions.
For the Sy fraction, the Control was comparable to the UAN and UAN + St, while it
was significantly lower than the FYM and Slurry. It is also important to note that the SS
treatment was significantly higher than all of the previous treatments (with a roughly six
times greater value than the Control). For the S,, fraction, the S content in the Control
reached higher values than the UAN and UAN + St and lower values than the FYM and
Slurry. Nevertheless, the Control was statistically comparable to those treatments. The
UAN and UAN + St had significantly lower S contents than the FYM and Slurry. All
treatments showed also significantly lower values than the content of S in the SS treatment.
Interestingly, the sulfur content of the SS treatment was comparable to the FYM, Slurry,
and UAN + St treatments in the S, ;_ fraction and, furthermore, the SS treatment in the Sh,x
fraction was comparable to the content of the Control, UAN + St, and UAN. The highest
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Sarg content reached by the FYM treatment was significantly different from all fractions,
except for the Slurry. Out of the 5, fraction, the Sy fraction for the Control, UAN, and
UAN + 5t treatments comprised 56.7-59.3%. The FYM and Slurry comprised 63.2-68.7%,
and the 55 reached up to 81.3%.

Table 10. The content of sulfur fractions in subsoil (mg S kg ':I im the year 2019,

Sy Sade Suw Surg

Control i5a 2Ta 6.1 ah 109 ab
UAMN 0w 22a 51a 93a

UAN +5¢ dba 31ab 77a 112 ab

== 28¢ 50k 6B 112 b
Fy¥M B9b 40k 129 b 138¢

Slurry 75b i5abk 111k 119 be

The different italic leters describe statistically significant differenoes between treatmenits in a fraction at p < 005 Tukey
HSD best, m =4

Changes in the Sy, fraction in the subsoil are described in Figure 9. Both the 55
and UAN treatments presented a decrease in sulfur from the yvear 1997 to 2019 in this
fraction. Due to variability, this decrease is not significant. The Control, UAN + St, and
Slurry treatments showed an insignificant increase, while the FYM content stayed the
same in both years. Judging by the italic letters, the content of 5 in this fraction in the vear
2019 was lowest for the UAN treatment, which was statistically comparable to the Control,
UAN + 5t, and Slurry treatments. Significantly high S contents were produced by the 55
and FYM treatments.

177 a
152a 152 acf
139 abe [ |
13a 130 a b
115 a ab 120 a abe 120 a
105 a 105a
ﬂ W2ran ﬂ
Caontral UAM UAN +5t &5 FYM Slurry

01997 D2y

Figure 9. Content of pseudao-total sulfur (Sp,) fraction in the subsodl in 1997 and 201%; the different
standard letters describe statistically significant differences between years. The different italic letters
(for 2019) describe significant differences between treatments. Tukey HSD test (p < 0.05), (n = 4).

The Sy and 5, content proportion of the S5 in 2019 subsoil was, on average, 62%
and 8.9%, respectively. It is important to note that, for the 55 treatment, this proportion was
15.7% and 19.3% for the Sy and 5, respectively. Other values fell close to the average.

3.4. Comparing the Psrudo-Total Sulfur Pools in Topsod and Subsoil

Pseudo-total sulfur content in the topsoil (=30 cm depth) and subsoil (30-60 cm depth)
is present in Table 11 in kilograms of sulfur per hectare. These values were calculated from
the S; content, which is also presented in Figure 7 {for topsoil) and Figure Y (for subsoil).

-74 -



Agromonry 2003, 13, 957

13 of 23

Table 11. Balance of peeudo-total sulfur in topsail and subsodl comparing the vear 1997 to 2019,

Control UAM UAM + 5t 55 FyM 5l
Treatment e A ury
kgSha!
Topsoil
1997 952 abb E5ab 951 aba 1113 bca 1197 ca 1076 abe b
019 692 ab a bE2aa TR2aba 969 e a 11Xlca B32abca
Balance — 260 —H3 —1a9 —1# ] —243
Subsail
1997 471aa SETaa 473aa T951a G83aa Sddaa
X9 S1%aba 442 aa 540 abe a 625hca 62 ca a5 abra
Balance -8 —146 +h7 -1 -1 +45

The different italic letiers describe stabistically n'pdﬁcantdif-lcn:nnu between treatments in a year {in rows]. The
different standard letters describe statistically siﬁ:'uﬁ.n:m'rt differences between years of treatmient {in codummns)
Tukey HSD test, p< (05, n = 4.

Judging by the italic letters for the topsoil, the differences between treatments were the
same for both years 1997 and 2019. Generally, the Control, UAN, and UAN + St treatments
had statistically comparable contents of 5. The 55 and FYM significantly had the highest
contents of 5 and were comparable to each other. The Slurry treatment was comparable to
both groups. When focusing on the development of the 5 content over the years (judging
by the standard letters) it is visible that the Control, UAN, and Slurry treatments showed
a significant decrease in soil 5.

Regarding the subsoil, there were no statistically significant differences between
treatments in the vear 1997, In the year 2019, the lowest values were produced by the UAN
treatment, which was comparable to the Control. The 55 and FYM reached the highest
significant contents of 5. The Slurry and UAN + 5t were comparable to all groups, due to
their high variability.

The balance row describes how much sulfur each of the treatments gained (+) or lost
{—) during the entire experiment. Overall, in the topsoil, only the loss of pseudo-total sulfur
content was registered (ranging from —76 to —260 kg S ha~!). For the subsoil, the un]{,r
treatments that registered the influx were the UAM + 5t and Slurry (+67 and +45 kg Sha™
respectively), while all other treatments lost S content {ranging from —1to —171 kg S ha '),

3.5, Sulfur Movement in Topsoil and Subsodl

Table 12 describes the vertical movement of the pseudo-total sulfur in topsoil and
subsnil during the trials. In the topsoil, the smallest loss was present for the UAM treatment,
followed by the UAN + St and Control treatments at 221, 252, and 356 kg Sha™ 1 , respectively.
The FYM and Slurry reached the loss of 492 and 661 kg S ha !, respectively. The greatest S
loss was calculated for the S5 treatment with 1350 kg S ha~'. The trend was similar for the
subsoil, where the smallest loss was present for the UAN + 5t, Control, and UAN treatments
at 186, 309, and 366 kg S ha~ !, respectively. The FYM and Sharry lost 493 and 616 kg Sha =1,
respectively. The S5 treatment also lost the most S in the subsoil at 1521 kg Sha™'.

Table 12. Movement of sulfur in topsodl and subsoil during the trials.

Treatment Control UAN UANM + 5t 585 FyM Slurry
Topsoil (kg S ha ")
Status 1997 and inputs in 1997 to 2019 (a) 1127 1060 1184 193 1749 1626
Status in 2019 and uptake 1997 to 2019 (b) 771 B3R a 1143 1257 S5
Loss from il [ab) 356 o | FLv 1350 492 6]
Subsoil (kg 5 ha~")
Status in 1997 and loss from topsail {c) 818 B0 Ty Xdi 1173 1301
Stahws in 1019 (d) 519 442 540 625 682 L]
Loss from subscil {c,d) 309 ) 186 1521 493 616
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4. Discussion

4.1. Bwmass Yields and Maize Sulfur Uptake

The average relative biomass yields from the entire experiment are displaved in Fig-
ure Za. The Control treatment significantly produced the lowest vields of biomass from the
fertilizer treatments. The differences in yields between all fertilizer treatments were insignif-
icant. All treatments, with the exception of the Control, received 120 kg of N ha™! year ™!
as fertilizer. On top of that, the LUAM + St treatment received an additional dose of 33.5 kg of
M ha~! year! from the straw. Even though the yields for this treatment were, on average,
the highest, there was no significant difference from other fertilizer treatments. Different
sulfur inputs plaved no role in the production of vields, as maize seemed to respond to
nitrogen fertilizer. The soil B, K, Mg, and Ca supply (Mehlich 3 extractables) was sufficient
for maize growth for all treatments (Table 2).

The relative sulfur uptake (Figure 2b) from the entire experiment showed more vary-
ing results than vields. Maize from the Control treatment without any fertilizer inputs
significantly produced the lowest uptake. On the other hand, the highest uptake was
produced by maize from the 55 treatment, which received 52.4 kg of S ha~! year ! as
fertilizer {the highest dose in this experiment).

Godlewska [46] reported an increase of 140% and 13(%: in 5 uptake over their control
by plants in composted sewage sludge and fresh sewage sludge treatments, respectively. An
increase in the uptake of sulfur by maize was also reported by Sakal et al. [47]. An increased
uptake of § was also presented by Knights et al. [35], where a long-term application of FYM
in a maize monoculture caused an increase in uptake to 11 kg of S ha~! year ! over their
control (2.0 kg of Sha~! year ).

Statistically comparable to the uptake of S for the 55 treatment were the UAN and UAN
+ 5t treatments, although the UAN + 5t received 2.61 kg of S ha™! year L. Interestingly,
the increases in the uptake of 5 for the UAN and UAN + 5t treatments were most likely
produced by the dose of 120 kg of N ha™! year ! on these treatments. This phenomenon
was also measured by Weil and Mughogho [12], where a significant increase in 5 uptake
was produced for a treatment that received 80 kg of N ha ! year ! and no sulfur as
fertilizer. Similarly, Knights et al. [35] also determined that pure mineral N fertilization
{96 kg M ha ! year—!) with zero sulfur caused a 2.6 fold increase in 5 uptake.

Table 7 shows a correlation analysis of the plant sulfur content with the soil sulfur
content in individual fractions. Sy, Sads, Sav, and Sarg content correlated with plant p < 0,05,
The results of correlation analysis agree with Boye et al. [27] and Morche [20], who men-
tioned that these fractions are very critical for proper plant nutrition. These authors also
mentioned that 5., content can be mineralized throughout the period of crop growth and
resupply the mineral fractions, thus explaining the correlation of plant 5 content with soil
Sorg contemt. There was a significant correlation between Syy: content and plant sulfur
content. Sedlaf et al. [43] also describe this relationship between plant sulfur content and
Sqy and Sy soil content on a wide variety of soil types and crop rotation systems that
included maize across the entire Czech Republic.

Generally, the content of plant 5 was greater for fertilizer treatments in comparison
with the Control {Table 5), although, in some cases, in years 2008 and more so in 20019, the
difference was insignificant. This is an important factor to note, since 5 is part of the primary
and secondary metabolism in crops [1] and generally can influence yield quality [2]. Since
we analyzed the entire aboveground biomass and not just the grain, we cannot comment
on the influence of fertilization on the S content in the grains. In summary, the increase in
yields can be attributed to the dose of nitrogen, and the sulfur dose had no significant effect
on yields. The overall increase in 5 uptake for all N fertilizer treatments in our experiment
can be mostly attributed to the application of nitrogen. The application of nitrogen fertilizer
in sufficient doses increases crop yields [12,13,47] and, thus, also increases the uptake of
other nutrients [13], including sulfur [49]. On the other hand, the application of sulfur in
the S5 treatment at the dose of 52.4 kg of Sha ! year ! was sufficient enough to produce
a significant increase in biomass sulfur concentration and, in turn, increase the sulfur
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uptake over the FYM and Slurry treatments, which both received approximately only 16 kg
of Sha™! year™! and the same dose of N as the SS treatment.

4.2. Topsoil and Subsoil Sulfur Content

For maize to have a sufficient supply of sulfur, there needs to be at least 10 mg of
Skg ! of soil in the plant available fraction (Sav) [50]. In our experiment, the S, content
was not lower than that amount (Figure 5), even though the soil samples were collected
after the maize biomass harvest when the S pools were drained. This means that, during
vegetation, the content of S, should be high enough to supply the crop with a sufficient
amount of sulfur.

The results displayed in Figures 3-6 show that there was a significant decrease in
sulfur content in the soil from 1997 to 2019 in terms of Sy, S.d<. Sav. and Syys fractions.

Balik et al. [25] investigated soil sulfur status changes from 1981 to 2007 from a wide
variety of sites and crop rotations under FYM, FYM + NPK, and unfertilized Control
treatments. The authors found a decrease in the Sy, S,4s, Sav, and S, fraction contents
to 32, 61, 50, and 92% of their initial values in 1981, respectively. Furthermore, they also
found an increase in the proportion of S, in the S;,; content from 79.3% in 1981 to 88% in
2007. The results in our study (Table 9, Figure 7) show a very similar trend to the results
of Balik et al. [28]. Table 9 also shows a slight decrease in Sorg content for all treatments
except the FYM, which seemed to stay near the original value. The differences between
treatments in this sulfur fraction were insignificant with the exception of the Control, which
reached the significantly lowest value. This is in accord with Forster et al. [34], who showed
an increase in Sypy, for treatments amended with FYM. Figure 8 shows the decrease in Sy in
absolute numbers for the Control, UAN, and UAN + St in 2019 in comparison to 1997. The
SS, FYM, and Slurry treatments had rather high initial values of S; content in comparison
with the Control, UAN, and UAN + St treatments. This was caused by the fact that the site
was already fertilized since 1993, and inputs of organic carbon and sulfur influenced the
Surg content. The same can be said for the S;,; content (Figure 7). Interestingly, the slurry
treatment also showed a decrease in S, (unlike the SS and FYM treatments), but it was
insignificant. If given enough time, this trend might become significant in the future.

Foster et al. [34] evaluated the status of soil S pools in the long-term experiment
initiated in 1962 under crop rotation using different fertilizer treatments. They found that
sewage sludge and farmyard manure fertilization increased total sulfur content significantly,
which is generally in agreement with the results of Sy, in our study. Furthermore, the
authors determined the S;y content in the interval between 10.0 and 178 mg of Skg ',
which also confirms our results (Figure 5) with the interval of 10.9 to 18.1 mg S kg .
The Sy content in the soil is the most labile and susceptible to changes [20] and is most
influenced by plant uptake [34,35], available soil sulfur supply [25,29], sulfur added in
terms of fertilizers [51], and, most notably, the decrease in inorganic sulfur inputs from the
atmosphere [3,4,31]. Another major factor that comes into play here is organic fertilization;
this effect is later discussed in Section 4.3.

In the Czech Republic, the Mehlich 3 extraction method has been used to determine
plant-available nutrients (e.g., P, Mg, Ca, K), and, recently, this method has been adopted
in order to evaluate the plant-available S in soil. The methodology according to [52] puts
arable soil into five categories according to the Sygs status. In 1997, all of the treatments in
our study would have fit into the “satisfactory” category (ranging from 21-30 mg Sysz kg ™).
In 2008, all treatments except the SS and FYM shifted into the “low” category (ranging from
11-20 mg Sy kg ™), and, by 2019, even the SS and FYM would place in the same category
as the others. For the subsoil, there is no comparison. Zbiral et al. [31] evaluated sulfur
soil pools for a wide range of Czech soils using the Mehlich 3 method. The authors found
that, on average, there was a decrease in Sy content in the soil from 33 mgof Skg ™! in
1981 to 8 mg of S kg ! in 2017 for control treatments with no fertilizers. They also reported
a decrease from 26 mg of Skg ! in 1995 to 17 mg of S kg ! in 2013. This corresponds well
to the results in our study, where Zbiral et al. [31] attributed this decrease to the reduction
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in SO, emissions and, in turn, the reduction in total sulfur depositions that occurred in the
1990s in the Czech Republic.

In consideration of the Sy fraction (Figure 6), the extracted S content was almost
identical to the S, fraction (Figure 5). The correlation coefficient between plant S content
and soil Sy content (Table 7) was 0.694 (significant at p < 0.05), which suggests that
a Mehlich 3 extractant could release plant-available sulfur content. Kulhanek et al. [15]
determined the correlation coefficient at 0.882 (significant at p < 0.001) for the Syg3 and S,
fractions. Unlike our results, the results in Kulhanek et al. [15] were collected for a wider
range of soil types and from farms, which included crop rotation, as well as monocultures.
A significant positive correlation between the S, and Sy43 content has also been reported
outside of the Czech Republic [53,54], thereby making this method suitable for determining
the plant-available sulfur.

The general decrease in S in mineral sulfur fractions (including Syy3) in topsoil from
all organic, mineral, or even control treatments can only be attributed to the decrease in
SO, emissions, as suggested by Zbiral et al. [31] or Balik et al. [28], from hundreds of kg of
Sha~! year™! in the late 1980s or early 1990s to just units of kg of Sha™* year ! [6], which
was even reflected by authors in Europe [34,35].

The results of the subsoil SP' content are presented in Figure %; however, the variability
of the results does not help the interpretation. When comparing the Spi content in 1997 and
2019, there seems to be no statistical differences when judging by standard letters, yet the
content for the SS treatment decreased by 21.5%. It seems to resemble the results of the
topsoil (Figure 7). The initial content of SP' for this treatment was, however, 1.68 fold that
of the Control. Given the fact that sewage sludge contains a lot of potentially mineralizable
S [34], it is possible that the content of sulfur was mineralized over time and was susceptible
to upward movement caused by plant uptake (maize roots can reach a depth greater than
60 cm) [55] or downward movement in terms of the leaching of sulfate anions [21,22].
Indeed, the mineral Sy content in this treatment sustained a 6.23-fold increase (Table 10)
over the Control in 2019, while the Sm.g content was almost identical to the Control. The
UAN treatment produced a decrease in Spt content (Figure 9). This can be explained by the
fact that the initial S;,; content of this treatment was higher than the Control and also by the
fact that the Cgoyy content in this treatment decreased in the subsoil [56]. This is further
supported by Table 10, where the lowest content of Sor; was present in the UAN treatment.
The Control, UAN + St, and Slurry treatments produced a slight increase in S;,; content
from 1997 to 2019 (Figure 9). These treatments had comparable contents of S (Table 10).
This would suggest that the doses of S and C in the UAN + St and Slurry were not enough
to have a significant effect on the topsoil and subsoil Sy, and S, pools, and the S supplied
by the Slurry was easily mineralized [36,37]. This is further confirmed in Table 10, where
we can see a 2.14-fold increase in Syy for the Slurry over the Control. The levels of S in the
FYM in the subsoil did not change over time. The Syy and Soez contents for this treatment
in 2019 was also significantly higher than those in the Control, which suggest that FYM
plays an important role in maintaining sufficient S levels in the subsoil. The trend for the
FYM in the subsoil was identical to that in the topsoil.

4.3. Influence of Organic Carbon

One of the main effects of organic matter application is the sustaining and /or improve-
ment of the soil organic matter (Cgop) content. Balik et al. [56] reported changes in the
Cson content for their current experimental site in a prior paper. At the beginning of the
experiment in 1993, the Cgog content was 1.26%. In 2018, the Cgoy content changed for the
Control, UAN, UAN + St, and FYM treatments to 0.98, 0.95, 1.16, and 1.49%, respectively.
This was due to the fact that maize biomass was harvested, and only stubble and roots
were again incorporated into the soil. The dose of straw for the UAN + St treatment was
also not sufficient to maintain the levels of Cgo) and produced an insignificant decrease
in the Csong. On the other hand, the FYM treatment was supplied with enough carbon to
produce a significant increase.
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The content and quality of organic matter supplied with fertilizers has influence over
the content of S, and S, fractions in the topsoil. Although the dose of S was greater
in the SS (52.4 kg of S ha ™! year™') than in the FYM (16.4 kg of Sha ! year™!), the Spt
and S, content was greater in the FYM than in the SS. Meanwhile, the Slurry treatment
received almost identical doses as the FYM and reached a lower content of S for the Sy,
and Sqrg fractions in 2019, respectively. Generally, organic materials with higher C:S ratios
are prone to immobilization [34], which includes manures. Sewage sludge has a large
pool of potentially mineralizable S [34], where a significant portion of inorganic sulfur is
present in sulfate and metal sulfides [41]. The SS also had the highest overall S content.
Slurries have generally much lower C:S ratios [36] and are more prone to mineralization
than other organic fertilizers [37]. In Table 3, we can see the C:S ratios for organic fertilizers.
The highest ratio (over 700) was present in the UAN + St treatment, which would suggest
immobilization according to Zhang et al. [57]. Based on Figure 5, it is obvious that the S,
content did not, in fact, significantly decrease. However, given the trend, it is very likely
that the change will be significant over time. After all, the dose of sulfur was only 2.61 kg
of Sha™! year'. The trend of Sury, content for the Slurry treatment was similar to that of the
UAN + St, where the dose of applied sulfur was higher (16.3 kg of Sha™! year '); however,
the C:S ratio was 36.3. The combination of a relatively higher fulvic acid content, which
is less stable (discussed later, Section 4.4.), can explain the trend in Sury content. The SS
treatment had the lowest C:S ratio (17.0), which means that the mineralization of sulfur
should occur [57]. According to Dewill et al. [41] and Sommers et al. [42], a significant
percentage of sulfur in SS fertilizer is inorganic and could possibly be released [21,22]. The
Sorg content (Figure £) did not change over the course of the experiment, which suggests
that the dose of sulfur in the SS was right to maintain the content of organic-bound sulfur.
The FYM treatment produced no change in the S, content (Figure 8) at a much lower
sulfur dose than the SS. This is due to the fact that FYM materials have a higher C:S ratio
and are more stable than many other organic materials [34]. Generally, the increase in total
soil sulfur is mainly driven by the increase in organic carbon [34], which is in accordance
with our results. In a different experiment, with over 150 years of constant pure mineral S
application, there was no significant increase in soil sulfur content [35].

The application of organic matter into the soil can generally increase the water-holding
capacity [58] and, in tumn, increase the content of the water-soluble Sy fraction. The results
in Figure 3 show that the Sy content was indeed higher for the organic fertilized treatments;
most notably, the SS and FYM treatments reached 1.89-fold increases over the Control
treatment. Kulhanek et al. [29] investigated changes in the Sy and S, content from 1996 to
2014 with a crop rotation through long-term field experiments. They found a decreasing
tendency in the S,y fraction, but for the sludge fertilized treatment of potatoes, there was
an increase in Sy content, while a decreasing tendency was observed for the following
crops, thereby suggesting that the effectiveness of S5 deteriorates over time.

4.4. Topsoil and Subsoil Sulfur Movement

Table 11 shows the change in topsoil and subsoil pseudo-total sulfur content from
1997 to 2019 in kg of S ha~!. These values were calculated from Figures 7 and ¥ for the
topsoil and subsoil, respectively, using the bulk density of soil.

The balance of sulfur in the soil is, of course, influenced by maize sulfur uptake and
leaching. [21,22]. From among the organic fertilizer treatments, the FYM produced a lower
decrease in soil sulfur pools, followed by the SS and UAN + St treatments. This was
due to inputs of organic carbon in fertilizers that cause an increase in organic carbon in
soil [35,38,55] and, in turn, increase organic-bound sulfur in the soil [34,35]. The Control
and mineral-only UAN produced a similar, high decrease in balance, as these treatments
received no organic carbon. The Slurry treatment showed interesting results. It also
received organic carbon but balanced more similarly to the Control and UAN treatments.
A possible criterion for the evaluation of the stability of soil organic carbon can be the
humic and fulvic acid ratio (Cyga /Cga) [59,60], where a higher content of Cpy, represents
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a lower stability of the soil organic carbon [61]. The Cgony content and Cyyp /Cgy in the
Slurry treatment were 1.12% and 0.84, respectively, in 2019 (Table 2) in comparison with the
FYM treatment, where the same parameters were measured at 1.49% and 1.04, respectively,
in 2019. The Slurry treatment, overall, had a lower content of organic carbon as well as
a higher proportion of a less stable carbon fraction. Our original expectations for balance
regarding the UAN + St and SS treatments were also surpassed—in a negative way. We
did not expect the balance of these treatments to be this low. Looking at the Csoy content
and Cya /Cra ratio might shed some light on the results (Table 2). The Csom content and
Cyan/Cra ratios for the UAN + St were 1.16% and 0.82, respectively. For the SS treatment,
the Cgnoy content and Cyyy /Cra ratio were 1.20% and 0.78, respectively. This could explain
their similar behavior. On top of that, in Table 3, we can see that the Slurry and SS had
similar C:N ratios (5.05 and 7.32, respectively), which means that the carbon content in
these fertilizers was similar, yet the C:S ratio for the S5 was double in comparison to the
Slurry. If we consider that the sulfur in the Slurry is organic in nature at the dose of 16.3 kg
of Sha™! year", and the closeness of the C:N ratio with SS treatment, we can also consider
that 16.3 kg of S out of the annual dose of S5 (52.4 kg of Sha™? year ') was organic bound,
which would mean that 68% of the SS dose was in fact inorganic, which is not in opposition
with the literature. For example, Dewill et al. [41] mention that sludges can have inorganic
sulfates as their dominant sulfur species.

In the subsoil, the situation is more complicated. None of the treatments (Table 11,
subsoil section) showed significant differences in time due to variability in results, which
was influenced by the variability in subsoil on site, as well as the fact that the experiment
was fertilized for 4 years before the trial evaluation started. The FYM was in balance in
2019, while the UAN + St and Slurry were in positive balance. A possible explanation might
be the mobilization of fulvic acids from the topsoil and their release, thus inducing the
mobilization of sulfur into the subsoil, since they are less stable than organic carbon in the
FYM [34]. The negative balance for the UAN treatment could be caused by the plant uptake,
even in the subsoil (3060 cm depth). Maize roots can even grow into the subsoil [55]. This
would also explain why the balance for the UAN was lower than for the Control, as the
UAN treatment produced a higher yield (Figure 2a), which caused an increased uptake
of sulfur (Figure 2b) [13,16] and, thus, caused a decrease in the subsoil sulfur content.
The problematic treatment was the SS. We can see high initial values (Table 11) for this
treatment. This treatment received 524 kg of Sha ™! year ! in fertilizer 4 years prior to the
beginning of the experiment, as well as atmospheric inputs from the deposition. Judging
by the 1997 value, it is clear that both factors led to an increase in the 1997 value. The
negative balance of this treatment can, therefore, be attributed to maize uptake, as well as
to the decrease in atmospheric sulfur depositions and leaching [21], since the SS contained
a significant portion of easily mineralizable sulfur [34] and possibly a major portion of
inorganic sulfur [41] that could be made up from water-soluble sulfates [42]. The significant
decrease in depositions led to a significant response in soil and crops. However, this
response takes time [62], and it is possible that, even though the biggest decrease happened
in the late 80s and early 90s [5-7,31], the response in subsoil could lag behind. On top of
these, the sludge materials have higher amounts of easily mineralizable sulfur [34], which
could cause a decrease through the leaching of sulfate anions. Before venturing forth, this
would be an appropriate moment to mention inputs for the SS treatment. Our experiment
received the annual supply of sewage sludge from the same water treatment facility every
year. The inputs of sulfur for the SS treatment from the sewage sludge were 52.4 kg of S
ha~! year™!, which is substantially more than other organic fertilizers had. Sulfates are
a significant primary ion present in municipal and industrial waters [63] that can reach
the water treatment facility, where inorganic sulfates can be added as water softeners or
for phosphate precipitation [64]. As a result, sewage sludge can have a high content of
sulfur [41]. This explains the rather high content of sulfur in this organic fertilizer.

In Table 12, we can see the vertical movement of the total sulfur balance in the topsoil
and subsoil calculated based on inputs (Table 4), uptakes (Table 6), and status of the topsoil
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and subsoil (Table 11). The content of sulfur that could not be accounted for by inputs,
uptakes, or pseudo-total content was considered to be lost by leaching. It can be argued
that a possible loss of sulfur can happen from the emissions of Ha5 and S0, gases, as
was reported by Kinsela et al. [65]. The problem is that it is hard o estimate the exact
values. Taking the work of Kinsela et al. [¢5] into consideration, the authors conducted
an experiment where the emission of 502 and Hz5 gases was measured in Australia with
sulfur-rich scils and 1445 L m 2 of precipitation, and they measured a release of 3.66 kg of
Sha ! year~!. By taking this value and applying it to the S5 treatment in our experiment
{as it had the highest 5 inputs), we can calculate that, over the course of 23 years, 4.2 kg of
S ha™! after 23 years would be released in gases. Given the fact that the precipitation in
our experiment was 493 L m~Z (Table 1) and considering the precipitation trend (Figure 1)
at the time of fertilizer application, we assumed that the potential for sulfur volatilization
was negligible, so a decision to omit it was made—therefore, leaching would be the most
dominant cause of sulfur loss. Additional water input was calculated in terms of organic
fertilizers. The highest moisture content was measured for the Slurry treatment (5.7% of
dry matter). Given the moisture content and applied doses of dry matter (Table 3), we can
calculate that this treatment received 3.77 L m ™2 year~! with fertilizers. This would not be
enough to influence the soil moisture content. The same applied to the other treatments
as well.

The results in Table 12 show that a loss was present in all treatments. The total loss
from the entire investigated profile ((~60 cm depth) is online (d). At this point, it was
not surprising that even the organic fertilized treatments produced a loss of sulfur. The
decrease in mineral fractions could be attributed to the decrease in atmospheric depositions
that supplied mineral sulfur into the soil [31]. Interestingly, even the organic fertilized
treatments sustained a loss of sulfur. The decrease in organic-bound sulfur can be explained
by findings in Riley et al. [21]. In our experiment, the outputs were also greater than
the inputs.

When cumpaﬁngjust the fertilizer inputs and annual loss, the 55 annually received
524 kgof Sha ™! vear ! in fertilizer, while the annual loss was calculated (loss from subsail
divided by 23) at 66.1 kg of S ha~! year . The same could be calculated for the FYM,
Slurry, and UAN + 5t treatments, which received 16.4, 16.3, and 2.61 kg of S ha ™! year !
as a fertilizer, respectively. After the calculation, we obtained 21.4, 26.8, and 8.04 kg of
Sha ! year~! of lost sulfur for the FYM, Slurry, and UAN + St, respectively. All fortilized
treatments produced higher annual losses than the annual fertilizer inputs.

5. Conclusions

This study examined the influence of organic sulfur fertilization and atmospheric
depositions on soil and plants in a 23-year-long maize monoculture for Control, UAN,
UAN + 5t, 55, FYM, and Slurry treatments. In terms of maize, the sulfur supply was not the
limiting factor, and vields were influenced by the nitrogen dose on all treatments. Sulfur
fertilization, however, caused a significant increase in sulfur uptake for the 55 treatment, as
it received the highest sulfur dose, while the increased uptake of the other treatments was
maostly caused by the increase in vields.

In the soil, we found a decrease in SP‘l for all treatments except the FYM. For all
treatments, the proportion of the S,., in S;, increased over time, which was caused by the
decrease in mineral fractions (Syy, Sa4s. Sav) for all treatments. The absolute content of the
Sorg was decreasing over time for all treatments except the 55 and FYM, as the dose of
sulfur for the 55 was highest, and the FYM was rich in stable organic compounds. The
Slurry and UAN + 5t in our experiment were relatively richer in labile forms of carbon,
which resulted in the decrease in the S,

By using the total sulfur balance, we demonstrated significant leaching for all treat-
ments {even the unfertilized Control) of sulfur below the 60 cm depth over the period of
the entire experiment. We conclude that high inputs of sulfur from atmospheric deposi-
tions in the 1990s were the major cause for this decrease, as well as the possible release of
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sulfur from the organic fertilizer treatments. The highest leaching was measured for the SS
treatment, where the highest inputs in terms of S were present. We contribute the leaching
to the dose and the fact that sewage sludges are generally rich in inorganic and easily
releasable sulfur. If considered for fertilization, we would recommend a much lower dose
of sewage sludge than the amounts administered in our work to reduce sulfur leaching
and inputs of potentially toxic elements. Based on these results, it is possible to say that
the periodical application of farmyard manure is the best choice for maintaining a proper
sulfur nutrient status.
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Control Control treatment

UAN Urea and ammonium nitrate

UAN + Wheat  Urea and ammonium nitrate + wheat straw
S5 Sewage sludge

Slurry Cow slurry

FYM Farmyard manure

Sw Water-soluble sulfur

Sads Adsorbed sulfur

S Plant-available sulfur

Spt Pseudo-total sulfur

Sarg Organic-bound sulfur

Sva Mehlich 3 extractable sulfur

Ceom Soil organic matter carbon

Criasea Humic and fulvic acid ratio

DM Dry matter

CN:S Carbornenitrogen:sulfur ratio in fertilizer
BY Biomass yield

sD Standard deviation

1. Marschner, H. (Ed.) Marschner's Mineral Nutrition of Higher Plants, 3rd ed.; Elsevier: London, UK, 2012; p. 672, ISBN 978-0-12-384905-2

2 Steinke, K Rutan, J.; Thurgood, L. Com Response to Nitrogen at Multiple Sulfur Rates. Agron. J. 2015, 107, 1347-1354. [CrossRef]

3. Lehmann, |; Solomon, D Zhao, F].; McGrath, S.P. Atmospheric SO, Emissions Since the Late 1800s Change Organic Sulfur
Forms in Humic Substance Extracts of Soils. Environ. Sci. Technol. 2008, 42, 3550-3555. [CrossRef]

4. Yang, Z;Singh, BR; Hansen, S.; Hu, Z; Riley, H. Aggregate Associated Sulfur Fractions in Long-Term (>80 Years) Fertilized
Soils. SSSA J. 2007, 71, 163-170. [CrossRef]

-82-



Agronomry 2008, 13, 957 Il of 23

0.

11.

12

13

14

15.

16.

17

18.

19.

B

&

g B B 8 OR W OB B R

Tlusted, P Pavlikovd, D Balik, ).; Szikovd, | Sulphur cycle in the soil and in the enviconment. In Proceedings of the Tth
International Conference Reasonable Use of Fertilizers Focused on Sulphur in Plant Production, Prague, Crzech Republic,
29 Nowvember 2001.

Krupova, D Pavlendava, H.; Pavlenda, P; Srdmek, V. Atmospheric deposition of sulphur and nitrogen in forests of the Caech
and Slovak Republic. |. For. 2018, 64, 249-258. [CrossRed]

Czech Hydrometeorological Institute. Available online: hitps:/ /www.chmice/ files/ portal /docs/ uoco/lsko /grafroc/ 19groc/
gilSez /09 _depozice_ vl pdf (accessed om 10 Augiest 2020} (In Czech).

Gap, ¥.; Ma, M. Yang, T Chen, W.; Yang, T. Global atmespheric sulfur deposition and associated impaction on ndtrogen cyvcling
in ecosystems. |. Clean. Prod. 2018, 195, 1-9. [CrossRef]

European Ervironmental Agency. Sulphur Diosxade Emissions. European Environment Agency. 2015, Available online: hitps://
www.m-'\.].L'un.lp.l.l.'u.-"d.ll:.l-.]:mi—|'|'|.1|.'v.-\._-"1:|'u.1|n.".ll.1 ln—u_n"mﬂ.]-ﬁf—hu]].‘thur-d|l.:-x.|d|.‘-.-v| I.Z-L'mmruu:nh-1..-"..!:\..‘.l.-'.\-c-\.muﬂl-?*.‘l:.lb—m|..1I.1.'d-|.'u|.|.-':|'1:|1g,5
(accessed on 1 March 2022).

Mindstry of the Environemtn of the Czech Republic. Nirodnd Program Saifovini Emisi Ceské Republiky. 2007 Available online:
hitpss, S www.mzp.cz/C125745802F0DCT S cz fstrategicke_dokumenty /SFILE /OOO-MNPSE_2N07-20200217 pdf (sccessad on
28 February 2022). (In Crech).

Chien, S H.: Gearhart, MM Villagarcia, 5. Comparison of Ammonium Sulfate with Other Nitrogen and Sulfur Fertilizers in
Increasing Crop Production and Minimizing Environmental Impact: A review. Soil Sci. 2011, 176, 327-335. [CrossRef]

Weil, B E._; Mughogho, S.K. Sulfur nutrition of maize in four regions of Malawi. Agron. | 2000, 52, 649-656. [CrossRef]

Pasley, H.R.; Cairns, |.E.; Camberate, |.].; ¥y, T.]. Nitrogen fertilizer rate increases rate increases plant uptake and sodl availability
of essential nutrients In continuous malze production ln Kenya and Zimbabwe. Nutre Cuel. Agroscosysl. 2012, 115, 373389,
[CrossRef]

Kim, K_; Kaiser, D.E.; Lamb, J. Corn response to starter fertilizer and broadcast sulfur evaluated using strip trials. Agroa | 2013,
105, 401-411. [CrossRef]

Khan, M.].; Khan, M H.; Khattak, R.A; Jan, M.T. Response of malze to different levels of sulfur. Conmum. Sedl Sci. Plast Anal.
2006, 37, 41-51. [CrossRef]

Carclochi, WD.; Divito, G.A_; Ferndndez, LA.; Echeverria, H.E Sulfur affects root growth and improves nitrogen recovery and
internal efficiency in wheat. J. Plant Nutr. 2007, 40, 1231-1242. [CrossRef]

MeLaren, R.G.; Cameron, K.C. Soil, plant and fertilizer sulphur. In Sl Science; McLaren, R.G., Cameron, K.C., Eds.; Oxford
University Press: Auckland, New Zealand, 1996; pp. 221-228, [SEN 13 9780195583458,

Kulh.é.nek,h-!’.-,(—:'emj',].; Balik, |.; Sedlik, O.; Suran, F. Potential of Mehlich 3 method for extracting plant available sulfur on the
Czech agricultural soils. Plust Soil Evoiron. 2018, 64, 455462 [CrossREef]

Tisdale, 5.1.; Nelaon, W.L; Beaton, |.D.; Havlin, ].L. Sail Fertility and Fertilizers, Sthoed.; Macmillan Publishing Company: New
Yoek, NY, USA, 1993; p. 634, ISBN 13 978-0024 208354,

Morche, L. 5-Fluxes and Spatial Alterations of Inorganic and Organic Sulfur Fractions in Soil as Well as Their Accumulation
and Depletion in the Rhizosphere of Agricultural Crops by Partial Use of the Radicisotope 5. Ph.D Thesis, Rheindsche
Friedrich-Wilhelms-Universitit, Bonn, Germany, 2008; p. 321 (In German)

Riley, N.G_; McGrath, 5.P. Leaching losses of sulphur from different forms of sulphur fertilizers: A field lysimeter study. Soil Lse
Murag. 2002, 18, 120-126. [CrossRed]

Bergholm, ].; Majdi, H. Accumulation of mutrients in above and below ground blomass in response to ammaonium sulfate addithon
in a Norway spruce stand in southwest Sweden. Water Air Soil Pollue. 2000, 130, 1049-1054. [CrossRef]

Suran, P'; Kulhinek, M.; Balik, J.; Cern],-' I Sedlif, O Evaluation of Soil 5 pooals under 23 Years of Maize Monoculture. Agronomy
2071, 11, 2376, [CroasRed]

Dijksterhuis, H.G.; Oenema, O. Studies on the effectiveness of various sulfur fertilizers under controlled conditions. Fertil. Res.
19490, 22, 147-159. [CrossRef]

Sharma, M.K.; Kumar, M. Sulphate contamination in groundwater and its remediation: An overview. Environ. Monitl. Assess,
200, 192, 74. [CroasRef]

Kopazek, |.; Hejzlar, [.: Porcal, F.; Posch, M. Sulphate leaching from diffuse agricultural and forest sources in a large central
European cabchment during 1900-2010. Sci. Total Enviren. 2004, 470-471, 543-550. [CrossRef]

Boye, K_; Erksen, ].; Nilsson, L; Mattson, L Sulfur flow in a soil-plant system—Effects of long-term treatment history and sodl
properties. Plant Soil 2000, 334, 323-334. [CrossRef]

Balik, ].; Kulhdnek, M.; Cerny, |.; Szikova, ].; Pavlikovd, D Cermik, P Differences in sodl sulfur fractions due to limitation of
atmospherle deposition. Plant Seil Enziron. 2009, 55, 344-352. [CrossRel]

Kulhinek, M_; Balik, I.; Cerny, .; Sedlif, O.; Vasik, F Evaluating of soil sulfur forms changes under different fertilizing systems
during long-term field experiments. Plant Soil Exviron. 2006, 62, 408—415. [CrossRef]

Mehlich, A. Mehlich 3 soll test extractant: A modification of Mehlich 2 extractant. Comsnn. Soil Sci. Planf Anal. 1984,
15, 1409-1416. [CrosaRef]

Zbiral, J.; Smatanovd, M. Nemec, P. Sulphur status in agricultural soils determined using the Mehlich 3 method. Plant Soil
Enuviron. 2008, 64, 255-259. [CroasRef]

-83-



Agrononry 2003, 13, 957 20f23

g B ¥ B B

4

L3

41

43.

