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a) tytut osiggniecia naukowego:

Charakterystyka i przemiany fitogenicznego krzemu (fitolitéw) w glebach réznych

biogeosystemow.

b) Publikacje wchodzgce w sktad osiggniecia naukowego:

D. Kaczorek, Sommer M. 2004. Obieg krzemu w biogeosystemach Igdowych klimatu
umiarkowanego. Roczniki Gleboznawcze (Soil Science Annual). T. LV No 3, 221-230.

D. Kaczorek, D. Puppe, J. Busse, M. Sommer. 2019. Effects of phytolith distribution and
characteristics on extractable silicon fractions in soils under different vegetation — An
exploratory study on loess. Geoderma 356/ 113917/.

M. Sommer, H.Jochheim, A.Ho6hn, J.Breuer, Z.Zagorski, J.Busse, D. Barkusky,
K. Meier, D.Puppe, M.Wanner, and D.Kaczorek. 2013. Si cycling in a forest
biogeosystem — the importance of transient state biogenic Si pools. Biogeosciences,
Volume 10, No. 7, pp 4991-5007.

D. Puppe, A. H6hn, D. Kaczorek, M. Wanner, M. Wehrhan, M. Sommer. 2017. How big
is the influence of biogenic silicon pools on short-term changes in water-soluble silicon
in soils? Implications from a study of a 10-year-old soil-plant system. Biogeosciences,
14, 5239-5252.

Wprowadzenie w tematyke badan

Krzem jest jednym z najbardziej rozpowszechnionych pierwiastkdw na kuli ziemskie;j.
Stanowi 26% catosci skorupy ziemskiej i wchodzi w sktad ponad 370 mineratow
skatotwadrczych. Jest jednym z podstawowych sktadnikéw gleb, gdyz jest sktadnikiem niemal
wszystkich skat macierzystych. Krzem jako drugi pod wzgledem iloSciowym pierwiastek
odgrywa bardzo wazng role w globalnym obiegu materii. Biorgc pod uwage catosciowy proces
wietrzenia krzemianéw, ktérego intensywnos¢ jest uwarunkowana zmianami klimatu, krzem
istotnie wptywa na obieg wegla w srodowisku. Gtéwnym Zrodtem krzemu w srodowiskach

morskich sg procesy wietrzeniowe w biogeosystemach lgdowych (Wollast, McKenzie 1983;



Tregueriin. 1995, Treuguer, Pondaven 2000, Treguer 2002, Conley 2002). Rola oceandw jako
magazynu wegla wspoétdziata z globalnym obiegiem krzemu, ktéry wykorzystywany jest do
budowy komérek przez radiolarie i okrzemki, ktére stanowig znaczgcg cze$¢ morskiej biomasy.
Im wiecej jest osaddéw na dnie mérz, tym wiecej wegla wytaczonego jest z obiegu materii.
Najwiekszym zrodtem zwigzkéw krzemu dla oceanow s3 sptywy tego pierwiastka z lagddéw z
wodami rzek. Przeprowadzony przez Treguer i in. (1995) bilans pokazuje, ze 80% krzemu w
oceanach pochodzi z rzek i w ostatecznosci z wietrzenia krzemianéw w biogeosystemach
ladowych. Z tych 80% az 20% krzemu dostarczaja rzeki klimatu umiarkowanego.

W glebach zwigzki krzemu wystepuja pod wieloma postaciami: w minerafach
pierwotnych (krzemianach i glinokrzemianach), mineratach wtérnych (gtéwnie mineratach
ilastych) oraz w mineratach wtasnych krzemionkowych powstatych w warunkach pedogenezy
(np. wtdrny kwarc, opal). Wietrzenie krzemiandéw jest procesem ciggtym w srodowiskach
glebowych, sama pedogeneza jest jednym z wazniejszych proceséw ttumaczgcych globalny
obieg krzemu. Wietrzenie chemiczne pierwotnych i wtérnych krzemianéw w glebach prowadzi
do uwolnienia zwigzkéw krzemu do roztworu glebowego, ktérych stezenie moze wynosi¢ od
60-120 umolI™* (Sommer 2002). Kwasy krzemowe w roztworze glebowym wystepujg w formie
kwasdw monokrzemowych, ktére w procesie polimeryzacji przechodzg w kwasy
polikrzemowe, a nastepnie mogg powstawa¢ z nich koloidy, zele, czy wytracenia
krzemionkowe. Z zeli krzemionkowych powstawaé¢ mogg wtoérne glinokrzemiany (smektyt,
alofany), jak i wtorne krzemionki (opal A) (Kaczorek & Sommer 2004). Wytracenia
krzemionkowe mogg réwniez tworzy¢ amorficzne otoczki na powierzchni innych ziaren
mineralnych wystepujacych w glebie (Veerhoff, 1992). Pewne ilosci zwigzkéw krzemu mogg
by¢ wyptukiwane z gleby wraz w wodg przesigkajgca (= desilifikacja, Anderson et al., 2000;
Oliva et al., 1999).

W glebach obecny jest réwniez krzem biogeniczny, do ktérego zaliczamy krzem
fitogeniczny (fitolity), mikrobiologiczny i protozoiczny. Wiedza na temat wielkosci, wtasciwosci
i przemian tych zasobow Si w glebach jest niewielka. Jedng z biogenicznych form Si w glebach
jest Si pochodzenia roslinnego (fitolity, krzem fitogeniczny) (Alexandre i in., 1997, 2011). Kwas
krzemowy, ktéry zostat pobrany z roztworu glebowego (aktywnie lub pasywnie), wytrgca sie
gtéwnie jako amorficzna krzemionka (SiO;nH;0) na scianach komérkowych, w sSwietle
komorki czy w pustkach miedzykomérkowych (Jones i Handreck, 1967; Piperno, 1988;

Watteau i Villemin, 2001; Maiin., 2001; Neumann, 2003). Zawartos¢ krzemu w roslinach waha
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sie od 0,1 do 16% mas.-% s.m. (Raven, 1983; Sangster i Hodson, 1986; Epstein, 1994;
Marschner, 1995; Datnoff i in., 2001). Wytrgcenia Si (fitolity) w roslinach moga osiggac
wielkosci od 100 nm (Watteau i Villemin, 2001) do 500 um (Piperno, 1988). Fitolity to
amorficzne czasteczki krzemionki (SiO2-nH20) majace specyficzng morfologie i dlatego mozna
je przypisa¢ do rdoznych grup taksonomicznych roslin (Piperno, 2006). Fitolity dostajg sie do
gleby in situ poprzez opadanie lisci i rozktad roslin; moga by¢ rowniez dostarczane do gleby
przez czynniki zewnetrzne, np. przez dziatalnosci cztowieka (nawozenie organiczne,
sktadowanie odpaddéw organicznych, stosowanie biowegla) lub mogg wystepowaé jako
podstawowe sktadniki skaty macierzystej (lessy, skaty osadowe) jako domieszki. Pomimo
ztozonych proceséw, ktére moga wptywac na fitolity w glebie (translokacja, rozpuszczanie,
erozja), Alexandre i in. (1999) wykazali, ze fitolity glebowe mogg by¢ dobrymi markerami
zmian roslinnosci.

Fitolity uwaza sie za gtéwny sktadnik puli krzemionki biogenicznej w glebie, a nastepnie
okrzemki i ggbki (Meunier i Colin, 2001; Clarke, 2003). Zawartosc¢ fitolitéw w glebie miesci sie
w przedziale od 0,1 do 3 mas.-%. Fitolity podlegaja w profilach glebowych réwniez
przemieszczaniu wywotanemu szczegdlnie przez bioturbacje i perkolacje (Alexandre i in.,
1997; Fishkis i in., 2009, 2010). Dlatego istotnym jest przedstawienie, jakim przemianom i
procesom podlegajg fitogeniczne (fitolity) zwigzki krzemu w glebach oraz jakie czynniki

(glebotworcze) wptywajg na ich formy jak i na sam process rozpuszczenia czy transportu?

Obiekty badawcze i cele badan

Badania przeprowadzone zostaty na 3 stanowiskach:

1. Beerenbusch to duzy obszar lesny, zwany "Naturpark Stechlin-Ruppiner Land" Niemcy.
Rekonstrukcja historii uzytkowania terenu wykazata, ze Beerenbusch byt pokryty lasami przez
co najmniej 230 lat. W celu uwzglednienia jednego z czynnikdw wptywajacych na DSi (krzem
rozpuszczony), tj. zawartosci mineratéw wietrzeniowych w glebie, zbadany zostal zalesiony
teren z absolutng dominacjg kwarcu (>95%). Okreslono ilosciowo strumienie Si (wewnetrzne,
zewnetrzne) dla okresu 4 lat i zinterpretowano eksport DSi (rozpuszczonego Si) w kategoriach
zrédet lito-/pedogenicznych i biogenicznych, jak rowniez zmian wegetacji. Postawiono tu
hipoteze o minimalnym wptywie chemicznego wietrzenia krzemiandw na ilo$¢ krzemu

rozpuszczonego (Sinzo) DSi.



2. Chicken Creek (Hiihnerwasser) reprezentuje sztuczng zlewnie w krajobrazie pogdrniczym
zlokalizowanym w aktywnym obszarze gérniczym Welzow South (kopalnia odkrywkowa wegla
brunatnego) Brandenburgia, Niemcy. Chicken Creek to teren badan o zdefiniowanych
warunkach poczatkowych i oferujgcy rzadkg mozliwos¢ monitorowania dynamiki rozwoju gleb

od samego poczatku. Celem niniejszych badan byto:

(i) ilosciowe okreslenie réinych pul biogennego krzemu (Bsi), tj. protofitycznej,
pierwotniakowej, zoogenicznej i fitogenicznej puli Si, w czasie poczgtkowego rozwoju gleb jak

i ekosystemu;
(ii) analiza zmian w pulach BSi, po dekadzie rozwoju ekosystemu; oraz
(iii) ocena wptywu réznych pul BSi na Si rozpuszczalny w wodzie.

3. Miechéw, (Matopolska, Polska), gtdwnym kryterium wyboru miejsca badan byta skata
macierzysta gleb (lessy) oraz odmienne uzytkowanie terenu. Wybrano nastepujgce
stanowiska: las bukowy Fagus sylvatica L (czystos¢ gatunkowa 100%, wiek> 100 lat), las
sosnowy Pinus sylvestris L (czysto$¢ gatunkowa> 70%, wiek> 100 lat), grunty orne (100-letnie
pole uprawne), oraz uzytki zielone (10-letnie taki), wczesniej wykorzystywane jako grunty
orne. Postawiono hipoteze, ze rozmieszczenie i zbiorowiska fitolitu w glebach terenéw
rolniczych i lesnych sg kontrolowane przez roslinnos¢ (ktora jest ksztattowana przez
uzytkowanie gruntéw), a bezposredni wptyw na wyekstrahowane frakcje Si zalezy gtéwnie od

cech fitolitu, tj. stopnia rozpuszczania i morfologii (proporcje morfotypow).