45.

47.

z

# R OP B BY

e

-Santoso, D.; Lefroy, R.D.B.; Blair, G.J. Sulfur and phosphorus dynamics in an Acid soil /crop system. Aust. |. Soil Res. 1995,
33, 113-124. [CrossRed]

Kayikdoglu, HH_; Yener, H; Ongun, A R_; Okur, B. Evaluation of soil and plant health associated with successive three-year
sewage sludge field application under semi-anid biodegradation condition. Arch. Agron. Seil Sci. 2019, 12, 1659-1676. [CrossRef]
Forster, S.; Welp, G.; Scherer, H.W. Sulfur speciation in bulk soil as influenced by long-term application of mineral and organic
fertilizers. Plant Soil Environ. 2012, 58, 316-321. [CrossRef]

Knights, ].5.; Zhao, FJ.; Spiro, B.; McGrath, S.P. Long-term effects of land use and fertilizer treatments on sulfur cycling. J. Environ.
Qual. 2000, 29, 1867-1874. [CrossRef]

Islam, MR;; Bilkis, S;; Hoque, T.S; Uddin, S.; Jahiruddin, M.; Rahman, M.M.; Siddique, A.B.; Hossain, M_A_; Marfo, T.D,;
Danish, S.; et al. Mineralization of Farm Manures and Slurries under Aerobic and Anaerobic Conditions for Subsequent release of
Phosphorus and Sulphur in Soil. Sustainability 2021, 13, 8605. [CrossRef]

Barlég, P.; Hlisnikovsky, L.; Kunzovd, E. Effect of Digestate on Soil Organic Carbon and Plant-Available Nutrient Content
Compared to Cattle Slurry and Mineral Fertilization. Agronomy 2020, 10, 379. [CrossRef]

Van Vuuren, D.P; Bouwman, AF; Beusen, A H.W. Phosphorus demand for the 1970-2100 period: A scenario analysis of resource
depletion. Glob. Environ. Chang. 2010, 20, 428—439. [CrossRef]

European Commission. Environmental, Economic and Social Impacts of the Use of Sewage Sludge on Land; Final Report; Part [L: Report
on Options and Impacts (10/02/2010, DG ENV.GA/ETU /2008/0076r); Milieu Ltd.: Brussels, Belgium; WRc and Risk & Policy
Analysts Lid. (RPA): London, UK, 2010; p. 158.

European Commission. Envirosmental, Economtic and Social Impacts of the Use of Sewage Sludge on Land; Final Report; Part I1: Project
interim reports (10/02/2010, DG ENV.G.4/ETU /2008 /0076r); Milieu Ltd.: Brussels, Belgium; WRc and Risk & Policy Analysts
Ltd. (RPA): London, UK, 2010; p. 116.

Dewil, R.; Baeyens, |; Roles, ].; Van De Steene, B. Distribution of Sulphur Compounds in Sewage Sludge Treatment. Environ. Eng.
Sci. 2008, 25, 879-886. [CroasRef]

Sommers, LE.; Tabatabai, M_A.; Nelson, D.W. Forms of sulphur in sewage sludge. |. Environ. Qual. 1977, 6, 42. [CrossRed]
Balik, .; Kulhdnek, M.; Cemy, ].; SedldF, O.; Suran, P; Asrade, D.A. The Influence of Organic and Mineral Fertilizers on the
Quality of Soil Organic Matter and Glomalin Content. Agronomy 2022, 12, 1375. [CrossRef]

Tlustes, P.; Hejeman, M.; Kunzovd, E.; Hlisinkovsky, L.; Zimednikovd, H.; Szikova, |. Nutrient status of soil and winter wheat
(Triticsm aestioum L) in response to long-term farmyard manure application under different climatic and soil physicochemical
conditions in the Czech Republic. Arch. Agron. Soil Sci. 2018, 64, 70-83. [CrossRef]

International Organization for Standardization. Soil Quality—Extraction of Trace Elements Soluble in Aqua Regia (15O Standard
No. 11466:1995). 1995. Available online: hitps:/ /www.lso.org /standard /19418 himl (accessed on 20 December 2022).
Godlewska, A. Sulphur content in test plants and arylsulfatase activity in soil after application of waste materials. Appl. Ecol.
Environ. Res. 2018, 16, 145-152. [CroasRef]

Sakal, R;; Sinha, R.B.; Singh, A.O; Bhogal, NS.; Ismail, M.D. Influence of sulphur on yield and mineral nutrition of crops in
maize-wheat semence. |. Indian Soc. Soil Sci. 2000, 48, 325-329. [CrossRef]

Sedlif, O.; Balik, ].; Kulhinek, M.; Cemy, |.; Matéchova, M.; Suran, P. Crop sulfur status in relation to soil sulfur determined
using anion exchange membranes and Mehlich 3. |. Plant Nutr. 2021, 44, 1563-1570. [CroasRef]

Prietzel, |.; Weick, C.; Korintenbery, |.; Seybold, G.; Thumerer, T.; Treml, B. Effects of repeated (NH),50; application on sulfur
pool in soil, soil microbial biomass, and ground vegetation of two watersheds in the Black Forest/Germany. Plant Soil 2001,
230, 287-305. [CrossRef]

Grobler, L.; Bloem, A A_; Claassens, AS. A critical soil sulphur level for maize (Zer mays L) grown in a glasshouse. S. Afr. |. Plant
Soil 1999, 16, 204-206. [CrossRef]

Scherer, W.H. Sulfur in soils. J. Plant Nutr. Seil Sci. 2009, 172, 326-335. [CrossRef]

Kulhinek, M.; Balik, J.; Sedlit, O.; Zbiral, ].; Smatanovd, M.; Suran, P. Determining of Bioavailable Sulfur in Soil Using Mehlich
3 Method; Czech University of Life Sciences: Prague, Czech Republic, 2018; p. 32, ISBN 978-80-213-2893-8. (In Czech)

Rogers, CW.; Dari, B.; Schroeder, K.L. Comparison of soil-test extractants for potassium, calcium, magnesium, sulfur, and
micronutrients in Idaho soils. Agrosyst. Geosci. Environ. 2019, 2, 190067. [CrossRed]

Kowalenko, C.G.; Bittman, S.; Neilsen, G.H_; Kenney, E; Hunt, D.E; Nellsen, D. Potential for improving sulfur tests on agricultural
soils in contrasting ecoregions of British Columbia, Canada. Geaderma Reg. 2014, 1, 10-20. [CrossRef]

Gao, Y.; Duan, A Qiu, X; Liu, Z; Sun, |.; Zhang, J.; Wang, H. Distribution of roots and root length density in a maize/soybean
strip intercropping system. Agric. Water Manag. 2010, 98, 199-212. [CrossRef]

Balik, ].; Kulhdnek, M.; Cerny, J.; Sedlif, O Suran, P. Soil organic matter degradation in long-term maize cultivation and
insufficient organic fertilization. Plants 2020, 9, 1217. [CrossRef] [PubMed]

Zhang, H.; Kariman, K; Zhu, L; Liu, L; Chen, |.J.; Zhu, L.; Li, D. Spatial distribution of carbon, nitrogen and sulfur in surface soil
across the Pearl River Delta area, South China. Geoderma Reg. 2021, 25, e00390. [CrossRed]

Lal, R. Soil organic matter and water retention. Agron. |. 2020, 112, 3265-3277. [CrossRef]

Schnitzer, M. Organic matter, Principles and Processes. In Encyclopedia of Soils in the Environment, 3rd ed_; Hillel, D., Ed.; Elsevier
Lid: Amsterdam, The Netherlands, 2005; pp. 85-93.

-84 -



.ﬂgmunm'_u.?.llﬂ. 13, 957 Finf 23

61,

Mensik, L; Hlisnikowsky, L.; Pospigilovd, L.; Kunzova, E. The e_sct of application of organic manures and mineral fertilizers on
the state of soil organic matter and nubrients in the long-term feld experiment. | Soil Sediseent 2018, 12, 2813287 [CrosaRef]
Klugakowd, M. Size and charge evaluation of standard humic and fulvie acids as crucial factors to determine their environmental
behavior and impact. Frowl Cher. 2018, 6, 265, [CrossRef]

Mitchell, K.J.; Hewison, E.L.; Fielding, D.A.; Fisher, | M.; Gilbert, [).; Hurskainen, 5.; Pakeman, E.].; Potts, .M., Riach, Do
Drecline in atmospheric sulphir deposithon and changes in climate are the major deivers of long-term change in grasslamnd plant
communities in Scotland. Enwiron. Pollic. 2008, 235, 95694, [CrossRed]

Tang. ].; He, ].; Liw, T_; Xin, X.; Hu, H. Removal of heavy metal from sludge by the combined application of a biedegradable
bicsurfactant and complexing agent in enhanced electrokinetic treatmeent. Chenrosphiere 2017, 187, 599-608. [CrossRed]

Dral, ¥.; L, Y Ke, Y Li, B. Efficlency and mechanism of advanced treatment for phosphate wastewater by high efficiency and low
consumption coagulation and phosphorus removal system. I0F Conf. Sef. Earth Enoiron. Sci. 2021, 631, 012002, [CrossRef]
Kinsela, A5, Desmead, TO; Macdonald, B.C.T.; Melville, M.D.; Reynolds, LK. White, L. Fleld-based measurements of sulfur gas.
ermissions from an agricultural coastal acid sulfate soll, eastern Australia. Smil Res. 2001, 49, 471-480. [CrossRef]

DisclaimerPublisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributons) and ot of MDPL and for the editor(s). MDPLand /or the editor(s) disclaim responsibility for any injury to
people or property resulting from any kdeas, methods, instructions or products referred to in the content.

-85 -



4.3 Soil Organic Matter Degradation in Long-Term Maize Cultivation
and Insufficient Organic Fertilization

Autori: Jifi Balik, Martin Kulhanek, Jindfich Cemy, Ondfej Sedlat, Pavel Suran
Rok publikace: 2020
Periodikum: Plants

-86-



. plants moP1)

Article
Soil Organic Matter Degradation in Long-Term Maize
Cultivation and Insufficient Organic Fertilization

Jifi Balik *, Martin Kulhanek'", Jindfich l‘_‘em}'r, Ondfej Sedlaf and Pavel Suran

Department of Agro-Environmental Chemistry and Plant Nutrition, Faculty of Agrobiology, Food and Natural
Resources, Crech Univessity of Life Sclences, 165 00 Prague, Czech Republic; kulhamekial.czu ez (ME):
cernviilaf.czucz (J.C); sedlar@al.czucz (0.5.); suranpllal.czucz (F5.)

* Correspondence: balik@al.czucz

check for
Received: 1 August 2020; Accepted: 11 September 2020; Published: 17 September 2020 updates

Abstract: Soil organic matter carbon (Capayg) compounds degradation was observed in long-term field
experiments with silage maize monoculture. Over a period of 26 vears, the content of carbon in topsoil
decreased by 22% in control unfertilized plots compared to 25% and 26% in treatments fertilized
annually with mineral nitrogen. With annual wheat straw application (together with mineral M),
the content of Cgnyy decreased by 8%. Contrary to that, the annual application of farmyard manure
resulted in a Cgpay increase of 16%. The ratio of carbon produced by maize related to total topsoil
Cgop content ranged between 8.1-11.8%. In plots with mineral M fertilization, this ratio was always
higher than in the unfertilized control plots. With the weaker soil extraction agent (CaCly ), the ratio
of carbon produced by maize was determined to be 17.5-20.7%. With stronger extraction agent
(pyvrophosphate) it was only 10.2-14.6%. This shows that maize produced mostly unstable carbon
compounds. Mineral M application resulted in stronger mineralization of original and stable organic
matter compared to the unfertilized control. However, the increase of maize-produced carbon content
i fertilized plots did not compensate for the decrease of “old” crganic matter. As a result, a tendency
to decrease total Copyy content in plots with mineral M applied was observed.

Keywords: C balance; humic acids; fulvic acids; mineral N; farmyard manure; straw

1. Introduction

The amount and quality of soil organic matter (Csppg) are very significant parameters for assessing
soil fertility. Ceong is influenced by a range of soil-climatic conditions, systems of soil management,
cultivated crops, fertilization, agrotechnical issues, etc. Agricultural crops differ significantly in the
amount and quality of post-harvest residues and root biomass. The crops with high potential to decrease
the content of organic matter in soil comprise maize, especially if grown for silage [1]. Loges et al. [2]
compared the average amount of post-harvest residues and roots among maize monoculture and
rotated crops (clover grass-maize—wheat). The amount of carbon supplied into the soil (post-harvest
residues + roots) was 1.3 t ha™! year™! in the case of monoculture, compared to 1.6t ha™ year™ in
crop rotation. As a result of mineralization, the annual carbon decrease was 530 kg C ha™! year! in
monoculture, whereas in crop rotation it was only 120 kg C ha™! }'ear'].

Ceopy can be divided into stable and labile fractions. Stable carbon forms are represented by
humic acids (Cyya ), fulvic acids {Cpa ), and humins (Cyyy). Carbon sequestration in terms of Cyga, Cpa,
and Cypy content and quality is very important to understand soil quality degradation [3,4].

Gregorich et al. [5] found that after seven years of maize cultivation as a monoculture, the ratio of
carbon originating from maize (Cy ) related to Cepyg (C 4/ Coppg) was only 15% of total Cgqyg. The previous
crop was permanent grass stand. Collins et al. [6] determined the Cy ratio in Cegpy as 23-60% in
fertilized plots and %-32% in unfertilized control plots. These results were obtained in the main
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maize-growing regions in the USA in fields with maize cultivated for 8-35 years. Similarly, [7,5]
reported higher Cy ratios in fertilized plots compared to unfertilized ones; this was affected mainly
bv higher biomass yields {including root binmass) in the fertilized crop. Bettina et al. [¥] evaluated
experiments lasting 40 years with maize monoculture, which followed after rve monoculture. The Cy
ratio in Cgrpy was 9.5% and 14.1% in unfertilized crops and fertilized crops in topsoil, respectively;
the values for subsoil were 5.7% (no fertilization) and 7.2% (fertilization). Bettina et al. [9] presumed
that the main reason for the lower Cj ratio compared to other studies was the growing of maize for
silage in their experiments. Almost all the biomass was thus harvested and removed from the fields
and only low stubble remained. Similarly, low C; ratios were also reported by [10,11].

Maize biomass carbon is easily mineralized in the soil; hence, the increased C ratio is determined
maostly in easily hydrolysable fractions (Cpoc). Depending on the purpose of cultivation (silage/grain),
length of monoculture cultivation, a system of fertilization, soil-climatic conditions, the Cy ratio in
Cpoc was almost 1/3 [5,9,12]. Fertilized plots also had higher total content of Cpoc [12]. Even higher
values than in Cpoe were observed for Cy in microbial biomass carbon [5,9]), again with the values of
fertilized plots being higher. The results also show that “younger” organic matter (plant residues) is
mineralized more quickly than “older” organic matter in the soil. Cy thus accounts for the main share
of carbon loss in the form of COy; Bettina et al. [4] reported almost 80.0%.

The trials of Loges et al. [2] suggest the ratio of root biomass and exudates as 18% compared to
the aboveground biomass. Out of the C amount in roots and post-harvest residues, the main part
remains in the topsoil and a lesser amount in subsoil [%,14-16]. Loges et al. [2] presumed that it was
sufficient to examine the (-30 cm soil layer to determine the impacts of different cultivation systems
on post-harvest residues” C input into soil. Rasse et al. [10] found almost all Cy in the depth 0-%0 cm,
63% of it being in the (-30 cm layer. In the subsnil, the content of Cegoyy is significantly lower and more
stable [17]. The reason is a tighter relationship of organic matter to clay particles [15] and also a lower
air content, i.e., lower mineralization intensity.

The aim of this paper was to assess the changes in Cenay amount and quality in long-term
silage mairze monoculture, as well as compare the effects of different mineral and organic fertilizers.
This research is also important from the viewpoint of long-term sustainable soil management in the
Czech Republic (CR), with respect to increasing usage of maize in bingas plants [19], low intensity of
organic fertilization of maize and other crops, and unbalanced C in agricultural systems. These issues
are very important, as shown by the high ratio of maize in crop rotations. Moreover, maize is often
gronwvn for several consecutive years without rotation. In the CR, its acreage is 10.5% of agricultural
soils—about 232,400 ha being silage maize + 74,800 ha for grain [20]. Furthermore, luvisol (the soil
type chosen for our experiment) is representing 4. 29% of the area of agriculturally used soils in the CR,
which means 179,167 ha [21].

2. Results

The explanation of abbreviations is mentioned above in the list of abbreviations and further in the
chapter materials and methods.

2.1. Yield Paramelers

Differences in yields of harvested biomass over a period of 26 years are shown in Figure 1.
Although the differences among fertilized treatments are relatively high (sometime even 185%),
statistically significant differences were not observed. This is mainly due to the variability of climatic
conditions during experimental seasons, where the effect of individual fertilization varied according to

related season.
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100 % = 8.84t of dry matter ha*year! (26 years average) =3755 kg C
200

146° 151°

® 150
100

Cont UAN + St
Figure 1. Average maize biomass yield; different letters behind the values are meaning significant
differences among investigated treatments (Tukey test; p < 0.05); number of replications per treatment
n=4.

The values in fertilized plots reached 12.2-14.0 t DM ha™! and correspond to site conditions.
The highest yields were obtained in the urea ammonium nitrate (UAN) + straw (St) treatment (Figure 1)
with the highest N dose applied, i.e., 153.5 kg N ha™ year™! (120 + 33.5) (see the chapter methodology).

2.2. Carbon Produced by Maize

Table 1 summarizes the maize carbon (Cy) results. The obtained average yields of dry matter
and its C content were used to calculate the amount of carbon transported every year from the field.
The yield of 8.84 t DM ha™! also represents 3755 kg C ha~!. The amount of carbon in post-harvest
residues (stubble) was determined experimentally in 2018. The total carbon accumulated in the
aboveground biomass was calculated as the sum of “harvest” + “stubble” values. Similarly, the carbon
amount in topsoil roots was obtained by analyses in 2018 (at the harvest period). To compare our
experimentally determined results, the values calculated based on various algorithms reported in the
literature are presented in Table 1.

Table 1. Carbon balance of maize (kg C ha year™'); AS-ammonium sulfate, UAN-urea ammonium
nitrate, UAN + st-urea ammonium nitrate + straw, FYM-farmyard manure.

Above Ground Biomass Roots + Exudates 3

Treatment rt by s Loges etal. [2]

Haweﬂ st ! Stubble 2 Zi Rows Rasse et al. [10]
Control 3755 208 3963 394 548
AS 5210 255 5466 736 756
UAN 5421 322 5743 696 74
UAN + St 5854 293 6147 809 850
FYM 5615 360 5975 768 826

1 A\mgc value of 26 year period; 2 Determined in the year 2018; * Calculated aomtding to Rasse et al. [10] and
Loges etal |2)

2.3. The Changes of Soil Organic Matter Carbon (Cgnpg) Contents

In 1993, the amount of Cgoyy in the topsoil was 1.26%. After harvest in 2018, the following
values were determined: control 0.98%, ammonium sulfate (AS) 0.93%, UAN 0.95%, UAN + St 1.16%,
manure 1.49% (Figure 2). There was a significant decrease of Cgoyy in the topsoil of all treatments,
except for farmyard manure. In relative values, the Cgoyy content decreased by 22% in the control and
mostly in AS by 26%. Cgopy content in subsoil was not determined at the beginning of the experiment,
but Figure 2 clearly shows a lower Cgopg content in the subsoil in the AS treatment compared to other
treatments. On the contrary, treatment with farmyard manure resulted in significantly higher Cgny
content also in the subsoil, which is probably related to rather deep tillage (28 cm).
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Figure 2. Soil organic matter carbos (Ceppg) content in topsodl and subsoll; different letters behind the
values are meaning significant differences among investigated treatments (Tukey test; p < 0U05); number
of replications per treatment it = 4.

2.4 Carbon Balance

Table 2 presents the score of carbon losses as a result of mineralization as well as respiration of
C0s. Column 2 shows the calculated difference of Copayg content at the beginning of the experiment
{1993) and after harvest in 2018. For example, the loss in the AS treatment was—571 kg Cha™! year™.
Further, the C amount supplied with organic fertilization was calculated, e.g., for UAN + St treatment
it was 2140 kg Cha™ year L.

Table 2. Cyryy loses due to the mineralization (soll organic matter + fertilizer + crop residues) {in kg
Cha '_l,*ear 1 AS—armmonium sulfake, UAN-urea ammonium niteate, UAN + sb-urea ammosnium
nitrate + straw, FYM-farmyard manure, C-Carbon.

Trestment  C im Topsoil ! EEE;::'.:E ﬁ::?:ll:;f CinStubble® € in Rooks® Total © Loses/Harvest (%) *
Consbrol 455 a 435 ] 35 s my
A5 571 a 5 255 T3 1541 m7
UAMN 537 a = in 3 1555 =4
AN & 58 173 1140 13 24 ] 2415 574
Fitd 8 i) 1205 380 TEE m=3 41.1

! Calculated az difference amaong Caei at the beginming of mpeﬁmmflfl'?g.'l'l and vear 2015; I determined in 201 B;
3 Ratio of C loses compared with carbon content in biomass of harvested maize.

The data concerning the carbon amount ploughed into the soil in the form of post-harvest residues
(stubble) and roots (topseil only) originate from our analyses in 2018. It was evident that the highest
carbon losses are in the treatment UAN + St, i.e., 3415 kg C ha~! year~!. These results confirm the
dynamics of straw mineralization in soil. The losses in the treatment with farmyard manure were
2333 kg C ha™! year™!. Manure contains organic matter, which is significantly more stable compared
to straw and affects Copy stability considerably. Presuming that stubble residues do not significantly
affect C content in soil and are mineralized quickly (about three times faster than manure) and further
that root biomass needs a similar time to decompose as manure, about 16% transformation of carbon
from manure to stable soil compounds may be deduced. The residual amount then mineralizes or may
counterbalance the losses by mineralization of the original organic matter.

Methods using stable carbon isotopes (*3C120) allowed us to determine the ratio of maize carbon
{C4) in the total topsoil and subsoil Cgpeg. The reported analvses were assessed only for the unfertilized
control plots and for mineral N treatments. In the fertilized plots, the content of maize carbon in total
Ceopy in topsoil and subsoil increased. In the topsoil of the control plots, the Cy ratio in Cgqpyy was 8.1%,
in the case of AS it was 10.3%, and in UAM 11.8%, respectively (calculated as CyNCy + Cg) from Table 3.
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* 100%). The C, ratio in Cgney in subsoil was about 25-50F lower compared to topsoil (control 5.5%,
AS79%, UAN 6.0%).

Table 3. Carbon content in topsoil and subsoil; AS—ammonium sulfate, UAN—unea ammonium
nitrate, C—carbaon, Coppy—soil organic matter carbon, Cpy-p—carbon determined with 0001 mol L 1
CalCla, Cpe—earbon deterrmined with 0.1, mol L7 MagPaOy, C:—*old" soil organle matter, Ca—carbon

from malze.
Treatment Sail Depth fcm) Origin of C Copm lgm™3)  Comigm™)  Cprigm™3)
Coevtrod -30 Ci+ 0y A3z 124 Groa
Cy T3 0.ad grad
Cy 39E 07FE R E
3060 Cy+0Cy HMOR
s ke
Cy 187 %
AS (-3 Cy+ 0y 41m @ 465¢ 1147k
Cy aamd 3751 105 ¢
Cy dmb nat 142
3060 Ci+ 0y Hx3re
Ca 7RS4
Cy il
UAN 0-30 Ca+Cy 4190+ 209" 1058 4
G 307 4 24R* o
Cy gk 053k 1540
3060 Ca+ 0y 3260 OF
3 0734
Cy 196%

Within columns, values followed by the same ketter (for hnpomil: a—¢ for total amounits; d-f for Cy derived carbon;

#~h for C; derived carbon and for subsoil o-p total amount; g-r for Cy, st for C), are not significantly different

(Tukey test, p < (L05) between experiment plots. Mumber of replications n = 4.

Table 3 shows statistically conclusive differences in the content of “old” organic matter (Cy) among
control and N fertilization treatments. In the case of AS and UAMN treatments, stronger mineralization
of original and stable Cepgy occurred compared to the control. Contrariwise, M mineral fertilization
resulted in a significant increase in Cy content. This process also ocours in the subsail, yet it is less
dynamic. The values reported in Table 3 further demonstrate that mineral W fertilization alone increases
hydrolysis of Ceqy, which is manifested by a significant increase of extractable organic compounds.
Cacpz represents the carbon determined with the weak extracting agent and Cpy with strong one,
respectively. It was evident that Cy comprises mostly unstable and easily hydrolysable forms. The ratio
of Cy in Cryrps was 17.9-20.7%; in Cpp it was 10.2-14.6%.

2.5, The Soil Organic Matter Quality Parameters

The relationship between the amount of extractable carbon and total Cepay is shown in Figure 5.
The highest values were obtained in the AS treatment. The lowest ratios of Cymz and Cpg to Cony
were always obtained in the control and farmyard manure treatments, which suggests higher stability
of organic matter in soil compared to other treatments. High values in the UAN + 5t treatment
confirm previous results of rather fast mineralization of straw in soil (Table 2). Figure 4 shows the total
amount of extractable carbon using CaCly or MayPaOy. Considering the high total Cenay content in the
farmyard manure treatment, high carbon values were also obtained at the extraction with a strong
solution of MagPa0-.
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Figure 3. Ratio of extractable carbon of total soil organic matter carbon (Cegng); topsoil; different letters
behind the values mean significant differences among investigated treatments (Tukey test; p < 0.05);

number of replications per treatment n = 4.

Cesc (0.01 mol L CaCly)

mg kg™
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Cont

UAN UAN + St FYM

Figure 4. Content of extractable carbon determined with different extraction procedures; topsoil;
different letters behind the values mean significant differences among investigated treatments (Tukey test;

p < 0.05); number of replications per treatment n = 4.

Over the period of 26 years, a significant decrease of the Cy4 content in the control and AS plots
(by 50%) was observed. By contrast, the farmyard manure treatment showed significantly higher
Cy1a compared to other treatments. A similar tendency may be observed in case of the Cy4/Cgp ratio

(Figure 5).
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Figure 5. Content of humie aclds (Cra) and thelr ratio bo fulvie scids (Cea ) topsodl; different letters
behind the values mean significant differences among investigated treatments (Tukey test; p < 0.05);
number of replications per treatment n = 4.

2.6, The Quality of Post-Harvest Residues

Mineral N fertilization destabilized organic matter in the soil. This was demonstrated by values
of the Cgoyy /™t ratio in topsoil and subsoil (Figure &). In topsoil, a significant decrease in the Ceop, ™
ratio was observed in AS and UAN treatments compared to the control. The reason for the change in
this ratio is mainly a decrease of Ceoyg content in mineral W fertilization treatments, because N, content
was the same in all three compared treatments ([.10%:). In the subsoil, this difference was not significant,
but there was a real tendency to its decrease. It may be presumed that during subsequent yvears the
differences will also become more significant. The highest Cepng/™y ratio was always observed in the

farmyard manure treatment.

11.00 Topsoil 10.8% Subsoil
10.50 | 49
10.00 agb
9.50 o 9.3
9.00
850
Cont AS UAN  UAMN + FYM Cont AS UAN UAN+ FYM
5t 5t.

Figure 6. Sodl organic matter carbon (Ceppglsoil total nitrogen (Ni) ratio in topsoll and subsoil;
different letters behind the values mean significant differences ameng investigated treatments (Tukey test;
= 0U05); mumber of replications per treatment i = 4.

The reason for the Ceppy/Me ratio change may be inferred from the increased mineral N content in
s0il and, furthermore, from the quality of the tilled post-harvest residues (stubble) and root biomass
(Figure 7). In stubble, the carbon/nitrogen (/M) ratio in control plots was 315/1, in AS it was 107/1,
and in UAMN 881, respectively. The lowest (70/1) value was determined in the UAMN <+ 5t treatment,
which corresponds to the highest M fertilization intensity within this treatment. Similarly high
differences among the treatments were observed in the analysis of roots in topsodl; the highest ratio
was also observed in the control treatment (O™ = 123/(1), whereas it was very low in the mineral N
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treatments (O™ = 49/1). These differences reflect the fact that both root biomass and plant residues
were more stable in control plots compared to N fertilization.

350 7 315¢
300

Stubble Roots

250 4
200 4
150 4

150
107"
b 0
100 od i
50 | I i
o a8 F B BB
Cont A5

Cont AS UAN UAN + 5t FYM UAN UAN +5t. FYM

Figure 7. Carbon/nitrogen (/M) rabio in crop resddues of maize; different letters behind the values mean
significant differences among investigated treatments (Tukey test; p < 0.05); number of replications per
treatment n = 4.

Figure 8 demonstrates that this was due to post-harvest residues and roots that supplied S0-100%
miore carbon in mineral N treatments compared to the control. The highest amount of post-harvest residues
was in the farmyard manure treatment (stubble: 360 kg C ha™ + moots: 788 kg Cha™' = 1128 kg Cha™').

Stubble Roots

1000 -

B0O ]
= 500
L

1 3320 360F

Fa00 . 2gge 293

200

o 4
Cont AS UAN UAN+ FYM Cont AS UAN UAN + FYM
St. At

Figure 8. Carbon cordents in crop residues of maize; different letbers behind the values mean significant
differences among investigated treatments (Tukey test p < .05); number of replications per treatment n = 4.

3. Discussion

The luvisols comprise over 500-600 million ha worldwide and are situated mainly in temperate
regions such as in the East European Plains and parts of West Siberian Plain, the Morth East of the United
States of America and Central Europe, but also in the Mediterranean region and southern Australia.
Muost luvisols are fertile soils and suitable for a wide range of agricultural uses [22]. The worldwide
area used for maize forage is about 16.8 million ha [23]. Cur results, which are presenting the soil
carbon transformations in the maize monoculture cropped on luvisol also provide information that
could be useful not only for regional purposes. Similar results can be expected in similar soil conditions
by cropping the silage maize in long-term monoculture.

The average yield of the harvested biomass in the control plots over a period of 26 years was
8.84 t DM ha™! year ! which represents 3755 kg C ha™! year™ ! In fertilized plots, the biomass vield
was 4(-58% greater compared to the control. Although the intensity of mineral nitrogen fertilization
{120 kg M ha~! year™!) corresponded to the yields obtained and from the long-term perspective, it was
in compliance with N uptake by plants, mineral M resulted in a Cgpngy decrease in soil. During the
experimental period {26 years), the most significant decrease was that of Coqyy in the AS treatment
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(26%:) and the UAN treatment (25%). It is almost alarming that in an annual application of wheat straw
(5t DM ha™! = 2140 kg C ha™') Cerpy also decreased (by 8%). It is obvious that straw is relatively
quickly mineralized after its incorporation inte the soil [24-27). Due to this fact it is clear that cereal
straw application itself cannot improve the soil organic matter content and quality. This was confirmed
in our experiments by the aforementioned decrease of Capay at this treatment.

The annual average dose of manure was 18.7 t ha™, which was above average, but not extremely
high. Cattle manure with a C/IN ratio of 13.4/1 was used. The relatively low C/N ratio in manure
fully corresponds with stable technologies currently used in CR. This means a decrease in the C/N
ratio compared to the past when the standard values were 15-18/1. However, manure application
contributed to a significant increase in the Ceppy values (from 1.26% to 1.46%). A significantly positive
effect of manure may also be observed in the study of Mensik et al. [4]. Schmidt et al. [25] reported an
increase of Cooy values by 32% (from 1.24% to 1.64%) at a dose of 12 ¢ ha™! ].rear'l and a period of
50 years for rye cultivated in a monoculture. The importance of the C/M ratio is evident, but the quality
of the incorporated organic matter is important as well. For example, in the UAN + 5t treatment,
the resulting ratio in the fertilizers applied, C/N = 14.6/1, was higher compared to manure, but it did
not result in a Cgopy increase. Manure contains significantly more stable organic matter than straw and
thus helps to control Cemy stability.

Furthermore, in the control plots, a decrease of Cgpyg content was observed, namely by 22%,
which corresponds to losses of 485 kg C ha™! ].rear'1 . In the case of the AS treatment, this represents
571 kg C ha™! year™! compared to UAN with 537 kg N ha™! year™!. These values do not include C
Iosses due to mineralization of post-harvest residues. The values are high but fully correspond with
the results of [2] concerning long-term silage maize cultivation. These authors reported average losses
of 530 kg C ha™! year ! in an unfertilized plot and 550 kg C ha™! year™! in a fertilized one. A decrease
of Cgopy content in maize monoculture was also documented by [7,%]. A Ceoyy content increase
was reported mostly in maize cultivated for grain [6,10]. For example, Liang and MacKenzie [29]
recorded increased Ceoyg content in topsoil by 18% after six-vear maize cultivation for grain. Basically,
silage maize cultivation results in a small amount of aboveground post-harvest residues (stubble).
In the present study, the height of stubble was about 10 cm. The carbon content in stubble ranged
between 208 kg C ha™! (control) up to 360 kg C ha™! (manure). This is in good agreement with the
assessment of [15] who reported a value of 290 kg Cha™'.

To evaluate C balance, it is necessary to determine the number of roots. In our experiments,
the amount of carbon in reots was determined after harvest. Determined values were in a range of
394 kg C ha™! year™! (control) up to 809 kg C ha™! year™! (UAN + St). Balesdent and Balabane [15]
determined the number of roots at the level of 12% of the aboveground biomass. Using this model
for calculations, determined values were in the range of 476 kg C ha™ :.rear'1 {control) up to
kg C ha™! _'!."E\ar_l' (UAN + 5t). The aforementioned calculations considered the whole root biomass,
including subsoil. The experiments of [Z] demonstrated a ratio of root biomass and root exudates of
15% compared to aboveground biomass. Using this model of calculation, the determined values were
in the interval from 870 kg C ha™! }'ea'r'1 icontrol) up to 1349 kg C ha™! }'ear'l (UAM + St). The values
for the topsoil and subsoil calculated according to Rasse et al. [10] were as follows: 63% topsoil,
37" subsoil. The comparison of calculated values and those obtained in our measurements show
good agreement (Table 1). Both methods show the lowest values in the control and the highest in the
UAMN + 5t treatment. To conclude, the values determined by measurements were about 107 lower
than the calculated ones. There are several possible reasons: (i) the amount of roots was determined
after 26 years of monoculture. As reported by [25], in the case of long-term monoculture, the amount
of roots and rhizodeposition decrease by as much as 30%; (ii) the calculations by [2] also comprise
exudate carbon that was not determined in our experiments; and (iii) the highest difference among
the calculated and measured values was observed mostly in the control; in this variant, a significant
tendency to lower yields of aboveground biomass and, thus, roots were observed over the years.
For calculation models, the average biomass vield value over the period of 26 years was used.
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Studying the root biomass in field conditions always involves ermor, but it is possible to assess 30
the C ratio using the values determined directly in our study (Table 2). It is evident that the amount of
post-harvest residues in silage maize is very small (stubble: 208-360 kg C ha™; roots 394-809 kg C ha 1)
and cannot replace the losses due to Conyy mineralization [2]. In post-harvest residues, the C/M ratio
was observed (Figure 7). The results obtained prove that root biomass as well as the stubble residues
were more stable (higher C/M ratio) in control plots than in mineral M-fertilized ones. Additionally,
the manure treatment showed a statistically significant increase in the C/N ratio compared to the
mineral M fertilization. Similar to our experiments, [2] also identified a significantly higher O/ ratio
in stubble (197/1) compared to roots (25/1).

M applied in mineral fertilizers showed a significant decrease in the Cenyy/INe ratio in topsoil,
which confirms the hypothesis that mineral M fertilization leads to soil organic matter (SOM)
destabilization. Contrariwise, manure treatment showed an increase in this ratio.

The overall C ratio (Table 2) clearly showws that the lowest carbon losses due to mineralization
were recorded in the control (1087 kg ha=! vear—!). Contrariwise, the highest losses were determined
in the UAN + St treatment—3415 kg C ha™" year . The evaluation of carbon losses due to the
mineralization process related to the total carbon amount in the harvested biomass is very interesting.
The results clearly show that the control (28.9%), AS (29.7%), and UAN (28.4%) treatments do not
differ significantly. The application of organic fertilizers turns this ratio significantly more negative:
LUAN + St (57.6%) and manure (41.1%) (Table Z). High losses of C in soil highlight the importance of
this research and at the same time the necessity of a complex approach to its solution.

The relationship between the amount of extractable carbon (Coycp, Crp) and the total amount
of Cenyy documents the fact that the control plots and farmyard manure treatment had more stable
organic matter and consequently, a lower intensity of mineralization [29]. The highest values were
recorded in the AS treatment—the ratio of Ceyop/Camy was 0.11% and that of Cpg/Copag 28%. Similarly,
a very low extraction strength (0.01 mol L™ CaCly) was also determined in our previous experiments
at different sites [30]. In contrast, a lower ratio of Cpp/Cgoy was recorded in our trials compared to the
results of Ellerbrock and Kaiser [31]. In their trials, about 40% of Cgoyq was extracted while in our
trials it was only 22-28%. Furthermore, [4] used the Cpp/Canyy ratio to assess the stability of SOM,
suggesting that the higher this ratio is, the less stable the Copgy. Similar to our experiments, [4] also
determined the lowest value in the manure treatment (27.6%) and the highest in the mineral nitrogen,
phosphorus and potassium (WPK) treatment (34.7%). Owver the period of 26 years, Cgoyy degradation
occurmed in almost all treatments, except farmyard manure. Both the content of Cyya, and the Ciya/Cra,
decreased. This process was the fastest in the AS treatment. It is evident that manure helps to increase
the content of Ty, as well as its ratio in Cyg [4]. In the UAN 4 5t treatment, the content of Cyys did
not increase; the Cpga/Cpa, did not improve, even with the application of high doses of wheat straw.

Using the analyses of B allowed us to determine the ratio of Cy in the Cemy and Cy ratio in
different extractable fractions. This was realized only for the mineral fertilizing treatments for two
reasons: (i) the “C/"2C was not evaluated at organic inputs (FYM, straw), because we have not the
data for *CAC in input materials; (i) the results originate from the long-term experiments with maize
monocul ture, which allows us to make a reliable evaluation. It was evident that the Cy ratio was higher
in the fertilized plots compared to the control (control 8.10%, AS 10.3%, UAN 11.8%). The higher ratio
in fertilized plots is reported by many authors [6~9]. However, the Cy ratios determined in these studies
differ significantly. There is a significant influence of the monoculture duration—from six years [11],
up to 40 years [4]. The purpose of cultivation (grain/silage) is also very important. Cur values are
in good compliance with [%], who reported a Cy ratio in Ceoyy of 9.5% in the unfertilized contral and
14.1% in the fertilized treatments. Our experiments and the work by [%] focused on silage maize,
where almost all aboveground biomass is taken off the field. A similarly low Cy'Ceryg ratio (13%:) was
also determined by [10]. Ellerbrock and Kaiser [31] also determined 14.2%. By contrast, [6] published
results where Cy represented &0 of Cepay in topsoil. However, it was in long-term grain-maize
cultivation. Cur results show that the Cy ratio in the Cgmy of the subsoil is significantly lower. In the
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control, it was 5.5%, in AS 7.9%, and in UAN 6.0%, respectively. Similarly low C; ratios in Cepg
(5-10"%) were recorded for subsoil in the studies of [5,9].

A significantly higher Cy ratio compared to Cery was recorded in the hydrolysable fractions
of organic compounds (Cpoc). The 0.01 mol L™ CaCl; extraction solution had a Cy ratio in Coyop
in the interval of 17.9-20.7% and the 0.1 mal L™! MayP50y extractable fraction was in the interval of
10.20-14.60% (Cy ratio in Cpg). It was evident that the weaker the extraction agent, the higher the
ratio of maize carbon. Similarly, Ellerbrock and Kaiser [31] determined a ratio of 22% C; for water
extractable carbon and 16% Cy for Cpp. Higher ratios than those determined in our experiment have
been reported, e.g., by [5] ratio 34% Cy in Cpoc; [12] ratio 30%; [9] ratio 5-30%. A very high ratio of Cy
in Cpoc (29-54%) was reported by [5]; however, it was in long-term grain-maize cultivation. In our
experiments, the ratio of Cy in Cpoc was always higher in fertilized plots compared to the control
with no fertilization, which complies with previous results. The results further show that fertilization
increases the amount of easily extractable and thus less stable C fraction [13].

Statistically conclusive differences in the content of C; between control and MN-fertilized plots
document the fact that AS or UAN applications result in stronger mineralization of original and stable
organic matter compared to a non-fertilized control (Table 3). The increase of Cy content in these
treatments does not compensate for the decrease of C3 content; the result is a tendency to decrease total
Ceopy content [2,7]. This process also takes place in the subsoil, but less dynamically. Fertilized plots in
our experiments had about 9% lower Cs content in topsoil.

4. Materials and Methods

4.1. Field Experiments

Long-term stationary field trials with maize monoculture were set up at the Czech University of
Life Sciences experimental site Cerveny Ujezd in 1993. Maize was grown for silage. The characteristics
of the site are shown in Table 4.

Table 4. Basic description of investigated location; Cepyy—s0il organic matter carbon.

GPS Coordinates S0F4' 22 N; "1 19 E
Alttude (m above sea level) 410
Mean annual temperature (*C) T
Mean anmual precipitation (rm) 493
Soll bype [32] Haplic Luvisol
Sodl texbure | 32] Loarm
Clay (%) (=0.002 mem) 54
Sl (%) (00024005 ) 611
Sand (%) (0.05-2 mm) 265
Bulk density (g em™} topsoil [33] 147
Bulk density (g cm ™) subsoll [23] 155
Cy (%) 1.26
pH (CaClz) 6.5
Cation exchange capacity (mmol;,, kg™") 118

The size of individual experimental plots was 170 m? (20 m length = 8.5 m width) and the size
of harvested plots 20 m? {two middle rows of the experimental plot). Each treatment (experimental
plot) was conducted in four replications in a randomized design. Nitrogen was applied in the same
dose (120 kg N ha™! }rear'1:| using ammonium sulfate (AS), urea ammonium nitrate (LIAN) and
farmyard manure (FYM), except for the unfertilized control plots (Cont) and treatment UAN with
straw (UAN + 5t) (Table 5). Nitrogen fertilizers were applied in spring, before maize sowing. In the
UAN + St treatment, wheat straw (5 t dry matter (OM) ha™') was applied just before the autumn
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tillage. Similarly, FYM was applied in the autumn and immediately incorporated with ploughing to
minimize nitrogen losses. The amount of FYM corresponded to 120 kg N ha™! (always according to
FYM nitrogen content analysis).

Table 5. Fertilizing design of the experiment; AS—ammonium sulfate, UAN—urea ammonium
nitrate, AN + st-urea ammondim nitrate + straw, FYM-farmyard manire, DM—dey matter,
C—carbon, N—nitrogen.

Trea kg M ha—? Organic Fertilizer iC Conbent C Supplied C Supplied during O i g,
year! (kg DM hayear '} in DM (%) (kg ha-"year ") 26 Years (kg ha~"}
Conitral — - — —_ = -
AS 120 - — - — -
UAN 120 = = = = =
UAN + 5t 13+ ¥157 S0 428 paltli} 5440 Man
FrM 13 5re2 79 1603 41,478 1541

LN content in wheat straw; after app]i.n:nl'mn of UAN to UAN + 5t treatment the fimal O/ rabio durg;ed b Dl

All aboveground biomass was harvested and removed from the harvested plot, except for about
10 cm stubble. The roots were extracted by the sampling of topsoil blocks (area 40 % 40 cm; 30 cm
depth; 4 subsamples per plot) and were subsequently washed and separated.

Soil samples (topsoil from 0-30 cm and subsoil 30-60 cm depth) were taken up after maize harvest
from twelve sampling points per plot, subsequently, mixed, sieved through 5 mm mesh and frozen.
To the further described soil analysis, samples from the yvears 1993 and 2018 were thawed, air-dried,
sieved through 2 mm mesh and analyzed {except for CaCls extraction, where the fresh soil samples
were analyzed). The Cgpey content was determined in the samples taken up in both vears (1993 and
2018). The remaining soil analysis proceeded only in the samples taken up in 2018,

4.2, Annlysis

A solution of 0,01 mol L™! CaCla (Coace) was used {1:10, wiv) to determine one of the less
stable s0il Ceyop fractions. The content of Coyopp was determined in fresh soil samples by segmental
flow-analysis using the infrared detection on a SkalarP™*System (Skalar, Breda, The MNetherlands).

Fractionation of humic substances (Cye) was undertaken according to the [34] method to obtain
the pyrophosphate extractable fraction (Cpg), which represents the sum of the carbon in humic acids
(Cpa) and fulvic acids (Cps ). In brief, Cppy and Cpy, were extracted from a 5 g soil sample with a
mixture of 0.1 mol L~ NaOH and 0.1 mol L™ NayPaOy; (1:20, o) solution. Carbon of humic substances
Cyg and Cjy, was determined by an oxidimetric titration method. The content of Cpy, was calculated
as the difference between Cyg and Cyga. The degree of humification was calculated as the ratio of Cyg
content and Cgpgg content multiplied by 100 [4].

Stable isotope s13¢ analyses were performed by flash combustion in a Fisons 1108 elemental
analyzer coupled with an isotope ratio mass spectrometer Delta V Advantage (ThermoFisher, Bremen,
(Germany) in a continuous flow regime. The sample size was adjusted to contain a suffident amount of
carbon. Results are reported as §°C values (in per mil %.) relative to Vienna Pee-Dee Belemite (V-PD/B).
International standards MBS 22 (=30.031 %), [AEA-CH-7 {=32.151 %), and in-house standard soil
=27 B0 %oa) were used as reference material. The long-term reproducibility was better than 0.15%..
13012 isotope ratios were expressed as & *C values,

E13C (%on) = [(BuqmiBona) — 1] 2 107, (n

where $sam = 20N ratio of sample, and fyg = B 120 ratio of the reference standard (PDB). The 58°C
values of dissolved organic carbon (DOC) were determined by the method of Buzek et al. [35].
In brief, the solution was acidified with diluted phosphoric acid to remove bicarbonates, and further
concentrated by evaporation (at 50 °C) for DOC 8¢ measurements (Fisons 1108 and Delta V with
MBS 22 as internal reference).
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The content of total organic carbon and nitrogen in air-dried soils, in farmyard manure,
and in plants was determined using oxidation on a CMNS analyzer (Elementar Vario Macro,
Elementar Analysensysteme, Hanau-Frankfurt am Main, Germany).

Data were processed using basic tests for normal distribution and subsequently one-way
analysis of variance (ANOVA, Tukey test; p < (.05) using the STATISTICA 12 (Dell-5tatSoft Inc.,
Austin, TX, USA) program.

5. Conclusions

Soil organic matter carbon (Cep) compounds” degradation was observed in long-term field
experiments with silage maize monoculture. (ver a relatively short period of 26 years, the content
of carbon in topsoil decreased by 22% in control plots compared to 26% in treatments fertilized with
mineral M. It is almost alarming that in an annual application of wheat straw (5 t DM ha~!) Cemy also
decreased (by 8%). It is obvious that straw was relatively quickly mineralized after its incorporation
into the soil. By contrast, the application of farmyard manure resulted in a Cgnyy increase of 16%.

The ratio of carbon produced by maize from total topsoil Copg content ranged between 8.1-11.8%.
In plots with mineral M fertilization, this ratio was always higher than in the unfertilized control plots.
The weaker the soil extraction agent, the higher ratio of maize carbon, which shows that maize produced
mostly unstable carbon compounds. Furthermore, mineral N application resulted in stronger mineralization
of original and stable organic matter compared to the unfertilized control. However, the increase of maize
carbon content in fertilized plots did not compensate the decrease of “old” organic matter. As a result,
a tendency of decreasing total Coopy content in plots with mineral N applied was observed.

Generally, it is obvious that silage maize monoculture cropping in a relatively short time period is
significantly decreasing the Ceoyy content as well as its quality expressed by decreasing: (i) content of
humic acids and (ii) ratio of humic/fulvic acids.
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Abbreviations

Caomg Soil arganic matter carbon compounds

Cy “01d” soll organic matter

Cy Carbon from maize

CHA Carbon kn humic aclds

Cea Carbon in fulvic acdds

CHLI Carbon in humines

Chg Carbon of humic substances

Crar Carbon determined with 0.01 mol L™ CaCly
Cpg Carbon determined with 0.1, mol L™* Na, P20,
Cron Easily hydralysable C fraction

My total nitrogen content

DM Dry matter

FYM Farmyard manure

UAN Urea ammaoniuem nitrabe
S Siraw

AS Ammonium sulfate

-99 -



Plants 2000, 9, 1217 4 ofl5

References

2

10.

11.

12

13

14

15.

16.

17.

18.

19

2zl

Capriel, P Trends in organic carbon and nitrogen contents in agricultural soils in Bavaria (South Germany)
between 1986 and HM07. Eur. |. Soil Sci. 2013, 64, 45454, [CrossHef]

Loges, K.: Bunne, L; Reinsch, T.; Malisch, C_; Klug, C.; Herrmann, A Taube, F. Forage production in
rotational systems generates similar yvields compared to maize monocultures but improves soll carbon stocks.
Eur. |. Agron. 2018, 57, 11-19. [CrossRei]

Schrdtzes, M. Oegande matter, Principles and Processes. In Encyclopedin of Sails in the Environrien!, 3ed ed ;
Hillel, D, Ed.; Elsevier Ltd.: Amsterdam, The Netherlands, 2005; pp. 85-93.

Mensik, L Hlsnikowsky, L.; Pospifilovi, L.; Kunzovd, E. The effect of application of organic mantires
and mineral fertilizers on the state of soil organic matter and nutrients in the long-term feld experiment.
I. Soil Sediment. 2008, 18, 2813-2822. [CrossRef]

Gregorich, EG.; Liang, B.C; Drury, CF; MacKenzie, AF.; McGill, WB. Elucidation of the source and
turnover of water soluble and microbial biomass carbon in agriculiural soils. Sed Biol. Bischen. 2000, 32,
581-587. [CrossRef]

Callins, H.F.; Blevins, R.L.; Gundy, L.G.; Chrstenson, D.R.; Dick, WA Huggins, D.R.; Paul, EA. Sadl carbon
dynamics in corn-based agroecosystems: Results from carbon-13 natural abundance. Sl Sci. Soc. Am. L
1994, a3, 584-591. [Cnr—th:Fl

Ludwig, B John, B.; Ellerbrock, R.; Kaiser, M.; Flessa, H. Stabilization of maize in sandy soil ina long-term
experiment. Eur. J. Sel Sci. 2003, 54, 117-126. [CrossRef]

Gregorich, EG.; Ellert, B.H.; Drury, C.F; Liang, B.C. Fertilization effects on soil organic matter turmover and
com residue C storage. Sail Sci. Soc. Awr. |. 1996, 60, 472476, [CrossRef]

Bettina, |.; Ludwig, B.; Flessa, H. Carbon dynamics determined by natural “C abundance in microcosm
experiments with soils from long-term maize and rye monocultures. Sl Biol.  Biochem. 2003, 35,
11931302 [CrossRef]

Rasze, DP.; Mulder, |.; Moal, C; Chenu, C. Carbon Tumover Kinetes with Depth in a French Loary soll.
Suil Sci. Soc. Am. |. 2006, 70, H97-2105. [CrossRed]

Wanniarachchi, 5.0.; Voroney, D.P; Vyn, T].; Bevaert, B F; MacKenzie, A F. Tillage effects on the dynamics
of total and corn-residue derived soll organic matter in two Ontarlo solls. Can. [ Sedd Sci. 1999, 79,
47380 [CroasRed]

Flessa, H.; Ludwig, B.; Heill, B.; Merbach, W. The arigin of soil organse C, dissolved organic Cand respiration
in long-term maize experiment in Halle, Germany, determined by 13C natural abundance. . Soil Sci. Plant.
Mutr. 2000, 163, 157-163. [CrossRef]

Campbell, C.A; Lafond, G Biederbeck, V.O.: Wen, G.; Schoenauw, | Hahn, D. Seasonal trends in sodl
biochemical attributes: Effects of crop management on a Black Chernozem. Can. |, Soil Sci. 1999, 79,
B5-97. [CrossRed]

Qin, B Starmnp, P Rlchner, W, Impact of tllage o maize rootng in o Cambisol and Luvisol in Switzerland.
Sodl THI Res. 2006, 85, 50-61. [CrossRef]

Balesdent, |.; Balabane, M. Maize root-derived soil organic carbon estimated by natural °C abundance.
Soil Biol. Biochew. 1992, 24, 97-101. [CrossRef]

Gregorich, E.G.; Voroney, R.P.: Kachanoski, R.G. Tumover of carbon through the microbial biomass in soals
with different texture. Seil Biol. Biockenr. 1991, 23, 799-805. [CrossRef]

Ajwa, H.; Rice, C.; Sotomayor, D Carbon and nitrogen mineralization in tallgrass prairie and agricultural
a0l profiles. Sail. Sci. Soc. Am. | 1998, 62, 942-951. [CrossRef]

Eusterhues, K.; Rumpel, C; Kleber, M.; Kogel-Knaber, 1. Stabilisation of soil organic matter by interactions
with minerals as revealed by mineral dissolution and oxidative degradation. Org. Geochem. 2003, 34,
1501-1600. [CrossRef]

Ancnymious. Blom, Ceech Blomass Assoclation. Available online: Ritps:czbiom on/blog 200906/ 06/d igestal/
(accessed an 16 March 2020

Anonyvmous. Cumulative Summaries about Soil Fund Based on Data from Cadastre of Czech Republic.
Available online: hllph.."."wwn.-C'u.:‘.k.{‘.r,"["L'rll.:-\.i:k..!-.]-pul':'|:1;..h1'_-ﬁl.]ll.'d:u."]u.'-l.uj..!iu_-'l'-s-ﬂu".r|'|L-].'tn.'|'||1.-1.1.}'-pudr‘ulm-
fondu/Rocenka_pudniho_fondu_2020.aspx (sceessed on 16 Mareh 2020).

Viicha, B Cechminkevd, | Duffkovi, B, Soil-Our Wealth [l Czech]; VUMOP: Prague, Czech Republic, 2005; 226p.

-100 -



Plants 20040, 9, 1217 15 of 15

M.

31

Food and Agriculiure Organization of the United Nations. World Reference Base for Soil Resources 2014
Intternational Soil Classification System for Nanting and Crenting Legends for Soil Maeps; Food and Agriculture
Organization of the United Nations: Romse, ltaly, 2015; 193p. Available online: httpfwww fao.ong 31375 en/
137%Men pdf {accessed on 1 September 2020).

Hauzé, V; Tran, G.; Edouard, N.; Lebas, F. Maize Silage. Fessipedio, @ Programeme by INRA, CIRAD, AFZ and
FAQ. 217, Available anline: hittpsfwww.feedipedia.org/node/ 13883 (accessed on 31 August 2020}
Christensen, B.T. Wheat and barely straw decomposition under field conditions: Effect of soll type and plant
cover on weight loss, nitrogen and potassium content. Soil Biol. Bischem. 1985, 17, 691-697. [CrossRef]
Wang, H; Wang, L Zhang, ¥.; Hu, ¥.; Wu, |; Fu, X.; Le, Y. The variability and causes of organic carbon retention
ability of different agricultural straw types returned to soll. Enpiron. Techsol. 2007, 38, 538-548. [CrossRef)
Guam, X -K; Wel, L Turner, C.N.; Ma, 5.-C.; Yang, M-I Wang, T-C. Improved straw management practices
promote insibu steaw decomposition and nutrient release, and inerease crop production. |- Clean Prod. 2020,
20, 119514, [CrossRed]

Li, D Li, Z; Zhao, B, Zhang, |. Relationship between the chemical structure of straw and composition of
main microblal groups during the decomposition of wheat and maize straws as affected by soil texture.
Biml. Ferl. Soils. 2020, 56, 11-24. [CrossRef]

Schumiadt, L.; Wamnstordf, K.; Dorfel, H.; Leinweber, P Lange, H.; Merbach, W. The influence of fertilization
and rotatbon on soll organic matter and plant ylelds in the long-term Eternal Rye trial in Halle (Saale),
Geremany. [ Mand. Nitr. Soil Sci. 2000, 163, 639-648. [CrossRef]

Liang, B.C.; MacKenzie, AF. Changes in soil organic carbon and nitrogen after six vears of corm production.
Seil Sei. 1992, 153, 307-313. [CrossRed]

Balik, |; Cemy, ].; Kulhinek, M_; Sedlif, O Soil carbon transformation in long-term field experiments with
different fertilization treatments. Mant. Soil Environ. 2018, 64, 578-586. [CrossRef]

Ellerbrock, R.H.; Kaiser, M. Stability and composition of different soluble soil organic matter-evidence from
883 and FTIR signatures. Geoderma 2005, 128, 28-37. [CrossHef]

USDA NRCS. Sedl Survey Field and Labormory Methods Masical; National soll susvey center: Lineoln, NE, USA,
H009; 436p.

International Organization for Standardization. Sod Chulity. Delermination of Dry Bulk Density. Core Methoed:
IS0 11272-2017; International Organtzation for Standardization: Geneva, Switzerland, 2017

Kononova, M. M Organiteskole Veitestoe Pocoy:  Jege Prirode, Soojstoa @ Metody iecenijn; AN SSSR:
Moscow, Russia, 1963.

Buzek, E; Cejkova, B, Gersl, M Jackova, L; Loenickova, Z.; Gerslova, E. Carbon Isotope Study of sodl
Amendment with Malze Fermentation Digestate. [[P55 2007, 14, 1-11. [CrossRef]

@ 0 £ 200 by the authoss. Licenses MOPL, Basel, Switzerland. This article ia an open access

= article distribubed under the terms and conditions of the Creative Commons Attribution
. {CC BY) license (hitp:/fereativecommons ang/licensesby/4.00).

-101 -



4.4 The impact of the long-term application of mineral nitrogen and
sewage sludge fertilizers on the quality of soil organic matter

Autori: Jifi Balik, Martin Kulhanek, Jindfich Cem}'/, Ondrej Sedlaf, Pavel Suran, Simona

Prochazkova, Dinkayehu Alamnie Asrade

Rok publikace: 2022

Periodikum: Chemical and Biological Technologies in Agriculture

-102 -



Balik et al Chern. Biol Technol 1 (2022} GBS . § "
hipeidoloagnint T e Chemical and Biclogical

Technologies in Agriculture

The impact of the long-term application @
of mineral nitrogen and sewage sludge
fertilizers on the quality of soil organic matter

Jifi Balik”, Martin Kulhanek, Jindfich Cerny, Ondfej Sedlaf, Pavel Suran, Simona Prochazkovd and
Dinkayehu Alamnie Asrade

Abstract

Background: Sail fertility is substantially influenced by soil organic matter quality and guantity. Much attention has
aleo boen given to glomalin content as one of the qualitative parameters of soil fertility. Glormalin content is consid-
ered an indicator of soil fertility due to its positive correlation with soil arganic carban

Aim: This study aim to (i) determine the influence of different fertilization systems on maize yield and soil organic
matter quality pararmeters, (i) ensure that changes in total glomalin content {TG) and easily extractable glomalin (EEG)
content are sensitive erough to reflect changes in the S0M quality resulting from long-term fertilization, and (i)
determine whether bath forms of glomalin must be determined or if the easily extractable glomalin (EEG) content is
sufficient, even for a fertile chernozermn.

Materials and methods: Long-term field experiments with silage maize monocultures were used 1o study relation-
ships under different rates of mineral nitregen and sewage sludge fertilization. The trials comprised 5 treatrments: (i)
na fertilization cantral (Can, (i) and (i) twe different calcium ammaniurm nitrate rates (M120 and N240 at doses of
120 and 240 kg M ha™' year™", respectively), and iv) and v} two different sewage sludge rates (5120 and 5240 cor-
respanding ta mineral M dases). Topsail (0-30 cm) analysis was performed 28 years after the onset of the experiment
to determine soil organic carbor, the fractions of humic substances, patentially mireralizable carbon and dissohved
arganic carbon, the potential wettability index, soil aggregate stability, EEG, and total glomalin (TG)L

Results: The control treatment, which did not include fertilization, showed significantly kower average yields (9.76 t
Ol ha=" year—") than the fertilization treatments (on average 12.3 OM ha~" year—"). Significant differences in yields
were rot foursd between the fertilization treatrments. A pasitive comelation between glomalin (EEG, TG) content and
soil organic matter carbon content was abserved. A periodic application of sewaqge sludge increased the content of
glamalir. However, the highest quality of SOM was found in the contral treatment (monfertilized). This treatrment had
the higheest values for the hurmic/fulvic acid ratio and the highest contents of humic acids and potentially mineraliz-
able carbon. Furthermore, the Con treatment showed the highest soil aggregate stability and potential wettability
irsdex. Mirseral M fertilization significantly reduced <oil aggregate stability values.

Condusions: The unfertilized control showed the highsest SOM guality but the lowest vields. The data on glomalin
cantent can be used to study soil organic matter guality. Because the EEG extraction method is easy to apply, uses
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loweer quantities of chemicals and consumes less time, it presents a better option than TG extraction. The sersitivity of
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Intreduction

Soil organic matter (SOM) can be divided into stable
and labile fractions. The stable fraction is represented
by humic acids (Cy,,). fulvic acids (Cp,) and humins
(Cysl [1]. The labile forms are represented by poten-
tially mineralizable carbon {Cyye) or dissolved organic
carbon (Cpncl. The fractionation of SOM into individ-
ual forms is important for SOM quality degradability
assessment [2-5].

Currently, there are a number of different methods
for determining SOM quality parameters. The current
aim for agricultural and even scientific practices is to
find a “user friendly” method that is characterized by
reliable results, a simple procedure, ease of data evalu-
ation, low cost, rapid evaluation time and low chemi-
cal consumption. Because of this, much attention has
been given to glomalin content as one of the qualitative
parameters of soil fertility [6].

Glomalin is produced by arbuscular mycorrhizae and
is one of the most impertant soil proteins. The exact
maolecular composition of glomalin has not vet heen
defined. because fractions of glomalin extracted from
soils are not sufficiently clean [7, &]. This is also a rea-
son why the term “glomalin-related soil protein®, abbre-
viated GRS, is often used in the literature [%). Wright
and Upadhyaya [10] divided the forms of glomalin
into easily extractable (EEG) and total glomalin [TG).
Glomalin is hydrophobic and temperature stable. Sub-
stantial resistance to degradation in the soil has been
described in many studies [9, 11, 12]. The slow change
cyele for glomalin in the soil results from its high sta-
bility. Rillig [9] claimed that the average time for glo-
malin degradation in the soil is between & and 42 years.
Harner et al. [13] estimated a similar time for a change
cycle (40 years). Glomalin contains up to 85% polysac-
charides that are resistant to microbiological degrada-
tion and, therefore, participate in bonding minerals
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and organic particles into aggregates for long periods
of time [14]. Glomalin also improves C sequestration
in the soil [15). Its influence on the formation of soil
aggregates is greater than that on direct plant nutrition
[16]. Glomalin acts as a sticky and insoluble biofilm
that glues minerals, clays, organic matter and microor-
ganisms together [17]. Organic inputs increase the por-
tion of macroaggregates and the mean weight diameter
of aggregates as well as the GRSP fractions [18-20].

Glomalin content can be considered a good indicator
of soil fertility [10, 20] due to its positive correlation with
the Cgpyy content [21, 22). This finding supparts the fact
that the contribution of glamalin to the total C content in
soils is greater than the contribution of microbial biomass
[23). Furthermaore, the long-term application of compost
and manure increased the glomalin content in a soil [19,
20]. An increase in glomalin content was also found after
the application of sewage sludge [22, 24]. There are only a
few scientific publications that have focused on glomalin
content in soils under long-term maize monoculture, e,
Galazka et al. [25], and some studies contained in master
theses, e.g., Sekgota [26]. However, these studies evalu-
ated other parameters or only short-term monocultures
and cannot be directly compared with our results. In
our previous study [27], we found a positive correlation
between glomalin content and humic acid content (Cyy)
as well as glomalin content and the humic acid and ful-
vic acid ratio (T, ., ) under long-term silage maize pro-
duction on a luvisol. We also found a positive correlation
with the potential wettability indesx (PWT).

“Diffuse reflectance infrared Fourier transform spec-
trometry” (DRIFTS) can also be used for SOM quality
assessment. Usually, it is used to study hydrophobic and
hydrophilic functional groups of SOM at wavelengths
3000-2800 cm~! and 1740, 1640-1600 cm™!, respec-
tively [20, 26, 28]. 50OM is also characterized by the ratio
of aliphatic (C—H) and carboxylic (C—0) bonds, called
the potential wettability index (FW1) [29]. Demyan et al.
[30) used the DRIFTS method to monitor S0OM quality in
long-term trials in Bad Lauchstidi (Germany). All of the
observations obtained with DRIFTS showed an influence
of fertilization.

The abovementioned facts prompted the following
objectives: i} determine the influence of different fertili-
zation systems on soil organic matter quality parameters
(degradable and stable C fractions including glomalin
content), ii) ensure that changes in total glomalin content
(T'G) and easily extractable glomalin (EEG) content are
sensitive enough to reflect changes in the SOM quality
resulting from long-term fertilization, and iii} determine
whether bath forms of glomalin have to be determined
or if the easily extractable glomalin content (EEG) is suf-
ficient. even for a fertile chernozem.
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Materials and methods

Site description

The study was carried out based on long-term fertili-
zation experiments that were initiated in 1993 at the
experimental stations located in Suchdol in the Crech
Republic. The basic soil-climatic characteristics are given
in Tahle 1.

Experimental design
This long-term field experiment was initiated in a ran-
domized complete block design (4 replications) with
a plot area of 46 m® in 1993. In general, the experiment
was designed to have five treatments: i) unfertilized
control (Con), ii) mineral fertilization in the form of
calcium ammonium nitrate (N120), i) mineral fertiliza-
tion in the form of calcium ammonium nitrate (N240),
iv) sewage sludge (5120) and iv) sewage sludge (5240).
A detailed description of the individoal treatments is
as follows: treatments N120 and N240 received 120
and 240 kg N ha~! year~!, respectively, in the form cal-
cium ammonium nitrate, and treatments 5120 and 5140
received the same dose of M in the form of sewage sludge
(calculated based on the sewage sludge analysis). Maize
hybrids were planted in each plot at a density of 80 thou-
sand 'plan‘tsha'] (=8 plants m ). The maize was sown at
the end of April/beginning of May with 70 cm between
plant rows. Mineral N fertilizers were applied prior to
sowing every year in spring with no additional liming or
application of other nutrients. Sewage sludge (5120, 5240
corresponding to mineral N doses) was applied every 3
years in autumn (October); therefore, the doses of nitro-
gen were 360 kg N ha' 3 years™! and 720 kg N ha™!

Table 1 Basic description of the Suchdol experimental site at
the onset of the experiment

GRS coordinates. S0FT 40N 14722°337E

Alitude [m abowe sea level) g2
Mhean anmual bemperatare | "C) ol

Mian anmual preci pitation (rmem) 495

Soal type Haplic Chemoeem®
Soil tewtuse Silt loam®
Clay %) {< QD02 mm) 22

Silt (%) $0,002-0005 mm) 78
Sand (%) {0052 mm) 26,0

Bulk density g em=] 142
T 1.88°

pH (001 mobL Callh 75

CEC {mwmaal,, k™) 22

* Matural rescaece conserdation service—Unied Stabes Departement of
Agriculbee [31]
* CNS amalyser (see Chapter 23, soil analysis]
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3 years" for 5120 and 5240, respectively. After applica-
tion, the fertilizer was immediately incorporated into the
soil with ploughing (25 cm depth). The sewage sludge
was supplied by the same producer and was produced
using the same method over the course of the entire
experiment. The average dose of the sewage sludge was
10.17 t of DM ha™" 3 years~" and 20.34 t of DM ha~'
3 years~! for 5120 and 5240, respectively. During the
experiment, the change in sewage sludge quality was
insignificant. The average doses of key nutrients and the
C/N ratio are presented in Table 2. The dose of sewage
sludge was calculated according to the total nitrogen con-
tent determined with Kjeldahl analysis, which includes
both organic and inorganic (N-NH,*) forms. However,
MN-NOy~ and N-NO;~ forms are not determined using
this method, because in an anaerobic material, such as
sewage sludge, only trace levels of nitrates and nitrites are
present.

Plants were protected only against weeds. Two rows of
maize aboveground biomass (18 m”® per plot) were har-
vested at silage maturity {roughly 65% biomass moisture
content, B4 vegetation stage) and weighed to obtain the
aboveground biomass vield (BY). Dry BY was calculated
based on the dry mass ratio in the subsamples.

Soil analysis

Topsoil (0-30 cm) analyses were performed with air-
dried soil samples (=2 mm), except Cp. collected in
September 20iM), after the maize harvest. For aggregate
stability (WS5A) assessment, the soil aggregates of diam-
eter 2-5 mm were sieved and further analysed.

The soil arganic carbon (Cg,,) and total nitrogen (M)
contents of the soils and sewage sludge were determined
using oxidation with a CN35 analyser Elementar Vario
Macro (Elementar Analysensysterne, Germany) after car-
bonate digestion with HCl and subsequent drying.

Fractionation of humic substances (Cp) was per-
formed according to Kononova [1] to obtain the
pyrophosphate extractable fraction, which represents
the sum of the carbon in humic acids (Cyy,) and fulvie
acids (Cp,). Briefly, C,, and Cp, were extracted from
& 5 g soil sample with a mixed solution of 0.10 mal
L-' NaOH and 0.10 mol L~' Na,Py0- (1:20 wiv). The
following fractions of carbon were isolated: Cp, was

obtained from a solution that was acidified by dilute

Table 2 Doses of appled C, M, P and K (in kg ha™" year™") and
the O/ ratlo of sewage sludge

Fertilizer C M P K N
5120 B3 120 20 156 73z
5240 1758 240 164.0 iz

5120 sevenge sludge (120 b N ha~"|; 5240 sewage shedge (280 kg M ha ')
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H,50, to a pH of 1.0-1.5 and left undisturbed for 24 h,
and C,;, was obtained by the dissolution of the previ-
ously formed precipitate in a hot 0.05 mol L~! NaOH
solution. Before iodometric titration, the dry matter
formed by the vaporisation of each sample was dis-
solved in a mixture of 0067 mol L~ K,Cr,0. and con-
centrated H,50), under an elevated temperature.

For the dissolved nrﬁani: carbon (Cpoc), the extrac-
tion agent 0.01 mol L™ CaCl, was used (1:10, wiv) [32].
Analysis was performed on fresh soil samples (= 5 mm).

Hot water extraction was used to assess mineraliza-
ble soil organic carbon (Cyyg). Air dried (=2 mm) soil
samples were extracted with water (1:5, wiv). The sus-
pension was boiled for 1 h [33]. The contents of Cyyye
and Cp- were determined by segmental flow analysis
using infrared detection on a SKALAR SANF= Sy5.
TEM (Skalar, Netherlands).

The potential wettability index (PWI) was determined
directly in the soil samples wsing diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS).
DRIFTS spectra were recorded by an infrared spec-
trometer (Micolet 1510, Waltham, USA). The bands
of the alkyl C-H groups—A (2948-2920 cm~! and
2864-2849 cm ") were assumed to indicate the hydro-
phobicity, and bands of the C=0 groups—B (1710 and
1640-1600 em ™) indicated hydrophilicity [28].

PWI = A/B (1)

Aggregate stability (W5A) was evaluated using the
WSA index and was measured using the procedure
reported by Nimmo and Perkins [34]. Four grams of
air-dried soil aggregates (diameter of 2-5 mm) were
sieved for 3 min in distilled water (0.25-mm sieve)
with a frequency of 35 cycles per minute and a vertical
amplitude of 1.3 em. The aggregates that remained on
the sieve were then sieved (same frequency and ampli-
tude) in a sodium hexametaphosphate solution (2 g
L") until only the sand particles that remained on the
sieve. The aggregates that dissolved by wetting in water
or hexametaphosphate solution were subsequently
dried at 105 *C and weighed. The WSA index was cal-
culated as follows:

WEA = Wds/[Wds + Wdw) (2)

where Wds is the weight of aggregates dispersed in a
sodium hexametaphosphate solution, and Wdw is the

weight of aggregates dispersed in distilled water. An
increase in the W5A value indicates an increase in soil
aggregate stability.

Easily extractable glomalin (EEG) and total glo-
malin (TG) analysis were performed according to
Wright and Upadhyaya [10]. Briefly, to the 1.00 g
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of air dried soil (<2 mm) was added 8 mL of sodium
citrate (20 mmol. L' of pH 7.0—EEG, 50 mmal L™!
pf pH B0—TG), followed by autoclaving at 121 °C
(30 min—EEG, 60 min—TiG), cooling and centrifuga-
tion at 5000 rpm (10 min—EEG. 15 min—T4G). For
TG, the centrifugation of the supernatant of the same
sample was repeated 5 times until the supernatant no
lomger showed the red-brown colour that is typical of
glomalin. Both forms of glomalin were determined col-
orimetrically using bovine albumin (BSA) as a standard
for quantification and the Bradford protein assay (both
from Bio-Rad, California, USA) to achieve the colour
change.

Carbon sequestration efficiency (CSE) was calculated
according to the following formula:

CSE (%) = ({Cg—Cg)/CTey) = 100 (3)

where Cs, is the amount of C in the topseil of the sewage
sludge treatments, C, is the amount of C in the topsoil of
the control and C., is the total amount (for 28 years) of C

applied with sewage sludge (all in kg ha~).