Metodyka badan

Oznaczanie form krzemu.

Szczawian amonowy (NHs-Oxalat) zastosowano do ilosciowego okreslenia Si
zaadsorbowanego/okludowanego na pedogenicznych tlenkach i wodorotlenkach; chlorek
wapnia (CaCl;) oraz roztwor wody (H20) zostaty wykorzystany do ekstrakcji tatwo
rozpuszczalnej lub mobilnej frakcji Si, czyli frakcji Sicaciz/n20 przyswajalnej dla roslin (Si obecny
w roztworze glebowym, czyli monomeryczny kwas krzemowy (HaSiOs4). Tiron
(CeHaNa20sS2-H20) zastosowano do iloSciowego oznaczania amorficznej frakcji Si (w tym
fitogenicznego Si). Catkowitg zawarto$¢ krzemu w materiale roslinnym oznaczono stosujac

kwas fluorowodorowy.



Analize sktadu catkowitego (Si, Al, Fe, K, Mg, Ca, Na, Ti) w probkach glebowych wykonano
metoda fluorescencji rentgenowskiej (XRF). Podstawowy sktad mineralny oznaczono na
probkach proszkowych na dyfraktometrze rentgenowskim (XRD).

Fitolity izolowano z gleby metody separacji grawimetrycznej (ekstrakcja fizyczna),
zastosowano ciecz ciezka: poliwolframat sodu (Nas(H2W12040)'H20) o ciezarze wiasciwym 2,3
g cm3. Utlenianie materii organicznej w prébkach glebowych przeprowadzono na mokro z
wykorzystaniem 30% H0; i 65% HNQOs. Z materiatu roslinnego pozoskano fitolity spalajac
materie organiczng w piecu muflowym w temp 450°C. (Szczegdtowe opis zastosowanych

metod znajduja sie w publikacjach).

Morfotypy fitolitdw oraz stopien rozpuszczenia fitolitu

Do scharakteryzowania wyizolowanych fitolitbw zostaty uzyte odpowiednio: mikroskop
Swietlny (Nikon eclipse LV100) i skaningowy mikroskop elektronowy (SEM; JEOL JSM6060 LV).
Sze$¢ najczesciej wystepujgcych form (morfotypdw) fitolitdw zostato wyliczonych przy uzyciu
10 zdjec wykonanych w mikroskopie skaningowym (SEM) (przy powiekszeniu 500x) zgodnie z
miedzynarodowg terminologig (ICPN-International Code for Phytolith Nomenclature 1.0,
Madellaiin., 2005). Wydzielono nastepujace morfotypy fitolitdw: 1. naczyniowe (vascular), 2.
podtuzne (elongate), 3. kuliste (globular), 4. wrzecionowate (fusiform), 5. lancetowate
(lanceolate), 6. krétkie komorki (short cells): bilobate, krzyzowe (cross), brodawkowate
(papillae), oponkowate (rondel), siodtowe (saddle), formy fitolitéw rzadko wystepujace lub
niejednoznaczne pod wzglebem budowy zaliczono do grupy "inne formy”.

Stan rozpuszczenia fitolitdw analizowano réwniez z wykorzystaniem 10 zdjeci z SEM, uzytych
wczesniej do klasyfikacji morfotypow. Wszystkie policzone fitolity przypisano do jednej z
trzech klas rozpuszczenia fitolitu: (i) fitolity bez wyraznych cech rozpuszczania (gtadkie; plain),
(ii) fitolity wykazujgce pewne wytrawianie powierzchni (porowate; rough-porous) oraz (iii)
fitolity z silnymi cechami rozpuszczania (ggbczaste; cratered/spongy).

Fitolitdbw poddano dodatkowo analizie ich widma pierwiastkowego (mapowanie

pierwiastkdw) w celu okreslenia sktadu catkowitego (EDX-X-Flash-Detector).

Opis uzyskanych wynikdw badan

Glebe w Beerenbusch sklasyfikowano jako Brunic Arenosol (Dystric) wedtug WRB

(2006). Wzbogacona w prdchnice wierzchnia warstwa gleby siegata do gtebokosci 35 cm.
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Poziom AE wskazywaty na niewielkg bielicowos$¢, natomiast rdzawienie doprowadzito do
jasnobrgzowego zabarwienia w poziomie Bw do gtebokosci 80 cm. Pojedyncze cienkie
warstewki/otoczki ilaste w gtebszych poziomach i materiale macierzystym wskazywaty
makroskopowo na przemieszczenie itu (do 120 cm). W glebie przewazaty frakcje piasku (>85%)
z dominacjg frakcji piasku Sredniego. W gérnych 50 cm stwierdzono zawartosci frakcji ilastej
nie przekraczajacej 3%. Gleba byta odwapniona do gtebokosci 1,8 m. W gdrnej czesci profilu
glebowego wartosci pH byta pomiedzy 4,3 a 4,5, w poziomach skaty macierzystej wartos¢ pH
wyniosta ponad 7,0. Mineratem dominujgcym we wszystkich poziomach glebowych byt kwarc,
stwierdzono réwniez niewielkie domieszki skaleni (ortoklaz > plagioklaz), piroksenu i kalcytu.

Wykonane badania mikromorfologiczne ujawnity bardzo maty stopien zwietrzenia
krzemiandéw (ortoklaz, mikroklin) jak réwniez brak oznak wytrawien na ziarnach kwarc.
Przyczyng tego zjawiska mogg by¢ otoczki zelazowo-ilaste, ktére chronia ziarna skaleni i
kwarcu przed rozpuszczaniem. Ostatecznie stwierdzono, ze wietrzenie skaleni oraz kwarcu nie
miato wptywu na stezenia DSi (krzemu rozpuszczonego).

W materiale roslinnym oznaczono catkowite zawartosci krzemu, najwyzsze ilosci Si
stwierdzono w lisciach buka, a nastepnie w korze gatezi i drewnie pnia, tuskach pgkow i
kapsutkach owocéw. Biorgc pod uwage biomase poszczegdlnych przedziatéw roslinnych,
taczna pula Si w biomasie nadziemnej wynosla 83 kg Si ha’. Najwiekszy udziat miata kora pnia
(50 %), nastepnie liscie (36 %), kora gatezi (6 %) i drewno pnia (3 %). Pobér Si przez rosliny
przyczynit sie do najwiekszego wewnetrznego przewptywu Si w biogeosystemie (35 kg Si ha™*
rok™). Duza cze$¢ transportowana byta do lisci (30 kg Si ha™ rok?), co czynito jesienny opad
Scidtki najwazniejszym skfadnikiem rocznego strumienia Si do gleby.

Zawartosc fitolitdw byta najwyzsza w gérnych 20 cm gleby i wyniosta 140 g fitolitéw m?
(= 1400 kg ha'), malata wraz z gtebokoscig w profilu glebowym (od poziomu L-8,7 g kg do
AB-0,3 g kg'). W sktadzie fitolitdw w poszczegdlnych poziomach glebowych dominowaty
fitolity podtuzne (polilobate, fusiform) i krétko-komoérkowe (bilobate, trapeziform) z
niewielkim udziatem fitolitow kulistych i naczyniowych. Co zaskakujgce, wyraznie
identyfikowalne fitolity buka stanowity jedynie niewielkg cze$é w gérnych centymetrach. Co
wiecej, formy wyizolowane ze scidtki byty prawie niewykrywalne w swoim pierwotnym
ksztatcie w glebie, nawet w gérnych 2 cm. Na podstawie przedstawionych wynikédw mozna
whnioskowac o szybkim rozpuszczaniu fitolitdw buka. Pod wzgledem przypisanej roslinnosci w

poziomach mineralnych ponizej 2 cm stwierdzono dominacje fitolitdw trawiastych.
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Odpowiada to bardzo dobrze wynikom badan roslinnosci z 1954 roku, ktore wykazaty, ze
wsrdd roslinnosci podszycia dominowaty rosliny o wysokiej zawartosci Si, takie jak
Calamagrostis epigejos (2,2% Si), Brachypodium sylvaticum (3,1% Si) i Agrostis capillaris (1,4%
Si). Zidentyfikowano réwniez fitolity sosny i mchéw (kuliste formy, zawierajgce Al). Poniewaz
jednak w miejscu badan nie rosty juz sosny i trawy (przynajmniej w ciggu ostatnich 30 lat),
fitolity sosny i trawy wyizolowane z gleby stanowily reliktowg pule biogenicznego Si.

W celu sprawdzenia stanu rozpuszczenia fitolitdw w naszej glebie okreslono trzy klasy
wzrastajgcego stopnia rozpuszczenia i policzono przyporzagdkowane im fitolity. Odsetek
fitolitow gtadkich (plain), nie wykazujacych oznak rozpuszczania lub wytrawiania
powierzchniowego, zmniejszyt sie istotnie z 69% na powierzchni gleby do 31% w poziomie AB
(10-20 cm). Réwnoczesnie wzrdst do 54% udziat fitolitdw wykazujacych lekkie trawienie
powierzchniowe (rough-porous). Fitolity silnie rozpuszczone (ggbczaste; cratered/spongy)
stanowity maksymalnie 19% w poziomie Ah (2-10 cm), ale nie wykazywaty wyraznej tendencji
w zaleznosci od gtebokosci.

taczac te wyniki z obserwacjg brakujgcych swiezych fitolitdw buka w poziomach
glebowych oraz réwnolegtym wzrostem Si rozpuszczalnego w wodzie z pulg Si fitolitu (gérne
25 cm), rozpuszczanie fitogenicznego Si jest najwazniejszym czynnikiem wptywajgcym na
stezenie DSi, a tym samym na export DSi. Stosunkowo wysokich stezen DSi (6 mg |"!) oraz ilosci
wymywanego DSi (12 kg Si ha™ rok?) nie mozna wyjasni¢ chemicznym wietrzeniem skaleni ani
rozpuszczaniem kwarcu. Zamiast tego, rozpuszczanie reliktowej, fitogenicznej puli Si wydaje

sie by¢ gtéwnym procesem odpowiedzialnym za obserwowane ilosci DSi.