Statistical analysis
The results were evaluated using ANOVA statistical
analysis with Tukeys test using the Statistica program
(TIBCO, Paolo Alto, California, USA). Principal compo-
nent analysis (MCA) was performed to evaluate the rela-
tionships between the content of glomalin (EEG, TG) and
the qualitative parameters of SOM using XLSTAT (Add-
insoft, Mew York, USA). The variables were subjected to
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PCA, and eigenvalues= 1, variance (%) and cumulative
(%) criteria were used to define the association among
wariahles.

Results

Yield of maize biomass

The silage maize biomass yields for the period 19972020
are presented in Fig. 1. The experiments were initiated in
1993, and the fields have been fertilized regularly since.
Biomass yields have been monitored accurately since
1997 The average vield in the Con treatment was 976 t
DM ha~'. The nutrients in the soil at this site could not
be fully utilized due to a lack of precipitation. The efficacy
of nitrogen fertilization (N120 and N240) was higher
than the efficacy of sewage sludge fertilization. The key
reason for this difference is that the sewage sludge was
applied only once every 3 years, which reduced total
nitrogen utilization from sludge.

The dry matter silage maize yields are presented in
Fig. 2 Only the average values from 3-year intervals are
presented to make orientation easier. The year-to-year
variation in the yields at this site was consistently linked
mainly to the lack of rainfall during the growing season.
Mevertheless, there was a certain decreasing tendency in
the vields, especially since 2015.

Approximate C balance

The nitrogen dose and organic matter content in sew-
age sludge were reflected in the soil organic carbon
content (Cgny,) (Table 3). The Cg,,, content was 1.88%

{120 kg M ha™"l; 5240 Sewage shudipe (240 g W ha ™Y

135 | pry matter: Con = 100% = 9.76 t hat
b
130 " "
125 =
120 ab
-4
115
110
105
E]
100
Con N120 N240 5120 5240

Fig. 1 Relative sverage slage D yields |1997-20200 Different letbers describe statistically significant diffesences betwesn treatrments. Tukey's HSD
et (< (05). Con Unfertiiped contrab N1 20 Minerad fertiization 120 kg N " M2 Minesral fartilization (240 g W ha— "L 5130 Sempage dudge
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1500
13040
= 1100
y=-04183x+ 14325
R:=0.3415
Q.00
—Con NI20  ——N240 5120 ——8240
700
| 2 E 4 5 fa 7 B
Fig. 2 Teends in masire monocultuee silsge dry mass yields during the expeiment. The red trend line i an average of all treatments The homontal
i represents 3-pear perinds wtarting with 19971999 (1) and ending with 2078-1000 (8} Con Urdertilized contral; 8120 Minezal fertilestion
1120 keg W ha~"); N20 Mineral fertifzation (240 kg N ha~ ") 5120 Sewage sludge [120 kg M ha~"); 5240 Sewage shudge (240 kg M ha~") “only the
urfertilized control treatment showed sigrificantly low yields (Tukey HSD 1e4t; p < 0.05) during all perods, and differences among the fertilization
trestments were not significant

Table 3 Qualitative and quantitative soil organic matter (S0M)
parameters

Parameter Con NiZd W20 5130 S240
Cormamg 162 161° 161 175 184
Come (makg™" 106 g™ 14 172 =5
Coe IMgkg™")  264° bl 154" Pl w7
oy B J2e8  QIEF OIES" QIEX® p2x™
Cpa, (4] 0187 0I7 odss' 0dest et
Cop, (% 0487 048" 0529 0450 0544°
Com 13528 pOSP OSdE' 102 1215
N, ) 0144°  0QI3E QU480 0U55F QIR
Corpa, 1z e S [EY 14
P OO GOV Q020 00HI% gl
WA 050 039 03ET  04XET Q41T
EEG fmgkg~')  S83%® o5 orps gy 1052
Taimg kg™ 091 NI IF M A4S

Diffeennt supersoript lethers describe statistheal ly significant diffeeonices betwaan
treatmanis. Tukey HS0 fest; g 005

Con Unfertilized control; 120 Mineral fertilization {120y N ha~"]; K240 Mineral
fortilization (240 ko N ha™ '}, 5120 Sewage sludge [120 kg N ha ') 540 Sewage
shuscdgye (240 kg B ha "1, Oy, Soil cegankc matter carban: g, Minesalizatike soil
organic cartsr; Gy Dissolved organic cartserg C, Carbon of humic scids; G,
Carbon of fubvic acids; ©; Casbon of humic substances; ©, ., Carbon iin husmic
and Pulvic acid ratic; ¥ Total nrogen content; CiouN; Soll organic matter
carbecntotal nitrogen rtio; PR Fotential wettabaliy inde:; WS4 Agqgregate
stability index; EEG Easily extractable glomalin; TG Total glomakin

at the beginning of the trial in 1993, and after 28 years,
the content changed to L62% in the Con treatment—a

reduction of 0.26%. Relatively speaking, the decrease was
13.8%. This means that there was a loss of carbon from
the soil. The loss of carbon amounted to 11310 kg C ha ™'
in the topsoil (0-30 cm). On average, the carbon loss in
the Con treatment was 404 kg C ha~' year—'. A similar
decrease was observed in the N120 and N240 treatments.
The C.,, content in the 5120 treatment was 1.75% in
2020. This is a decrease of 0.13% in comparison with
1993, The difference between the organic carbon content
(2020 minus 1993) for the S120 treatment represented
losses of 5655 kg C ha™". To the total balance, we added
the carbon applied with sewage sludge, ie., 24612 kg C
ha~' 28 years—". The carbon losses from soil combined
with sewage sludge were, therefore, 30267 kg C ha !
28 years~!. Using the same calculation principle for the
5240 treatment, the total carbon loss was 50964 kg C
ha~! 28 years~L.

Soil organic matter quality parameters

Although there were no significant differences, the 5120
and 5240 treatments showed an increasing tendency in
the Ceoyy content related to Con This trend was more
evident in 5240. The total nitrogen (M) content was
not significantly influenced by fertilization, despite the
increasing tendency for 5240 (Table 3).

Intensive  mineral nitrogen  fertilization (N240)
increased the mineralization rate of stable organic mat-
ter, which in turn caused a substantial decreasing ten-
dency in the C,,, /N, ratio (Table 3). So0il organic matter
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quality was alse monitored by hot water extraction and
0,01 mol L' CaCl, extraction (Table 3). The lowest val-
ues were consistently present in the N240 treatments.
In the previous time period, easily degradable carbon
fractions were mineralized in the N240 treatment. The
lowest content of extractable carbon was observed dur-
ing the most recent soil analysis (from 2020). Significant
increases in the Cypyg and Cpo- contents were recorded
in the 5240 treatment, although the last sludge applica-
tion occurred in the autumn of 2017, 3 years prior to this
analysis. The Cpppp and Cp- contents in the 5240 treat-
ment were comparable to those in the Con treatment,
which demonstrated the relative stability of SOM in the
Con treatment. The highest humic and fulvic acid ratios
were found in the Con treatment, which was even higher
than that in 5240 (Table 3). None of the observed treat-
ments produced significant differences in either humic
substances content (Cyyc) or fulvic acid content {(Cgy).

The SOM quality was further monitored using the
DRIFTS method. The potential wettability index (PWI)
determines the hydrophobic and hydrophilic group
ratio (Table 3). Significant differences were discovered
between the Con (highest value) and N240 (lowest value)
treatments. To express soil aggregate stability, the WSA
index was used. The N120 and N240 treatrments showed
the lowest stability, with values significantly lower than
those of the other treatments. This W5A method con-
firmed the results from the Cyye and Cpoe extraction
methods—intensive nitrogen fertilization degrades stable
organic matter and, in turn, degrades soil structure. In
contrast, the Con treatment had the highest soil aggre-
gate stability, with values surpassing that of sludge appli-
cation in the 5240 treatment.

One of the goals of our experiment was to evaluate
how all the changes influenced the glomalin (EEG and
TG) content (Table 3). A significant increase in EEG
content was observed only in the 5240 treatment. The
treatments produced no significant differences in terms
of TG content. The relationships between glomalin

Table & Relationship  between  glomalin and  other  soll
parameters

Cacm ] Crn
EEG nrglt 0773 0458
L] 081 8 073 0357
Carm - .20 0381

R ‘s conelation coefficient. Conedati with othir
PWN: Cp Tt Ciant Counras WEA] i nedt significant
Ly S0il ceganic matter carbaon, N, Total nitrogen con tent, £, Carbon of hulvic
acicks, EEG Easily extractable glomalin, TG Total glomaling

*poons;

*polom
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content and other parameters related to SOM quality
are presented in Table 4. Glomalin content was signifi-
cantly related only to Cgoyy and N, content. The corre-
lations between Cspny and other parameters (Coopu/MNy
PWL Coyes Cooct Crat Cappa: WSA) were not signifi-
cant (Table 4).

Principal component analysis (PCA) was applied to
the variables mentioned in Table 5. The variable associ-
ations and number of significant components were sys-
tematically selected based on three basic criteria, Le.,
eigenvalues > 1.1, loading factors = 0.59 and percentage
of variability > 8%,

The biplot position of the components in Fig. 3
explained 78% of the cumulative variance, where the
first factor described 52% and the second described
26%. PCL. which explained 52% of the total cumula-
tive variance, and 6.7 of the eigenvalue were highly
dominated by positively and strongly associated vari-
&b.I.EEu such as TG, Cmu. WL CHW’EI CDI.']L_.. CH'.M'F.U
WSA and C,. Approximately 30-32% of the variable
associations in PC1 was contributed by the 5240 and
M120 treatments. The second PC2 explained approxi-
mately 26% of the total cumulative variance and 3.4
of the eigenvalue and was dominated by the pesitively
and strongly associated variables EE, C,; and C,, and
these variables were positively influenced by the 5,
treatment, whereas the third PC accounted for 14% of
the total cumulative variance and 1.8 of the eigenvalue
and was dominated by the weakly associated variables
CompyM, and M. PC4 also explained 8% of the total
cumulative variance and 1.1 of the eigenvaloe, and no
wvariables dominated this component.

Table 5 Principal components (PCs) or factors and their loading
factor values, eigenvalues, and variabilites )

Paramiters M P2 PC3 PC4
EE 055 083 017 00
TG 0EZ - 029 0.48 — &
o OBE 0a? 040 — 031
Cormanit —am — 058 060 054
Wy ik] 034 0.5 — 3
P AL ] =031 =025 ®17
Come il 1] — 031 — 025 a7
T il - 018 0.8 o2
Cer Qs 083 014 T |
Co, and 0s? = 008 023
Co O7e 042 — 045 08
G aso =031 =025 ®I7
WaA Q7e - 018 - 045 — 040
Eigermvalus a7 14 18 1.1
Varability (% 52 6 14 a
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N140

PO2{26%)

PC1 vs PC2: (T8%)

ICF&

-1

-3
-4 -3 -2 -1
= Active variables  + Active observations

L and observations, respectvely

PC1(52%)
Fig. 3 Biplat position of variables determined by the first two principal components 801 v, PC2L The red and blue dots represent actve vamables

Discussion

The benefits of silage maize monoculture experiments
belong to a small set of variable factors that could influ-
ence changes in the quality and quantity of soil organic
matter. It is generally accepted that maize belongs to a
group of crops that is substantially dependent on arbus-
cular mycorrhizae and, at the same time, promaotes their
development [35]. Another variable was the difference in
the quality of the applied fertilizers (mineral N/organic).
Sewage sludge was included as a treatment, because its
production is consistently increasing with the increasing
world population, and 37% is currently being utilized on
farming lands in EU countries [36].

Abhoveground biomass yields are closely correlated
with the quantity of roots and stubble, which influ-
ences the soil organic matter content. The number of
roots in the topsoil was not monitored in the current
experiment. However, in our previous study on a luvi-
sol [37], the yearly production of root biomass carbon
was 394 kg ha~', while the fertilized treatments had
1.9 » mare, approximately 749 kg ha™'. The carbon con-
tent in stubble was 208 kg C ha~' year~' in the control
treatment and 1.5 higher in the fertilized treatment
(312 kg C ha~! year~!). The content in stubble 4 root
biomass was 1061 kg C ha™' (312+749). If we base
the following calculation on results from this study,
we can assume the chernozem reached approximately
10% higher values. In the fertilized treatments, stub-
ble + root biomass (topsoil only) supplied 1100-1200 kg

C ha~! year~!. The quantity of organic matter supplied
to the soil by sewage sludge in the 5120 and 5240 treat-
ments was 879 and 1758 kg C ha-! ]rear", respectively
{Table 2). The annual addition of C was lower than that
with stubble+root biomass in the S120 treatment. This
may be the reason for the lack of a significant increase in
g content in the 5 treatments in comparison with the
Con treatments. The other reason is the fact that organic
matter quality in sewage sludge is not high in comparison
with farmyard manure, and it does not contribute much
to the SOM content. The relatively low C/N ratio (7.32:1)
could also promote fast mineralization of the organic
matter in sewage sludge. The carbon sequestration effi-
ciency from both sewage sludge treatments was calcu-
lated to estimate their effect on carbon accumulation.
The 5240 treatment showed lower CSE (19.0%) than 5120
(22.5%). The mentioned balances and data on CSE clearly
show that the organic matter present in sewage sludge is
not stable. Intensive nitrogen fertilization (M240) caused
an increase in aboveground biomass, which caused an
increase in root biomass. Root biomass has a lower C/N
ratio than Con and is mineralized faster [37]. In addition,
the mineralization rate of soil organic matter is greater
due to the “priming effect”

The fulvic acid content was influenced by neither the
intensity nor the dose of fertilizer. The humic acid con-
tent was highest in the Con treatment. The humic/fulvic
acid ratio is an important parameter for the determina-
tion of soil organic matter quality [1]. The highest quality
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in terms of the Cy, ., ratio was present in the Con treat-
ment. The changes in soil organic matter quality (in
terms of CH'J.I C}'A, CHS-I and EHA.II'].:I were determined to
bee relatively small.

In our previous work, in which we used the same lev-
els of fertilization an a luvisol, much larger differences in
the ., qualitative parameters were ohserved among
treatments [27], which was caused by significantly lower
organic matter content and quality (for example, in the
control treatment: C., —0.98%; C,,—0078% C,,,
pa—0U565; Copny /N, —10.2). For comparison, the follow-
ing values were measured for the current work on the
chernozem: Csm‘—lﬂ%; CHA—U.E‘H'N; CHA.'FA._]'-EEZJ
Copp/Ny—11.2 This is the most likely reason for their
nonsignificant relationships with glomalin (both EEG and
TG) content in this experiment. Another factor could be
the stability of glomalin in soils; it can persist for up to
several decades [9], and therefore, the influence of even
long-term fertilization can appear very slowly.

A significant increase in EEG content was observed in
the 5240 treatment after the application of an extremely
high dose of sewage sludge. Sandeep et al. [24] and Balik
et al. [22] published similar results resulting from sewage
sludge application.

The significant increase in EEG content in the 5240
treatment was probably caused by increased root bio-
mass and, therefore, increased glomalin production. Sew-
age sludge could not be confirmed to be a direct source of
glomalin. The method used by Wright and Uppadhyaya
[10) was designed to extract glomalin from soil and not
from organic fertilizers. The presence of arbuscular myc-
oarhizae and glomalin was not expected in the sewage
sludge, because it was obtained directly from the pro-
ducer without intermediate storage.

Cross-reactivity of the Bradford assay with humic acids,
polyphenolic compounds, sugars, and lipids can inter-
fere with GRSP determination [39). The aforementicned
organic compounds can lead to misestimations of GRSP
contents [21]. In particular, the treatments fertilized
with sewage sludge probably increased the production of
organic molecules in the soil (lipids, carbohydrates and
others), which may have led to interferences during glo-
malin analysis.

In our experiments, mineral nitrogen fertilization did
not influence glomalin content, contrary to the conclu-
stons of other studies that reported a positive influence of
M fertilization on glomalin content [22, 39]. A probable
reason is that intensive mineral N fertilization leads to
the degradation of stable organic matter and lowers the
stability of soil aggregates. This results in soil structure
deterioration, which could later decrease the abundance
of arbuscular mycorrhizae and subsequently glomalin
production.
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Increased degradation of SOM was present during
the experiment due to intensive mineral nitrogen ferti-
lization (N120, 5120). This is why the N240 treatments
produced the lowest contents of Cyyp and Cppe. This
fact was not reflected in the EEG and TG contents and
their correlation with Cgp and Cp . These results
indirectly confirmed that glomalin is relatively stable
during mineralization. Glomalin persists for longer
periods of time than the original organic matter present
in bulk soil [40].

In this study, only a significantly positive correlation
of glamalin with the C.,, and N, parameters was con-
firmed. Relationships between glomalin content and
other soil organic matter quality parameters (Cpe, Cppy
e PWT) were not found, in contrast to our previous
study with a luvisel [27]. A difference between the sen-
sitivity of both the EEG and TG methods in relation to
Cspny content and other gualitative parameters of SOM
was not found. Therefore, the higher usability of the EEG
method was supported by its ease of implementation, as
mentioned in the introduction section.

The presented results seem to suggest that soil glomalin
content determination can be used to estimate the quality
of soil erganic matter, but with limited indicative value,
especially for soils with naturally high fertility within a
relatively short time horizon (for example, 10 years). This
method is sensitive for estimating site characteristics.
The influence of soil type can be demonstrated by com-
paring the glomalin content of the chernozem and luvi-
sol: the EEG content in the Con treatment in this work
ichernozem) was 983 mg kg ', while the content of EEG
in the Con treatment of the luvisol was 578 mg kg™, Fur-
thermore, the EEG,TG ratio was 047 in the chernozem,
while in our previous study with a luvisol, it was only 0.29
[27].

The potential wettability index (PYT), which includes
the ratio of aliphatic (C—H) and carboxyl (C-0) bonds,
can be used to describe soil organic matter quality [29].
The Con treatment showed the highest PYWT values; this
was in accordance with the fact that this treatment also
showed the highest C,, ., ratio, which represented the
highest SOM quality. The higher PW1 values in the Con
treatment also indicated higher stability of the soil aggre-
gates. Statistically, the lowest values of PW1 were present
in N240, which also corresponded with the lowest soil
aggregate stability (WSA). The 5240 treatment showed
a slight increase in the PW1 value. Adani and Tambone
[41] also reported a higher content of the aliphatic car-
bon fractions in humic acids, even with a lower sewage
sludge dose of 1 t ha~' year~" over a duration of 10 years.
The correlations between EEG and PW1 as well as the
correlations between Cspyy and W presented in our
earlier study [27] were not confirmed in this study.
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The Con treatment showed the highest soil aggre-
gate stability. The sewage sludge treatments led to an
increasing trend in stability as well, which was also
confirmed in several other studies [42]. The values of
PW1 and WSA in our experiment showed a nonsig-
nificant correlation with the Cg,, content. This might
be cansed by the aforementioned fact that the current
experiment was conducted on a fertile chernozem.

Conclusions

In general, the highest quality of SOM was found in the
unfertilized control treatment. However, this treatment
showed significantly lower vields. Because of this, other
fertilizing strategies should be tested to obtain higher
yields together with higher SOM sustainability.

The data on glomalin content can be used to study
soil organic matter guality. EEG extraction is more
advantageous than TG extraction, because the pro-
cedure and data evaluation are easier and it has lower
costs, requires less time and consumes fewer chemicals
relative to TG analysis.

The results suggest that with increasing SOM quan-
tity, there was a decrease in sensitivity for all the meth-
s used for SOM quality determination. Nonetheless,
further studies focused on different crops, soil and cli-
mate conditions are necessary to prove this.
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Abstract: Long-term field experiments were conducted on luvisol at five sites in the Czech Republic
{42—48-year duration). The average total organie carbon content in the seal varied between 9.0 and
14.0 g kg " In these trials, seven crops were rofated in the following order: clover, winter wheat,
early potato, winter wheat, spring barley, potato, and spring barley with interseeded clover. Five
treatments were studied: unfertilized treatment (Con), farmyard manuee (F), and comblnations of
farmyard manure with three mineral fertilization levels (F+M1, F+MZ2, F+M3). Plant residues were
not incorporated into the soil. An amount of 40 ¢ ha~? of farmyard manure fresh matter was applied
twice during crop rotation. Intensive mineral fertilizer (F+M3) increased the average value of the
carbon sequesteation efficlency (CSE) by 12.9% and up to 263%. Comblining ofganke and mineral
fertilizers at moderate and higher intensities increased the sodl organic matter quantity and quality
compared to the unfertilized or mamure treatment. Data on the glomalin content can be wsed to study
the organic matter quality. We determined a strong correlation between the total glomalin content
and the soil organic matker carbon, fulvie acid content, humic acid content, extractable carbon content,
and dissolved organic carbon content, as well as the potential wettability index and aromaticity index.

Keywords: humic substances fraction; glomalin; potential wettability index; aromaticlty index;
Ed/Ef ratio

1. Introduction

The quantity and quality of soil organic matter (SOM) are two of the basic pillars of
soil fertility. Many factors influence the quality and quantity of SOM, such as: crop rotation,
agrotechnical approach (till or no-till system), irrigation, etc. Other considerations include
the quality and intensity of mineral and organic fertilizers. At present, there are several
different methods for determining the SOM quality parameters. The fractionation of SOM
into individual forms is important for the SOM quality degradability [1-3]. S0M can be
divided into stable and labile fractions. The stable fraction is represented by humic acids
(Cpa). fubvic acids (Cgy ), and humins [4]. The labile forms are represented by potentially
mineralizable carbon (Cypywc) [5] or dissolved organic carbon (Cpoc) [6.7]-

Glomalin has been widely studied as an indicator of soil organic matter quality [5].
Glomalin is produced by arbuscular mycorrhiza and is one of the most important soil
proteins. The accurate molecular compaosition of glomalin has not been defined because the
glomalin fraction extracted from soil is often not suffidently clean [%,10]. The glomalin con-
tent in soil increased with long-term compost [11,12] and manure [12,13] applications. An
increase in the glomalin content was also determined after applying sewage sludge [14,15]

Agrononry 2003, 13, 3678, hﬂps:ffdni .m's_." Iﬂ_lmfaﬁmnmy'] JN26T8 hl:rps:_." .-"l.nrw.nﬂpi mm.-'icu.l.nul_."ag:mnm}-
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and straw alongside mineral fertilizer [16]. Relatively significant correlations between the
quality of the soil parameters and the soil organic matter, or some fraction of soil organic
matter, have been found, particularly in the Cgoyy, humic and fulvic acids, C/N ratio,
and glomalin [17]. Owing to the positive correlation between the glomalin and Cegyg
content [15,18], glomalin can be considered a good indicator of soil fertility [11,19]. In
our previous study [6], we found a positive correlation between the glomalin content and
humic acid content {Cyy), as well as the gloma lin content and humic acid and fulvic acid
ratio {Cia/Cea), under long-term maize production on luvisol. We also found a positive
correlation with the potential wettability index (FWI).

The humus quality absorbance ratio at a 400 and 600 nm (E4/E6) ratio has been
used as a standard parameter to assess the characterization of humic substances [20]. The
ratio is inversely related to the condensation degree of the aromatic network in humic
substances. A low E4/E6 ratio indicates a relatively high degree of aromatic constituent
condensation, whereas a high ratio reflects a low degree of aromatic condensation and the
presence of relatively large proportions of aliphatic structures [21]. After farmyard manure
application, an increased humic acid content with higher “aromaticity” was observed,
indicating favorable conditions for humification [22]. On the other hand, an increase in
fulvic acid production was observed after the application of farmyard manure, leading
to an increased E4/Eé ratio over other treatments [23]. Similar results were presented by
Song et al. [24] and Galantini and Rossel [25]. Mo significant correlation between the E4/E6
values and the fractions of s0il organic carbon, humification index (HI), or humification
rate (HE) was found in the field long-term crop rotation experiments with different organic
fertilizers (manure, straw, scab) at 10 sites across the Czech Republic [26]. Furthermore,
no significant relationship between the Ceqyy and E4/E6 was observed in the long-term
experiments with maize monoculture [5&].

Another method for SOM quality assessment is diffuse reflectance infrared Fourier
transform spectrometry (DRIFTS). SOM is also characterized by the ratio of aliphatic
C-H and carboxylic (C—) bonds, known as the potential wettability index (FWT). De-
myan et al. [27] used the DRIFTS method to monitor SOM quality in long-term trials in
Bad Lauchstadt. All of their observations obtained using DRIFTS showed the influence
of fertilization. They also mentioned a correlation between the PWI and Cgpag content.
A strong correlation between the PWI and total glomalin content {TG) was estimated for
luvisol [&], but was not confirmed for chernozem [7].

We calculated the aromaticity index (iAR) according to the reflectance of aliphatic and
aromatic bands [25]. Increased soil organic matter mineralization and the formation of
aliphatic compounds in aggregates may cause increased 1AR values [25].

Our aim for this work was to (i) evaluate the changes in the SOM quality and quantity
in luvisol under the influence of long-term organic and mineral fertilizers; (i) evaluate the
suitability of data on the glomalin content as an indicator of the soil organic matter quality;
(iii) establish whether the easilv extractable or total glomalin content is more suitable for soil
organic matter quality determination. We hypothesize that glomalin content determination
will be a viable method for soil organic matter quality determination and one of the two
glomalin fractions (EEG or TG) will be more suitable for this purpose than the other. For
this study, we selected long-term field experiments on luvisol at five sites in the Czech
Republic {42—48-year duration). Most luvisols are fertile soils and suitable for a wide range
of agricultural uses. Luvisol occupies 500-600 million hectares worldwide [29].

2. Materials and Methods

The Central Institute for Supervising and Testing in Agriculture established long-term
farm trials between 1975 and 1981 on luvisols at five experimental sites under various
climatic conditions in the Czech Republic. Table 1 presents the characteristics of the
experimental sites. The average total organic carbon content in the soil varies between 9.0
and 14.0 g kg, Within these trials, seven crops were rotated in the following order: clover,
winter wheat, early potato, winter wheat, spring barley, potato, and spring barley with
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interseeded clover. An identical tillage systemn and crop varieties were used on all sites.
Except for the unfertilized control, liming was performed as needed based on the pHeao,
of the fertilizer treatment and soil texture.

Table 1. Characteristics of the experimental sites and year of experiment establishnvent.

Hradec Nad
Svitavou

N 49919502716 NS00 FRIAT  N49O3XI 8052 M 40026'eBA2Y N 49034572017
E13°20/104388" E 147335666347  E 15°31'22875"  E16°187.2648" E17°M " 26178"

Site/Parameter Stafkow Chrastava Jarométice Pusté Jakartice

GPS coordinates

Established 1981 1977 1975 1981 1479
Altitude (masl) 37 345 425 460 290
Precipitation (emm) ! 549 I8 488 &6 584
Alr [mpem[um{"c} 1 B3 8.0 82 T4 83
Soil group * Haplic luvisol Haplie luvisol Hagplic luvisaol Haplic luvisol Albeluvisol
Sodl texture Silt loam Silt loarn Silt loam Sandy loam Silt loam
Clay {%) (<0002 mm) 9.4 122 05 126 127
St (%) (0002005 mimm) 572 739 563 321 B5.0
Sand (%) ((L05-2 mm) 334 139 732 553 223
Bulk density (g cm~3) 139 134 141 135 138
Cppy in 202 (%) 137 123 141 0.93 115
PHear, 57,460,589, 53,6262 56 66,65, 59,65, 63 5.9, 6.4, 6.3,
{Con, F, F+M1, F+M2, F+M3) * 59,58 6.2,6.3 6.3, 6.1 63,62 6.2, 5.9
P in 2022 (Con, F, F+M1, &1, 75, 43, 56, 80, 77, 59, B, 109, 70, 76, 92, @, 75, 193,
F+M2, F+M3) (mg kg 1) 97, 118 Bs, 102 127, 164 100, 124 97, 118
K in 2022 (Con, F, F+M1, 94, 99, 121, 127,142,174, 202, 155,179, 196,235, 122,131, 147, 94, o, 121,
F+M2, F+M3) (mg kg 1) 152, 195 el am 175, 223 152,195
C input in F since the
bt shment {tha 1) 57 M2 30.8 w7 252
Plot size (m?) 58 & 52 48 54

Capng—soil organic matter carbon congent; . long-term (30 years) annual average; 2 according to NRCS USDA [30];
# Mehlich 3 extractable content; * values in these rows respect the order of puuu'rhad treatmients; Con—coomtrol,
F—farmyard manure, F+M—farmyard manure with increasing levels of mineral fertilizer.

The experiment is set up in a randomized complete block design on all sites. Blocks
are replicated three times. The plot sizes on the individual sites are described in Table 1.
As shown in Table 2, five treatments were studied: unfertilized treatment (Con), farmyard
manure (F}, and combinations of farmyard manure with three levels of mineral fertilization
{F+hd1, F+M2, F+M3). Plant residues were not incorporated into the soil. The amount
of 40 tha ! of farmyard manure fresh matter is applied to early potatoes and potatoes,
i.e., twice during a crop rotation. We calculated the carbon input for the entire duration
of the experiment using dry matter of 23.0% and a carbon content of 27 9% in dry matter
{values based on results of long-term site monitoring).

Table 2. Experimental design and nutrient deses applied in mineral fertilizers.

Average Annual Nutrient Dose in Mineral Fertilizers (kg ha ")

Treatment
N P K
1. Con 0 1] 0
2F 0 [1] 0
3. F+M1 57 13 33
4. FsM2 &5 26 B
5. F+M3 114 53 133

The fertilizer application rates were selected to reflect low, medium, and high intensity
(M1, M2, and M3 treatments, respectively) of mineral fertilizer inputs in the Czech Republic
at the beginning of the experiment. The fertilizers were applied in the following forms:
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N—calcium ammonium nitrate; P—triple superphosphate; K—60% potassium salt. A
constant fertilizer dose was used during the entire experiment (Table 2).

2.1. Soil Analysis

For clarity and convenience, Appendix A, Table A1 provides a list of variable abbre-
viations that are commonly used in this paper, including variable descriptions and units
or scales.

The experimental sites were established between 1975 and 1981 with a crop rotation
of seven crops (rotation mentioned above). Soil sampling was performed after the barley
harvest in 2022, when the crop rotation was finished using a soil probe (30 cm depth).
Fifteen soil samples were collected from every experimental plot and pooled. These
samples were air-dried at 25 °C, homogenized, and sieved through a 2 mm sieve. The soil
samples were later used for chemical analysis. Furthermore, a 0.4 mm soil size fraction was
also prepared for the Cgoyy determination. The soil was analyzed as follows:

The soil organic carbon (Cspy) content in the air-dried samples of soils was deter-
mined through oxidation using the CNS Analyzer Elementar Vario Macro (Elementar
Analysensysteme, Hanau-Frankfurt am Main, Germany).

The fractionation of humic substances (Cys) was performed according to Pospsilova et al. [31],
and Kononova [4] to obtain the pyrophosphate extractable fraction, which represents the
sum of carbon in humic acids (Cyy4) and fulvic acids (Cgy). The Cyp and Cpy, were
extracted from a 5 g soil sample with a mixed solution of 0.10 mol L.-! NaOH (Lach-ner,
s.r.o., Neratovice, Czech Republic) and 0.10 mol L™ ! Na;P>07 (1:20 w/v) (Penta Chemicals
Unlimited, Prague, Czech Republic). The following fractions of carbon were isolated: Cgy
was obtained from a solution that was acidified by dilute HySOy (Lach-ner, Neratovice,
Czech Republic) to a pH of 1.0-1.5 and left undisturbed for 24 h, and Cy;5 was obtained
through the dissolution of the previously formed precipitate in a hot 0.05 mol L~ ! NaOH
solution. Before iodometric titration, the dry matter formed by the vaporization of each
sample was dissolved in a mixture of 0.067 mol L ! K»CryOy (Lach-ner, s.r.o., Neratovice,
Czech Republic) and concentrated H,SOj at an elevated temperature.

The humus quality (E4/E6) was analyzed according to the spectrophotometric method.
The soil samples were extracted using sodium pyrophosphate (0.05 M Na,P»0;) and
measured by determining the absorbance ratio at 400 and 600 nm [32] (Lambda 25 UV/Vis
(Perkin Elmer, Waltham, MA, USA).

The extractable organic carbon was determined using CaCl, and hot water extraction.

For the 0.01 mol L ! CaCl, (Lach-ner, s.ro., Neratovice, Czech Republic) extraction
(Cpoc). the extraction agent 0.01 mol L™! CaCl, was used (1:10, w/v) [33]. The Cpoc
content was determined in the soil samples through segmental flow analysis using infrared
detection on a Skalarplus System (Skalar, Breda, The Netherlands).

Hot water extraction (Cyywc) was used to assess the extractable soil organic carbon.
The soil samples were dried at 40 “C and extracted with water (1:5, w /7). The suspension
was boiled for one hour [5]. The Cyywc was determined through segmental flow analysis
using infrared detection on a Skalarplus System (Skalar, Breda, The Netherlands).

The potential wettability index (PWI) and index of aromaticity (iAR) were determined
using DRIFTs (diffuse reflectance infrared Fourier transform spectroscopy) spectra. The
DRIFT spectra were recorded using the infrared spectrometer (Nicolet 1510, Waltham,
MA, USA). The spectra with a range of 2.50 to 25.0 um (4000 to 400 cm ™ ') were used. A
gold mirror was used as a background reference. Sixty-four scans with a resolution of
4.00 cm ! and Kubelka-Munk units were applied. The OMNIC 9.2.41 software (Thermo
Fisher Scientific Inc., Waltham, MA, USA) was applied for spectra analysis. The bands of
the alkyl C-H groups (A-2948-2920 cm ™! and 2864-2849 cm ™ !) were assumed to indicate
the hydrophobicity, and bands of the C=O groups (B-1710 and 1640-1600 cm " !) indicated
hydrophilicity. The ratio of hydrophobicity and hydrophilicity was used to determine the
potential wettability index [34].

PWI=A/B
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The aromaticity index was calculated according to the reflectance of aliphatic bands
ranging from 3000-2800 cm ! (AL) and an aromatic band at 1520 cm ™! (AR) [35].

iAR = AL/(AL + AR)

The easily extractable glomalin (EEG) and total glomalin (TG) were determined according
to Wright and Upadhyaya [26]. Briefly, 8 mL of sodium citrate (Penta Chemicals Unlimited,
Prague, Czech Republic) (20 mmol L ™! of pH 7.0—EEG, 50 mmol L ™! pH 8.0—TG) was added
to the 1.00 g of air dried soil (<2 mm), followed by autoclaving at 121 “C (30 min—EEG,
60 min—TG), cooling, and centrifugation at 5000 rpm (10 min—EEG, 15 min—TG,). For the
TG, the centrifugation of the supernatant of the same sample was repeated 5 times until the
supernatant no longer showed the red-brown color that is typical of glomalin. Both forms
of glomalin were determined colorimetrically using bovine albumin (BSA) as a standard
for quantification and the Bradford protein assay (both from Bio-Rad, Hercules, CA, USA)
to achieve the color change.

Humification indices were calculated according to Igbal et al. [35] and Raiesi [36]:

degree of polymerization: HA = Cyy5 /Cpa (1
humification rate: HR = (Cpa + Ciya )/ Csom (2)
humification index: HI = Cyyp /Cson (3)
where Cy, is the fulvic acid carbon, Cyy is the humic acid carbon, and Cgoyy is the total
organic carbon in the soil.
The carbon sequestration efficiency (CSE) was calculated as follows:
CSE (%) = ((Csomtn t — Csomunsert)/ TCI) x 100 4)

CsoMtreatment 15 the amount of C in the soil of the fertilized treatment. Coopnqungent is the
amount of C in the soil of the unfertilized Con treatment. TCl is the total C input (tha” h

applied in the organic fertilizers during the duration of the individual experiments [37].

2.2. Statistical Analysis

The results were assessed through ANOVA analysis and Pearson’s correlation coeffi-
cient using the Statistica program ver. 12 (TIBCO, Paolo Alto, CA, USA). One-way ANOVA
statistical analysis was performed with Tukey's for treatment and site effects (p < 0.05).
Pearson’s correlation coefficients were used to analyze the relationships among the studied
variables. The level of significance of p < 0.05 or less was considered statistically significant.
Principal component analysis (PCA) was performed to evaluate the relationships between
the content of glomalin (EEG, TG) and the qualitative parameters of SOM using XLSTAT
ver. 2022.45 (Addinsoft, New York, NY, USA). The variables were submitted to PCA,
and eigenvalues > 1, variance (%), and cumulative (%) criteria were used to define the
association among the variables.

3. Results

For the statistical evaluation, all of the observed values of the soil organic matter
quality indicators from all the treatments were used (Table 3). The significant influence of
the sites is visible in the presented results. There were significant differences among the
monitored soil organic matter indicators. Several sites may show agreement on individual
indicators, but not in general. The smallest differences between sites were recorded for
the following indicators: humic substance content (Cyys), easily extractable carbon (Cpoc),
potential wettability index (PWI), and aromaticity index (iAR). Based on the results of the
soil organic matter quality indicators, we found the highest quality luvisol at the Jaroméfice
site, which reached the highest Csoang, Crwe, Cris, and Cyy /Cpa, ratios. The lowest E4/E6
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ratio was determined on the Jaroméfice and Puste Jakartice sites. On the other hand, the
results of the soil organic matter quality indicators showed that the luvisol from the Hradec
and Svitavou sites had the lowest quality (highest E4/E6, 8.05; lowest Cyy4 /Cga, 0.392).

Table 3. Carbon content and qualitative parameters of soil organic matter content at each of the
experimental sites.