Chicken Creek.
Obszar badan Chicken Creek reprezentuje sztuczng zlewnie w krajobrazie pogdrniczym
zlokalizowanym w aktywnym obszarze gérniczym Welzow South, Brandenburgia, Niemcy.
Klimat w Chicken Creek charakteryzuje sie Srednig temperaturg powietrza 9,6 Ciroczng sumg
opaddow 568 mm. Podstawowym sktadnikiem mineralnym we wszystkich frakcjach glebowych
(w to) byt kwarc (wykryto tylko niewielkie ilosci skalenia K, plagioklazu), kalcyt stanowit 0,5-
4,5%.

Do badan wykorzystalismy prébki pobrane krétko po wybudowaniu Chicken Creek
(2005, to) i po okresie rozwoju ekosystemu trwajgcym 10 lat (2015, ti0). Dla to (brak widocznej

roslinnosci) zatozono, ze biogeniczne formy krzemionkowe byty jednorodnie rozmieszczone
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na catym obszarze Chicken Creek (Puppe i in., 2016). Aby oceni¢ te rdznice po dekadzie
rozwoju ekosystemu, skoncentrowalismy sie na miejscach, gdzie gatunki roslin kumulujgce Si
(tj. Calamagrostis epigejos i Phragmites australis), staty sie dominujgce (Zaplata i in., 2010).

Po 10 latach (ti0) rozwoju ekosystemu zasoby Corg Wzrosty nawet 3-krotnie (396-556 g
m2 w gérnych 5 cm) w stosunku do odpowiednich wartosci w to. Spowodowato to wysoki
$redni roczny wskaznik sekwestracji CO,-C wynoszacy 27-32 g m (gérne 5 cm). W momencie
to wartosci pH gleb byty w zakresie od 7,9 do 8,3 po 10 latach wartosci pH obnizyty sie do 7,1-
7,4. Stwierdzono réwniez znaczgcy wzrost zawartosci Sinao W stosunku do to, ilo$¢ Sinzo
wynosity od 1,5 g m? do 2,2 g m2. W to $rednia zawarto$é Sitiron W gérnych 5 cm wahata sie
miedzy 4,1 gkg 'a 5,5 g kg 1. Natomiast zawartos¢ Sitiron po 10 latach (t10) wykazata niewielki
wzrost w obszarze zachodnim do 6,5 g kg * (552 g m™2), natomiast po stronie wschodniej
nastgpit znaczny spadek koncentracji do 2,6 g kg 2.

W to biogeniczny Si byt reprezentowany przez fitolity (> 50%), a nastepnie przez
okrzemki, igty gabek i poncerzyki ameb testate. Catkowita pula biogenicznego Si wzrosta w
kazdym odcinku po 10 latach rozwoju ekosystemu. Catkowity BSi wykazywat silne dodatnie i
statystycznie istotne korelacje z Sino rozpuszczalnym w wodzie. llosci fitogenicznego Si
wyniosty od 0 do 18 mg m2 w to i znaczgco wzrosty od 12,9 mg m2 do 20,7 mg m2 w ciggu 10
lat. Pule Si protofitycznego (okrzemki) wynosity od 0 do 7 mg m? w to i wzrosty do $redniej
47,4 mg m? w tin. W to nie stwierdzono obecnosci igiet gabek, z jednym wyjatkiem
reprezentujgcym warto$é ekstremalng (12,7 mg m). Po jednej dekadzie rozwoju ekosystemu
pule zoogenicznego Si wzrosty do 46 mg m2 (t10). ROwniez pule pierwotniakowego Si znaczgco
wzrosty do 11,5 mg m2 w tio.

Dla dwdch dominujgcych gatunkdw roslin Calamagrostis epigejos i Phragmites
australis, oznaczono catkowita zawarto$¢ krzemu, dla C. epigejos wynosita ona 2,25%,
natomiast dla P. australis 2,70%. W S$ciétce pod obiema trawami stwierdzono $rednig
zawartosé Si 3,1% (C. epigejos) i 2,9% (P. australis). Z obu roslin wyizolowano réwniez fitolity
wykazujac Srednig zawartos¢ fitolitow dla C. epigejos 0,37% i P. australis 0,43%. W odniesieniu
do catkowitej zawartosci Si w roslinach tylko 16% fitogenicznego Si byto reprezentowane przez
wyizolowane fitolity. Tak wiec fitogeniczny Si < 5 um stanowit okoto 84% catkowitej zawartosci
Si u C. epigejos i P. australis. Srednia zawarto$¢ ekstrahowanego fitolitu w $ciétce roélinnej

wynosita dla C. epigejos 0,47% i P. australis 0,51%.



Uzyskane wyniki wskazujg na silng zaleznos¢ pomiedzy Si rozpuszczalnym w wodzie a
catkowity zawartoscig biogenicznego Si (BSi). W tym kontekscie mozna rozwazy¢ dwa rézne
tancuchy przyczynowe: albo organizmy syntetyzujace SiO; sg zréodtem Si(OH)s w glebie, albo -
odwrotnie - ilo$¢ Si rozpuszczalnego w wodzie w glebie jest gtdéwnym Zrédtem dla organizmow
syntetyzujgcych SiO,, poniewaz biokrzemionka jest ograniczona przez Si(OH)s. Jest jednak
mato prawdopodobne, ze ameby testatowe wyczerpywaty ilosci Si(OH)s w tych miejscach,
poniewaz odpowiednie protozoiczne pule Si sg stosunkowo mate w pordwnaniu z
fitogenicznymi.

Dekadowe zmiany Si rozpuszczalnego w wodzie w Chicken Creek sg gtéwnie zalezne od
biogenicznego Si; tak wiec obieg Si jest kontrolowany biologicznie juz na samym poczagtku
rozwoju ekosystemu. W tym kontekscie fitogeniczny Si odgrywa szczegdlnie istotng role.
Jednak rozwijajgca sie warstwa organiczna (poziom L) na powierzchni gleby tymczasowo
chroni fitogeniczny Si przed rozpuszczaniem, poniewaz fitogeniczny Si jest nadal
wbudowywany w elementy strukturalne roslin (tkanki). W konsekwencji dochodzi do
powstania opdzniajacej puli fitogenicznego Si, a uwalnianie Si do gleby jest spowolnione.
Catkowita zawartos¢ Si i fitolitu w prébkach $ciotki w Chicken Creek nie réznita sie od
catkowitej zawartosci Si i fitolitu w roslinach. Fakt ten wskazuje, ze rozktad sciétki i zwigzane z

tym uwalnianie Si do gleby sg procesami stosunkowo powolnymi.

Miechow

Badane gleby wytworzone na lessach, sklasyfikowane zostaly jako Luvisole (buk, sosna) i
Luvisole zerodowane (uzytki zielone, grunty orne). Wszystkie profile glebowe zlokalizowano w
odlegtosci nie wiekszej niz 0,5 km od siebie. Gleby miaty bardzo podobny sktad
granulometrycznym, dominowaty frakcje pytu (>65%); frakcja ilasta stanowita 2-25%;
natoniast ilosci frakcji piasku byta od 2,2% (w poziomie eluwialnym gleby pod lasem
sosnowym) do 10%. Zawartos¢ wegla organicznego byta najwyzsza w poziomach organicznych
(0): 24,9% - las bukowy, 26% - las sosnowy, 7,8% - uzytek zielony. Poziomy préchniczne (A)
zawieraty znacznie nizsze wartosci Corg (0,8-5,0%). Gleby wyksztatcone pod bukiem (pH 3.5-
6.1) i sosng (pH 3.4-4.1) byty na ogdt bardziej kwasne w poréwnaniu z glebami wyksztatconymi
pod 10-letnig tgkg (pH 5.1-5.9) i gruntami ornymi (pH 5.0-6.6). Rozmieszczenie zwiazkéw Fe i
Al w profilach glebowych byto zwigzane z eluwialnym (E) i iluwialnym (Bt) poziomem

glebowym. Najintensywniejsze pionowe przemieszczanie Fe, Al i frakcji ilastych zachodzito w
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glebie pod lasem sosnowym. W glebach pod lasem bukowym i tgkach przewazata akumulacja
Fe i Al w poziomie Bt. W przesztosci erozja usuneta poziomy eluwialne w glebach ornych. W
zwigzku z tym nie stwierdzono istotnych réznic w rozmieszczeniu Fe, Al w profilu glebowym.
We wszystkich profilach catkowita zawarto$¢ SiO; byfta zblizona (70-80%), jedynie w
poziomach organicznych (O) zawarto$¢ SiO, byta znacznie nizsza (ok. 40%). Weglany
stwierdzono w glebie pod bukiem i gruntami ornymi CaO (odpowiednio 3,5 i 2,5%). Kwarc byt
gtdwnym mineratem badanych gleb; mineraty poboczne oraz mineraty jako domieszki to:
skalenie potasowe, plagioklazy, amfibole i pirokseny.

Rozmieszczenie przyswajalnego Si (Sicacz) w poziomach mineralnych w glebach pod
lasem bukowym i sosnowym wykazat pewne podobieistwo, przy najnizszej zawartosci w
poziomach eluwialnych (E) (5,0 mg kg~ dla sosny i 7,9 mg kg~'dla buka ). Uwage zwracat wysoki
udziat Sicacz (79 mg kg™?) w poziomie organicznym (O) gleby wytworzonej pod lasem
bukowym, w poziomach iluwialnych (Bt) i skale macierzyste] (C) zawartos¢ Sicaci2 byta od 13 do
48 mg kg™. Natomist tak duzych réznic w zawartosci przyswajalnego Si nie stwierdzono w
przypadku uzytkéw zielonych (19-35 mg kg™) i gruntéw ornych (22-29 mg kg™). Najwyzsze
stezenia krzemu amorficznego (Sitironu) Wystapity w poziomach organicznych O (12 g kg™') i Bt
pod bukiem (11 g kg™), a takze w organicznym poziomie sosny (8 g kg™) i uzytku zielonym (8
g kg™). Si wyekstrahowany szczawianem amonu (Siox) 0siggnat najwyzsze wartosci w
poziomach Bt (209 mg kg dla uzytkéw zielonych, 87 mg kg dla buka i 57 mg kg™ dla sosny)
w glebach uprawnych zawartos¢ Siox rosta wraz z gtebokoscig profilu glebowego (Ap 19, Bt 45—
55, C 72-130 mg kg™). Zawartosc Sitiron W badanych glebach byta najwyzsza w stosunku do

ilosci Siox czy Sicaciz.

Obecnosc fitolitdw stwierdzono w kazdym poziomie glebowym do gtebokosci 85 cm. taczna
masa fitolitdw glebowych wyniosta 7,7 kg m? dla sosny (0-75cm gtebokosci), 1 kg m2 dla buka
(0-80 cm gtebokosci), 1 kg m2 dla uzytkdw zielonych (0-85 cm gtebokosci) oraz 0,3 kg m2 dla
gruntéw ornych (0-70 cm gtebokosci). Najwyzsze zawartosci fitolitow stwierdzono w glebie
pod lasem sosnowym (5,5-16,0 g kg™). llo$¢ fitolitdw pod sosng byta zmienna w profilu
glebowym i osiggnetfa najwyzsza warto$¢ w poziomie eluwialnym (35-44 cm) 16,0 g kg™, ktory
charakteryzuje sie malg zawartoscig frakcji ilastej (ok. 2%). Wyzsza zawartos¢ tej frakcji w
poziomie Bt (55-75 cm) mogty stanowic¢ bariere dla dalszej translokacji fitolitdw w dot, a tym

samym doprowadzito to do akumulacji fitolitdbw powyzej tego poziomu. W pozostatych
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profilach glebowych zawartos¢ fitolitdw byta znacznie nizsza i wyniosta miedzy 0,01 a 2,5 g kg
! (las bukowy: 1,5-2,5 g kg™, uzytki zielone: 0,01-2,4 g kg%, grunty orne: 0,15-0,52 g kg™).
llos¢ fitolitdw na naszych stanowiskach byta tego samego rzedu wielko$ci w poréwnaniu z
innymi stanowiskami o podobnej roslinnosci (np. Blinnikov i in., 2013; Keller i in., 2012;
Sommeriin., 2013). Grunty orne wykazywaty najnizszg zawartos$¢ fitolitdow w naszym badaniu
(0,15-0,52 g kg™), gtéwnie z powodu usuwania roslin poprzez zbiory i zwiekszone procesy
erozyjne wynikajace z uprawy gleby (Guntzer et al., 2012; Keller et al. al., 2012; Vandevenne i
in., 2012).

Sposréd 15 analizowanych pozioméw glebowych w 11 poziomach dominowaty fitolity
podtuzne (typowe dla roslinnosci trawiastej) (23-31% buk; 24-40% sosna; 22-44% uzytki
zielone; 21-29% grunty orne) pozostate 3 poziomy byty zdominowane przez fitolity kuliste,
ktdre najczesciej wystepowaty w poziomach organicznych O (29% dla buka, 58% dla sosny) i
préchnicznym (Ah) pod sosng (34%). W dwdch poziomach dominowaty fitolity o formach
krétkich: pod bukiem (26%, gtebokos¢ 30-45 cm) i sosng (32%, gtebokos¢ 35-55 cm). W
poziomach organicznych obserwowano fitolity charakterystyczne dla buka (fitolity
naczyniowe), procentowy ich udzial wynidsl dla poziomu O pod bukem (14%), pod sosng (2%),
a w poziomie préochnicznym pod sosng (Ah, 1%). Pomimo tego, ze buk na badanym terenie
reprezentuje obecnie monokulture, ilos¢ stwierdzonych fitolitow buka (fitolitow
naczyniowych) wyniosta zaledwie 14 %, a zatem okoto 86% fitolitéow nie zostato wyraznie
przypisanych do buka. Stosunkowo duzg cze$é fitolitdbw odnotowano jako ,inne formy”,
poniewaz ich jednoznaczna identyfikacja nie byta mozliwa. Poziomy organiczne (O) i
prochniczne (Ah) byty na ogét zdominowane (w oparciu o rozpoznawalne fitolity) przez fitolity
kuliste zawierajgce Al, ktdre mozna przypisa¢ mchom.

Stosunkowo duzg liczbe zbiorowisk fitolitow reprezentowalty fitolity, ktére nie byty
jednoznacznie przypisywalne do okreslonych morfotypdw, a zatem zostaty zapisane jako ,inne
formy”. W tym kontekscie nalezy stwierdzi¢, ze na zbiorowiska fitolitéw w glebach wptywaja
rézne procesy, takie jak fragmentacja, rozpuszczanie, translokacja itp. - czynniki, ktére ogdlnie
utrudniajg uzyskanie doktadnego odzwierciedlenia (obecnej) lokalnej roslinnosci
charakteryzowanej przez okreslone morfotypy fitolitu (De Rito i in., 2018). Jesli chodzi o nasze
stanowiska badawcze, ,inne formy” dominowaty w zbiorowiska fitolitéw w prébkach gleby z
gruntéw ornych i 10-letnich uzytkow zielonych, ktére wczesniej byty rowniez wykorzystywane

jako grunty orne. W zwigzku z tym uprawa mechaniczna (w tym orka) mogta spowodowaé
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mechaniczne zniszczenie fitolitdw, a tym samym utrudniac ich jednoznaczng identyfikacje i
klasyfikacje.

Badajgc stopied rozpuszczalnosci fitolitow stwierdzilismy, ze w poziomach
organicznych pod bukiem (83%) i sosng (65%) dominowaty formy gtadkie, natomiast w
pozostatych poziomach wszystkich badanych stanowisk dominowaty formy szorstko-
porowate (49-65%). Zawartosc form gtadkich generalnie zmniejszata sie wraz z gtebokoscig w
profilach glebowych, czego nie obserwowano w przypadku form szorstko-porowatych czy
gabczastych. Naszg interpretacje podkreslajg wyniki analiz SEM dotyczacych ogdlnie stanu
rozpuszczalnosci fitolitow. Gleby lesne charakteryzowaty sie wiekszym udziatem fitolitow
niezwietrzalych ($wiezych) w poréwnaniu z glebami rolniczymi, co wskazuje na wspomniane
réznice w roslinnosci. Podczas gdy gleby lesne charakteryzujg sie (niezaktéconym) corocznym
doptywem duzych ilosci $wiezych fitolitdbw poprzez opadanie scidtki, gleby rolnicze sg czesciag
silnie zaburzonego systemu roslinno-glebowego, z ktorego rocznie usowane sa duze ilosci
fitolitow. Naszg interpretacje podkreslajg wyniki analiz SEM dotyczacych ogdlnie stanu
rozpuszczalnosci fitolitow.

Przyjmujemy ponadto, ze fitolity <5 um, ktére zostaty odfiltrowane z ekstraktow
fitolitdw i tym samym nie zostaty uwzglednione w grawimetrycznej kwantyfikacji zawartosci
fitolitow sg gtdwnym czynnikiem wptywajgcym na zawartos¢ ekstrahowalnych frakcji Si w
glebach. Potwierdzajg to badania ekosystemu w Chicken Creek (Puppe et al. 2017) ze fitolity
wieksze niz 5 um stanowig tylko okoto 16% catos$ci zawartos$é Si w materiatach roslinnych
Calamagrostis epigejos i Phragmites australis. Wilding i Drees (1971) wykazali, ze okoto 72%
fitolitéw lisciowych buka amerykanskiego (Fagus grandifolia) ma mniej niz 5 um. Odkrycia te
wyraznie wskazujg na potencjalne znaczenie fitolitow <5 um w ogdélnym cyklu Si. Ponadto
Meunier i wsp. (2017) oraz Puppe i wsp. (2017) podkreslili znaczenie kruchych fitogenicznych
struktur Si dla cyklu Si, poniewaz reprezentujg kolejng ogromna i najbardziej reaktywng pule

Si w glebach.

Podsumowanie

Badania opublikowane w ramach prezentowanego cyklu artykutdw naukowych
dostarczyty wielu nowych i cennych wnioskdw dotyczgcych charakterystyki jak i wptywu
fitolitow i fitogenicznego krzemu na obieg krzemu w $rodowisku glebowym. Zgodnie z

oczekiwaniami, poziomy glebowe pod rding roslinnoscig charakteryzowaty sie ogdlnie
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roznicami w ekstrahowanych frakcjach Si, zwtaszcza w gérnych poziomach glebowych. Jednak
ilosci fitogenicznego krzemu wbrew intuicji nie wykazaty zadnych korelacji z chemicznie
ekstrahowanymi frakcjami krzemu i pH gleby. Dlatego tez, konieczne jest potgczenie analiz
mikroskopowych i metod ekstrakcji Si do badan cyklu Si w biogeosystemach, poniewaz same
ekstrakcje frakcji Si nie pozwalajg na wycigganie jakichkolwiek wnioskéw na temat wtasciwosci
fitolitu lub interakcji miedzy zbiornikami fitolitu a chemicznie ekstrahowanymi frakcjami Si.

Ponadto w badanych glebach dominujgcymi morfotypami fitolitdw byty fitolity
podtuzne i krotkie ,short cell”, oba sg wyznacznikami roslinnosci trawiastej. Fitolity
charakteryzowaty sie rézng rozpuszczalnoscig w glebie. Fitolity traw byty bardziej oporne na
rozpuszczanie w stosunku do fitolitéw drzew lisciastych (buk). Czynnikami kontrolujgcymi
rozpuszczanie fitolitu w glebie s3: powierzchnia wifasciwa, zawartos¢ glinu (Al), stan
uwodnienia, wiek, szybkos$¢ biodegradacji materii organicznej i pH gleby. Stwierdzono
pionowe rozmieszczenie fitolitbw w poziomach glebowych na rdéznach stanowiskach
badawczych oraz ich przemieszczanie w profilach glebowych.

Badane biogeosystemy (inicjalne, lesne, rolnicze) wykazaty rdinice w
biogeochemicznych cyklach Si pod wzgledem przeptywu i dynamiki Si. Intensywne
uzytkowanie ekosysteméw lgdowych przez ludzi bezposrednio wptywa na obieg krzemu, co
czesto wigze sie z utratg (fitogenicznego) Si. W ekosystemach takich jak pola uprawne lub
uzytki zielone, proces akumulacji fitogenicznego krzemu w glebach jest w pewnym stopniu
zahamowany poprzez zbiér plondw jak i erozje powodowang uprawg gleby. W skali globalnej
uprawy polowe pochtaniajg okoto 35% catkowitego fitogenicznego krzemu i udziat ten bedzie
wzrastat w ciggu najblizszych dziesiecioleci spowodowany zwiekszong produkcjg rolng (Carey
i Fulweiler, 2016).