Site/Indicator Csom Cus Csa Cua EA/E6 Cuwce Cpoc N,
(%) (%) (%) (%) (mgkg 1) (mgkg V) (%)

Statkov 1.37¢ 04104 0.236°¢ 0.138° 636" 477° n6° 0.120%
Chrastava 123% 0.508° 02714 0.124° 72¢ 425 5284 0.117%
JaroméFice 141°¢ 05200 02704 0.170°¢ 540° 493k 458° 0.148°¢

Hradec and Svitavou 09273 03724 0.180° 0.0714 8054 3844 4544 01022
Pusté Jakartice 1.15% 0414 0.151* 0.130% 541 437 3 5524 0.125%
Site/indicator EEG TG DG PWI AR HA HR HI

(mgkg~!) (mgkg ') (mgkg!) (Caa/Cra)

Stafikov 894 ¢ 3320¢ 2427¢ 0.019° 0.04° 0.587 "% 02734 010 ®
Chrastava 634 2712 2077 0.019° 004" 0462° 0324 % 0.101%
Jaromégice 800 b 3078 b 2266 be 0.016* 0032 0.629° 0.312% 0.120°¢

Hradec nad Svitavou 7022 2408 2 1705 % 0.015* 0034 03922 02724 00762
Pusté Jakartice 706* 1926 4 1209 0.015* 0034 0.860°¢ 0246° 01145

Different letters describe statistically significant differences between sites. Tukey's HSD test, p < 0.05.

Table 4 presents the results describing the influence of the treatments on the soil
organic matter quality indicators. We evaluated the effect of the treatments by replacing
the current variable values with relative ones. The relative values were calculated as
Vireatment / Vsiteaverage, Where Viggimens was the value of each treatment, and Viieaverage
was the average value of a particular site among all treatments. Evaluating the results in
this way helped eliminate individual site characteristics while maintaining the influence of
the treatment. The average value of the indicators calculated for all five sites is presented
along with the relative results.

The first indicator presented is the organic carbon content (Cgoy). The average Coon
content was 1.22%. Farmyard manure (F) fertilization and farmyard manure with mineral
fertilizers (F+M) significantly increased the Csoy content compared to the Con treatment.
The Cgong content for the intensive mineral fertilization treatment (F+M3) was significantly
higher than all of the other treatments. Compared with the average value (Cson, 1.22%), it
increased by 4.7%, and compared with the Con treatment, it was 5.5%.

We performed the fractionation of humic substances and evaluated the Cys, Cpa, and
Cyia content. These indicators showed no significant difference among treatments. Esti-
mating these indicators allowed us to calculate the humification degree (HA), humification
rate (HR), and humification index (HI). There were no significant differences among the
treatments for HA, HR, and HI. However, the treatments combining manure and mineral
fertilizer (F+M3) showed an obvious trend of increasing values. The combined F+M3
treatment increased the Cgoyy content and other soil organic matter quality indicators
(e.8- C1a /Crp). The lowest Csong values were recorded for the unfertilized Con treatment,
which goes hand in hand with lower soil organic matter quality.

We estimated the Csop quality using two extraction methods: hot-water extraction
{Cywe) and 0.01 M L™! CaCl, extraction (Cpoc). The intensive mineral fertilizer treatment
(F+M3) recorded higher values than the Con and other treatments. These differences were
significant for the Cpoc indicator. The Cpoc content was 14% higher for this treatment
compared to the average and was almost 19% higher than the Con treatment. The average
Cpoc and Cyyywe content was 54.4 and 443 mg kg~ 3 respectively. We also calculated the
Crwe/Csoam and Cpoc / Cson ratios to provide better insight into the results. The averages
for the Ciawc /Csom and Cpoc/Csom ratios were (.037 and 0.005, respectively. Therefore,
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Cynwe and Cppg can be described as potentially mineralizable carbon and easily extractable
carbon, respectively. Our statistical evaluation showed no differences among the treatments
for these indicators. On the other hand, there was a certain trend of increased values for
the F+M3 treatment. Further investigation is necessary to confirm the increasing trend in
the less stable fraction of soil organic matter for this treatment.

Table 4. The influence of fertlization on soil carbon content and qualitative parameters of soil
arganic matber.

Con F F+M1 F+M2 F+M3 Average =1
relative Cagny (%) 01920 @ (9880 1025k 1.020 b 1047 ¢ 1.29%,
relative Cge (%) 0983 a 0989 2 0954 a 1.018 2 1.050# 0.445%
relative Cgy (H) pg?9 8 0.940 2 103" 1.015% 1.019% 022
relative Cyy (%) 0arsa 0981 @ 0950 a 1.061 # 11352 0127%
relative HA (Cppa /Cpa) 01,890 @ 1062 0,922 @ 1034 1094 01586
relative HR (Cys/Cerna) 103 0,956 * 0,975 * 1022 1022 0.286
relative HI (Cria /Canaa) 0954 4 04992 4 0926 % 1044 104 o102
relative Cppwe (%) 09262 0.935 2 1032 10343 1083 M3mg kg !
relative Cpog (%) 0951 0914 1034k 01,969 & 1.14b 544 mg kg !
relative Crawe /Cerma (%) 1.00* 0,948 * 1.00° 1012 1.04° 0.037
relative Cpoe/Ceng (50) 103 0920 @ 10 a 01,958 # 1094 0.005
relative N (%) 092 @ nargt 1002 4k 103 & 105 0.12%%
relative Corag /M, 0997 a 1012 1004 0.994 = 104 9.497
relative EEG (%)} 097 e 0.984 2 0.982 2 1023 1142 749 mg kg !
relative TG (%) 0A05 4 (.96 ab 0.950 &b 1.05 be 1.0¢ 2680 mg kg b
relative DG () 0746 2 0964 ab 0938 a 1.06 3k 129k 1940 myg; kg7
relative EEG/TG (%) 1170 .993 ab .99g =0 0.9s7 & 08703 0279
relative EEG/ Cegng (%) 1.06% 09932 @ 0,955 @ 1004 0,992 * 0.063
relative TG /Corng (%) 08834 0984 a0 09304 1.038 & 116" 0221
relative E4 /E6 (%) 0855 ° 0.974 ab 102 b 102 b 1020 649
relative PWI (%) 09618 0960 09794 1.004 1014 0037
relative LAR (%) 04955 0977 a 0977 a 1014 1084 0.033
relative CSE (%) 0.656 1024 1004 1378 1929

Dafferent letters describe statistically significant differences among treatments. Tukey"s HSD best, p < (LG,

We also used the easily extractable glomalin content (EEG) and total glomalin content
(TG) as indicators for evaluating the organic matter quality. The difficult extractable
glomalin content (DMG) was calculated as the TG-EEG content. There were nio significant
differences in EEG among the fertilizer treatments. On the other hand, the F+M2 and F+53
treatments were significantly different from Con in terms of the TG indicator. The F+M3
treatment was also different from the other treatments. This increase is significant and
attributed to the increase in DG. The average EEG /TG ratio was (0.27%. The F+M3 treatment
had the lowest values for EEG /TG, whereas the Con treatment had the highest values.
Both of these differences are significant. The average value of the EEG /Cgry ratio was
6.26%. There were no significant differences among the treatments in this indicator. The
average value for TG/ Ceon was (.221. A significant increase was recorded for the F+M3
treatment (25.6%). A significant decrease in the ratio was recorded for the Con treatment
{19.5%).

An additional qualitative indicator of humic substances that characterizes the process
of soil humification is the optical density ratio (E4/E6&). The high values of the E4/E6 ratio
correspond to a low aromaticity of humic substances and the presence of large quantities of
carbohydrates, amides, and several aliphatic structures in humic substances. The average
E4/Ef value was 6.49. Applying mineral fertilizer {specifically, the F+M2 and F+M3
treatments) significantly increased the values. Increased values indicate higher aliphatic
structure content and lower aromatic content.

We determined the potential wettability index (PWI) and index of aromaticity (iAR)
using the DRIFT spectra. The bonds of the alkyl C-H groups (29482920 cm ! and
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2864-2849 cm ') were assumed to indicate hydrophobicity and the bands of the C=0
groups (1710 and 1640-1660 cm ™ !) indicate hydrophilicity. We determined the potential
wettability index using the ratio of hydrophobicity to hydrophilicity. The aromaticity index
was calculated according to the reflectance of the aliphatic bands ranging between 3000
and 2800 cm ! (AL) and the aromatic band at 1520 cm ! (AR). We found no significant
differences among the treatments using the PWI and iAR parameters. However, the F+M3
treatment showed an increasing trend.

We calculated the carbon sequestration efficiency (CSE) from the difference in Csom for
the fertilized and unfertilized treatments in relation to the total applied carbon in manure
(for the entire experiment) (Table 4). Applying mineral fertilizer increased the organic
matter content more than pure manure. This manifested after using the same calculation
as an “increase” in CSE. The average CSE value was 13.4% for the F treatment. Intensive
mineral fertilizer (F+M3) increased the average value by 12.9% and up to 26.3%. Combining
balanced mineral fertilizer with farmyard manure increased the soil sequestration of carbon.

We used Pearson’s correlation coefficients to analyze the relationships among the
studied variables (Table 5). Csoz was significantly correlated with all other soil organic
matter quality indicators, except HR. A strong inverse correlation was revealed between
Cson and E4/E6. The E4/E6 ratio is generally regarded as a soil organic matter quality
indicator that describes the humification process in soil. A strong negative correlation was
indicated between E4/E6 and the following soil organic matter quality indicators: Cyp,
degree of polymerization (Cyy /Cra), and humification index (Cyga /Cson)—which aligns
with the aforementioned supposition. As there is a strong correlation between Cgong and
N, there is also a strong negative correlation between E4/E6 and N;. We observed a weaker
relationship with extractable carbon (Cypwe and Cpoc)-

An important indicator of soil organic matter quality is the glomalin content. EEG and
TG were both strongly correlated with the Csom content, along with the Cyia content. The
Cyia and glomalin content are both important contributors to stable soil organic matter.
A stronger relationship was observed for the correlation with the total glomalin content.
The repeated extraction of the total glomalin probably causes the release of more stable
proteins, which likely contribute to a strong TG correlation with Cspyy. We estimated a
correlation of moderate strength (p < 0.01) between the EEG and TG content.

The DRIFT analyses (potential wettability index (PWI) and aromaticity index (iAR))
indicated that both the PWI and 1AR correlate strongly with Csoy, Cias, Cpa, and Cyyp,
and with Gy and Cpoc. A relationship between E4/E6 and the PWI and iAR was not
established, although the PWI, iAR, and E4/E6 are all strongly correlated with Cys. On
the other hand, we demonstrated a strong, significant relationship between (p < 0.001) the
TG and PWI, and iAR. This positive correlation was likely caused by repeated soil sample
extraction during the TG estimation as the C-H groups (of hydrophobic character) are
likely released in higher quantities.

Principal component analysis (PCA) can be used to comprehensively evaluate data.
We selected the principal components (PCs) using a cross-validation method based on
three criteria: eigenvalue > 1.3, loading factors > (.67, and percentage of variability > 10%,
as mentioned in Table 6. Based on the biplot position described in Figure 1, PCy has an
eigenvalue of about 9.5, which explains 73% of the total cumulative variance, and PC, is
highly dominated by positively associated variables such as Cyg Cpy, Cyaa, E4/E6, Coony,
Cuwe. Cpoc, Nt, EEG, TG, PWI, and iAR. Based on the contribution of the variables, Cyi,
Cuwc. iAR, EEG, and TG provide 9.2%, 9.6%, 9.1%, 9.5%, and 9.7% to PCy, respectively. The
variables in this component are all negatively correlated with the Cson /N, ratio, but are
positively influenced by the F+M2 and F+M3 treatments. The second PC has an eigenvalue
of about 1.5, which is 85% of the total cumulative variance and primarily dominated by
the Csem /N, variable. This variable contributes about 29%, and F treatment positively
influences 49% of the variable. By contrast, the third PC has an eigenvalue of 1.3, 94% of
the total cumulative variance, with no variables dominating this principal component.
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Table 5. Pearson’s correlation coefficients (r) among variables.

Csom Chs Cia Chia HA HR HI E4/E6 Chwe Cpoc N, Csom/N; EEG TG PWI
Chs 0.505 *=*
Cra 0608% (643 %=
Cha 0805*  (F17%* (481 %
HA 0.323* 0.197 —0363%  0.616%
HR 0.068 0.652% Q725 (.332% —0.291*
HI 0429% (668 ** 0237 0.872%%  QF08** 0446
E4/E6  —0503%  —0271% —0.004  —DETLH (744 0.074 —0.646 %=
Crwe 0.622 == 0.303 * 0314 % 0.555 *+ 0.283 * 0.010 0323%  —0.302%
Cooc 0.357 * —0.063 0.078 0236 % 0.210 —0.124 0.119 —0.108 0.348 %
N 0822%  (513%* (0381 (Q795%% (490 0.001 0.520%  —(622*F 0590 0.077
Csom/Np 0511+ 0.094 0.499 **= 0.216 —0.169 0.136 —0.019 0.041 0.196 0.522 %+ —0.058
EEG 0.497 == —0.007 0.177 0.406 *** 0.182 —0.076 0.192 —0285% 0409  (0.348* 0.358 0.331%
TG 0.534 == 0293 % 0497 = (420 —0.046 0.212 0.196 0.018 0.268 * 0324 % 0325% (434 0.364 **
PW 0.547 == 0.328 ** 0399+ (358 0.036 0.064 0.126 0.067 0.406 % (457 0.270 * 0.521 *++ 0.203 0.383 ===
iAR 0651 (438% (530 0471 0.030 0.163 0203 —0.021 D455+ 0400%* (0377 (0543 0242% DAS5 = (.97 %+

*p<005*p <00, p<0.001;n=75
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Table 6. Prncipal components (PCs) and their loading factor values, eigenvalues, variabilities (%),
and cumulative variance (%),

Variables PCy PC, PCy
Cigs 075 0.43 —05
Cea 070 —0.65 —0.19
Cria 0493 0.19 0.14
E4/E& 0.86 —0.35 0.37
Coom 089 0.2 046
Crowie 0.9 —0.2% 012
Cpoc 0481 —0.11 —0.09
N 092 —0.05 0.38
Coam /Ny —034 0.67 0.54
EEG 045 0.1 —02
TG 096 026 0.05
PWI 0 0.26 —0.27
AR 0493 0.3 —0.19
Eigenvalue 95 15 13
Varlability (%) 3 12 10
Cumulative vardance (%) 73 B w

Biplot position (P1 Vs P2: 84.7a%)

C h‘Nl

L
[

=5 -4 -3 =2 =1 1] 1 2 3 4
* Active variables « Actve observatons 1 (72.93%)

Figure 1. The biplot position of variables determined by the principal components analysis (PCA).
The red and blue dots represent active observations (treatments) and variables, respectively.

4. Discussion

We calculated the carbon sequestration effidency (CSE) from the difference in SOM for
fertilized and unfertilized (Con) treatments in relation to the total applied carbon in manure.
According to Wang et al. [37], carbon sequestration efficiency is primarily related to soil
fertility. These values are below those reported by Sedlaf et al. [26]. The aforementioned
authors estimated 308 and 43.2% for the F and F+MNPEK treatments, respectively. Similar
to our results, Sedlaf et al. [26] described increased carbon sequestration in the soil after
mineral fertilizer treatments. In our experiment, the highest Cyy s content and Cygs /Cra
ratio were observed in the F+M3 treatment. This finding confirms the conclusions of
Klik et al. [38], who stated that highly stable forms of carbon (e.g., Cypa ) are beneficial for
carbon sequestration in soil.
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Based on the E4/E6 results, the Jaroméfice and Pusté Jakartice sites had the high-
est quality luvisol (Table 3). These sites also had the greatest degree of polymerization
{Cya/Cpa). In contrast, the highest E4/E6 values were recorded at the Hradec nad Svitavou
site (5.05), which corresponds to the lowest value of Cygs /Crs (0.392). The relationship
between E4/E6 and Cyys / Cry, is site-specific [3%,40]. No statistically significant differences
in the Cyys, /Cpy, or E4/E6 ratios were found between the manure-only fertilized (F) and
unfertilized (Con) treatments (Table 4). Menéik et al. [23] reported similar values, where
E4/E6 produced no significant difference between fertilized and unfertilized treatments.
Their experiment was also conducted in long-term luvisol field trials. Song et al. [24] and
CGalantitni and Rosell [25] reported a higher Cyy /Cry, ratio for the fertilized treatment than
for the control group. They mentioned similar increases in E4/E6 in farmyard manure
treatments while reporting on an increased fulvic acid content from farmyard manure
treatment. Galantini and Kossel [25] found that higher aliphatic and phenolic -OH group
contents usually developed after organic fertilizer application. Changes in the E4/E6 ratio
caused by fertilization were more pronounced than changes in the carbon fractions (Cpy,
Cua, HI, HRE, HA). Similarly, Gerzabek et al. [41] and Oktaba et al. [42] presented signifi-
cant changes in the E4/E6 ratio caused by fertilization, despite it having no effect on the
Cpain/Cpa, ratio. Mineral fertilizer treatments showed a higher E4/Eé6 ratio than Con treat-
ment. F+M3 treatment produced a significantly ditferent E4,/E6 ratio than Con (Table 4).
A different study with similar results estimated a higher E4/E6 ratio for treatments with
mineral + organic fertilizer over control or pure organic fertilizer [43]. A high E4/E6 ratio
from F+M3 treatment likely corresponds to the low aromaticity of humic substances and
the presence of large quantities of aliphatic structures. A strong inverse correlation appears
between the E4/Ef, Conpy, and indicators of soil organic matter quality (Cyys, HA, HI, HE),
which gives this method a certain perspective as a soil organic matter quality indicator
{Table 5).

The quality of soil organic matter is determined by the potential wettability index
{PWT), representing the ratio between aliphatic (C-H) and carboxyl (C=0) bonds. High
P'WI values indicate lower aggregate wettability [44]. We did not observe any significant
differences in the PWI values among the treatments; however, the F+M3 treatment showed
an increasing trend (Table 4). Unlike our previous results [6], farmyard manure did not
significantly influence the PWL Demyan et al. [27] observed an increase in the PWI after
farmyard manure application. Organic fertilizer application increased the hydrophobic
particle content and contributed to forming larger soil aggregates under these treatments.
Secondary metabolites created during the decay of organic matter can be hydrophobic in
character [42]. There may be several reasons for the increased PWI values under the F+M3
treatment. Mineral fertilization contributed to greater root biomass production, increased
root exudate production, and an enhanced formation of stable aggregates [44]. A significant
correlation between the PWI and Ceoag, Crse Cra, Cra, as well as Cypye and Cpog, is
present (Table 5). A strong correlation between the PWI and Cagyy is also mentioned in
other studies [6,45]. We also demonstrated a strong correlation between the TG and PWI in
our experiment (Table 5). This relationship was already established in our previous study
with maize monoculture on luvisol [6], but was not confirmed for chernozem [7]. Glomalin
is a temperature-stable, sticky, hydrophobic glycoprotein [19]. Following simple through-
chain analysis, we can conclude that if the glycoprotein content increases, hydrophobic
particles and the PWI also increase. A significant correlation between the TG and PW1 is in
accord with this hypothesis (Table 5).

The aromaticity index (iAR) was calculated according to the reflectance of the aliphatic
and aromatic bands [28]. There were no significant differences in the iAR among the
treatments (Table 4). A strong correlation was established between the iAR amd Cgpy and
its indicators of quality (Cs, Cpa, Cua. Cawe, and Cpoc). A significant relationship was
also demonstrated regarding the glomalin content. These results conflict with the results
of Balik et al. [7], where no significant effect of organic fertilizer application on the iAR
was observed.
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We established a significant correlation between the glomalin content (EEG and TG)
and Ceon, Cla. Crwe, and Cpoc (Table 5). Additionally, the TG was also strongly
correlated with the Cgy content. Rezigova et al.'s [46] conclusions were not confirmed, as
they presented a tighter relationship between the EEG and Cgoyy than the TG and Cgopyg-
Repeated extraction may cause higher correlations for the TG. With the exception of the
glomalin glycoprotein, additional humic substances are released. A cross-reaction in the
Bradford assay, which includes humic acids, polyphenolic compounds, sugars, and lipids,
can interfere with glomalin determination [47]. The aforementioned organic compounds
can also lead to misestimations of the glomalin content [15]. In our previous work, we
observed a positive correlation between the glomalin content and the Cgony, Cia, and
Cyia /Cya ratio in long-term experiments with maize monoculture on luvisol [6]. Similarly,
VIgek and Pohanka [17] established a correlation between the C,,,, humic and fulvic acids,
C/N ratio, and glomalin content. The soil quality and type significantly influence the
relationship between the glomalin content and Cgoy (including soil organic matter quality
indicators such as Cga, Cya, Cua/Cra, Chawe, and Cpoc). We found no significant
correlations between the SOM quality and quantity indicators and the glomalin content
on long-term maize monoculture with different fertilizer treatments on chernozem [7].
This result is caused by the high stability of the soil organic matter content in chernozem.
The different fertilizer treatments caused no significant changes in the Csoa content and
quality. The glomalin content in soil has a tight relationship with the soil organic matter
(SOM) content [15,18,48]. We observed no significant increase in the glomalin content
after using farmyard manure in our study. The results from a long-term experiment on
luvisol with crop rotation at the Cerveny Ujezd site [22] could not be confirmed. Similarly,
Bertagnoli et al. [49], Zhang et al. [13], Valarini et al. [50], Turgay et al. [12], and Dai etal. [11]
observed an increase in TG after applying cattle or farmyard manure fertilizers. Combining
organic and mineral fertilizers increased the TG content, especially in the F+M3 treatment.
This treatment produced high biomass yield, which is connected to the highest post-harvest
residues (stubble) and root biomass production, as well as a likely increase in exudate
production. This was manifested as an increase in the Cgg content.

The average proportion of EEG in the TG was almost 27.9%. Interestingly, the Cerveny
Ujezd experimental site estimated a similar proportion (28.8%) for luvisol [6]. Furthermore,
the proportion of EEG in the TG was significantly higher in the control treatment (34.6%).
The proportion of TG in the Cgpyy is 22.1% on average; however, intense fertilizer appli-
cation increases this value. For example, Comis [51] reported the proportion of TG in the
Coom as 27%. Glomalin can add up to 25% of Csoag [52], which is a significant proportion
(22.1%). Therefore, glomalin plays an important role in soil carbon sequestration and
promotes the stability of soil organic carbon through its slow degradation (and low soil
turnover rate) [53].

5. Conclusions

Based on the results of long-term field experiments on luvisols at five sites in the Czech

Republic, we concluded that:

(i) Combining organic and mineral fertilizers at moderate and higher intensity increases
the soil organic matter quantity and quality in comparison with unfertilized or pure
organic treatment. Intensive mineral fertilizer (F+M3) increased the average value of
the carbon sequestration efficiency (CSE) by 12.9% and up to 26.3%.

(ii) Data on the glomalin content can be used to study the organic matter quality. We
demonstrated a strong correlation between the total glomalin content (TG) and soil
organic matter quality and quantity (Csom, Cpa, Cia. Cuwe, Cpoc), as well as
the potential wettability index (PWI) and aromaticity index (iAR). No significant
relationship was established between the E4/E6 and glomalin content (both EEG
and TG).

(iii) Neither EEG nor TG seem to be more suitable than the other for SOM quality determination.
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Appendix A
Table Al List of variables and their descriptions.
Abbreviation Full Variable Description Unit/Seale
Ceom Soll organic carbon %
Cus Carbon humic substances %
Cea Carbon in fulvic acid %
Cua Carbon in humic acids %

HA (Cya /Cea) Degree of polymerization -

HR (Cpys/Csona) Humification rate -

HI (Cyys /Ceont) Humification index -
EA/E6 Humus quality ratio (E4/E6) -
Cuwe Carbon—hot water extraction mgkg !
Cpboc Carbon—0.01 ML~ CaCl, mg kg !

N, Total nitrogen %
Coom /Ny Ratio Ceppg and N, -
EEG Easily extractable glomalin mgkg !
TG Total glomalin mgkg!
DG Difficult extractable glomalin mg kg !
PWI Potential wettability index -
IAR Aromaticity index -
CSE Carbon sequestration efficiency %
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Abstract: The influence of different fertilizers (mineral /organic) on the quantity and quality of soil
organic matter was monitored in long-term stationary experiments (27 years) with silage maize
monaculture production on Luvisol. The main aim of this study was lo investigate the relationship
between easily extractable glomalin (EEG), total glomalin (TG), and parameters commonly used
for the determination of soil organic matter quality, i.e., the content of humic acids (Cyya ), fulvic
acids (Cga), and potential wettability index (PWT). A significant correlation was found between EEG
content and Ceopg content, humic acid content (Cyya ), humic acid/ fulvic acid ratio (Cyya /Cpa), PWI,
and index of aromaticity (LAR). Furthermore, the contents of EEG and TG correlated with soil organic
carbon (Cgop)- Periodical application of sewage sludge and cattle slurry increased the content of
glomalin in soils. From the results, it is obwvious that data about glomalin content can be used to
study soil organic matter quality. A more sensitive method (a method that reacts more to changes
in components of soil fertility) seems to be the determination of EEG rather than TG. The factors
supporting use of EEG extraction in agronomic practice are mainly the substantially shorter time of
analysis than TG, Cya, and Cpy, determination and lower chemical consumption. Furthermore, the
PWI method is even suitable for studying soil organic matter quality. On the other hand, the humus
quality ratio (E4/E6) does not provide relevant information about soil organic matter quality.

Keywords: long-term experiments; Luvisol; cattle slurry; sewage sludge; humic substances fractiona-
tion; potential wettability index; glomalin

1. Introduction

Glomalin-related soil protein (GRSP) is produced on arbuscular mycorrhizal fungi
(AMF) hyphal walls and it is a heat-stable glycoprotein. It can remain in the soil for years
and is resistant to microbial attacks. Wright and Upadhyaya [1] used the terms easily
extractable glomalin (EEG) and total glomalin (TG). However, it has been demonstrated
that the fraction of soil organic matter (SOM) yielded under repeated autoclaving of soil
in citrate buffer contains a mixture of various proteins as well as other compounds, such
as humic acids [2,3]. The procedure used for TG extraction also probably does not extract
all glomalin present in a soil [4]. Unlike TG, one extraction cycle is sufficient to obtain
the EEG pool. The content of both the EEG and TG is proportional to increasing AMF
colonization [5-7].

GRSP binds mineral and organic particles to soil aggregates for long periods, as it
contains up to 85% of polysaccharides that are resistant to microbial decomposition [8] and
acts as a sticky and insoluble biofilm that glues together minerals, clays, organic matter,
and microorganisms [4,9,10].

Total glomalin contents in soil have tight linkages to total soil organic matter (SOM)
contents [11-13]. On the other hand, there is also evidence of a negative correlation
between GRSP and SOM content [14]. A strong positive correlation between glomalin
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and soil fertility indicators (i.e., soil C, N, and P) has also been found [15-17]. High soil P’
content decreases AMF colonization [ 18] and the EEG content [19]. In contrast, the GRSP
increases with the indicators of lower soil fertility, such as a high C:N ratio [19]. However,
increasing GRSI” content with increasing SOC (soil organic carbon), available T, total N,
and K have also been observed [20].

Long-term application of poultry, pig, or cattle manure [21] and the application of
compost [22-25] or farmyard manure [22,24-26] also increases GRSP content. Higher GRSP
content was also reported after the application of sewage sludge [13,27] and straw [28,29].
A study by Nie et al. [28] further mentions that increased GRSP content in soil was found
after the application of a mixture of straw and mineral fertilizer. Enhanced amounts of
GRSP have also been observed after the application of different organic fertilizers, such as
litter [22,24].

Many studies have demonstrated that humic acids, polyphenolic compounds, sugars,
and lipids interfere with the Bradford assay [30]. The aforementioned organic compounds
cross-react with the Bradford reagent, leading to the misinterpretation of the accurate GRSP
content [31].

Generally, in the upper 0-10 cm soil depth, N and C contained in GRSP represent
5% of total soil N and 3.20% of total soil Cgopm [19], where whole GRSP compounds
are representing up to 25% of total Cgopyg in soil [15]. A positive correlation between
GRSP and microbial biomass C and microbial respiration has been found in multiple soil
environments [32,33]. A significant part of GRSP has long-term persistence (up to 42 years
or more) in the soil medium, improving soil C sequestration [34].

GRSP production is seasonally dependent; AMF biomass peaks in the spring and
summer, and consequently, GRSP content strongly increases in the summer [35]. Higher
content of TG was also reported in the soil during the maize growth compared to the soil
glomalin content before sowing [14].

Several recent publications have reviewed available information about the GRSP
and its extraction, quantification, molecular characterization, and nomenclature in more
detail [5,7,17,36,37]. Due to its positive correlation with soil organic matter carbon (Cgopng)
content, the GRSP content is considered an indicator of changes in the quality of soil
fertility [1,13,26,38,39].

This work aimed to monitor the possibility of using information about the GRSP
content relative to soil organic matter quantity and even quality. Long-term experiments on
Luvisol with silage maize and various mineral and organic fertilizers were used to study
this issue. Maize was used in our experiment because it is one of the most produced crops
across the world. The worldwide area used for maize production is about 16.8 million
ha [40]. The Luvisols comprise over 500-600 million ha worldwide. Luvisols occupy mostly
temperate regions, such as parts of the West Siberian Plain, East European Plains, Central
Europe, the Mediterranean region, southern Australia, and the northern United States
of America [41]. Luvisol represents 4.29% of the area of agriculturally used soils in the
Czech Republic [42]. Most Luvisols are fertile soils and are suitable for a wide range of
agricultural uses [41].

2. Materials and Methods

The study was carried out based on the long-term fertilization experiments since
1993 at the experimental stations located in Cerveny Ujezd in the Czech Republic. Basic
soil—climatic characteristics are given in Table 1.
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Table 1. Basic description of the (:m'vm)? ljjc&zd experimental site at the start of the experiment.

Location C’crvenf ﬂiezd References
GP5 coordinates 50°422" N, 14*10"19" E
Altitude (m above sea level) 410
Mean annual temperature (°C) 7.70
Mean annual precipitation (mm) 493
Soil type Haplic Luvisol NRCS USDA [43] !
Soil texture Loam NRCS USDA [43]!
Clay (%) (<0.002 mm) 5.40
Silt (%) (0.002-0.05 mm) 68.1
Sand (%) (0.05-2 mm) 265
Bulk density (g em ) 1.50
Csom (%) 126 CcNs?
pH (0.01 mol /L CaCls) 6.50 1SO 10390 [44]
CEC (mmolg,) kg 1) 118

1 Natural Resource Conservation Service-United States Department of Agriculture, 2 CNS analyzer (Elementar
Vario Macro, Elementar Analysensysteme, Hanau-Frankfurt am Main, Germany).

2.1. Experimental Design

The ficld experiment was conducted in a randomized complete block design with
a plot area of 170 m?. The experiments comprised four treatments: no fertilization con-
trol (Con), urea ammonium nitrate (N), cattle slurry (CS), and sewage sludge (55). All
treatments, including the control, were replicated four times. The maize hybrids used
were “Malta” (1993-1996), “Torena” (1997 and 1998), “DK 254" (1999), “Compact” (2000),
“Etendard” (2001-2003), “Rivaldo” (2004-2011), “RGT Indexx” (2012-2014), and “"RGT
Sixxtus” (2015-2019), and they were planted on each plot at a density of B0 thousand
plants ha—!. The maize was sown at the end of April /start of May, with 70 cm between
plant rows. Since 1993, the mineral N fertilizers were applied before sowing every year
in spring. Organic fertilizers sewage sludge (55), precipitated with FeS0y and Aly(SO0y)3,
and cattle slurry (CS), were applied at a different rate every year in autumn (October) and
immediately incorporated into the soil with ploughing (25 cm depth). The complete fertil-
izing design is shown in Table 2. For the mineral nitrogen treatments, no other nutrients
and liming were used from the beginning of the experiment. For the organic nitrogen
treatments, the dosage of other nutrients depended on the content of nutrients in sewage
sludge or cattle slurry. The dose of organic fertilizers was calculated according to the total
nitrogen content determined with the Kjeldahl analysis (Table 3).

Table 2. Experimental design, applied organic and nitrogen fertilizers.

Avg. Fresh Weight (t Avg. Dry Weight (t NikgNha 1
Treatment ha 1 Year 1) ha 1 Year 1) Year 1)
Con - - 0
N - - 120
ss 1.2 3.39 120
CS 193 2.14 120

Con: control; N: urea ammonium nitrate; 55 sewage slodge; CS: cattle slurry.

Table 3. The content of C, N, I, and K in organic fertilizers.

C N r K

Fertilizer (% Dry Weight) C/N
S5 258 3.52 242 0.46 7.32:1
[ 285 5.60 1.09 4.87 5.08:1

55: 879 ky; C ha 1 year 1. S 610 kg Cha 1 year 1.55 supphied 44% more carbon than C5.
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Land leveling was not performed, to avoid overlapping treatments. The chemical
protection during vegetation was performed only against weeds according to the actual
situation. Pests and diseases were not eliminated due to their low appearance in the
harvest plots.

Two rows of maize aboveground biomass (20 m? per plot) were harvested at silage
maturity (roughly 65% biomass moisture content, BBCH 75 vegetation stage) and weight to
obtain the aboveground biomass yield (BY). Dry BY was calculated based on the dry mass
ratio in the subsamples.

2.2. Soil Analysis

Topsoil (depth of 30 cm) analyses were performed with air-dried soil samples (<2 mm)
collected in September 2019, after the maize harvest.

Soil erganic carbon (Cggp) content in air-dried samples of soils, sewage sludge, and
cattle slurry was determined using oxidation on the CNS Analyzer Elementar Vario Macro
(Elementar Analysensysteme, Hanau-Frankfurt am Main, Germany).

Fractionation of humic substances (Cyg) was performed according to Kononova [45]
to obtain the pyrophosphate extractable fraction, which represents the sum of the carbon
in humic acids (Cypa) and fulvic acids (Cga ). In brief, Cys and Cgp, were extracted from
a 5 g soil sample with a mixture of 0.10 mol L~ NaOH and 0.10 mol L™ NasP,05 (1:20,
©/v) solution. The carbon of humic substances Cyg and Cpya was determined using the
oxidimetric titration method. The content of Cps, was calculated as the difference between
CHS and CH,q.

The humus quality (E4/Eb) was analyzed according to the spectrophotometric method.
The soil samples were extracted using sodium pyrophosphate (0.05 M NagP>207) and mea-
sured by the absorbance ratio at 400 and 600 nm [46] (Lambda 25 UV /Vis (Perkin Elmer,
Waltham, MA, USA).

Extractable organic carbon was determined using CaCly and hot water extraction.

For the 0.01 mol/L CaCl; extraction (Cpoc), the extraction agent 0.01 mol L. 1 CaCly
was used (1:10, w/v) [47]. The Cpoe content was determined in fresh soil samples by
segmental flow-analysis using the infrared detection on a Skalarplus System (Skalar, Breda,
The Netherlands).

Hot water extraction (Cipwg) was used to assess extractable soil organic carbon. Soil
samples were dried at 40 °C and extracted with water (1:5, w/%). The suspension was
boiled for one hour [48]. The Cywg was determined by a segmental flow analysis using the
infrared detection on a Skalarplus System (Skalar, Breda, The Netherlands).

The potential wettability index (PWI) and index of aromaticity (IAR) were deter-
mined using DRIFT (diffuse reflectance infrared Fourier transform spectroscopy) spectra.
DRIFT spectra were recorded by the infrared spectrometer (Nicolet 1510, Waltham, MA,
USA). The spectra with a range of 2.50 to 25.0 pm (4000 to 400 cm ') were used. The gold
mirror was used as a background reference. The 64 scans with a resolution of 4.00 cm Tand
Kubelka-Munk units were applied. OMNIC 9.2.41 software (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) was applied for spectra analysis. The bands of the alkyl C—H groups-A
(2948-2920 cm " and 2864-2849 cm ') were assumed to indicate the hydrophobicity, and
bands of the C=0 groups-B (1710 and 1640-1600 cm ') indicated hydrophilicity. The
ratio of hydrophobicity and hydrophilicity was used to determine the potential wettability
index [49].

PWI=A/B

The aromaticity index was calculated according to the reflectance of aliphatic bands
ranging from 3000-2800 cm 1(AL) and aromatic band at 1520 ecm ! (AR) [50].

IAR = AL/(AL + AR)

Easily extractable glomalin (EEG) and total glomalin (TG) were performed accord-
ing to Wright and Upadhyaya [38], i.e., to 1.00 g of ground dry-sieved soil, 8 mL of sodium
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acetate citrate (20 mmol L1 of pH 7.0-EEG, 50 mmol L pf pH 8.0-TG) was added, followed
with autoclaving at 121 “C (30 min-EEG, 60 min-TG), cooling down and centrifugation
at 5000 rpm (10 min-EEG, 15 min-TG). In the case of the TG, the centrifugation of the
supernatant of the same sample was repeated 5 times until the supernatant no longer
showed the red-brown color typical for glomalin.

Mehlich 3 extraction was conducted according to Mehlich [51] to determine the avail-
able phosphorus content (Pp3). The 3.00 g soil samples were extracted with a 30 mL solu-
tion of 0.02 mol L~' CH3COOH, 0.25 mol L~ NH,4NO3, 0.015 mol L~! NH4F, 0.013 mol L~
HNO3, and 0.001 mol L.~! ethylenediaminetetraacetic acid (EDTA). The solution was shaken
for 5 min on a horizontal shaker and subsequently filtered. Phosphorus content in extracts
was measured by the ICP-OES.

The pH determination (pHc,cy,) was conducted according to ISO 10390 [44] with
slight modification. A total of 5.00 g of soil sample was added to 25 mL of CaCl; solution.
The slurry was shaken for 60 min and was subsequently left to rest for 60 min. After this
period, pH was measured using a WTW 330i meter (Xylem Analytics, Weilheim, Germany).

Statistical analysis

The results were assessed using ANOVA statistical analysis with Tukey's test using
the Statistica program (T1BCO, Paolo Alto, CA, USA). Principal component analysis (PCA)
was performed to evaluate the relationships between the content of glomalin (EEG, TG)
and qualitative parameters of SOM using XL5TAT (Addinsoft, New York, NY, USA). The
variables were submitted to PCA, and eigenvalues > 1, variance (%), and cumulative (%)
criteria were used to define the association among the variables.

List of variables

For better transparency and orientation in the text, Table 4 shows a list of used variables
abbreviations, which are commonly used in the following chapters, including the variables
units or scale.

Table 4. Description of variables.

Abbrev. Full Description of Variables Unit/Scale
Crrmg Soil organic carbon %o
EEG Easily extractable glomalin mg kg 1
T Total glomalin mg kg ™!
Criwe Carbon-hot water extraction mg kg !
Cpoc Carbon-0.01 M L.~ CaCl, extraction mg kg !
Cha Carbon in humic acids mg kg~!
Cra Carbon in fulvic acids mg kg !
Cs Carbon humic substances mg kg !
Cha/ra Ratio Cyya and Cpa, -
E4/Es Humus quality-ratio (E4/E6) -
Prns Mehlich-3 extractable phosphorus mgPkg !
Ny Total nitrogen W
(:wm,’N{ Ratio CSUM and N[ -
Cpoc/Npoc: Ratio Cpoe: and Npo: -
PWI Potential wettability index -
1AR Aromaticity index -
PHeacy, Soil pH _
3. Results

The average yield of maize biomass on Con treatment during the entire experiment
(1993—-2019) was 9.00 t of DM ha 1. Biomass yields on 55, N, and CS treatments increased
by 35, 39, and 44%, respectively (Table 5). The influence of N fertilizer and different organic
fertilizers is also reflected in soil organic matter content (Cgg) (Table 5). The content of
Csom at the beginning of the experiment was 1.26%. After 27 years, the Cgop content on
Con treatment amounted only up to 0.981%, which is a decrease of 22%. The lowest Cgom
content was observed under mineral nitrogen fertilization (N treatment). Tt is generally
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accepted that intensive and exclusive nitrogen fertilization increases the mineralization of
soil organic matter. A significantly higher Cgopg content was observed in the 5SS treatment,
which was also greater than that in the CS treatment. This is also in agreement with the
content of organic substances on S5 in comparison with CS. S5 treatment was annually
supplied with 269 kg C ha~! more (44% more) than CS. A greater C:N ratio on 55 (7.32:1)
than CS (5.08:1) could have also influenced the intensity of mineralization of fertilizer-
applied organic matter and soil organic matter. An important qualitative indicator of SOC
is the content of humic acids (HA) and their ratio with fulvic acids (FA). In general, the
quality of organic matter is higher with increasing content of HA and decreasing content of
FA. The content of Cyya was significantly higher after the application of S5. There was also
an increasing tendency in Cya content on CS treatment; however, this increase was not
significant in comparison with Con and N treatments. There were no significant differences
in the content of Cga, but there was an increasing trend in 55. This treatment also produces
significant differences in Cyp /Cpa ratio in comparison with Con in particular.

Table 5. Qualitative and qualitative parameters of soil organic matter (SOM); soil pH values and
maize dry biomass yield (BY).

Parameter/Treatment Con N 55 s
Csoomg (%) 0982 0958 1200 1129
EEG (mg kg™ ') 5783 5843 670"t £33 b
TG (mgkg™") 19502 213020 2370 b 2110 °b
Ciywe (mg kg™ 1862 1722 243 b 240®
Cpoc (mg kg™!) 1852 75b 29.1¢ 230b
Cpp (mgkg™) 0.078 2 0.090 *b 0123k 01102k
Cra (mgkg™) 0.1382 0.1452 0.1583 0.133°
Chs (mg kg 1) 021523 02357 02800 0.243 80
CHA/FA 05653 0.629 20 0784P 08360
E4/E6 3532 3.63° 3.652 3.652

Pps (mg kg ') 1422 1029 366 © 304°
N (%) 0.096 2 01022 0.120" 011138
Csoma/ Ny w02h 9314 94970 10.1FP
CD( )(ij[[ W 0.550 o 01612 1.03¢ 0.954 ©
PWI 0.010 2 0.0102 0.014° 0.014°
IAR 0.020 2 0.0192 0.026° 0.027°
pHeacr, 636 5.91° 6.25 6.70°
MT:ﬁ?f(t 9,002 12.5b 1228 1300

Different letters describe statistically significant differences between treatments. Tukey's LSD test; p < 0.05.

Changes in quantity and quality of soil organic matter are also visibly reflected in the
content of carbon extractable with hot water (Cywg) and with weak extractant 0.01 M L1
CaCly (Cpoc). The content of Cywe on both organic treatments was significantly higher
than all other treatments, while the content of Cpoe was significantly higher only in
comparison with Con. The soil organic matter quality was also investigated using the E4/E6
method with sodium pyrophosphate (.05 mol L~ NayP»05) as an extractant. This method
did not produce any significant differences among treatments (Table 5). The question is
whether the E4/E6 method is quite suitable for evaluating soil organic matter quality.

The mineralization rate of soil organic matter is substantially influenced by the inten-
sity and form (organic/mineral) of nitrogen fertilization. This is the reason for the inclusion
of N and Cgpp/Ni ratio as well as 0.01 mol L=! CaCl, (Cpoc/Npoc) (Table 5). It is also
necessary to mention that nitrogen uptake by aboveground biomass was substantially
higher than applied nitrogen (120 kg N ha=).

The content of N; was lowest in the non-fertilized Con treatment, which is following
our supposition. On the other hand, the highest N; content was observed during the
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5S treatment. Considering the stability of SOM, the C/N is more important. This ratio
was highest in the non-fertilized Con treatment. It is possible that SOM is in the most
stable configuration against mineralization in the Con treatment. Mineral fertilization
(N treatment) displayed a significantly lower Cgop /N¢ ratio (9.31:1). Differences in the
Cpoc /Npoc ratio are even more visible with organic fertilizers compared to Conand N
treatments than CSUM S Ni.

For the evaluation of soil organic matter quality, a DRIFTS method was also used.
Usually, this method is used to study bands of hydrophobic alkyl C-H groups and hy-
drophilic C=0 groups of soil organic matter at 2948-2920 cm ! and 1710, 16401600 cm 1,
respectively. The ratio of hydrophobic and hydrophilic groups determines the potential
wettability index (PWI). Ordinarily, PWI is directly proportional to the stability of soil
aggregates and the quality of soil organic matter. Tt is clear that the lowest values were
measured in the N treatment, while the highest values were measured in the organic
fertilizer treatments (Table 5). Another studied criterion using the DRIFTS method was
the aromaticity index (IAR) estimation. This index is calculated based on the reflectance of
aliphatic compounds (3000-2800 cm~') and aromatic compounds (1520 cm~!). Evidently,
the usage of organic fertilizers increased the values of TAR. The lowest values were again
produced by the N treatment.

Concerning the study of glomalin, the content of plant-available phosphorus using
the extraction method Mehlich 3 was also included in the monitored parameters. In
our experiments, certain trealments were annually supplied with phosphorus at rates of
821 kg Pha 1inSSand 232 kg P ha L in C8. The SS treatment was significantly positive
in the balance of incoming and outcoming, (only plant uptake) phosphorus. On the other
hand, the CS treatment had a slight, significantly negative balance while other treatments
(Con and N) had a distinctly negative balance. This was subsequently manifested in the
content of available phosphorus in soil. Treatments with organic fertilizers had significantly
higher contents. From the values of the correlation coefficients (Table 6), it is clear that there
was a significant positive correlation with EEG and an insignificant correlation with TG.

Table 6. Relationship between glomalin and other soil parameters.

Csom CHWE Cpoc Cha Cra Cus Crama E4/E6

EECG 0527 * 0.424 0.393 0.590 * 0.004 0454 0.587 * —0.157

TG 0.521* 0.440 0.669 ** 0558 * 0.349 Q609 * 0405 0.420

Caom (.B72 **+ (.654 ** 0.706 ** 0.241 (Lohh ** 0583+ 0131
N Pr3 Csom/™Nt  Cpoc/Npoc PWI TAR PHcact,
FFG 0472 0612+ 0244 0399 07357 0.688% 0505 *
TG 0592 * 0.466 0.100 0.3594 0.333 0.335 0.196
Carmg [.935 *** (1.539 **=* (1.356 (1.752 = (0,799 *** 0,797 == 0530 *

Pearson correlation coefficient: * p < 0L05; ** p < 0.01; *** p < 0.001.

Based on the presented results, it is clear that this is a very diverse set of criteria from
the perspective of soil organic matter quality as well as from the perspective of nutrient
content (nitrogen, phosphorus). This set of criteria was consequently used for testing
glomalin as an indicator of soil organic matter quality. Values of easily extractable glomalin
content (EEG) showed an increase in the organic fertilizer treatment. Total glomalin
content (TG) was significantly higher in the S5 treatment in comparison with the control.
Correlation coefficient values comparing EEG, TG, and qualitative components of SOM are
presented in Table 6.

The different variables were evaluated using principal component analysis (PCA). The
principal components and their association were systematically selected based on three
criteria, i.e., eigenvalue > 1.1, loading factors > (.70, and percentage of variability > 6.50%,
as mentioned in Table 7. The biplot position of variables explains 93.5% (PC1 and PC2) of
the total cumulative variance, where the first factor describes 72.1%, the second 21.4%, and
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the third 6.50% (Figure 1). PC1, which explained 72.1% of the total variance, was highly
dominated by positively associated variables such as Pz, EEG, TAR, N;, PWI, Cywe,
C| 15, C[ 1A, CI‘L‘\,I’FA! CD(_)(_‘INI)OC: B‘l:/]'-"./ﬁ, Cmm, C[)(‘)(‘j, a.nd TC, '11.1(.‘ ‘.‘.ﬂcUl'ld ].3(:2 cxp]ai.us
about 21.4% of the variance and was positively correlated with Csopn /Nt and pHeycy, and
negatively associated with Cpa. The third PC explains 6.5% of the total variance, and no
variables dominated within the principal component. The Py3, EEG, Csopm, and variables
are strongly associated, and the most significant variables dominated within the PC1. Cgopg
was positively correlated with Ni (p < 0.05; r = 0.94), Cyya (p < 0.05; r = 0.71), PWI (p < 0.05;
r = 0.80), Cywe (p < 0.05; r = 0.87), and TAR (p < 0.05; r = 0.80).

Table 7. The principal components (PCs) or factors and their loading factor values, eigenvalues, and

variabilities (%).

Parameters PC1 PC2 PC3
Ceom 0.981 0.074 —0.179
EEG 0,972 0.147 0185
TG 0.800 0.590 0107
Crwn 0.960 0.278 0.028
Cpoc 0.855 0.509 0.101
Cha 0.980 0.183 0.073
Cra 0.397 0.778 0.488
Chs 0.884 0.446 0.141
CHA/FA 0.925 0.129 0.356
E4/E6 0.760 —(.378 0.528
Pus 0.980 0.141 —0.139
My 0972 —0.237 —0L.001
Csom /Nt 0.259 0.822 —0.508
Cpoc/Npoc 0.883 0.41 —0.231
PWI 0943 0323 0.077
TAR 0946 0316 0.071
PHeacn, 0.435 0.895 0.098
Eigenvalue 123 3.60 1.10
Variability (%) 721 214 6.50
Cumulative variance 721 93.5 100

(PC1 and PC2: 93.5 %)

1]
4
C

I .
—
2
o
A

2 N .
—a
5 |

—6 —4 —2 ] 2 4 6

= Active variables « Active obzervations | PC1(72.1 %)

Figure 1. The biplot position of variables is determined by the first two principal components (PC1
vs, I"C2); the red and blue dots represent active variables and observations, respectively.
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The application of sewage sludge and cattle slurry to soil positively influenced the
tested variables.

4. Discussion

The global trend of moving away from mineral fertilizers and returning to organic
fertilizers creates a necessity for research of alternative and potentially available sources.
Application of sewage sludge on arable soil is one of these alternatives. Sewage sludge
is organic compounds and nutrients (I in particular), but it also may be a source of
potentially toxic elements and substances. Therefore, extraordinary attention must be paid
to their use. Production of sewage sludge is increasing in proportion to the increasing
population worldwide. About 37% of produced sludge is concurrently used as fertilizer in
EU countries [52]. Due to the aforementioned facts, the results of this study, focusing on
soil carbon transformations, could be helpful on a greater than regional scale.

One of the benefits of our experiments is a small set of variable factors that could
influence changes in the quality and quantity of soil organic matter. Long-term silage maize
production can be considered a deciding factor. It is generally accepted that maize belongs
to a group of crops substantially dependent on arbuscular mycorrhiza and, at the same time,
promotes its development [53]. Another variable was differences in the quality of applied
fertilizers (mineral /organic). Nevertheless, all fertilized treatments received 120 kg N ha™'
year~!. The long duration of experiments {27 years) showed its influence on the quantity
and quality of soil organic matter (Table 5). Therefore, it can be assumed that this set of
different qualitative parameters was suited for monitoring changes in glomalin content in
soils. Tt is also necessary to remember that experiments had classic tillage treatment with
roughly 25 cm ploughing depth.

The following methods were used to determine the changes in soil organic matter
quality and quantity: Cgonm, hot water extraction, 0.01 mol L. CaCl, extraction, Ny assess-
ment, and alternative determination of Cgpyg /Nt and Cpoe /Npoc ratios. These methods
are relatively sensitive and reproducible [48,54]. Fractionation of humic substances, humic
acids, and fulvic acids [45] is a very time-consuming process, with a wide variety of possible
analytical inaccuracies that severely limit this method in terms of extensive soil monitoring.
If performed correctly, this method is capable of producing very good results characterizing
soil organic matter. Our study’s results agree with Thai et al. [55] and demonstrate that
the E4/E6 method is unfit for the determination of soil organic matter quality, and was
therefore not used in further evaluations.

4.1. Content of Glomalin

GRSF exists in two forms: easily extractable form (EEG) and total form (TG). The
determination of EEG is based on a single extraction using sodium citrate. TG is repeatedly
extracted several times. On the other hand, EEG is easily extractable with relatively high
solubility in water in comparison with TG [38]. The average contents of TG and EEG were
2140 mg kg ! and 616 mg kg !, respectively. EEG, therefore, makes up to 29% of TG. This
ratio is greater than that published in an earlier study (18%) on another experiment with
crop rotation [13].

Total glomalin content (TG) in our experiments was between 1950 mg kg ! and
2370 mg kg_' and is in accord with the results of Agnihotri et al. [56], who state that
glomalin content in regular soils lies within the interval of 2.00-15.0 mg g~ '. Lower TG
values between 1.00-9.00 mg g_l are presented in other works [14,27,56-59].

Glomalin can add up to 25% of the total Cgoy content of soil organic matter [15].
This proportion lies in the range of 18.8 to 22.4% in our experiments based on treatment
and is in good agreement with the aforementioned authors. Glomalin contains roughly
28-48% of carbon [6(]. The mean value of this interval is 36%, and using this value, we
calculated carbon content in glomalin (Cy) in our experiments based on treatment to be Con:
702 mg Cpy kg ™!, N: 767 mg Cyy kg ™!, SS: 853 mg Cy kg ™!, and CS: 760 mg Cgy kgL
Content of Cgop in the Con treatment was determined at 0.981% (9810 mg, C kg™'). Using

-139 -



Agronomy 2022, 12, 1375

10 0f 15

further calculations, we find that proportion of glomalin carbon (Cgy) is 7.2% in Cgom in
the Con treatment. On other treatments, this proportion is N: 8.1%, 55: 7.1%, and C5: 6.9%.
These results are distinctly higher than the 3.2% that was published in Lovelock et al. [19].
If 28% were to be used (instead of 36%), the resulting proportion of Cyy in Cypym would be
greater than 5.2%. Using a calculation with 36% of carbon in glomalin for easily extractable
glomalin (EEG), the resulting proportion of Cyp in Cgop would be 1.9-2.2%.

Nitrogen content in glomalin shows a relatively wide interval of (.9-7.3% [61,62].
Treseder and Turner [63] present a substantially tighter interval of 2-4%. Using calculation
with 3% of nitrogen content, the resulting nitrogen content in glomalin (N} in soil based
on treatment is Con: 59.0 mg Ng| kg_', N: 64.0 mg Ng] kg“, 55:71.0 mg Ng] kg_', and
CS: 63.0 mg Ny kg 1 Therefore, the proportion of Ny in Ny is between 5.70% and 6.30%
based on the treatment. These calculated values are in very good agreement with the data
of Lovelock et al. [19], who presented a 5% portion of Ngjin Ni.

4.2. Relationship between Glomalin and SOM Paramelers

Organic fertilization increases the proportion of macroaggregates in soil and the
average size of these aggregates parallel with an increase of microbial biomass and the
contents of Cgopg and GRSP [22]. The application of 55 especially increased the contents of
Cspm and GRSP (Table 5). The relationship between Cgop content, as well as TG and EEG
content, is further confirmed by correlation coefficient values (Table 6). A similar positive
correlation is also presented in Singh et al. [15] and Wang et al. [16]. In the conditions
of the Czech Republic, the increase of GRSP content with an increase of organic matter
content was also presented by garapatka ct al. [20]. In our experiment, the strength of
the relationship between Cgom, TG, and EEG is almost the same. The conclusions of
Rezadova et al. [23] were not confirmed, as they presented a tighter relationship between
EEG and Cgpy than TG and Cegopyg-

In accordance with our results, an increase in glomalin content after the application
of 55 is also presented by Sandeep et al. [27] and Balik et al. [13]. Furthermore, there was
no evidence suggesting that N fertilization increased glomalin content (Table 5), which
conflicts with the results of previous studies [13,58,63]. The content of both GRSP forms
(TG and EEG) is also in good correlation with more stable fractions of soil organic matter
(Csom). that is, with the content of humic acids as opposed to the content of fulvic acids
(Table 6). This indirectly confirms the hypothesis that glomalin is relatively resistant to
mineralization. The persistence time of glomalin is up to 42 years, and the residence time is
longer than the original organic matter in bulk soil (10-37 years) [34,64,65].

The generally accepted conclusion is that the Cgppg /Ny ratio characterizes the po-
tential for mineralization of soil organic matter in a certain way. N fertilization tightens
this ratio [13], which was subsequently documented in N treatment in this study. There-
fore, we were interested in the relationship between the N; content, Cgopg /N, ratio, and
Cpoc/Npoc ratio on one side, and glomalin content on the other side. No significant
relationship was found (Table 6). This could point towards greater stability of glomalin
against mineralization than other soil organic matter. Jha et al. [66] found a positive cor-
relation between the mineralization process (release of nitrogen from organic bonds) and
EEG content. Authors further concluded that EEG content could be a certain criterion for
estimating potential nitrogen mineralization from organic bonds. In our experiments, we
have not confirmed this conclusion. Higher values of the correlation coefficient between
TG and N can be caused by the fact that during repeated extraction with sodium citrate,
a portion of other organic compounds, including proteins, can be released aside from
glomalin [4,5].

A high content of mobile phosphorus in soil reduces colonization of roots with
AMF [17] and thereby also reduces the content of EEG in soil [18]. This was not proven in
our experiments, but on the other hand, it does confirm the results of Qarapatka ctal. [20],
who stated an increase in GRSP with an increase of available phosphorus. Cissé et al. [67]
did not observe changes in GRSP content during long-term maize production and periodic
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phosphorus fertilization on sandy soil. The authors further mention that phosphorus
fertilizer treatment had a slight trend toward increasing maize yield. Singh et al. [15] and
Wang ct al. [16] also observed a positive correlation between GRSP content and components
of soil fertility, including phosphorus content. The disproportion of our results compared
to Lovelock et al. [19] can be explained in the fact that even Con and N treatments had a
good supply of available phosphorus. Maize plants were well supplied by phosphorus on
all treatments, meaning there were no conditions for increased stimulation of AMF growth.

Greater content of GRSP was usually found on more acidic soils in comparison with
neutral or carbonate soils. Glomalin content increased with the reduction of pH value [56].
In our experiments, an opposite effect was observed. A significant positive correlation
was found between EEG content and pH/ ¢, solution. Apparently, soil reaction did not
have a dominant influence over glomalin content. Other factors had a decisive influence
(e.g., Cgom)- It is important to note the influence of nutrients in organic fertilizers, whose
presence leads to a significant increase in plant biomass, including root development, and,
as a result, also increases glomalin production. Higher soil organic matter content also
leads to the formation of bigger soil aggregates, inside which a bigger glomalin content is
bound. This also reduces the intensity of mineralization.

4.3. Potential Wettability Index

The quality of soil organic matter can be described by the ratio of aliphatic (C-H)
and carboxyl (C=0) bonds called the potential wettability index (PWI) [68,69]. PWI can
be used (a) during the determination of stability of soil aggregates, (b) for water sorption
properties of soil, and (c) for the description of soil organic matter quality. Values of PWI
were in the interval of 0.010-0.014 (Table 5). Feér et al. [70] mention values of PWI for
Luvisol type between 0.010-0.030, which agrees with our values. It is obvious that organic
fertilization significantly increased values of PWI in comparison with the Con and N
treatments. Organic fertilization, therefore, increased the fraction of hydrophobic particles
and contributed to the formation of bigger soil aggregates. Adani [71] also measured an
increase in aliphatic carbon fraction in humic acids after application of 55 after 10 years of
experiments with a dose of 1 t DM ha ! year !. Demyan et al. [72] observed an increase
in value after the application of manure. Leue et al. [73] found a positive correlation
between SOM content and PWI values. Values of PWI in our experiments also showed
a very strong and significant correlation with Csom content. GRSPs are temperature-
stable, sticky, and hydrophobic glycoproteins [38]. Following a simple though-chain, the
following conclusion can be deduced: with an increase in glycoproteins content, there
is also an increase in hydrophobic particle content and an increase of PWI. A significant
correlation between EEG and PWI (0.735, p < 0.01) is in accordance with this hypothesis. The
aromaticity index (TAR) also expresses the stability of soil organic matter [55]. Treatments
with organic fertilizers produce significantly higher values. Similar to PWIL, IAR also
correlates with EEG.

5. Conclusions

The influence of different fertilizers (mineral/organic) on the quantity and quality of
soil organic matter was monitored in long-term stationary experiments with silage maize
monoculture production. Two of the observed factors were the contents of easily extractable
glomalin (EEG) and total glomalin (TG). The contents of EEG and TG correlated with Cgopg.
Periodical application of sewage sludge and cattle slurry increased the content of glomalin
in soils. Data about glomalin content can be used to study soil organic matter quality;
however, this parameter is not singular or exceptional. A more sensitive method (a method
that reacts more to changes in components of soil fertility) seems to be the determination
of EEG, rather than TG, in our experiments. A significant correlation was found between
the EEG content and Cgop content, humic acid content (Cyya), Ciia /Cga ratio, potential
wettability index (PWTI), and aromaticity index (IAR). Another factor supports the greater
practical application of this method, and that is a substantially shorter time of analysis
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than TG determination. The potential wettability index method is suitable for studying soil
organic matter quality. The E4/E6 method does not produce relevant soil organic matter
quality results.
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Abstract: In recent years, sulfur inputs into the soil have greatly diminished due to the significant decrease in 50,
emissions. Plant nutrients, like sulfur, can be released by the mineralisation of soil organic matter {(SOM), which is
a complicated mixture of substances (or fractions) like glomalin-related soil protein (GRSP) and fulvic acids (FA),
humic acids (HA), humic substances (HS) and others. GRSP, FA, HA, and HS content, as well as the content of
mineral and organic fractions of sulfur, was determined in different mineral and organic fertiliser treatments of the
long-term field experiment. Using these results, the sulfur content in GRSP was calculated based on the soil's orga-
nic matter carbon and soil’s organic bound sulfur (C, /50000 ratio. Sulfur content in GREP was 4.08-5.46 (easily
extractable GRSP), 9.77-15.7 (difficultly extractable GRSP), and 13.9-21.1 (total GRSP) mg 5/kg of soil. Overall, the
application of the organic fertiliser caused an increase in 5 content bound to GRSP. A strong significant relationship
was also observed between GRSP fractions and soil organic sulfur. A similar relationship was also observed for the
HA and HS with organic sulfur.

Keywords: luvisol; fertilization; humus fractions; organic carbon; mineral sulfur

Recently, the most common avenue of sulfur inputs
into the soil has diminished. This was caused by the
desulfurisation of the industry in the 80s and 90s,
which reduced the sulfite oxide emissions into the
atmosphere and, conversely, decreased the deposition
of sulfur (S) into the seil (Lehmann et al. 2008). The
European Environmental Agency reported a decrease
in emissions of sulfur-containing compounds by 74%
from 1990 to 2011 (EEA 2015). Sulfur is present in the
soil in mineral form, generally representing around
5-10% of total sulfur {5,) (Kulhinek et al. 2018).
Water-extractable sulfur {SH]D] represents around
1% of 5. The rest is distributed among adsorbed
(8 g ) and co-precipitated sulfur occluded in calcium
and magnesium carbonate precipitates {Tisdale et

al. 1993, McLaren and Cameron 1996) that are not
available to plants yet can be released (Morche 2008).
The remaining 90% to 95% of sulfur is organically
bounded, which is also inaccessible to plants but can
also be released throughout vegetation (Boye et al.
2010). This is why the organic-bound sulfur needs
to be studied closely (Scherer 2009).

Soil organic matter (SOM) is a complicated mix-
ture of substances. The fractionation of carbon in
SOM (Cgp,,) into the fulvic acids (FA), humic acids
(HA), and humic substances (HS) catepories by their
solubility in acids and bases (Fan et al. 2018) is one
of the possible approaches to focus the debate about
SOM. Together, these can make up between 20% and
B0% of Ceoom and can be mineralised (Parsons 1989,

Supported by the Ministry of Agriculture of the Czech Republic, Project Mo, QK21010124.
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releasing nutrients, although these substances are
generally considered to be a stable indicator of SOM
quality (Kononova 1966). This notion is also present
in more recent studies, even though its accuracy is
being discussed. Although much research has been
done to determine the structural composition of
humic substances (HS), their complexity makes the
issue problematic (Zavarzina et al. 2021).

Another part of SOM received quite a lot of atten-
tion and that is glomalin content (Liu et al. 2022).
Original work by Wright et al. (1996) considered it
to be a specific protein produced by the arbuscular
mycorrhiza fungi (AMF). Interestingly, the exact
molecular structure of pure glomalin is not yet known
(Liu et al. 2022), so the wider term encompassing all
“glomalin-related soil protein” (GRSP) was adopted
(Rillig 2004). GRSP includes heat-stable glycoproteins,
humic substances (Deng et al. 2023), and polysaccha-
rides {(Gunina and Kuzyakov 2015). Pure glomalin is
also considered to be a stable fraction of SOM with
degradation times up to 40 years (Harner et al. 2004).
There is a consensus, that GRSP consists of two dif-
ferent fractions. Easily extractable GRSP (EE-GRSP)
and difficultly extractable GRSP (DE-GRSP) (Deng
et al. 2023), their sum being, of course, total GRSP
[ T-GRSP). Since the SOM contains plant nutrients
and is capable of releasing them (Marschner 2012},
obtaining information about the nutrient content of
GRSP might prove useful.

Estimating sulfur content in GRSP and fractions
of SOM is problematic at best and tricky at worst.
Due to the cross-reaction of dye reagents, it is not
possible to measure pure glomalin content in the
extracts (Rillig 2004). The GRSP extract can, however,
be purified using precipitation with strong acid and
dissolving with strong hydroxide followed by dialysis
(Liu et al. 2021). The content of nutrients can also be
determined, for example, by x-ray diffraction (XRD)
(Zhong et al. 2017).

Based on the data on sulfur, GRSE, and C,, content
in our experiments and literature data available on
sulfur content in the aforementioned constituents of
soil CSDM. we will attempt to (i) calculate the content
of § in GRSP and fractions, (i) establish a relation-
ship between S and GRSP, and C_,,, fractions.

MATERIAL AND METHODS

Experimental design. The experiment was con-
ducted at the long-term stationary experiment site
of the Czech University of Life Sciences in Prague,

https://doi.org/10.17221/493/2023-PSE

located at Corveny Ujezd. The field trials wore initi-
ated in 1993. The experimental site characteristics at
the beginning of the trials are presented in Table 1.
The trials were conducted in a complete block design.
There are four blocks: each block has all fertiliser
treatments arranged into individual plots. This means
each treatment is replicated 4 times. The area of
the plot is 170 m? The silape maize hybrids (Zea
mays L.) were planted each year since the start of
the experiment.

Treatments. Seven fertiliser treatments were se-
lected, namely: {1) unfertilised control (control}); (2]
ammonium sulfate (AS); (3) urea and ammonium
nitrate (UAN): (4) UAN + wheat straw (UAN + straw);
(5) sewage sludge from municipal water treatment
facility (55); (6) cattle farmyard manure (FYM): (7)
cow slurry (slurry). Annual nutrient inputs from
fertilisers are described in Table 2. AS and UAN
fertilisers were applied in spring before sowing.
Other fertilisers were applied in the autumn before
tillage. Every fertiliser was applied in a single dose.
Mo additional amendments were added to individual
treatments. All organic fertilisers were immediately
incorporated into the soil by ploughing. Stubble from
the previous year was incorporated into the soil.

Soil sample collection. Five topsoil subsamples
(0-30 cm depth) were collected in 2019 after the
biomass harvest from every plot and pooled together

Table 1. Basic characteristics of the site

. 50°4'23"N,
GPS coordinates $1019°E
Altitode (m as.l) 410
Mean annual precipitation (mm) 493
Mean annual temperature (°C) 7.7

Soil type!? Haplic luvisol
Soil texture! Silty Loam
F'ch:m;2 6.5
Clay (%) {< 0.002 mm) 5.4

5ilt (%) (0.002-0.05 mm) 68.1
Sand (%) (0.05-2 mm) 26.5
Bulk density topsoil (g/em¥) 1.47
Bulk density subsoil (g/cm?) 1.50
Cypy (%) 1.2
Cation exchange capacity (mmol kg) 118

INRCS USDHA; TS0 10390 2021 (150 2021); NS ana-
lyser (see materials and methods); C.,, — carbon in soil
organic matter
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Table 2. Fertiliser treatments and annual nutrient inputs
Treat t N - L K 5
rrakmEn (kg nutrient/ha/vear) !
Control 0 o 0 0 -
AS 120 142 1] 0 -
AN 120 o 0 0 -
UAN + straw 120 + 33.5 26 4.3 45.0 B23
55 120 524 821 16.0 17.0
FYM 120 16.4 3la 129 057
Slurry 120 16.3 23.2 105 36.3

Control — unfertilised control; AS — ammonium sulfate; UAN — urea ammonium nitrate solution; straw — wheat straw
in average dose of 5 000 kg DM (dry matter) ha/year; 55 — sewage sludge in average dose of 3 101 kg DM hafyear, 30.3%
DM; FYM — farmyard manure in average dose of 5 027 kg DM ha/year, 23.7% DM; slurry - slurry in the average dose
of 2 280 kg DM ha/year, 5.7% DM, *Nutrient ratios in fertilisers calculated based on C/N ratio results in Balik et al.

(2020) and internal results

to get one soil sample per plot. Every sample was later
air dried in a forced-air oven until constant weight at
40°C, ground and sieved for particles < 2 mm. These
samples are archived until further analysis. Part of
the soil sample was also passed through a 0.4 mm
sieve for the CNS analysis.

Soil sulfur fractions determination. A sequential
extraction method by Morche (2008) for available
readily available 5 (5, ;) using demineralised water,
and adsorbed sulfur (S, .} using NaH, PO, Extraction
by HCl follows the extraction of 5, . to determine
carbonates-occluded S, but this determination was
omitted due to the low carbonate content in the
investigated soil. The sum of 5, and 5, _is the
bicavailable sulfur (S,,).

The pseudo-total sulfur {S;) concentration in the
soil was determined by the modified 150: 11466
1995 (IS0 1995) method using agua regia extraction
(Suran et al. 2023). The organic sulfur content {5, )
was calculated as the difference between the pseudo-
total content (5..) and available (S ..

Sulfur concentrations in all digests and extracts were
determined using the optical emission spectroscopy
with inductively coupled plasma (ICP-OES) with axial
plasma configuration, Varian, VistaPro, equipped
with autosampler SP5-5 (Mulgrave, Australia). The
operating measurement wavelength for ICP-OES
was 180.7 nm for 5.

Soil carbon fraction determination, Soil organic
carbon (Cg,,) and total nitrogen (N.) content in
air-dried samples of soils was determined using oxi-
dation on the CNS Analyser Elementar Vario Macro
[Elementar Analysensysteme, Hanau-Frankfurt am
Main, Germany).

Fractionation of humic substances was per-
formed according to Kononova (1966) to obtain
the pyrophosphate extractable fraction, which
represents the sum of the carbon in humic acids
and fulvic acids.

Easily extractable glomalin and total glomalin
were performed according to Wright and Upadhyaya
(1998). Both forms of glomalin were determined
colourimetrically using bovine albumin (BSA) as
a standard for quantification and the Bradford protein
assay to achieve the colour change. The difficultly
extractable glomalin is calculated as the difference
between T-GRSP and EE-GRSE.

DE-GRSP = T-GRSP — EE-GRSP (1)
Estimating the sulfur content in glomalin and
fractions of carbon. Sulfur content in GRSP was
estimated for individual treatments using the fol-
lowing formula:

Scnsp = (GRSP x 0.4750(Caom/Sora) (2)
where: 5., — content of sulfur in the selected glomalin
fraction; GRSP — content of a GRSP fraction (either EE-
GRSP, T-GRSPE or DE-GRSP). The 0.475 value is the con-
verted content of carbon in glomalin {47.5%, Lovelock et al.
(2004]). The Cypyy /S ratio is calculated for each treat-
ment.

Details on the content of sulfur and carbon in the
experiment. In this section ( Table 3) is a compilation
of different studies that focused on soil sulfur (Suran
etal. 2022, 2023) and soil organic carbon (Balik et al.
2022} individually. Their significance can be studied
in the aforementioned papers. However, their mutual
relationship was not studied. The results section will
present the original findings.
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Table 3. The average content of sulfur and carbon fraction in the experiment

Treatment/ S0 8,ms S Soac 8, EE-GRSP  T-GRSP  DE-GRSP
parameter (mg/kg)

Control 6.25 4.61 10.9 146 157 R78 1954 1376
AS 73.6 16.2 29.7 117 207 &35 2375 1 B840
UAN 7.63 5.55 13.2 141 155 84 2131 1547
UAN + straw 8.57 5.84 14.4 163 177 624 2511 1 B3R
55 11.9 6.10 18.0 202 220 &30 2366 1736
FYM 11.9 6.16 18.1 236 254 724 2817 2093
Slurry 408 5.24 13.3 175 189 633 2110 1477

Coom FA HE!; } HE Mp CoomMr CsonfSoms PHeac,

Control 0.981 0.138 0.078 0.215 0.0%& 10.2 7.7 6.36
AS 0.926 0.178 0.083 0.260 0.098 9.45 79.3 4.69
UAN 0.951 0.145 0,090 0.235 0.102 9.31 &7.7 591
UAN + straw .16 0.173 0.140 0.313 0.117 9.93 71.8 5.88
55 1.20 0.158 0.123 0.280 0.120 10.0 50.9 6.25
FYM 1.49 0.160 0.165 0.325 0.140 10.7 634 6.81
Slurry 1.12 0.133 0.110 0.243 0.111 10.1 &40 6.70

Compilation of different studies that focused on soil sulfur (Suran et al. 2022, 2023) and soil carbon (Balik et al. 2022).
LES S EH;(J + 5 g DE-GRSP = T-GRSP — EE-GRSP. Control — unfertilised control; AS — ammonium sulfate; UAN -
urea ammonium nitrate selution; straw — wheat straw; 55 - sewage sludge; FYM - farmyard manure; 5, o - water-

extractable sulfur; Sams— adsorbed sulfur; Sy~ binavailable sulfur; Spp — OTEanic sulfur; Sr— total sulfur; EE-GRSP -
easily extractable glomalin-related soil protein; T-GRSP - total glomalin-related soil protein; DE-GRSP - difficultly
extractable glomalin-related soil protein; Cgp, — carbon in soil organic matter; FA — fulvic acids; HA — humic acids;

HS — humic substances; My - total nitrogen

Statistical analysis. The results were assessed by
principal component analysis (PCA) to identify the
most important variables and Pearson's correlation
coefficient using Statistica software ver. 12 (TIBCO,
Paolo Alto, USA). To simplify the results of PCA, two
principal components (PC1 and PC2) were selected
as they both reached cumulative variance over 70%
and an eigenvalue greater than 1.0. A correlation
matrix was chosen rather than a covariance one to
conduct the PCA as it is more accurate for data sets
with different scales and units. Pearson's correlation
coefficients were used to analyse the relationships
among the variables studied. The level of significance
P < 0.05 or smaller was considered statistically sig-
nificant. The results of estimated sulfur content in
glomalin were analysed using the one-way analysis
of variance (ANOVA) with post-hoc Tukey's HSD
(honestly significant difference) test to expose dif-
ferences among treatments at a significance level
of P < 0.05.

RESULTS AND DISCUSSION

The most important variables were discovered
using the principal component analysis (Table 4).
The first principal component {PC1) was identified
as a combination of 5., C__ .. E-GRSP, and HS. The
second principal component {PC2) is the combina-
tion of mineral fractions of sulfur I:S]-[j:l' 8,y and
S, as well as. The influence of C.,,; and N was
discussed in Balik et al. (2022) and Suran et al. (2023);
therefore, it will be omitted in this communication,
and the focus will be dedicated to the relationship
of GRSP and C,,, fractions and their interaction
with sulfur fractions.