Ze wzgledu na wieloaspektowosé i ztozonos¢ prezentowanej problematyki, konieczne
sg dalsze badania dotyczace frakcji < 5um fitogenicznego krzemu, ktéra odgrywa chyba

najwieksza role jako zrédto tatwo dostepnego Si w glebach.
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Inne osiggniecia naukowe

Zastosowanie mikromorfologii w badaniach biogenicznej krzemionki

Mikromorfologia jest poteznym narzedziem stosowanym dla lepszego zrozumienia
procesow genezy gleb. Analizy mikroszlifow glebowych o nienaruszonej strukturze dajg wglad
w mikrostrukture gleby in situ. Obserwacja w mikroskopie swietlnym pozwala na odrdznienie

lito- i pedogenicznych form mineralnych, dostarcza informacji o sktadnikach réwniez tych
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wiekszych od 2mm, materii organicznej, systemie porow glebowych, formach agregatéw

glebowych i aktywnosci mikrofauny glebowe;.

Badania mikromorfologiczne pozwolity wydzieli¢ nastepujace formy biogenicznej
krzemionki: fitolity, okrzemki, ameby, igty gabek (Kaczorek et al. 2018). Analizujac bio-
krzemionke moze uzyska¢ wglad w aktualne i przeszte warunki pedogenezy oraz ujawnié
trendy ewolucyjne poszczegdlnych gleb lub catych krajobrazéw. Biogeniczna krzemionka
wystepuje najczesciej w powierzchniowych poziomach gleb, wynika to z tego, ze fitolity
dostajg sie do gleby z masg roslinng, natomiast dla ameby glebowych, okrzemek i ggbek
poziomy glebowe z materig organiczng sg naturalnym srodowiskiem ich Zzycia. Igty ggbek i
okrzemki magg by¢ dostarczane do gleby réwniez przez nawozenie gleb. Stosujgc metody
chemiczne lub fizyczne do identyfikacji i izolacji fitolitéw, ameb czy okrzemek narazamy nasze
obiekty badawcze na uszkodzenia mechaniczne. W pracy Kaczorek 2009, przeprowadzitam
badanie mikorosondg na mikroszlifach i uzyskatam bardzo ciekawe formy fitolitdw (podtuzne,
rozetowe) oraz pojedyncze osobniki ameb glebowych. W innej pracy Ehrmann et al 2013 z
powodzeniem zastosowalismy mikroszlify do ilosciowego okreslenia puli ameb glebowych w
réznych poziomach glebowych pochodzacych z 31 ekosystemoéw lesnych. Proste liczenie na
mikroszlifach przy uzyciu mikroskopu sSwietlnego dato gestosci ameb poréwnywalne z
wczesniej podawanymi warto$ciami (tj. od 0,1x108 do 11,5x108 osobnikdw m2). Opis in situ
ameb, oparty na analizie mikroszlifu, wykazat stosunkowo réwnomierne mikrorozmieszczenie
przestrzenne w organicznych poziomach glebowych, w poziomach mineralnych nie
stwierdzono skupisk ameb testate. Badania mikromorfologiczne w pofaczeniu z réznymi
zaawansowanymi technikami pomiarowymi (SEM-EDX) dajg ogromne mozliwosci badawcze
proceséw i zjawisk zachodzgcych w naszych glebach.

Kaczorek D. 2009. Identyfikacja biogenicznego krzemu w glebach z wykorzystaniem badan w
mikroskopie swietlnym oraz badan mikrosonda. Roczniki Gleboznawcze tom LX No 4, 42-49.

O. Ehrmann, D. Puppe, M. Wanner, D. Kaczorek, M. Sommer. Testate amoebae in 31 mature
forest ecosystems— Densities and micro-distribution in soils. European Journal of Protistology.
48:161-168, 2012

Kaczorek, D., Vrydaghs, L., Devos, Y., Peto, A". & Effland, W.R., 2018. Biogenic siliceous
features. In Stoops, G., Marcelino, V. & Mees, F. (eds.), Interpretation of Micromorphological
Features of Soils and Regoliths. Second Edition. Elsevier, Amsterdam, pp. 157-176.
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Krzem- inne aspekty badawcze

Moje zainteresowania krzemem siegajg roku 2004, w ktérym opublikowatam wraz z
kolegg M. Sommerem (ZALF) swojg pierwszg prace problemowo/przeglagdowg na temat
krzemu w glebach (kaczorek & Sommer 2004), potem pojawity sie kolejne prace Sommer et
al 2006, Conley et al 2006 jako poczatek wspdtpracy z naukowcami z Niemiec, Danii i Francji.
Zebrana wiedza w opublikowanych wspdlnie pracach poruszata kwestie krzemu w aspekcie
globalnym, ekosystemdéw morski, Igdowych: lesnych i rolniczych. Moje zainteresowania
dotyczyty krzemu w srodowisku glebowym. W tamtym czasie wiedza na temat zasobodw i
przemian krzemu w glebie byta niewystarczajgca, zwtaszcza w pordwnaniu z innymi
pierwiastkami, takimi jak Fe, Ca, N, itp. Z perspektywy gleboznawczej istniato wiele pytan
dotyczacych réznych form krzemu w glebach, np. form amorficznych, w tym biogenicznych,
ich stabilnosci i dynamiki w zaleznosci od rdznych czynnikdw glebotwdrczych (skaty
macierzystej, pH gleby, rodzaju roslinnosci).

Pierwsze wspdlne badania dotyczyty metod chemicznych ekstrakcji amorficznych
zwigzkow krzemu (ASi) z gleb (Saccone 2007) jak réwniez formy krzemu dostepnej dla roslin
(Hohn 2008). Przeprowadzone badania daty jednoznaczny wynik, ze metody z alkalicznymi
ekstrahentami sg bardziej wydajne niz metody w ktdrych zastosowano ekstrahenty o niskim
pH (4,5).

W pracy Steinhofel et al 2011 przedstawiono pierwsze badania dotyczace izotopdéw
krzemu w glebach. Uzyskane wyniki badan wykazaty, ze ablacja laserem femtosekundowym
UV MC ICP-MS stanowi narzedzie do scharakteryzowania sygnatury izotopowej krzemu
gtownych puli krzemowych pozostawionych po wietrzeniu i transporcie krzemu, ktore
zmienity glebe. Opal biogeniczny w postaci fitolitdw wykazat ujemng sygnature izotopowg Si
wynoszgcy okoto -0,4%o.

W zwigzku z tym, ze krzem zwieksza odpornos¢ roslin na rézne stresy abiotyczne i
biotyczne, jest on obecnie zaliczany do substancji korzystnych dla rodlin. Poprzez
intensyfikacje rolnictwa cztowiek ma bezposredni wptyw na obieg krzemu w skali globalnej.
Eksport Si powodowany zabieraniem plondéw z pdl prowadzi do strat Si w glebach rolniczych.
Przeprowadzone badania na dfugoletnich doswiadczeniach polowych oceniajgce wptyw
réoznych dawek nawozenia azotowo-fosforowo-potasowego (NPK) oraz nawozenia

organicznego (zwrotu stomy) na wielkos$¢ eksportu krzemu z gleby, pokazaty ze recykling stomy
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zapobiega desylifikacji krzemu z gleby a tym samy jest on tatwym Zzrodtem Si dla roslin
uprawnych (Puppe et al. 2021).

Przez prawie 20 lat prowadzonych badan nad krzemem udato sie odpowiedzie¢ na
wiele pytan dotyczgcych form krzemu w srodowisku glebowym oraz jego funkcji w systemie
gleba-roslina (Schaller et al 2021). Cztowiek w znaczynam stopniu zaktéca naturalny obieg Si
w ekosystemach, a tym samym wptywa na niektére wiasciwosci gleby (magazynowanie wody,
dostepnos¢ sktadnikéw odzywczych i stabilno$¢ mikroagregatow)(Schaller et al 2021). Aby
uzyska¢ catosciowy obraz wptywu Si na poziomie ekosystemu oraz wyjasni¢ wzajemne
oddziatywanie czynnikéw abiotycznych i biotycznych w obiegu Si, potrzebne sg dalsze badania
taczace takie dzieciny nauki jak: gleboznawstwo, ekologie, fizjologie roslin oraz mikrobiologie

(Kratz et al 2021).
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Ruda darniowych — wtasciwosci i charakterystyka mikromorfologiczna

Tworzgca sie w wyniku proceséw oksydacyjno - redukcyjnych ruda darniowa ma
specyficzne wiasciwosci fizyczne, chemiczne oraz interesujacq budowe mikromorfologiczna.
Rudy darniowe wystepujg powszechnie na terenach nizinnych i w dolinach rzecznych,
praktycznie na terenie catej Polski. Zrédtem zelaza dla tworzacych sie wytracer zelazowych,
konkrecji i rud darniowych s3 procesy wietrzeniowe pierwotnych mineratow skat
macierzystych gleb, uwolnione zwigzki zelaza ulegajg przemieszczaniu/wymywaniu w profilu
glebowym i w nastepstwie procesdw oxydacyjnych-redukcyjnych wytracajg sie. Zelazo moze
by¢ przenoszone z wodami gruntowymi na duze odlegtosci gdzie w strefie utleniania nastepuje
jego wytrgcanie i akumulacja. Makromorfologicznie mozemy wydzieli¢ kilka rodzajow rud
darniowych: miekkg rude darniowg, forme konkrecyjng (agregatowg), odniane blokowg i
masywne poziom (warstwy) rudy darniowe;j.

Rudy darniowe skfadajg sie gtdwnie z tlenkéw zelaza (20-50% Fe), manganu (0,2-1%
Mn), a takze zawierajg duze zawartosci zwigzkéw fosforu (2-4% P) i wegla organicznego (1-
10%). Sktad mineralogiczny rud darniowych jest bardzo ztozony i heterogenny: getyt i
ferrihydryt wystepujg w profilach o naturalnym uktadzie poziomdéw i niezmienionych
stosunkach wodnych, gdzie poziom wdd gruntowych ulega znacznym wahaniom w ciggu
catego roku, natomiast w strefie redukcyjnej profilu glebowego, przy znacznej zawartosci
substancji organicznej oraz fosforu, tworzg sie: wiwianit i syderyt. Getyt, ferrihydryt, wiwianit
oraz syderyt mogg wystepowac¢ w tych samych poziomach, co swiadczy o zachodzgcych
zmianach potencjatu oksydacyjno-redukcyjnego.

Mikromorfologia rud darniowych jest bardzo ciekawa (Kaczorek Sommer 2003, Kaczorek &
Zagorski 2007), gdyz wyjasnia sam proces jej powstawania. W masywnych poziomach rudy
darniowej mamy mikrostukture, porowatga, czasami masywng. Mase podstawowg stanowia
wodorotlenki zelaza (ferrihydryt), natomiast kanaliki i wolne przestrzenie wypetniaja:
krystalicznie igietkowy getyt jak i izotropowe (amorficzne) wodorotlenki zelaza, o réinej
intensywnosci barwy. W wielu miejscach pory wypetnione sg kilkoma warstwami (coating)
amorficznych zwiazkdw zelaza, Swiadczy to o ciggtym naptywie zelaza z wodg gruntowg i jego
utlenianiem i wytrgcaniem. Konkrecyjna (agregatowa) ruda darniowa powstata w wyniku
dziatanosci cztowieka, ktéry poprzez melioracje gleb jak i uprawe rolniczg zaburzyt naturalny
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proces tworzenia sie rud darniowych. Ta odmiana rudy darniowej posiada mikrostrukture
agregatowg, zawiera wiecej krystalicznego getytu, w formie promieniscie widknistego
goethytu w porach i kanatach (coatings). Spotyka sie czasami kilka generacji krystalicznego
getytu. Wieksze ilosci krystalicznego getytu mozna wyttumaczy¢ lepszym napowietrzeniem
gleby jak i nizszym poziomem wody gruntowe;.

Miekka ruda darniowa ma mikrostrukture gabczasta (vughs), oprdécz getytu,
ferrihydrytu wystepuje réwniez krystaliczny wiwianit i syderyt. Na getycie widoczne sg czesto
impregnaty manganowe. Ten typ rudy darniowej tworzy sie w poziomach o charakterze
redukcyjnym w obecnosci materii organicznej.

Ze wzgledu na tak duzg zawartos¢ zelaza, w trakcie lub po uformowaniu sie rud
darniowych moze dochodzi¢ do akumulacji metali ciezkich. Przyczyng takiej akumulacji moze
by¢ specyficzne powinowactwo metali ciezkich do wodorotlenkdéw zelaza w potgczeniu z duzg
powierzchnig witasciwg tlenkéw. Aby zbadaé czy nasze rudy darniowe zawierajg metale
ciezkie, przeprowadziatam w Instytucie Gleboznawstwa w Bonn analize frakcjonowang form
metali ciezkich, glinu i fosforu (Kaczorek et al. 2009). Wyniki badan wykazaty, ze zawartosé Cr,
Co, Ni, Zn, Cd i Pb nie przekracza wartosci naturalnych dla gleb piaszczystych. Jedynie
catkowita zawartos¢ Mn byta nieco wyzsza. Najwyzsze zawartosci wszystkich metali ciezkich
uzyskano we frakcjach tlenku zelaza V (okludowanej w niekrystalicznych i stabo krystalicznych
tlenkach Fe) i VI (okludowanej w krystalicznych tlenkach Fe). Wyniki wskazujg na wyrazna
zaleznos¢ pomiedzy zawartoscig Fe a iloscig Zn i Pb oraz P. Frakcje rozpuszczalne w wodzie
oraz dostepne dla roslin byty w wiekszosci przypadkdw ponizej granicy wykrywalnosci. Biorgc
pod uwage obecng sytuacje w badanych tu krajobrazach z glebami glejowymi zawierajgcymi
rudy darniowe, mozna uznaé, ze zawartos¢ metali ciezkich w rudach darniowych nie stanowi

zagrozenia dla zdrowia ludzi i zwierzat.

Ruda darniowa : orsztyn (Ortstein) badania poréwnawcze

Do tej pory termin orsztyn (Ortstein) byt czesto uzywany zamiennie z ruda darniowa.
Dlatego tez przeprowadzili§my badania porownawcze rudy darniowej i orsztynu w celu
opracowania archetypéw obu utwardzonych poziomoéw (utworéw) (Kaczorek et al. 2004).
Ruda darniowa posiadata mikrostrukture porowatg sktadajacg sie prawie wytgcznie z

wodorotlenkéw zelaza, podczas gdy orsztyn charakteryzowat sie mikrostrukturg mostkowa
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widoczng miedzy ziarnami kwarcu. Wyrazne rdznice pomiedzy tymi dwoma utworami
odnotowano w sktadzie chemicznym i morfologii otoczek (coatings), a takze rodzaju materii
organicznej. Jedyng cechg wspdlng byt mikroszkielet, ktory sktadat sie w obu utworach z
kwarcu. Réwniez analizy chemiczne wykazaty wyrazne réznice pomiedzy utwardzonymi
poziomami. Ruda darniowa charakteryzowat sie znacznie wyzszg zawartoscig pierwiastkow
wrazliwych na redoks (Fe, Mn), fosforu, jak réowniez wyiszym pH i nizszg zawartoscia
mobilnego Al w pordwnaniu z orsztynem. Ponadto orsztyn czesto wykazywat wyiszg
zawarto$¢ organicznie zwigzanego zelaza i glinu. Na podstawie dodatkowych obserwacji
dotyczacych rzezby terenu i poziomu wdd gruntowych stwierdzono, ze powstawanie orsztynu

zwigzane jest z procesami bielicowania, a rudy darniowej z procesami glejowymi.

Kaczorek D., Sommer M. 2003. Micromorphology, chemistry and mineralogy of bog iron ores
from Poland. Catena 54, 393-402

Kaczorek D., Z. Zagérski. 2007. Micromorphological characteristics of the Bsm horizon in soils
with bog iron ore. Polish Journal of Soil Science, Vol. XL, No. 1, 81-87.

Kaczorek D., Brimmer G., Sommer M. 2009. Content and Binding Forms of Heavy Metals,
Aluminium and Phosphorus in Bog Iron Ores from. JEQ. 38: 1109-1119

Kaczorek D., Sommer M., Andruschkewitsch I., Oktaba L., Czerwinski Z., Stahr K. 2004. A

comparative micromorphological and chemical study of "Raseneisenstein (bog iron ore) and
"Ortstein". Geoderma 121, 83-94.

5. INFORMACIA O WYKAZYWANIU SIE ISTOTNA AKTYWNOSCIA NAUKOWA ALBO ARTYSTYCZNA REALIZOWANA

W_WIECEJ NIZ JEDNEJ UCZELNI, INSTYTUCJI NAUKOWEJ LUB INSTYTUCJI KULTURY, W SZCZEGOLNOSCI

ZAGRANICZNEJ.

Od roku 2007 posiadam status ,scientific visitor” w Centrum Badan Krajobrazu Rolniczego im.
Leibniza (ZALF, Miincheberg, Niemcy). Badajac zagadnienia krzemu (biogenicznego) w

Srodowisku glebowym bratam udziat w realizacji nastepujgcych projektow:

e DFG project — PAK 179 “Multiscale analysis of Si cycling in terrestrial biogeosystems”.

(2007-2012)
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e DFG project - “Spatiotemporal dynamics of biogenic Si pools in initial soils and their
relevance for desilication” (SO 302/7-1). (2013-2016)

e DFG project - PU 626/2-1 “Biogenic Silicon in Agricultural Landscapes (BiSiAL) —
Quantification, Qualitative Characterization, and Importance for Si Balances of
Agricultural Biogeosystems”. (2019-2020)

e Reduction of environmental and climate impacts of agricultural crop production

through the use of an optimized topsoil deepening technique (2020-2022).

W latach 1998-2004 wspotpracowatam z Uniwersytetem w Hohenheim, Stuttgart, Niemcy. W
tym czasie odbytam dwa staze naukowe w Instytucie Gleboznawstwa i Oceny Gruntéw.
Efektem naszej wspotpracy sg wspdlne publikacje naukowe z zakresu badan nad przemianami

zwiazkéw zelaza w glebie, rudg darniowa i orsztynem.

6. INFORMACIA O OSIAGNIECIACH DYDAKTYCZNYCH, ORGANIZACYJNYCH ORAZ POPULARYZUJACYCH NAUKE

LUB SZTUKE.

Przedmioty dydaktyczne prowadzone od 2001 roku na SGGW w Warszawie:
Gleboznawstwo (¢wiczenia), kierunek: rolnictwo, biologia, ochrona srodowiska,
ogrodnictwo, inzyniernia srodowiskowa.

Zajecia terenowe prowadzone od 2001 roku na SGGW w Warszawie ze studentami
studiéw dziennych i zaocznych na Wydzialach: Rolnictwa i Biologii, Inzynierii Srodowiska,
Ogrodnictwa, Miedzywydziatowym Studium Ochrony Srodowiska

W Instytucie ZALF prowadziatam zajecia z mikromorfolgii gleb dla studentow
Uniwersytetu Poczdamskiego (2018).

W 2002 roku bytam ,,opiekunem Roku” dla pierwszego roku studiow na Wydziale
Rolniczym.
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ARTYKUL PROBLEMOWY

DANUTA KACZOREK!', MICHAEL SOMMER?

OBIEG KRZEMU W BIOGEOSYSTEMACH
LADOWYCH KLIMATU UMIARKOWANEGO

SILICON CYCLE IN TERRESTRIAL BIOGEOSYSTEMS
OF TEMPERATE CLIMATE

1Zak}ad Gleboznawstwa, Katedra Nauk o Srodowisku Glebowym, SGGW,
Warszawa, Polska; 2ZALF — Centre for Agricultural Landscape and Land Use
Research, Institute of Soil Landscape Research, Muencheberg, Germany

Abstract: Silica triggers global carbon cycle through Si-C coupling in diatom biomass produc-
tion of the oceans. The greatest Si source for the oceans are the continents, where weathering
of silicates and subsequent leaching of Si via soil solution is the ultimate Si source for the
ocean. Here we summarize the actual knowledge of the most important pools, transformations
and fluxes of the Si cycle in the terrestrial biogeosystems. Principally, weathering and subsequ-
ent release of Si may lead to (i) secondarily bound Si in newly formed aluminium silicates, (ii)
amorphous silica precipitation on surfaces of other minerals, (iii) plant uptake and subsequent
re-translocation to soils (e.g. as phytoliths in litterfall) or (iv) final removal from soils (desilifica-
tion). The research carried out hitherto focused on the participation of silicon in weathering
processes. There are, however, only few investigations on the characteristics and controls of
the low-crystalline almost pure silicon compounds formed during pedogenesis.

Stowa kluczowe: krzem, procesy glebotworcze, desilifikacja, fitolity.

Key words: silicon, soil processes, desilification, phytoliths.