The PCA further discovered that PC1 converges
with the FYM treatment, while PC2 converges the
most with the AS treatment (Figure 1). The AS treat-
ment receives the highest dose of mineral sulfur an-
nually, and the FYM treatment receives a significant
dose of farmyard manure each year (Table 2). The
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Table 4. The loading factors of variables for principal

components

Wariable PCl PC2
SH;D 0450 —.842
S.FLDS 0420 —0.859
Sav 0.447 ~0.846
Sonc -0.931 0.028
51 —0.660 -0.582
pH -0.677 0651
Canm -0.975 —0.111
EE-GRSP -0.B28 0.093
T-GREP —0.668 —0.595
DE-GRSP -0.515 -0.657
Ny -0.920 -0.213
Coom™Ny -0.628 0.243
Conn/Soma -0.221 0.732
FA -0.035 -0.762
HA -0.B98 —0.166
HS -0.74 —0.504
Eigenvalue 7.34 523
Variability (%) 45.0 327
Cumulative variance (%) 459 786

PC1 and PC2 represent the first and the second principal
components, respectively. Bold letters correlate with their
respective principal component at a value over 0.800.
m=128 8, - water-extractable sulfur: 3, . — adsorbed
sulfur; 5, — bioavailable sulfur; 5, — organic sulfur;
S — total sulfur; Cgpyy — carbon in soil organic matter;
EE-GRSP — easily extractable glomalin-related soil protein:
T-GREP - total glomalin-related soil protein; DE-GRSP -
difficultly extractable glomalin-related soil protein; My -
total nitrogen; FA - fulvic acids; HA — humic acids; HS -
humic substances

organic matter in FYM is generally regarded as of
high quality (Férster et al. 2012). Control and UAN
treatment received no S or organic matter (Table 2),
which explains their divergence from PC1 and PC2.
Interestingly, the slurry treatment also converges with
the UAN and control, although it received 5 and C;
however, during the application, the content of water
in the slurry is over 90% water {Table 2) and is sus-
ceptible to vertical movement and fast mineralisa-
tion (Islam et al. 2021). The influence of treatments
over sulfur and carbon fractions was discussed in
more detail in Suran ot al. (2022, 2023) and Balik et
al. (2022}, respectively. For further evaluation, the
variables comprising PC1 and PC2 were selected.

However, since the entirety of GRSP and humus
fractions are of interest, we will also include T-GRSP,
DE-GRSE FA, and HA in the report.

Content of 5 in GRSP and relationship with
C, o fractions. To estimate the content of sulfur in
glomalin, we made some assumptions, as no direct
measurement of S in purified glomalin has not been
done yet. Lovelock et al. (2004) determined that the
content of N and C in pure glomalin is, on average,
4% and 47.5%, respectively. The C/N ratio of pure
glomalin is therefore 11.9. Our experiment’s soil
Cyqp/ Ny ratio ranges from %.31 to 10.7. Since the
C/M ratios are similar for pure glomalin and soil, we
assumed the situation to be similar for C/S. Using
the Cy /305 ratio for the soil. we calculated the
sulfur content in GRSP fractions (Table 5).

The 5, -pep content is greater than 5. ., as the
evaluation of T-GRSP requires repeated extraction
of the same sample, while EE-GRSP is only extracted
once. Some significant differences among treatments
were found for 5 ... Organic fertiliser treatments
generally reach higher 5. ... values than mineral
ones, but the highest and most significant statisti-
cal increase was present only for FYM treatment.
Literature mentions (Koide and Peoples 2013, Wu et
al. 2014) that EE-GRSP is more of a direct product
of AMH fungi and is the more labile form of GRSP
susceptible to faster mineralisation {Cissé et al. 2021).
On the other hand, the DE-GRSP is more stable and
can last in the soil before mineralisation for up to
40 years (Harner et al. 2004}, which means that after
over 20 years of annual organic fertiliser inputs, the
content of DE-GRSP increased, and so did S pop
Thetrendin 5. ... is very similar to thatin S,; pon
supgesting that both fractions react to the application
of organic fertiliser similarly. The content of GRSP
fractions indeed increased according to the applied
fertiliser (Table 3). The slurry is comparable to the
control in the L — and I — (Table 5), as the
content of nutrients can mineralise faster (Islam et
al. 2021} and is susceptible to vertical movement due
to high water content during application.

The relationship between soil sulfur fractions and
GRSP fractions is described using Pearson's correla-
tion coefficients in Table 6. GRSP fractions seem to
relate more to the S, and 5. fractions than the
mineral ones. S__and DE-GRSP increased with respect
to each other based on the treatments (Table 2).
The GRSP extracts are rich in carbon molecules like
glycoproteins or humic acids (Gunina and Kuzyakov
2015, Deng et al. 2023) that most likely contain or-

-150 -



Original Paper

Plant, Soil and Environment

https://doi.org/10.17221/493/2023-PSE

Figure 1. Loading vectors for both
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ganic-bound sulfur, further supporting the hypothesis
that GRSP indeed contains an interesting reservoir of
sulfur. On the other hand, there seems to be a weak
relationship between DE-GRSP and 5 . This is
most likely caused by the fact that § ;. content on
the AS treatment is rather low, while 5, content is
greatly increased (Table 3). This treatment received
142 kg S hafyear in mineral (S-Df‘] form (Table 2).
A strong relationship is present for 5 ;- HA, and
HS (Table 6). Applying organic fertilisers causes

humic acids; HS = humic substances;
My — total nitrogen

a significant increase in the C,, content (Ronget al.
2016) and conversely also increases the HS content
(Balik ot al. 2022), as visible in Table 3. Asthe litera-
ture mentions, H A is, aside from other constituents,
composed of sulfur (Prietzel et al. 2007, Ampong et
al. 2022), and its increase in the soil also increases the
content of nutrients (Li et al. 2019). Humic acids are
traditionally considered to be more stable (Zavarzina
etal. 2021) and could include more stable forms of 5,
such as S . Similarly, fulvic acids also contain

Table 5. The calculated sulfur content in glomalin-related soil protein (GRSP) and carbon in soil organic matter

[CSUM] fractions

Treatment/parameter SELGHF ST-GISF - SDE-GHP
(g 5/kg soil)

Control 4.08 + 0,419 13.9+22° 077 + 2.0
AS 3.21 + 0.230 14.3 + Do 11.1 + 0.8
UAN 4.12 + 037k 15.0 + 1.4ab 109 £ 1.15b
UAMN + straw 4.15 £ 0,513k 16.7 + 1.080 12.5 + 0.5abe
55 5.02 + 0,475 18.8 + 1.7 12.8 + Lgbe
FYM 5.46 + 0.60° 211+ 192 15.7 + 2.0¢
Slurry 4.70 + 0.30b° 15.7 + 0.4%0 11.0 + 0.6%

Difterent letters describe statistically significant differences using ANOVA post-hoc Tukey's HSD (honestly significant
difference) test at P < 0.05. + 5D — standard deviation; control — unfertilised control; AS — ammonivm sulfate; UAN —

urea ammonium nitrate solution; straw — wheat straw; 55

- sewage sludge; FYM — farmyard manure; S - op — sulfur

in easily extractable GRSP; 51 gpep — sulfur in total GRSP; Spp apsp — sulfur in difficultly extractable GRSPn = 4
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Table 6. Pearson's correlation coefficients describe the relationship between soil sulfur and carbon fractions

Treatment/parameter 5;[1{: Saps Sy Somc Ser
EE-GREP -.362 -0.339 -0.359 OLT7Tee 0561
DE-GREP 0.227 0.245 0.230 0.368 0.554%
T-GREP 0132 0.154 0.135 0.518% L2 A
FA 0.400= 0.519 04055 -0.071 0,283
HA -0.272 -0.221 -0.265 OLTGE D606
HE 0,017 0.073 0,025 0.578* D628

P 0.05; **P < 0.01; ***P < 0.001. 1 = 28. EE-GRSP - easily extractable glomalin-related soil protein; DE-GRSP — dif-
ficultly extractable glomalin-related soil protein; T-GRSP - total glomalin-related soil protein; FA - fulvic acids; HA -

humic acids; HS - humic substances; 5 ., - water-extractable sulfur; 5, - — adsorbed sulfur; 5, — bioavailable sulfur;

Sppg — organic sulfur; 5, - total sulfur

sulfur (Prietzel et al. 2007), and an increase in their
content should relate to increased sulfur content
in soil. This relationship was not present for 5,
and FA but rather for § and FA mineral fractions.
Since fulvic acids are soluble in water, some water-
soluble forms of sulfur may also be co-extracted.
Ammonium sulfate treatment received no organic
fertiliser (Table 2) yet provided the highest FS, 5, ..
S yng and 5, content even compared to the organic
fertiliser treatments (Table 3).

An interesting soil sulfur pool was discovered in the
glomalin-related soil protein. In general, the content
of S in GRSP fractions was responsive to the fertiliser
type (organic/mineral). Organic fertiliser caused an
increase in the S content of GRSP fractions in soil,
mainly from the treatment of farmyard manure. The
relationship between soil sulfur fractions and GRSP
and C,,, fractions was also investigated. Significant
relationships were found for 5 ;- and 5, with GRSP
and C fractions, as sulfur and carbon in these

S0M
forms are generally considered more stable.
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5 Souhrnna diskuse

V nasledujici kapitole budou diskutovany vysledky jednotlivych ¢lanki. Diskuse je
rozdé€lena do podkapitol tak, aby odpovidala cilim prace a hypotézam. Kapitola 5.1 tedy
popisuje uréeni rostlinam piistupné siry a bilanci siry v pud¢. Kapitola 5.2 uvadi vhodnost
novych metod k posuzovani zmén kvality pidni organické hmoty. Kapitola 5.3 popisuje
vztah vybranych indikéatord kvality ptidni organické hmoty a frakci siry v ptdé.

V publikovanych ¢lancich (kapitola 4) jsou pouzivany zkratky pro popis variant
hnojeni, popisu frakci siry a uhliku v ptidé. Ve dvou publikovanych ¢lancich ov§em muze
byt stejny faktor popsan jinymi zkratkami. Dlivodem byl rozpor v literatuie pouZité pro psani
¢lankt, vlastni zvyklost, nebo také pripominky oponentti. Napiiklad v publikaci Balik et al.
(2022) se jednomu z oponentt pticilo pouziti zkratky SS120 pro popis varianty ¢istirenského
kalu obsahujici kazdoroéni davku 120 kg N.ha®.rok. Doporugil tedy pouziti jiné zkratky, a
tak bylo pouzito oznaceni S120 1 pfes to, ze standardné pouzivame SS (sewage sludge) pro
Cistirenské kaly. Obdobn¢ pouziti FYM a F pro popis chlévského hnoje ve dvou riiznych
¢lancich.

V souhrnné diskuzi této prace je Vv nasledujicich kapitolach kazda zkratka uvedena
Znovu pii prvnim pouziti. Byla snaha, aby zkratky pfipominaly co mozna nejvice ty, které

jsou v publikovanych ¢lancich.
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5.1 Hodnoceni obsahti mineralnich a organickych frakci siry a bilance

vstupi a vystupii siry

V této Casti diskuse jsou vyhodnoceny zmény obsahu siry v pidé a bilance celkového
obsahu siry za 23 let experimentu (1997 az2019). Experiment byl proveden na dlouhodobém
pokusu s monokulturou kukufice a riznymi systémy hnojeni na Cerveném Ujezdé.
Hodnocené frakce siry jsou: sira rozpustna ve vodé¢ (Sh20), sorbovana (Saps), rostlinam
pristupna (Sav), uvolnéna metodou Mehlich 3 (Sms), organicky vazanad (Sorc) a celkova
(St). Hodnocené varianty hnojiv jsou: siran amonny (AS), DAM - dusi¢nan amonny
s moc¢ovinou (UAN), UAN s trojitym superfosfatem a draselnou soli (UAN + PK), UAN
s trojitym superfosfatem a kieseritem (UAN + PMgS), UAN a slama (UAN + St), Cistirensky
kal (SS), chlévsky hntij (FYM), kejda skotu (Slurry). Jako srovndvaci varianta je také
v pokusu nehnojena kontrola. Pro bilance siry v piid€ byla také vyuzita varianta s thorem.
Na této varianté nejsou dodavana zadna hnojiva, ale na rozdil od kontroly na této varianté

neni péstovana kukufice.

5.1.1 Vliv hnojeni sirou na vynosy a obsah siry v rostlinach

Primérné vynosy kukufice na silaz za celou dobu pokusu byly u vSech mineralné
hnojenych variant statisticky srovnatelné. Vynosy u organicky hnojenych variant byly také
statisticky srovnatelné. Vynosy vsech hnojenych variant (12,1 az 13,5 t susiny.ha.rok™)
jsou vyznamné vyssi, neZ vynosy nehnojené kontroly (9,04 t. susiny ha™.rok). Hnojené
varianty obdrzely uniformni davku N hnojiva (120 kg N.harok*, UAN + St navic dalsich
33,5 kg N ve slam¢). Na variantach AS, UAN + PMgS, UAN + St, Slurry, FYM a SS byla
sira aplikovana v hnojivu. Aplikace siry neovliviiovala vynosy biomasy kukufice.

Vliv hnojeni sirou byl prokazan na odbér siry z pidy rostlinami. Kontrola dosahovala
hodnot odbéri 3,38 kg S.hal.rok™. Viechny mineraln& hnojené varianty mély vyznamné
zvyseny odbér, a to zejména AS a UAN + PMgS (9,84 a 8,31 kg S.ha.rok™). Tyto varianty
maji kazdoroéni vstup siry z hnojiv v hodnotach 142 a 84 kg S.hal.rok™. Na organické
varianté SS byl odbér siry 7,47 kg S.ha.rok, coz odpovida tomu, Ze tato varianta dostala
relativné vysokou davku siry v hnojivu (52,4 kg S.ha™.rok-1). Godlewska (2018) také uvadi
vyznamny narast odbéru siry rostlinami kukufice po aplikaci Cistirenského kalu. Statisticky
vyznamny narust odbéru proti kontrole zaznamenaly také varianty FYM a Slurry (5,88
a 5,71 kg S.ha.rok?) pi davkach siry v hodnotach 16,3 a 16,4 kg S.hat.rok*. Knights et

al. (2000) také stanovili vyznamné zvysSeni odbéru siry rostlinami po aplikaci FYM
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(odebrano 11 kg S.ha™t.rok™) oproti kontrole (2,0 kg S.ha™.rok™). Velice podobné vysledky
popisuji také Sakal et al. (2000), kde byl zaznamenan vyznamny narust odbéru
siry rostlinami (9,44 kg S.ha) v porovnani s kontrolou (2,58 kg S.ha), a to jiz pfi davce
hnojiva 40 kg S.ha™. V nasem pokusu jsou statisticky srovnatelné odbéry variant UAN,
UAN + PK a UAN + St s variantami FYM a Slurry. Piitom FYM a Slurry maji vys$si vstup
siry v hnojivu (16,3 a 16,4 kg S.hat.rok?). Varianty UAN a UAN + PK v hnojivu siru
neobsahuji. Na varianté UAN + St bylo dodano kazdoroéné pouze 2,61 kg S.ha™. Je ziejmé,
ze u variant UAN, UAN + PK, UAN + St, FYM a Slurry jsme zaznamenali vyznamné
zvyseni odbéru siry oproti kontrole v disledku intenzivniho hnojeni dusikem. Hnojeni N
vede ke zvySeni vynosi (Weil et Mughogho 2000, Pasley et al. 2012, Sakal et al. 2000).
Vyssi vynosy vedou ke zvySenému piijmu vSech zivin (Pasley et al. 2012), véetné siry
(Prietzel et al. 2001). Tento zavér potvrdily také studie Weil et Mughogho (2000) a Kngihts
et al. (2000).

V ptipadé variant SS, UAN + PMgS a AS se tedy jedna o spole¢ny vliv davky N, jako
u ostatnich hnojenych variant a také relativné vysoké davky siry dané hnojenim. Na zadné
z variant neklesl v priibéhu vegetace obsah Sav pod 10 mg.kg™, coz je podle Grobler et al.

(1999) hranice, pod kterou kukuftice jiz neni schopna naplnit sviij vynosovy potencial.

5.1.2 Korela¢ni analyza obsahu siry v rostliné s jejimi frakcemi v pidé

Jedna se o souhrn dvou studii, kde byl pozorovan vliv aplikovanych hnojiv na obsah
siry v pidé a rostlin€. Prvni studie je zaméfena na vliv organickych hnojiv (Suran et al.
2023), druha na vliv mineralnich hnojiv (Suran et al. 2021). Korela¢ni koeficienty tedy byly
vypocteny samostatn€ pro mineralni a organicka hnojiva.

Korelaéni analyza obsahli frakci siry v pud¢ s obsahem siry v rostliné poskytuje
zajimavé vysledky. V pokusu s mineralné hnojenymi variantami (Suran et al. 2021) jsou
korelace obsahu siry v rostling s obsahem Swzo @ Saps vyznamné (1> > 0,6; p < 0,01).
V pokusu s organicky hnojenymi variantami (Suran et al. 2023) jsou zminéné korela¢ni
koeficienty podobné, ale méné pritkazné (r> > 0,6; p < 0,05 pro Sz0; pro Saps nevyznamny).
Na druhou stranu u obou pokusi je obsah siry v rostliné velmi dobte korelovan s obsahem
Sav (soucet Shzo @ Saps) (2 > 0,7; p < 0,05). Dale byla pozorovéana vyznamna korelace siry
v rostling s Sorc (r? = 0,564; p < 0,05). Literatura uvadi, ze pravé frakce Sn20, Saps a Sav

jsou pro vyzivu rostlin sirou nejvyznamnéjsi (Boye et al. 2010 a Morche 2008). Zaroven tito
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autofi zdiraznuji vyznam frakce Sore, ktera se bézné povazuje za nepfistupnou rostlinam,
ale zpfistupnitelnou mineralizaci organické hmoty v prib&hu vegetace.

Obsah siry v rostliné koreluje s obsahem Swms v pud¢ zpravidla nizsim koeficientem,
ale na stejnych hladinach vyznamnosti, v pokusech s mineralnimi a organickymi hnojivy (r?
> 0,5; p <0,05). Toto extrakéni ¢inidlo obsahuje HNOs, a je tedy pravdépodobné, ze uvolni
z pudniho vzorku také €ést siry, ktera je rostlindm nepfistupnd. Pti porovnani obsahu siry
Vv rostlinach s obsahem Shzo a Swms, z Sirokého souboru pud s kukufici v monokultufe a
z rotace plodin, zjistili Sedlaf et al. (2021), Ze obsah siry v rostliné nekoreluje vyznamné
s obsahem Sh20, ale koreluje vyznamné s obsahem Swmz (0,629; p < 0,05). Tyto korelace
ovSem pochazeji ze vzorkii odebranych v BBCH 16-18, zatimco nase studie porovnavala
BBCH 75. Obsah Sh2o je Vv prubéhu sezony velice proménlivy (Blake-Kalff et al. 2000).
Dale fakt, ze vzorky v publikaci Sedlaf et al. (2021) byly odebrany z pid napfi¢ celou
Ceskou republikou, zptisobuje dalsi nartist variability hodnot.

Metodou extrakce Mehlich 3 bylo z ornice uvolnéno velmi podobné mnozstvi siry,
jako obsah Sav. Analyza rozptylu neukazala vyznamné rozdily mezi témito metodami
(Tukey’s HSD test, p < 0,05). Korelacni koeficient téchto dvou frakci také dosahl
vyznamnych hodnot (r? > 0,9; p < 0,001) v pokusu s mineralnimi hnojivy. Kulhanek et al.
(2018) uvadsji, ze obsah Sav koreluje s Smsz (> = 0,882, p < 0,001). Jedn4 se pii tom o $irsi
studii z riznych ptdnich typt, systémt hnojeni a rotaci plodin ¢i monokultur. Obdobné
vysledky byly popsany také mimo Ceskou republiku (Rogers et al. 2019 a Kowalenko et al.
2014).

5.1.3 Vyvoj frakci siry v ornici v pribéhu experimentu

Obecné Ize konstatovat, ze na vSech systémech hnojeni, kromé AS, doslo
K vyznamnému snizeni obsahi vSech mineralnich frakci siry v porovnani S obsahy pfi
zalozeni pokusu (rok 2019 porovnan s rokem 1997).

V prubéhu pokusu doslo ke snizeni obsahu Shzo na 23 — 45 % ptvodnich hodnot z roku
1997 (na vSech variantach). Obsah Sn2o je labilni a nachylny ke zménam (Morche 2008), je
nejvice ovlivnén odbérem rostlinami (Forster et al. 2012 a Knights et al. 2000), obsahem
piijatelné siry (Balik et al. 2009 a Kulhanek et al. 2016), aplikovanym mnozstvim siry
(Scherer 2009) a ptredevsim snizenim vstupti mineralni siry z atmosféry (Lehmann et al.
2008, Yang et al. 2007, Zbiral et al. 2018). Obdobné¢ také u frakci Saps a Sav byl zaznamenan
pokles na 58 — 74 a 31 - 50 % ptvodnich hodnot. Doslo také ke snizeni obsahu St na 73 —
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94% z puvodnich hodnot. Varianta AS je zajimava opa¢nym trendem. Nartst hodnot Saps
této varianty se da vysvétlit snizenou hodnotou pH, ktera vede ke zvySeni sorpce siranového
aniontu (Prietzel et al. 2001). SniZeni pH na této varianté je realnym jevem (Suran et al.
2024). To ovSem nevysvétluje narGst Sho. Kombinace vysoké davky siry
(142 kg S.halrok?), sesussim obdobim po aplikaci AS, mohla vést k akumulaci
mineralnich frakci S. ZvysSené hodnoty mineralni frakce se pak projevily pozitivné na obsahu
St. Hodnoty z naseho pokusu odpovidaji $ir§imu trendu napfi¢ riznymi pidami Ceské
republiky. Ve studii Balik et al. (2009) bylo zaznamenano sniZeni obsahti SH20, Saps, Sav a
St mezi roky 1981 a 2008 (z ptivodnich obsaht na hodnoty 35, 61, 50 a 92 %). Dale
Kulhanek et al. (2014) pozorovali obdobné zmény obsaht frakci siry (mezi roky 2014 a
1996) v rotaci plodin a riznymi typy hnojiv.

Na thoru (bez produkce rostlin a bez aplikace hnojiv) jsou vidét zajimavé vysledky.
Tato varianta ma vyznamny pokles v obsahu vsech frakci siry mezi lety 1997 a 2008.
Naésledné v roce 2019 jiz neni na této varianté pozorovan tak vyznamny pokles (nebo neni
pokles zadny). Je mozné, ze koncem devadesatych let stale dochazelo k vyplavovani siry
z nahromadénych depozic. Vlivem snizeni emisi SO2 (CHMI 2020) ovSem nedochazi k
vyznamnéjSim vstuptim siry z atmosféry. Vyplavena sira pravdépodobné neni nahrazena.
V metodice publikaci Suran et al. (2023) a Suran et al. (2021) je dokumentovano postupné
snizeni atmosférickych depozic siry v naSich pokusech. Na thoru se mezi lety 2008 az 2019
vytvoftila urcitd rovnovaha. Na kontrolni varianté (bez hnojiv ale s produkei kukufice) je
zaznamenano sniZeni obsaht siry také po roce 2008. To je dano odbérem siry rostlinami.
Obdobn¢ Gourav et al. (2018) popisuji vyssi hodnoty SHoo @ St na varianté s thorem nez na
varianté kontrolni po 48 letech péstovani kukufice na silaz v monokultute. Na 150letém
polnim pokusu v Rothamstedu byl popsan vliv hnojeni mineralni sirou v davkach 52 — 220
kg S.hal.rok™. Bylo zjisténo, e 74dna davka hnojiva neméla vliv na zvySeni obsahu
mineralniho, nebo organického podilu siry v ornici (Knights et al. 2000).

Jeden z hlavnich efektl aplikace organickych hnojiv je udrzeni/zvysSeni zasoby pidni
organické hmoty. Balik et al. (2020) popsali zmény obsahu pidniho organického uhliku
(Csom) na tomto pokusu. V roce 1993 na zacatku pokusu byl obsah Csom 1,26 %. V roce
2018 byl obsah Csom na kontrole, AS, UAN, UAN + Sta FYM v hodnotach 0,98, 0,93, 0,95,
1,16 a 1,49 %. Pokles byl zptisoben tim, ze kukufice na silaz na pozemku po sklizni
zanechava velmi malé mnozstvi rostlinnych zbytkl (jen kotfeny a strni§té — vice v kapitole

5.2).
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Mnozstvi a kvalita organické hmoty pouzitého hnojiva maji samoziejmé vliv na
obsahy Sorc a St v ornici. Obsahy St a Sorc byly vyssi na variant¢ FYM, nez na varianté
SS i pies to, ze davka siry ve varianté SS je vyssi. Chlévsky hnlij ma typicky vyssi pomér
C/S (95,7), coz mu propujéuje vyraznéjsi stabilitu a obecné organicka hmota s vysSim
pomérem C/S podporuje imobilizaci siry (Forster et al. 2012). Dale aplikace FYM vedla
Kk nardstu obsahu Csom (Balik et al. 2020), a spolecné s tim také K narstu obsahu Sorc
(Suran et al. 2023). Varianta s kejdou skotu obdrzela témé&f stejné mnozstvi siry jako FYM
a bylo na ni pozorovano snizeni obsahii St a Sorc. Kejda skotu ma typicky nizsi pomér C/S
(Islam et al. 2021) (36,3 v nasem pokusu) a je nachyln&jsi k mineralizaci v porovnani
S jinymi organickymi hnojivy (Barlog et al. 2020). Nejnizsi pomér C/S byl pozorovan
v Cistirenskych kalech (17,0). Takto maly pomér vede ke zvySeni mineralizace siry (Zhang
et al. 2021). Podle Dewill et al. (2008) a Sommers et al. (1977) je vyznamna ¢ast siry
v Cistirenskych kalech také v podobé mineralni, a je tedy velmi mobilni. Obecné Cistirenské
kaly obsahuji velky podil rychle mobilizovatelné siry ve form¢ sirand a sulfidi kova (Dewil
et al. 2008). V nasem pokusu byl nejvyssi pomér C/S na varianté¢ UAN + St (pies 700), coz
by vedlo ke zvySené imobilizaci S (Zhang et al. 2021). Z vysledkd nasi studie (Suran et al.
2023) je zfejmé, Ze na této varianté dochazi ke klesajicimu trendu obsahu Sorc V Ornici.
Nizka davka siry na této variant¢ ma pravdépodobné vyznamngjsi vliv nez vysoky pomér
C/S. Na této varianté také dochazi k poklesu hodnot obsahu Csom (Balik et al. 2020). To
logicky vede ke snizeni obsahu organicky vadzané siry. Sira se v orné ptidé vyskytuje z vice
jak 80 % v organické formé (Suran et al. 2023).

Forster et al. (2012) studovali zasoby siry v pudé v dlouhodobém experimentu
zalozeném v roce 1962 pfi rotaci plodin a aplikaci riznych hnojiv. Popsali narast frakce St
po aplikaci FYM a SS. V nasem pokusu se hodnoty St na téchto variantach vyznamné
nemeéni. Dale je z nasi studie mineraln¢ hnojenych variant zfejmé, ze frakce Sav ztratila
v pritbéhu experimentu 16 az 24 mg S.kg?, zatimco obsah St byl snizen o 24 az 59
mg S.kg?, s vyjimkou varianty AS (Suran et al. 2021). To vede k zavéru, Ze &ast ,,ztracené
siry z St musela byt organického ptivodu. Na ornych pidach, kde nedochazi k akumulaci
Csowm, je jen malo moznosti pro imobilizaci aniontu SO4> (Rogers et al. 2019).

Zaroven byl pozorovan nartst zastoupeni Sorg V 0bsahu St na vSech variantach ve
studii s organickymi hnojivy (Suran et al. 2023). Jedna se o disledek sniZzeni emisi SO2
(Zbiral et al. 2018). Snizeni atmosférickych depozici siry, z hodnot v fadu stovek

kg S.hal.rok® v osmdesatych letech na pouhé jednotky (Krupova et al. 2018), vedlo ke
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snizeni obsahu mineralni siry v padé¢ (organicky vazana sira tedy jevi relativni nartst
zastoupeni v St). Tento trend je reflektovan napii¢ celou Evropou (Forster et al. 2012 a
Knights et al. 2000).

5.1.4 Bilance celkového obsahu siry v experimentu

Ze vstupt (ptvodni stav St v pidé, hnojiva, depozice) a vystupt (odbér rostlinami,
konecny stav St v pud¢) 1ze kalkulovat, zda v ptidé dochazi ke kumulaci, nebo ztratam siry.
Z celého ptdniho profilu ornice a podorni¢i (0 — 60 cm) je patrné, ze vSechny varianty
zaznamenaly ztraty celkového obsahu siry. U mineralné hnojenych variant a kontroly je to
vysvétlitelné snizenim atmosférickych depozic, které byly zdrojem mineralni siry v padé
(Zbiral et al. 2018). Ztraty celkového obsahu siry byly ovSem zaznamenany také na
organicky hnojenych variantach. Obdobny jev byl pozorovan v pokusu Riley et al. (2002),
kde autofi sd€luji, ze ¢ast siry uvolnéné do pidniho roztoku a vymyté do spodnich vod je
také z organicky vazaného podilu. Autofi dale uvadéji, ze kazdoro¢ni ztraty vymyvanim jsou
vys8i nez vstupy hnojivy. Pti kazdoro¢nich vstupech hnojivy na variantach SS, FYM, Slurry,
UAN + St, AS a UAN + PMgS v davkach 54,2, 16,4, 16,3, 2,61, 142 a 58 kg S.ha* byly
pozorovany kazdoro&ni ztraty v hodnotach 66,1, 21,4, 24,8, 8,09, 142,2 a 95,3 kg S.hat. Je
evidentni, Ze na vSech variantach byly zaznamenany vétsi ztraty siry, neZ jejich piisun
hnojivy. Celkové vysoké ztraty siry na variantach AS, UAN + PMgS a SS (3271, 2193
a 1521 kg S.ha! za celych 23 let experimentu) jsou dany vysokou jednorazovou davkou
siry. Vyplavena sira miize kontaminovat spodni vody (Sharma et al. 2020).

Jako opatieni proti vyplavovani siry se v literatuie uvadéji aplikace hnojiv se
sirou V méné rozpustnych formdach, jako je tteba elementarni sira, nebo aplikace v ramci
organické hmoty (Riley et al. 2002 a Santoso et al. 1995), ptipadné rozdéleni celkové davky
do nékolika mensich. Na druhou stranu ov§em hnojiva s pomalym uvoliiovanim S vedou ke
snizeni odbéru siry rostlinami, a to zejména pokud je toto hnojivo aplikovano ve vice

davkach (Santoso et al. 1995).

5.2 Provéieni novych metod ve vztahu k jejich schopnosti indikovat
kvalitu pidni organické hmoty

V této Casti je diskutovan vztah indikatort kvality ptidni organické hmoty. Jedna se o
vysledky dlouhodobého polniho pokusu s monokulturou kukufice na Cerveném Ujezdu

(luvisol) (Balik et al. 2022a) na variantach hnojeni UAN, SS a kejdou skotu. Jesté¢ bude
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Z tohoto pokusu zminén vyvoj obsahu ptidniho organického uhliku ze studie Balik et al.
(2020) na varianté FYM. Dale jsou zde uvedeny vysledky ze stanovisté Suchdol (¢ernozem)
s monokulturou kukufice hnojené dvéma riznymi davkami mineralniho N (N120 a N240) a
SS (SS120 a SS240) (Balik et al. 2022b). V zavéru jsou prezentovany vysledky
z dlouhodobych pokusit UKZUZ (luvisol) s rotaci plodin hnojené FYM a stupiiovanou
davkou NPK s FYM (FYM + NPK1; NPK2; NPK3) (Balik et al. 2023). Srovnavaci varianta

byla u vSech pokust nehnojena kontrola.

5.2.1 Obsah piidniho organického uhliku

Zakladni informaci jsou zmény v obsahu organického uhliku v pidé (Csowm). Byl
pozorovan rozsah hodnot obsahu Csom 0,93 az 1,49 % v monokultufe kukufice na luvisolu
(Balik et al. 2020 a Balik et al. 2022a). V pokusu s rotaci plodin na luvisolu byl rozsah Csom
pro varianty riznych hnojiv 1,12 az 1,28 % (Balik et al. 2023). Obsah ptidniho organického
uhliku byl u obou pokusii vyznamné ovlivnén pouzitymi hnojivy.

V monokultuie vedla aplikace FYM ke zvySeni obsahu Csom (z 1,26 % na 1,46 %).
Pozitivni vliv aplikace FYM je také uveden ve studii Mensik et al. (2018). Dale také Schmidt
et al. (2000) pozorovali zvySeni obsahu Csom po aplikaci FYM (z 1,24 % na 1,64 %).
V nasich pokusech s rotaci plodin byl na v§ech hnojenych variantach (FYM a FYM + NPK)
zaznamenan statisticky vyznamny ndrast (obsah Csom 1,21 az 1,28 %) v porovnani
s kontrolou (1,12 %) (Balik et al. 2023). Vyznamny rozdil byl také pozorovan mezi variantou
hnojenou pouze FYM (1,21 %) a variantou s FYM + NPK3 (1,28 %). Tento trend se velmi
dobte shoduje se studii Mustafa et al. (2022).

Zaroven bylo prokazano nevyznamné snizeni obsahu Csom (0 8 %) na varianté¢ UAN
+ St (davka 5 tun susiny slamy.hal.rok’) (Balik et al. 2020). Z hodnot této varianty je
evidentni, Ze samotna aplikace slamy obilovin nemiZe pozitivné ovlivnit obsah pldni
organické hmoty. BéZné€ se uvadi, Ze jednim z urcujicich faktorti rychlosti mineralizace
hnojiva je jeho pomér C/N (van der Sloot et al. 2022). VéEts$i hodnota tohoto poméru by méla
vést k niz§i mineralizaci organické hmoty hnojiva (Abbsi et al. 2015). V monokultute je
pomér C/N ve slamé na variant¢ UAN + St roven 79,3. Pii kombinaci s minerdlnim N na
této variant¢ je vysledny pomér C/N roven 14,6, coz jesté vice podpoii mineralizaci slamy.
Proto je slama v naSich pokusech velmi rychle mineralizovdna a jeji aplikace nevedla
k nardstu obsahu Csom. To je ve shodé s literaturou (Christensen 1985, Wang et al. 2017,
Guan et al. 2020, Li et al. 2020a).
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Vyznamné snizeni obsahu Csom je pozorovatelné na variantich UAN a kontrola
V porovnani s hodnotou pfi zalozeni pokusu (Balik et al. 2020). Snizeni obsahu Csom pod
monokulturou kukutice bylo dokumentovan také v publikacich Ludwig et al. (2003), Loges
et al. (2018) a Bettina et al. (2003). Vyskytuji se také studie, ve kterych je pozorovan narist
Csom vV monokultute kukutice (Collins et al. 1999, Liang et MacKenzie 1992 a Rasse et al.
2006). V téchto studiich je ovSem kukufice péstovana na zrno. Naptiklad Liang et
MacKenzie (1992) popisuji zvyseni obsahu Csom V ornici o 18 % po Sestileté produkci
kukufice na zrno. V téchto pokusech ale ziistava vétSina nadzemni biomasy (kromé¢ zrna) po
sklizni na pozemku. V zasadé je problém produkce kukufice na silaz v tom, Ze dochazi
k vyraznému snizeni zanechanych poskliziiovych zbytkd, které by pozitivné ovlivnily ptidni
organickou hmotu, a to se pravé tyka nasi studie.

Velmi specifickym je ovSem stanovisté Suchdol na ¢ernozemi (Balik et al. 2022b).
V tomto pokusu je kontrola porovnana s dvéma davkami mineradlniho N (N120 a N240)
a dvéma davkami Cdistirenského kalu (SS120 a SS240), dodéavajici vzdy 120 a 240
kg N.hat.rok™. V této studii byl obsah Csom V rozsahu 1,61 az 1,84 %. U varianty s vysokou

davkou cistirenského kalu (SS240) je zietelna tendence k narastu obsahu Csowm.

5.2.2 Glomalin-related soil protein

Glomalin-related soil protein (GRSP) existuje ve dvou formach, forma lehce
extrahovatelna (EE-GRSP) a celkova (T-GRSP). Z jejich rozdilu se da stanovit obtizné
extrahovatelny GRSP (DE-GRSP). Forma EE-GRSP se z ptidniho vzorku uvoliiuje jednou
extrakci v citronanu sodném, T-GRSP vyuzivd opakované extrakce stejného vzorku
silngj§im roztokem citronanu sodného. EE-GRSP ma vyrazné¢ vétsi rozpustnost ve vodé, nez
T-GRSP (Wright et Upadhyaya 1998).

Na pokusech s monokulturou kukufice na luvisolu byly primérné obsahy EE-GRSP
a T-GRSP 616 a 2 140 mg.kg™* pudy (Balik et al. 2022a). Na pokusech UKZUZ s rotaci
plodin na luvisolu jsou primémé obsahy EE-GRSP a T-GRSP 749 a 2 689 mg.kg™ (Balik
et al. 2023). V pokusu na ¢ernozemi s monokulturou kukutice byl obsah EE-GRSP a T-
GRSP v priiméru 991 a 2 080 mg.kg*. Cernozem vykazuje vyssi podil EE-GRSP v T-GRSP
oproti luvisolim. Na ¢ernozemi je tento podil 48 % a na luvisolech pod 30 %. Lze
konstatovat, Ze nami stanovené obsahy GRSP odpovidaji hodnotdm uvadénym v fadé
literarnich zdroji. V zemédélsky vyuzivanych ptidach se obsahy EE-GRSP pohybuji fadove
ve stovkach mg.kg? (Dai et al., 2013, Turgay et al. 2015, Sandeep et al. 2016), oviem na
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velmi urodnych ptidach, jako jsou mollisoly, mohou obsahy EE-GRSP dosahovat také pres
3000 mg.kg™ (Curaqueo et al. 2011). T-GRSP dosahuje vyrazné vyssich hodnot, b&zng
v intervalech od 750 do 2500 mg.kg™ (Dai et al., 2013, Turgay et al. 2015, Sandeep et al.
2016). Na ornych pudach CR se obsahy T-GRSP pohybuji v praméru v rozmezi 1 900 az
4200 mg.kg™ pidy (Zbiral et al. 2017). Na velmi Girodnych piidach dochazi k nartistu hodnot
az k 9 000 mg.kg? pidy (Curaqueo et al. 2011).

5.2.2.1 VIiv monokultury a rotace plodin na obsah GRSP

V nasledujicich odstavcich budou casto porovnavany vysledky zrotace plodin
S kukufici a monokulturou kukufice na sildz. V nasem vyzkumu plivodné nebylo cilem
porovnavat vliv rotace a monokultury. OvSem to, Ze byly publikovany prace jak
z monokultury, tak z rotace plodin na stejném ptdnim typu - luvisol - nam toto srovnani
umoznuje. Studie na ¢ernozemi bude do diskuse také zahrnuta, ale pfirozena kvalita pudni
organické hmoty a urodnost tohoto ptidniho typu produkuje vyjimecné vysledky.

Wojewaddzki et CieScinska (2012) uvadéji, Ze obsah T-GRSP byl vyznamné vyssi
Vv rotaci plodin (nartist o 50 %), nez v monokultufe zita nebo brambor (v praméru 1 724
mg.kg?). V naSich pracich na luvisolu je obsah GRSP vysii vrotaci plodin nez na
monokultufe (nartst 0 21,6 a 25,7 % pro EE-GRSP a T-GRSP).

Wright et Upadhyaya (1998) a Holatko et al. (2021) uvadéji, ze mira kolonizace a
aktivita arbuskularni mikorhizy (AM) jsou kli€ové pro nartst obsahu GRSP. Podle Gosling
et al. (2006) ma vétsi diverzita rostlin v rotaci plodin pozitivni vliv na ptitomnost a aktivitu
AM. Bedini et al. (2007) uvad&ji mensi miru zastoupeni AM v monokultufe kukufice
V porovnani s trvalym travnim porostem. Vys$§i mnoZstvi zanechanych poskliziiovych
zbytkd vede také k vétsi kolonizaci AM (Borie et al. 2006, Roldan et al. 2007). Na druhou
stranu v monokultute kukufice na silaz je velka Cast sklizené biomasy odstranéna a dochazi
ke snizeni hmoty poskliziiovych zbytkt (Balik et al. 2020). Obsahy obou frakci GRSP byly
na monokultufe vyznamné vyssi pfi pouziti Cistirenskych kalt a kejdy skotu (Balik et al.
2022a). Je tedy evidentni, Ze na luvisolu bylo v monokultufe vyznamnym pozitivnim jevem
organické hnojeni, nebot’ na tomto pokusu dochézi k odsunu velkého mnoZstvi biomasy
(Balik et al. 2020) z pozemku, a to vede knizsi kolonizaci AM na variantach bez
organického hnojiva (Borie et al. 2006, Roldan et al. 2007). Na druhou stranu byl na
hnojenych variantach v rotaci na luvisolu obsah EE-GRSP neménny (Balik et al. 2023).
Obsah T-GRSP byl vyrazné¢ vy$si na variant¢ FYM + NPK3 (intenzivni davka NPK)
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v porovnani s FYM. Samotny FYM nebyl vyznamné rozdilny od kontroly. V rotaci tedy
nebyl pozorovan az tak vyznamny vliv hnojiv, protoze zde prevladal vliv vy$siho mnozstvi
poskliznovych zbytku a vétsi vliv diverzity rostlin na aktivitu AM (Gosling et al. 2006, Borie
et al. 2006, Roldan et al. 2007).

5.2.2.2 Obsah GRSP na luvisolu v monokultuie kukufice a rotaci plodin v nasich
pokusech

Obsahy frakci GRSP se mohou ménit v zavislosti na pouzitém hnojivu. V monokultuie
kukutice na silaz byl prokazan vyznamny nartust obsahu EE-GRSP (0 15,9 %) a T-GRSP (0
21,5 %) po aplikaci ¢istirenského kalu (SS) v porovnani s kontrolou (Balik et al. 2022a).
Obdobny vliv hnojeni Cistirenskymi kaly byl prokazan ve studiich Sandeep et al. (2016)
a Balik et al. (2020b). Také aplikace kejdy skotu v nasich pokusech vedla k naristu obsaht
EE-GRSP (0 9,51 %) a T-GRSP (0 8,2 %) v porovnani s kontrolou. Tento nartst hodnot je
Jiz nevyznamny. Pozitivni vliv kejdy prasat na obsah GRSP byl také popsan ve studii
Bertagnoli et al. (2020). Dale z nasich studii na monokultufe vyplyva, ze hnojeni mineralnim
N nezvySovalo obsah GRSP (Balik et al. 2022a a Balik et al. 2022b) (diskutovano v kapitole
5.2.2.3).

V pokusu s rotaci plodin se obsah frakci GRSP vyznamné nezvysil na varianté hnojené
FYM oproti nehnojené kontrole (Balik et al. 2023). Vyznamny narast byl pozorovén az pii
kombinaci FYM s vysokou davkou mineralniho NPK (FYM + NPK3). Bertagnoli et al.
(2020), Zhang et al. (2014), Valarini et al. (2009), Turgay et al. (2015) a Dai et al. (2013)
pozorovali narist T-GRSP jiz po aplikaci samotného FYM. V naSich pokusech varianta
FYM + NPK3 zaznamenala nejvys$i vynos biomasy (nepublikovano), coz je spojeno
S vy$§im mnozstvim poskliznovych zbytkl a biomasy kotent a jejich exudatii. To spole¢né
vedlo ke zvyseni GRSP. Tento nardst biomasy se také projevil vyznamnym zvysenim obsahu
Csom.

V literatufe nalézdme informace o tom, Ze, vyssi obsah GRSP je pozorovan spise na
kyselych plidach neZz na neutrdlnich a zasaditych. Obsah GRSP tedy roste s klesajici
hodnotou pH (Agnihotri et al. 2022). V nasem pokusu s monokulturou (Balik et al. 2022a)
byl pozorovan opacny jev. Byl zde popsan vyznamny, pozitivni vztah mezi EE-GRSP
a pHcaci2 (r? = 0,505; p < 0,05). Pidni reakce tedy nema jednoznaény vliv na hodnotu obsahu
GRSP. Rozhodujici je vliv jinych faktord, jako naptiklad obsah Csom. Dulezité je také

zduraznit vliv organickych hnojiv, kterd vedou K ristu biomasy rostlin, v¢etné rozvoje
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kotenového systému, a ndsledné k nartistu obsahu GRSP. Vys$si obsah plidni organické
hmoty vede také k tvorbé vétSich padnich agregatl, uvnitt kterych je vdzan GRSP (Zhang
et al. 2014), coz vede ke sniZeni intenzity mineralizace.

Z vysledku korelaci v nasich studiich na luvisolech je evidentni vyznamny vztah mezi
hodnotami frakci EE-GRSP a T-GRSP s obsahem Csom. (r> = 0,497 az 0,534; p < 0,05
monokultura kukufice; p < 0,001 rotace). Obdobné pozitivni korelace uvadéji také Singh et
al. (2016) (vSechny tii frakce GRSP, 1> 0,9; p < 0,01), Li et al. (2019) (T-GRSP, r? = 0,404;
p <0,01). Zajimave je, Ze ve studii Li et al. (2019) nebyl popsén vyznamny vztah mezi EE-
GRSP a Csom. Autoti této studie predpokladaji, ze v jejich pokusech je snizena aktivita AM.
Obsah EE-GRSP je primarné ovlivnén aktivitou AM (Koide et Peoples 2013, Wu et al.
2014). V podminkach CR se vztah mezi GRSP a Csom objevuje ve studii Sarapatka et al.
(2019) a hodnoty korelacnich koeficienti EE-GRSP a T-GRSP s Csom jsou podobné s nasi
studii. Rezacova et al. (2021) ovsem uvadgji, Ze vztah mezi T-GRSP a Csom je mnohem
siln€jsi, nez vztah mezi EE-GRSP a Csom. Opakovana extrakce T-GRSP muze vést k silngjsi
korelaci. Pfi této extrakci se totiz uvolfiuji s molekulou glomalinu dalsi latky, jako naptiklad
¢ast huminovych kyselin, polyfenolické molekuly, cukry a lipidy, které vSechny reaguji
s barvicim ¢inidlem (Bradford assay) pouzitym pro ur¢eni obsahu GRSP ve vzorku (Avio et
al. 2013). Tyto latky mohou vést k nadhodnocovani vysledkti obsahu GRSP (Li et al. 2020c).
Diky jeho pozitivni korelaci s obsahem pudniho organického uhliku je obsah GRSP
povazovan za indikator zmén plidni trodnosti (Wright et Upadhyaya 1998, Xie et al. 2015,
Dai et al. 2013, Li et al. 2019).

Byl také pozorovan vztah obsahu GRSP k obecné uznavanym indikatorim kvality
pudni organické hmoty. Obsahy EE-GRSP a T-GRSP jsou v dobré korelaci se stabilnéjsimi
indikatory, jako jsou obsah Cna (r? = 0,590 a 0,558; p < 0,05) v monokultuie (Balik et al.
2022a). Obdobné Vicek et Pohanka (2020) pozorovali vyznamnou korelaci mezi obsahem
GRSP a obsahy Cha. Déle jsou EE-GRSP a T-GRSP v malé korelaci s mén¢ stabilnimi Cra
(r? = 0,004 a 0,349; nevyznamné). V pokusu s rotaci plodin (Balik et al. 2023) byl navic
popsan vztah GRSP k dal$im indikatorGm pidni organické hmoty. Byly zde stanoveny

vyznamné korelace mezi obsahem GRSP a obsahy Csom, Cha, Chwe a Cpoc.

5.2.2.3 Obsah GRSP na ¢ernozemi v monokultufe kukufice

Na ¢ernozemi byl na varianté¢ SS240, po aplikaci extrémné vysoké davky Cistirenského

kalu (odpovidajici davee 240 kg N.ha™.rok), pozorovan vyznamny nartst EE-GRSP (0 10
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%) v porovnani s variantou N120 (hnojené davkou 120 kg N.hat.rok?). To se shoduje s vyse
popsanymi vysledky z monokultury kukufice na luvisolu. Tento nartst byl zfejmé zptisoben
vyrazné vyS§im rastem kofenové biomasy, a tedy zvySenou produkci GRSP. Lze
predpokladat, ze Cistirensky kal nebyl pfimym zdrojem GRSP. Metoda extrakce GRSP dle
Wright et Upadhyaya (1998) je urcena k uvolnéni GRSP z pud, nikoliv z organickych
hnojiv. Pfitomnost AM a GRSP nelze v kalech oc¢ekavat, protoze kal byl dovezen piimo od
producenta bez jakéhokoliv dalsiho skladovani. Reakce Bradfordova ¢inidla s huminovymi
kyselinami, polyfenolyckymi molekulami, lipidy a sacharidy (Avio et al. 2013) mize vést
k nadhodnoceni vysledkti obsahit GRSP (Li et al. 2020c). Cistirenské kaly b&Zn& obsahuji
vyznamné mnozstvi lipida a sacharidt (Jimenez et al. 2013), a to se pravdépodobné promitne
do takto hnojenych variant.

Hnojeni samotnym minerdlnim N nezvySovalo obsah GRSP, coZ je v rozporu se
studiemi Luna et al. (2016) a Treseder et Turner (2007). Je to ale v souladu s vysledky naSich
pokusti na monokultufe na luvisolu (Balik et al. 2022a). Zavéry studie Ma et al. (2018) do
urcité miry nase vysledky potvrzuji. V jejich studii bylo zjisténo, Ze dlouhodoba aplikace
minerdlniho N vede ke snizeni diverzity a aktivity AM. Dal§im diivodem mize byt fakt, ze
intenzivni mineralni hnojeni N vede k degradaci stabilni organické hmoty a snizuje stabilitu
pudnich agregati. To vede k rozpadu pldni struktury a naslednému snizeni AM, a
dusledkem je pokles produkce GRSP. Zvysena degradace kvality pudni organické hmoty,
dana niz8§imi hodnotami indexu smacivosti (PWI) a stability ptidnich agregati (WSA), byla
na ¢ernozemi pozorovana praveé na variantach intenzivné hnojenych mineralnim N (N120 a
N240). Kdyz vezmeme v Gvahu nizkou korelaci GRSP s Cra (méné stabilni formou
huminovych latek - ze studie na luvisolu) a skutecnost, ze obsah GRSP nebyl ovlivnén
pouzitim samotného N, pak jsou vysledky v souladu s teorii o zvySené odolnosti GRSP vuci
mineralizaci. Doba setrvani GRSP v plidé je az 42 let a zGstava v pude delsi dobu nez ostatni
humifikovana hmota (Rillig et al. 2001, Avio et al. 2013, Dorodnikov et al. 2011).

V pokusech na ¢ernozemi byl pozorovan také vyznamny vztah obsahit EE-GRSP a T-
GRSP s Csom (0,791 a 0,818; p < 0,01). Na druhou stranu nebyly pozorovany zadné
vyznamné korelace mezi GRSP a Cpa, nebo Cna/Cra, coz je vrozporu s vysledky na
luvisolu. Pfitom tyto parametry jsou dulezité pii urceni zmén kvality padni organické hmoty
(Kononova 1966). Zmény v hodnotach Cha @ Cra/Cra ovSem nebyly na Cernozemi tak
vyrazné. Na luvisolu byly zmény v obsahu Csom a jeho kvalitativnich parametrech mnohem

vyrazngj$i. To bylo ziejm¢& zplsobeno vyznamné mens$im obsahem a kvalitou plidni
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organické hmoty. Pro srovnani hodnoty na ¢ernozemi v této praci na kontrolni varianté jsou:
Csom — 1,62 %; Cha — 0,244 %; CHa/Cra — 1,352; Csom/NTt — 11,2; na luvisolu Csom — 0,98
%; CHa — 0,078 %; Cha/Cra — 0,565; Csom/NT — 10,2). Dalsim faktorem je stabilita GRSP
V pudé (zejména DE-GRSP). V tomto médiu dokaze GRSP setrvavat n¢kolik dekad (Rillig
2004) a nemusi byt tedy citlivy ani k relativn¢ dlouhodobému hnojeni.

Dale je nutné zminit, Ze ve vSech tfech pokusech byly zaznamenany vyznamné
korelace mezi obsahem obou frakci GRSP a obsahem Nt (vyjimkou je obsah EE-GRSP a
Nt vV monokultufe na luvisolu). V tomto vztahu je ovSem mnoho nejistot. Extrakty GRSP
jsou bohaté na jiné bilkoviny obsahujici dusik (Deng et al. 2023; Irving et al. 2021; Holatko
et al. 2021; Gillespie et al. 2011). Extrakt GRSP se nasledn¢ obarvuje Bradfordovym
¢inidlem, které se pouziva pro méfeni obsaht Siroké Skaly proteini (Kielkopf et al. 2020) a
neni specifické jen pro molekulu glomalinu.

Z nasich vysledku je vidét, Ze obsah GRSP je ovlivnén pudnim typem a systémem
hospodateni (rotace vs. monokultura), jak uvadi literatura (Vicek et Pohanka 2020 a

Wojewodzki et Ciescinska 2012).

5.2.3 Index smacivosti (PWI)

Kvalita pudni organické hmoty se da také popsat pomoci poméru C-H a C=0 vazeb
oznacovanych jako index smacivosti (PWI) (Leue et al. 2013 a Haas et al. 2018). PWI se da
vyuzit k: (i) urCeni stability plidnich agregatii, (i) posouzeni reten¢nich vlastnosti pldy
a (ii1) popisu kvality piidni organické hmoty. Vyssi hodnota PWI ukazuje na niz§i smacivost
pudnich agregatt a jejich vyssi stabilitu (Haas et al. 2018).

Hodnoty PWI na monokultufe kukufice na luvisolu (Balik et al. 2022a) byly v rozsahu
0,010 — 0,014. V pokusu s rotaci plodin na luvisolu (Balik et al. 2023) byl PWI v rozsahu
0,016 — 0,019. Fér et al. (2016) zminuji, ze PWI pro luvisol je v rozsahu 0,010 — 0,030, coz
souhlasi s nagimi hodnotami. Na monokultufe kukufice na ¢ernozemi (Balik et al. 2022b)
byly hodnoty PWI 0,020 — 0,029.

Organické hnojeni (SS a kejda) na pokusu s monokulturou kukufice na luvisolu
vyznamné zvySuje hodnoty PWI (0,014 pro ob¢ varianty) v porovnani s kontrolou (0,010)
a samotnym mineralnim N (0,010). Organické hnojeni zvySuje obsah hydrofobnich ¢astic
a pomaha tvorbe vétSich pidnich agregatii a je pravdépodobné, ze zvysSeni hodnot PWI je
dano pravé tvorbou hydrofobnich sekundarni metabolitii, vzniklych v pribéhu rozkladu

organické hmoty (Oktaba 2018). Adani et Tambone (2005) pozorovali nardst frakce
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alifatického uhliku v huminovych kyselinach po aplikaci Cistirenského kalu. Demyan et al.
(2012) pozorovali narast hodnoty PWI po aplikaci hnoje.

Na druhou stranu v rotaci plodin na luvisolu (Balik et al. 2023) nebyl pozorovan zadny
vyznamny rozdil v hodnoté¢ PWI mezi riznymi variantami hnojeni (v¢etné kontroly). Byl
pozorovan jen nevyznamny trend nartistu hodnot PWI na varianté hnojené nejvyssi davkou
NPK v kombinaci s FYM (FYM + NPK3). Zvysené hodnoty PWI na této variant¢ mohou
byt disledkem relativné vyssi davky mineralniho hnojiva. Aplikace mineralnich hnojiv vede
K narGstu biomasy kofent, zvySené produkci exudati, a nasledné K tvorbé stabilnich
agregatt (Haas et al. 2018). Nevyznamné zmény v tomto pokusu mohou byt také vysvétleny
tim, Ze jde o rotaci sedmi plodin. Edleusa et al. (2022) zjistili, Ze stabilita ptidnich agregatt
je vyznamné niz8§i na monokultufe kukufice nez v rotaci plodin. Na monokultufe na sildz
mohla byt stabilita plidnich agregatii vice ovlivnéna organickym hnojenim, nebot” dochazi
k odsunu velkého mnozstvi rostlinné biomasy z pozemku po sklizni (Balik et al. 2020a).
Zatimco v rotaci plodin byl vétsi vliv zapravenych poskliziovych zbytkl. To potvrzuji
zjiSténi Cagna et al. (2019). V jejich pokusu byla zvySena stabilita ptidnich agregat popsana
u rostlin z ¢eledi lipnicovitych, s hustym kofenovym systémem. V naSich pokusech s rotaci
plodin se vyskytuje celkem sedm plodin a ¢tyfi z nich jsou pSenice ozima a je¢men jarni. Na
monokultufe kukufice na ¢ernozemi ovSem PWI vykazoval vyznamné zmény dle typu
pouzitého hnojiva. Na Kontrolni varianté byly zaznamenany vyznamn¢ vyssi hodnoty PWI
Vv porovnani s variantou hnojenou mineralnim N v ddvce 240 kg N.ha™.rok™. Pfi porovnani
s ostatnimi variantami (Cistirenské kaly v dédvce ekvivalentni 120 a 240 kg N.ha™t.rok? a
mineralni N v davce 120 kg N.hat.rok) nebyly pozorovany vyznamné rozdily. Kontrola
dosahovala také nejvyssiho poméru Cna/Cra, coz poukazuje na vysokou kvalitu pudni
organické hmoty.

Na monokultufe kukufice na luvisolu byly prokazany vyznamné korelace hodnot PWI
s obsahem Csom (0,799; p < 0,001). Leue et al. (2019) také popsali pozitivni korelaci mezi
obsahem pidni organické hmoty a PWI. V rotaci plodin na luvisolu byla pozorovana
vyznamna korelace mezi hodnotami PWI a obsahy Csom (r? = 0,547), Cus (r> = 0,328), Cra
(r? = 0,399), Cra (r? = 0,358), Chwe (r? = 0,406) a Cpoc (r* = 0,457; p < 0,01). Silny vztah
mezi PWI a Csom byl popsan ve sdélenich Balik et al. (2022a), Leue et al. (2019). GRSP je
hydrofobni glykoprotein (Wright et Upadhyaya 1998) a da se tedy piedpokladat, Ze zvySeny
obsah GRSP by mél zvysSovat obsah hydrofobnich ¢astic, a tedy hodnoty PWI. Na obou
pokusech s luvisolem byl popsan vztah GRSP k PWI. V rotaci plodin byl popsan vztah mezi
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T-GRSP a PWI (0,383; p < 0,001). V monokultufe byla ptitom silna korelace mezi EE-
GRSP a PWI (0,735; p < 0,01). Pozitivni vztah mezi indikatory stability pidnich agregati
a obsahem GRSP je popsan také ve sd¢leni Curaqueo et al. (2011).

5.2.4 Index aromaticity (iIAR)

Pidni organickd hmota je také charakterizovana pomérem alifatickych a aromatickych
sloucenin, oznacovanym jako index aromaticity (Cunha et al. 2009). Tento index se pocita
z odraznosti alifatickych pasem a aromatickych pasem molekul. Vyssi hodnoty indexu
aromaticity znamenaji relativné niz$i podil aromatickych soucasti, respektive vyssi podil
alifatickych slozek organické hmoty ve stabilnich agregatech nez v agregatech nestabilnich
(Thai et al. 2023).

V rotaci plodin na luvisolu (Balik et al. 2023) byl rozsah iAR 0,032 az 0,036. Ve studii
na monokultufe kukufice na luvisolu (Balik et al. 2022a) byl rozsah iAR 0,019 az 0,027.
V monokultuie byl popsan vyznamny nérGst hodnoty iAR na variantich hnojenych
organicky (0,026 a 0,027 kejda a SS) v porovnani s mineralnim N a kontrolou (0,019
a 0,020). Narist mineralizace organické hmoty a tvorba alifatickych slou¢enin v agregatech
muze vést k naristu hodnot indexu aromaticity (Cunha et al. 2009). Na druhou stranu
Vv pokusu s rotaci plodin nebyly pozorovany vyznamné zmény v tomto indexu. Pozorovana
je pouze nevyznamnd rostouci tendence na organicky hnojenych variantach
S odstuptiovanou davkou NPK. Mustafa et al. (2022) vyhodnotili dlouhodoby pokus
monokultury kukufice s ddvkou NPK v kombinaci s chlévskym hnojem. Autofi této studie
uvadéji vyznamny nartst hodnot iAR. V naSem pokusu s rotaci byly pozorovany vyznamné
korelace iAR s nasledujicimi parametry: Csom (r? = 0,651), Cns (r? = 0,438), Cra (r? = 0,530),
Cha (r? = 0,471), Chwe (r? = 0,455), Cpoc (r* = 0,400) (p < 0,001). Zarovei iAR koreluje
s obsahy EE-GRSP (2 = 0,242; p < 0,05) a T-GRSP (r> = 0,455; p < 0,001). Na monokultufe
byly pozorovany vyznamné korelace iAR s obsahy EE-GRSP (r? = 0,688; p < 0,01) a Csom
(r? = 0,799; p < 0,001). Tento index a PWI vykazuji velmi podobné trendy, a je tedy
pravdépodobné, ze vliv rotace plodin, diskutovany vyse pro PWI, méa podobny vliv na
hodnoty iAR,
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5.3 Vztah mezi frakcemi siry v pidé€ a vybranymi indikatory kvality
pudni organické hmoty

V této Casti diskuze bude popsan vztah mezi ptidnimi frakcemi siry (SH2o, Saps, Sav,
Sorc @ St) vybranymi kvalitativnimi indikatory (obsah frakci GRSP a huminovych latek)
pudni organické hmoty na dlouhodobém pokusu s monokulturou kukufice na sildz na
stanovisti Cerveny Ujezd.

K urceni hlavnich faktorti byla pouzita analyza hlavnich faktora (PCA). Tato analyza
kombinace St, Csom, EE-GRSP a Cha a tento komponent byl ovlivnén hlavné aplikaci FYM.
Druhy hlavni komponent byl ovlivnén nejvice hnojenim AS a zahrnuje kombinaci Szo,
Saps a Sav a Cra. VIiv Csom a Nt byl jiz diive diskutovan v kapitolach 5.1 a 5.2 z dat
v Suran et al. (2023) a Balik et al. (2022a). Z tohoto diivodu nebude jejich vliv diskutovan
zde. Zamétime se na vztah GRSP a frakci huminovych latek ve vztahu k frakcim siry v pade¢.

Kazdoro¢né je na variant¢ AS aplikovano velké mnozstvi mineralni S, zatimco na
variant¢ FYM je aplikovano vyznamné mnoZzstvi organické hmoty v podobé chlévského
hnoje, ktery obsahuje kvalitni organické latky (Forster et al. 2012). U kontroly a varianty
S dusi¢énanem amonnym a mocovinou (UAN) nebyly zadné vstupy v podobé organické
hmoty, nebo siry, coz vysvétluje jejich odklon od obou hlavnich komponent. Zajimavé je,
ze varianta hnojend kejdou skotu (Slurry) je relativné blizko mineralni UAN a kontrole 1 ptes
to, ze obdrzela S a C. Nicméné organicka hmota v kejde je snadno mineralizovatelna (Islam
et al. 2021).

Do analyzy vztahti mezi ptidnim organickym uhlikem a sirou v pid€ budou zahrnuty
také T-GRSP, DE-GRSP, Cra a CHa i pfes to, Ze podle analyzy hlavnich komponent nejsou
vyznamné — dlivodem je naSe zaméteni na tyto indikéatory kvality Csom.

Vzhledem k tomu, ze dosud nebylo provedeno piimé méteni obsahu siry v GRSP, byla
zde provedena kalkulace na zakladé nepiimych udaju z literatury. Lovelock et al. (2004)
zjistili, Ze obsah N a C v ¢istém extraktu glomalinu je v praméru 4 a 47,5 %. Pomér C/N je
tedy v molekule ¢istého glomalinu 11,9. V nasem pokusu je pomér Csom/Nt V piidé mezi
9,31 a 10,7. Na zaklad¢ podobnosti poméri C/N v GRSP a ptud¢ bylo usouzeno, ze pomer
C/S v glomalinu bude podobny poméru Csom/Sorc V pudé. Vyuzitim poméru Csom/Sors
v pudé¢ je mozné dopocitat obsah S v GRSP.

Obsah siry v T-GRSP (St-crsp) byl vyssi (13,9 — 21,1 mg S.kg-! ptidy), neZ obsah siry
v EE-GRSP (See-crsp) (3,21 — 5,46 mg S.kg* piidy) diky faktu, ze T-GRSP je extrahovéan
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opakované ze stejného vzorku, zatimco EE-GRSP je uvoliiovan pouze jednou. Obecné
varianty hnojené organicky dosahovaly vyssich hodnot St.grsp, nez varianty mineralni, ale
nejvyssi a statisticky nejvyznamnéjsi nartst byl pozorovan na varianté FYM. Dle literatury
je EE-GRSP ziejmé piimym produktem AM (Koide et Peoples 2013, Wu et al. 2014)
a podléha rychlejsi mineralizaci (Cissé et al. 2021). Na druhou stranu je DE-GRSP vice
odolnym vic¢i mineralizaci v pidnim prostiedi s retencnim ¢asem az kolem 40 let (Harner et
al. 2004). To znamena, ze po vice jak 20 letech vstupti organické hmoty se obsah DE-GRSP
zvysi a s nim také obsah siry v DE-GRSP (Spe-grsp) a to vede ke zvySeni obsahu siry
v T-GRSP. Nicméné trendy ve vlivu hnojiv na See-Grsp @ Spe-Grsp jsou podobné. Obé frakce
tedy reaguji velmi podobné na aplikaci organickych hnojiv. Obsah frakci GRSP se zvysil na
zaklad¢ aplikovaného hnojiva. Varianta s kejdou ma srovnatelné obsahy St-grsp @ Spe-GRrsp
S mineralné hnojenymi variantami, protoZe se obsah Zivin v kejdé skotu miize velmi rychle
mineralizovat (Islam et al. 2021).

Vztah mezi obsahem frakci siry a GRSP byl hodnocen pomoci korela¢nich
koeficientl. VSechny frakce GRSP maji vyznamnéjSi vztah s obsahy frakci St a Sorc
(r* > 0,5; p < 0,01) nez s obsahy mineralnich frakci siry. Vyjimkou je vztah Sorc a DE-
GRSP. Slaby vztah mezi DE-GRSP a Sorc je ziejmé zpusoben tim, ze obsah Sorc Na
varianté s AS je relativné nizky, zatimco obsah pfistupné siry (Sav) je vyznamné vyssi
(Suran et al. 2021). Tato varianta obdrzi kazdoroéné 142 kg S.ha v mineralni formé.
Obsahy St a DE-GRSP se soucasné zvySuji V zavislosti na hnojeni. Extrakty GRSP jsou
bohaté na molekuly obsahujici uhlik, jako jsou glykoproteiny, huminové kyseliny, cukry,
lipidy (Gunina et Kuzyakov 2015, Deng et al. 2023), které ve své struktufe nejspise obsahuji
organicky vazanou siru a stavaji se tak rezervoarem siry.

Vyznamny vztah byl popsan také pro obsah Sorc a obsahy Cua, Chs
(r*>0,5; p < 0,01). Aplikace organickych hnojiv zvySuje vyznamné obsahy Csom (Rong et
al. 2016), a tedy zvysuje také obsah Cns (Balik et al. 2022). Tento vztah se také prenesl na
obsah St, nebot’ Sore tvoii pies 90 % této frakce (popsano v kapitole 5.1). Jak je evidentni
z literatury, huminové kyseliny jsou mimo jiné, také tvoteny atomy siry (Prietzel et al. 2007,
Ampong et al. 2022) a zvyseni obsahu huminovych kyselin v ptidé vede ke zvySeni obsahu
siry v ptdé (Li et al. 2019). Tradicné jsou huminové kyseliny chépany jako stabilni formy
uhliku (Zavarzina et al. 2021), a mohou proto obsahovat stabilnéj$i formy siry. Obdobné
také fulvokyseliny obsahuji siru (Prietzel et al. 2007) a narist jejich obsahu by mohl také

vést k nartistu obsahu S v ptidé. OvSem vztah mezi obsahem Cra @ Sorg nebyl prokazan. Na
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druhou stranu byl prok4zan vztah mezi mineralnimi frakcemi siry a Cea (r? > 0,4; p < 0,01)).
Je pravdépodobné, ze Cast vodorozpustné frakce siry mohla byt extrahovan spole¢né
s fulvokyselinami, které jsou také rozpustné ve vodé (Zavarzina et al. 2021). Varianta AS
neobdrzela zadné vstupy organické hmoty, a piesto vykazala nejvyssi hodnoty Cra spoleéné

S SH20, SaDs @ Sav V porovnani s ostatnimi variantami.
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6 Souhrnné zavéry

6.1 Kritické posouzeni metody Mehlich 3 jako vhodného extrakéniho
¢inidla pro stanoveni rostlinam pristupné siry

V hodnotach obsahu siry ziskanych metodou Mehlich 3 (Sms) nebyly
statisticky vyznamné rozdily vV porovnani s obsahem rostlindm pfistupné siry
(Sav = soucet vodorozpustné a sorbované).

Zaroven obsahy siry v extraktu Mehlich 3 dobte koreluji s obsahem siry
v rostling (r> > 0,5; p < 0,05).

Tento postup je obzvlasté uziteny, protoze touto metodou Ize urcit rostlinam
ptistupné podily nékolika zivin soucasné v ramci jediného méfeni. Dalsi
vyhodou je fakt, ze se tato metoda pouziva standardné pti agrochemickém

zkouseni zemédélskych pad.

Stanoveni obsahu siry v ptidé metodou Mehlich 3 se da doporucit k uréeni rostlinam

ptistupné siry, pokud je cilem soucasné stanovit jiné prvky. Na druhou stranu je nutné zminit,

ze pokud jde pouze o urceni jen rostlinam ptistupného podilu siry, tak se stale jako lepsi jevi

metoda urceni frakce Sav. Tato metoda poskytuje silngjsi korelace s obsahem siry v rostliné

(r?>0,7; p<0,05).

6.2 Bilance siry v piudé

Obsahy vodorozpustné, sorbované a rostlinam ptistupné siry se na témet vSech
variantach v priméru snizily na hodnoty 34, 66 a 41 % v porovnani s obsahem
na zacatku experimentu (pied 23 lety).

o Na variant¢ se siranem amonnym (AS) byl pozorovan narist
mineralnich frakci vlivem vysoké davky mineralni siry v aplikovaném
hnojivu.

Na vétsing variant byl pozorovan pokles v obsahu celkové siry (St).

o Na varianté¢ AS nedoslo ke sniZzeni obsahu St diky zvySeni obsahu
mineralnich frakei siry.

o Na variant¢ s chlévskym hnojem (FYM) nebyl pozorovan pokles

obsahu St diky zvySenému obsahu ptidniho organického uhliku (Csom).
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e Na vSech variantach v pokusu s organickym hnojenim doslo k nardstu podilu
obsahu organicky vazané siry (Sorg) z obsahu St, které bylo zpisobeno
snizenim obsahil mineralnich frakci siry.

Bilance siry, vychazejici ze vstupt a vystupt siry, byla na v§ech hnojenych variantach
zaporna. Nejvetsi ztraty siry byly pozorovany na variantach s Cistirenskymi kaly (SS),
siranem amonnym, dusi¢cnanem amonnym s moc¢ovinou, trojitym superfosfatem a kieseritem
(UAN + PMgS). Tyto varianty pii kazdoro¢nich vstupech siry hnojivy v davkach 54,2; 142,0
a 84 kg S.ha! ztratily v priméru 66,1; 142,2 a 95,3 kg S.hat.rok™. Varianta SS ztratila 1 521
kg S.ha! za celou dobu experimentu. Na variantach AS a UAN + PMgS jsou ztraty siry
zpusobené vysokou jednordzovou davkou mineralni siry. Na téchto variantach byly za celou

dobu experimentu kalkulovany ztraty siry 3 271 a 2 193 kg S.ha™.

6.3 Zhodnoceni vybranych indikatora kvality pidni organické hmoty

e Vrotaci plodin doslo k vyznamnym zménam v obsahu celkového glomalinu
(T-GRSP) na variantach s aplikovanym FYM v kombinaci se zvySenou, nebo
vysokou davkou mineralniho NPK v porovnani s kontrolou.

e Obsahy lehce extrahovatelného glomalinu (EE-GRSP) a celkového glomalinu
(T-GRSP) byly v pokusech s rotaci plodin vyssi o 21,6 a 25,7 % v porovnani
s monokulturou kukufice péstované na stejném pudnim typu (luvisol).

e Na monokultufe kukufice na silaZ byl stanoven vyznamny vliv organického
hnojeni na nartist obsahtt T-GRSP a EE-GRSP v porovnani s kontrolou.

e Na luvisolech byly stanoveny vyznamné vztahy mezi obsahy obou frakci
GRSP a obsahem Csom (r? > 0,5; p < 0,05). Dale byly stanoveny vyznamné
vztahy obou frakci GRSP sobsahem uhliku v huminovych kyselinach
(Cha; r?>0,4; p < 0,05).

o Vrotaci obé frakce GRSP korelovaly sobsahem rozpusténého
organické uhliku (Cpoc) a uhlikem extrahovatelnym horkou vodou
(Chwe).

o V monokultufe byly vyznamné korelace T-GRSP s Cpoc.

e Nacernozemi s monokulturou kukufice byl stanoven vliv hnojeni na obsah EE-
GRSP pouze pti velmi vysoké davce Cistirenského kalu (obsahujici 240 kg
N.ha?.rok). Byly stanoveny vyznamné korelace obou frakci GRSP s obsahem

Csom (r? > 0,75; p < 0,001).
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Vyuziti GRSP jako indikatord zmén kvality ptadni organické hmoty je mozné.

Hodnoty GRSP jsou v dobrém vztahu s hodnotami ,,tradi¢nich* indikatorti piidni Grodnosti,

ovSem tyto vztahy jsou specifické diky rozdilnym plidnim typim a zplsobu péstovani

rostlin. Je nutné zminit, Ze tato problematika vyzaduje dalsi studium na Siroké Skale ptidnich

typi.

Hodnoty indexti smacivosti (PWI) a aromaticity (1AR) se v rotaci plodin
vyznamné neménily V zavislosti na hnojeni (FYM samotny a v kombinaci
se stupiiovanou davkou NPK).

Hodnoty obou indexti se vyznamné zvySily na monokultufe po dlouhodobé
aplikaci Cistirenskych kald a kejdy skotu v porovnani s dlouhodobé
nehnojenou kontrolou a samotnym mineralnim N.

Hodnoty PWI a iAR vykazuji vyznamné korelace s tradicnimi metodami
(obsahem Csom, Chs, Cra, Cha, Crhwe a Cpoc) V rotaci plodin na luvisolu.
Diky pfirozené vysoké kvalité¢ ptidni organické hmoty na cernozemich bylo
vyznamné snizeni hodnot PWI na tomto pidnim typu pozorovéno pouze
u varianty hnojené extrémni davkou mineralniho N (240 kg.harok?). Na
variantach hnojenych stupniovanou davkou Cistirenskych kalti a mensi davkou

N (120 kg.ha*rok™) nebyly zaznamenany vyznamné zmény.

Na zékladé zminénych skuteCnosti je mozné konstatovat, ze pouziti PWI a iAR

k vyhodnoceni zmén kvality pidni organické hmoty muize byt vhodnou alternativou

k ,tradi¢nim“ metodam. Je nutné zminit, ze tato problematika vyZaduje dalSi studium

na Siroké skale pidnich typt.

6.4 Vztah vybranych indikatori kvality ptidni organické hmoty
k frakcim siry v pudé

Byl stanoven vyznamny vztah mezi:

obsahem Sore a obsahy EE-GRSP a T-GRSP; obsahem St a T-GRSP
a EE-GRSP (r>>0,5; p < 0,01).
obsahem Sorc a St s obsahem Cpa (> > 0,6; p < 0,001).

obsahem Sav a obsahem uhliku ve fulvokyselinach (r? = 0,495; p < 0,01).

Obsah siry v EE-GRSP a T-GRSP je ovlivnén typem hnojiva (organické/mineralni).
Chlévsky hntij vyznamné zvysuje obsah siry v GRSP (EE-GRSP a T-GRSP).
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