WSTEP

Krzem jest jednym z najbardziej rozpowszechnionych na kuli ziemskiej pierwiastkow.
Stanowi 26% cato$ci skorupy ziemskiej i wchodzi w sktad ponad 370 mineratéw
skatotworczych. Ponadto jest jednym z podstawowych sktadnikoéw gleb, gdyz jest
elementem niemal wszystkich skat macierzystych gleb. Krzem jako drugi pod wzgledem
iloSciowym pierwiastek skorupy ziemskiej odgrywa bardzo wazna rolg w globalnym
obiegu materii. Glownym Zrédiem krzemu w Srodowiskach morskich sa procesy
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wietrzenia w biogeosystemach lgdowych [Wollast, McKenzie 1983; Tréguer i in.
1995, Treuguer, Pondaven 2000, Treguer 2002, Conley 2002]. Z jednej strony biorac
pod uwage catosciowy proces wietrzenia krzemiandw, ktorego intensywnos$c jest
uwarunkowana zmianami klimatu, krzem istotnie wptywa na obieg wegla w srodowisku.
W procesie wietrzenia anortytu do gibbsytu pewna ilo$¢ CO, zostaje zatrzymana w
roztworze glebowym.

CaAlSi,0, +2CO,+8H,0 — Ca®+2AI(OH), + 2H,SiO, + 2HCO -

W dalszej kolejnosci nastgpuje jego unieruchomienie w postaci weglanu wapnia lub
magnezu w $rodowisku morskim [Berner 1995]. Mozna powiedzie¢, Ze procesy
wietrzenia krzemianéw biora udziat w regulacji (buforowaniu) koncentracji CO, w
atmosferze. Z drugiej strony rola oceandéw jako magazynu wegla wspoéldziala z
globalnym obiegiem krzemu, ktory wykorzystywany jest do budowy komérek przez
radiolarie i okrzemki, ktore stanowia znaczaca cz¢$¢ morskiej biomasy. Im wigcej jest
osadéw na dnie morz, tym wigcej wegla wylaczonego jest z obiegu materii.
Najwiekszym zrodiem zwiazkow krzemu dla oceandow sa splywy tego pierwiastka z
ladéw z wodami rzek. Przeprowadzony przez Treguer i in. [1995] bilans pokazuje, ze
80% krzemu w oceanach pochodzi z rzek i w ostatecznosci z wietrzenia krzemianow w
biogeosystemach ladowych. Z tych 80% az 20% krzemu dostarczaja rzeki klimatu
umiarkowanego. Dlatego wazne jest przedstawienie, jakim przemianom i procesom
podlegaja zwiazki krzemu w glebach oraz jakie czynniki wptywaja na formy
przenoszonych zwiazkéw krzemu (wolnego i biogenicznego), jak i na sam proces
transportu [Conley 2002].

Artykut przedstawia krotki opis obiegu krzemu w srodowisku, jak rowniez zwraca
uwagg na pewne aspekty zwigzane z przemianami krzemu w biogeosystamach ladowych,
na ktére nie ma do tej pory odpowiedzi, a ktére sa zdaniem autoroéw wazne dla lepszego
zrozumienia cato$ci zachodzacych przemian.

FORMY I FUNKCJE KRZEMU W GLEBACH

W biogeosystemach ladowych klimatu umiarkowanego zwiazki krzemu zgromadzone
sa w czeéci mineralnej (mineral pools), ktora dzielimy na pierwotna (krzemiany i
glinokrzemiany) i wtorna (mineraty ilaste, mineraty wiasne krzemu powstate w warunkach
glebowych, np. wtorny kwarc, opal). Zwiazki krzemu sa gromadzone rowniez w czg$ci
biogenicznej (biogenic pools), sa to fitolity, resztki organiczne i mikroorganizmy, ktore
pod wplywem réznych czynnikow srodowiska ulegaja wietrzeniu i innym przemianom
(weathering, plant uptake) w danym biogeosystemie. Pewne jednak ilosci krzemu zostaja
wymyte z gleby (desilifikacja) i z przesiakajaca woda opuszczaja biogeosystem ladowy
(fluxes out). W pewnych przypadkach moze nastapi¢ doptyw zwiazkéw krzemu do
biogeosystemu (nawiewy pylow z innych obszaréw, np. pustyn), jednak proces ten w
biogeosystemach klimatu umiarkowanego na ogét nie zachodzi na wigksza skalg (rys. 1).

Pierwotnym zrédtem réznorodnych form krzemu w glebach sa procesy wietrzeniowe
pierwotnych i wtérnych krzemianéw i glinokrzemianow [White, Brantley 1995]. Skaty,
zawierajace w swoim skladzie mineraty bogate w zwiazki krzemu i szkliwo, pod wptywem
réznych czynnikéw $rodowiska ulegaja wietrzeniu, co prowadzi do powstawania wtérnych
mineratéw krzemu o réznym stopniu krystalizacji, a takze bezpostaciowego opalu i wolne;j
krzemionki (H,SiO,), ktéra przechodzi do roztworu glebowego.
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RYSUNEK 1. Krzem w biogeosystemach ladowych
FIGURE 1. Si in terrestrial biogeosystems

Krzem w roztworze glebowym

Kwasy krzemowe znajdujace si¢ w roztworze glebowym moga wystgpowaé w
postaci kwaséw monokrzemowych (kwas ortokrzemowy — H,SiO, i metakrzemowy
—H,Si0,) oraz kwasow polikrzemowych [Drees i in. 1989]. Te pierwsze zbudowane
sa z jednego atomu krzemu, atoméw tlenu i wodoru. Kwas ortokrzemowy odgrywa
bardzo duza rolg w procesie dostgpnosci pewnych pierwiastkow dla ro$lin. Badania
przeprowadzone przez Hall i Morrison [1906] wykazaly wyrazng interakcjg migdzy
jonami fosforu i jonami krzemu znajdujacymi si¢ w roztworze glebowym. W wyniku
nawozenia gleby nawozami krzemowymi (amorficzna krzemionka lub zel krze-
mionkowy) wzrastal w glebie udzial dostgpnego dla roslin fosforu [Brogowski 2000,
Gladkova 1982; Matichenkov, Ammosova 1996]. Odwrotne oddziatywanie krzemu
stwierdzono w stosunku do jonéw glinu. Badania laboratoryjne, jak i polowe wykazaly,
ze nawozenie gleby odpowiednimi formami krzemu redukuje toksyczne dziatanie
ruchomego glinu w glebach. Po pierwsze aktywna krzemionka podnosi wartos¢ pH
gleby [Lindsay 1979], po drugie kwas monokrzemowy jest adsorbowany przez
wodorotlenki glinu, co ostabia mobilno$¢ glinu, a tym samym podwyzsza tolerancje
ro$lin na obecno$é ruchomego Al** [Panov i in. 1982]. Kwas monokrzemowy wiaze
réowniez metale cigzkie (Cd, Pb, Zn, Hg i inne) tworzac z nimi rozpuszczalne, lecz
ztozone zwiazki oraz stabo rozpuszczalne krzemiany [Lindsay 1979], przez co zmniejsza
mobilno$é tych metali w glebach oraz ich dostepno$é dla ro$lin.

Kwasy monokrzemowe przechodza w kwasy polikrzemowe, ktore tez sa integralna
czgscia roztworu glebowego [Drees i in. 1989]. Zbudowane sa z dwoch lub wiecej
atomow krzemu, moga wystepowac w roznych formach, np. taficuchy, rozgalgzienia
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lub formy kuliste. W glebie, kwasy polikrzemowe oddziatujgna wtasciwosci fizyczne gleby
[Dracheva 1975]. Sa zdolne do tworzenia mostkéw krzemowych miedzy czasteczkami
glebowymi, dzieki czemu wptywajgna strukture gleby [Dracheva 1975]. W glebie w fazie
ciektej wystepujgrowniez liczne potgczenia kompleksowe miedzy kwasami krzemowymi a
organicznginieorganiczngczescig gleby [Matichenkov, Snyder 1996].

Krzemw fazie statej gleby (czesci mineralnej)

Kwasy krzemowe i polikrzemowe przechodzgw zele krzemionkowe, a te nastepnie
w faze stalg gleby, w ktdrej mogag wystepowaé jako mineraty o ré6znym stopniu
krystalizacji [Monger, Kelly 2002]. Do form krystalicznych zaliczamy mineraty ilaste,
wtoérny kwarc. Do form bezpostaciowych naleza mineraty pochodzenia biologicznego
(opal A, fitolity, bogate w Si szczatki roslinne i mikroorganizmy) i opal pochodzenia
abiotycznego [Matichenkov, Bocharnikova 2001]. Ponadto w glebie powstaje szereg
mineratdw o strukturze nieuporzadkowanej lub stabo uporzadkowanej, takich jak:
allofany, proto-imogolit oraz imogolit. Krystobalit mozna zaliczy¢ do mineratow
kryptokrystalicznych.

Takie czynniki, jak: pH gleby, temperatura, obecno$¢ zwigzkéw humusowych,
mikroorganizméw, majg wptyw na powstawanie wtérnych mineratow krzemu w
Srodowisku glebowym [Monger, Kelly 2002, Drees i in. 1989, Dove 1995, Gerard i in.
2002]. W wyniku zakwaszania $rodowiska glebowego mineraty ilaste ulegaja rozpadowi
stajgc siejednoczesnie nastepnym Zrédtem wolnej krzemionki [Veerhoff 1992, Frank
1993]. Wolna krzemionka osadza sie w pewnych warunkach na ziarnach mineratéw
tworzac amorficzne skorupki i otoczki krzemionkowe [Veerhoff M. i Bruemmer G. W.
1993] (rys. 2). W procesie bielicowania zwigzki krzemu i zwigzki glinu znajdujace sie
w roztworze glebowym w odpowiednim stosunku (Al:Si ok. 2) moga tworzy¢ nowe
mineraty, takie jak: imogolit [Lundstroem i in. 2000; Gustafsson i in. 1995; Anderson i
in. 1997,2000], proto-imogolit [Taylor 1988; Buurman, Van Reeuwijk 1984] i allofany
[Farmer 1984, Farmer, Fraser 1982, Wada 1989]. Zjawisko to zachodzi w gtebszych
poziomach profilu glebowego, gdzie ilo$¢ substancji humusowych jest niewielka, atym
samym zwigzki glinu nie tworzg z nimi statych komplekséw, tylko ze znajdujgcymi sie

RYSUNEK 2. Amorficzna krzemionka na powierzchni mineratu (po lewej) w poziomie Bt gleby ptowej,
EDX (po prawej); wg Veerhoffa M. i Bruemmera G. W. [1993]

FIGURE 2. Amorphous silica on mineral surfaces (left) of a loess-Luvisol Bwt horizon, energy dispersive
X-ray spectrometry (EDX) (right); after Veerhoff and Bruemmer G. W. [1993]
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krzemw roztworze glebowym
silicon in soil solution

bezpostaciowe formy krystaliczne formy
krzemu — krzemu
amorphous forms of silicon crystalline forms of silicon

RYSUNEK 3. Przemiany form krzemu w glebach
FIGURE 3. Transformation of silica forms in soils

w roztworze glebowym zwiazkami krzemu. Zwiazki humusowe blokuja powstawanie
imogolitu, dlatego tez w powierzchniowych poziomach gleb nie spotyka sie tego mineratu.
Wyzej wymienione mineraty mozemy zaliczy¢ do mineratéw glinowo-krzemowych.

Do krzemiandéw ubogich w zwiazki glinu zaliczamy krystobalit 1 wtomy kwarc.
Krystobalit jest mineratem skat wulkanicznych i powszechnie wystgpuje w glebach
wytworzonych z tychze skal. W innych glebach jego obecnos¢ nie zostata potwierdzona

.[Dreesiin. 1989]. Jedynie w procesie diagenezy opal A (forma abiotyczna) przechodzi

w krystobalit, a ten we wtorny kwarc. Wtorny kwarc moze réwniez powstawac z
opalu (forma niebiotyczna) znajdujacego sig¢ w scementowanych poziomach glebowych
(np. duripan, orsztyn) lub powstaje bezposrednio z Zelu krzemionkowego omijajac
pozostate fazy [Drees i in. 1989; Monger, Kelly 2002].

W wyniku ciaglych procesow zachodzacych w Srodowisku glebowym rézne formy
krzemu (krystaliczne, bezpostaciowe oraz formy wystgpujace w roztworze glebowym)
moga przechodzi¢ jedne w drugie (rys. 3).

Krzem pochodzenia roslinnego

Krzem znajdujacy sig¢ w roztworze glebowym moze by¢ wiaczony w wewnetrzny
obieg materii danego biogeosystemu [Lucas 2001] (rys. 1). Jest on w formie H,SiO,
pobierany biemie przez rosliny wraz z woda, a nastgpnie odktadany w komarkach i
tkankach ro$linnych [Kaufman i in. 1981]. Efektem tego procesu jest obecnos¢ w
suchej masie rolinnej pewnej ilosci krzemu , ktéra moze wynosic od 0,1 do 10% [Datnoff
1 1in. 2001, Epstein 1994, Raven 1983]. Badania sktadu opadu lisci i igiet w lasach
wystgpujacych na glebach brunatnych wykazaty, ze zawarto$¢ Si w lisciach buka
wynosi od 0,1 mol Si - kg s.m.™!, w iglach §wierka waha si¢ 0d 0,07 do 0,35 mol Si - kg
s.m.” [Ellenbergiin. 1986]. W przypadku igiet §wierka istnieje istotna zalezno$¢ miedzy
iloscig krzemu a wiekiem igiel; im starsze igly, tym zawarto$¢ Si jest wyzsza. Roczny
opad listowia dostarcza do gleby od 760 mol - ha™ - r! (buk) do 1900 mol - ha™' - !
(Swierk) krzemu. Nieco nizsze nagromadzenie w $cidlce (1400 mol - ha™' - ') stwierdzit
Bartoli [1983], natomiast Prusinkiewicz i in. [ 1974] ustalili, ze zwrot Si do gleby piaskowe;j
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RYSUNEK 4. Fitolity (patrz strzatki) w powierzchniowych poziomach gleby, zdjecie pochodzi z pracy
Stoopsa [2003] (za przyzwoleniem Soil Science Society of America)

FIGURE 4. Phytoliths (arrow) in topsoils, photo by Stoops [2003] (by courtesy of the Soil Science
Society of America)

z opadem roslinnym miesci sie w przedziale od 1400 mol sha-1er 1(w borze mieszanym)
do 2400 mol *ha-1 « r 1(w lesie Swiezym). Jakie iloSci krzemu przejda do roztworu
glebowego, a nastepnie zostang ponownie pobrane, zalezy od intensywnosci rozktadu
biologicznego sciotki oraz od formy biogenicznej samego krzemu. Pewna czes¢ krzemu
bedzie w formie fitolitow (rys. 4), atym samym nastgpijego czasowe unieruchomienie
[Bartoli 1985, Drees i in. 1989, Meunier i in. 1999, Meunier, Colin 2001, Watteau,
Villemin 2001]. llos¢ fitolitéw w glebie w poziomach genetycznych wynosi od 0,1 do
5,0%, a niekiedy nawet wiecej [Wilding, Drees 1971, Alexandre i in. 1997, Clarke
2003]. Tylko nieliczne badania uwzgledniajg to wazne czasowe zatrzymanie krzemu w
glebie, brak jest natomiast opracowan dotyczacych tego zjawiska w réznych glebach.

Desilifikacja

Pewna jednak ilo§¢ amorficznych form krzemu gtéwnie w postaci kwasow
krzemowych ulega wymyciu z profilu glebowego przez wode przesigkajaca, proces
ten nazywany jest odkrzemianowianiem gleby (desilifikacja) (rys. 1). Desilifikacja w
wielu glebach zachodzi w duzym natezeniu we wszystkich strefach klimatycznych
Ziemi. W glebachjeszcze stabo rozwinietych klimatu subarktycznego ilos¢ wymywanego
krzemu (500-1200 mol Si «ha-1 er ) [Anderson i in. 1997, 2000] jest réwnie wysoka
jak w glebach dobrze wyksztatconych wystepujacych w klimacie tropikalnym (700
mol ¢ ha-le r J) [Olivaiin. 1999]. Wielko$¢ desilifikacji zalezy od charakteru skaty
macierzystej gleb, klimatu, jak réwniez od wieku materiatu glebowego oraz od
intensywnosci przebiegu samych procesow glebotworczych. Roczne wymywanie Si z
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gleby w klimacie umiarkowanym jest prawie na podobnym poziomie co w glebach
pozostatych klimatow. W glebach stagnoglejowych jest ono najwyzsze 1 wynosi
950—1670 mol Si - ha'- r~' [Meesenburg, Mueller 1992; Heyn 1989], w glebach
bielicowych wynosi 880-1090 mol Si - ha™: r', a w glebach brunatnych —
320-590 mol Si - ha!'-r' [Armbruster 1998; Heyn 1989]. W podobnych
warunkach klimatycznych i petrograficznych istnieje ilodciowy zwiazek migdzy
wiekiem gleby a wielkoscia desilifikacji [Anderson i in. 2000, White 1995].
Niejasne jest natomiast, czy istnieje jaka$ hierarchia czynnikow kierujacych
procesem desilifikacji.

Czynniki glebowe wplywajace na ilos¢ wolnego krzemu w glebach

Do najwazniejszych czynnikow wptywajacych na ilos¢ pedogenicznicznych form
krzemu w glebach naleza:
Rodzaj skaly macierzystej — petrograficzne wiasciwosci skat, np. zawarto$¢ tatwo
wietrzejacych mineratoéw, wydatnie wptywaja na jako$¢ procesow wietrzeniowych
i, w konsekwencji, na rodzaj i ilo$§¢ zwigzkow krzemu w glebach [Bluth, Kump
1994; White 1995].

Odczyn gleby (pH) — zgodnie z zasada rownowagi chemicznej, procesy wietrzenio-
we 1 mobilno$¢ krzemu powinny by¢ zwiazane z pH roztworu glebowego. pH zna-
czaco wplywa na dysocjacjg H,SiO,, zdysocjowany kwas fatwiej migruje, lecz for-
ma niezdysocjowanego kwasu, o ile jego st¢zenie nie przekracza granicy rozpusz-
czalno$ci, takze podlega wymyciu [Dove 1995].

‘Warunki redoks (Eh) — poziomy glebowe podlegajace naprzemiennym procesom re-
dukcji i utleniania zelaza wykazuja wyzsze koncentracje niekrystalicznych form krze-
mu w poréwnaniu z poziomami glebowymi, w ktérych nie zachodza reakcje redoks
[Sommer 2002]. Powstale Zele zelaza i krzemionki sa niestabilne podczas warun-
kéw beztlenowych oraz w wyniku utleniania zelaza (Fe**). Wowczas krzem uwal-
niany jest do roztworu glebowego [Morris, Fletcher 1987]. Innym mechanizmem
moze by¢ tzw. “ferroliza” [Van Ranst, De Coninck 2002, Rueckert 1992, Eaqub,
Blume 1982, Brinkmann 1970, 1979] polegajaca na rozpadzie mineralow ilastych na
skutek naprzemiennych warunkow utleniania i redukeji 1 towarzyszacych im zmia-
nom pH.

Rodzaj roslinnosci — niektore rosliny, np. trawy, skrzypy pobieraja wigksze niz inne
rosliny ilosci krzemu i w konsekwencji dostarczaja wigcej krzemu do gleb po obu-
marciu [Raven 1983; Epstein 1994; Datnoffi in. 2001]. Zatem rodzaj roslinnosci i
sposob wykorzystania gleby moze mie¢ kluczowe znaczenie dla obiegu biogenicz-
nej krzemionki i w dalszej kolejnosci dla zawartosci fitolitow w glebie.

PODSUMOWANIE

Liczne badania nad obiegiem krzemionki w srodowisku naturalnym miaty na celu
poznanie roznych niekrystalicznych postaci krzemu w celu okre$lenia stezenia krzemu
w roztworach [Conley 2002]. Mimo tego ilo$ci amorficznej krzemionki (w tym fitolitow),
jak réwniez jej przeobrazenia/przemieszczenia naleza wciaz do mato poznanych zjawisk
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w gleboznawstwie. Tak si¢ dzieje rowniez w przypadku badan przeprowadzanych na
obszarze Polski. Dlatego nalezaloby sig zastanowic, jakie czynniki, procesy i wiasciwosci
wplywaja na zawarto$¢ i aktywnos¢ amorficznej krzemionki w glebach.

Postawione zadanie wymaga zastanowienia si¢ nad szeregiem zagadnien:

1. Czy gleby o réznym pochodzeniu maja rozne zawartosci amorficznych zwiazkéw
krzemu i w jaki sposob te wartosci zaleza od czynnikéw i proceséw glebotwor-
czych?

2. Jaka metodg chemiczna nalezy zastosowac¢ do wyekstrahowania niekrystalicznych
zwiazkow krzemu?

3. Jakie ilo$ci amorficznego krzemu pochodzenia roslinnego (fitolity) sa magazynowa-
ne w poziomach glebowych w zaleznosci od rodzaju roslinnosci i warunkow sprzy-
jajacych wietrzeniu?

4. Co powoduje migracjg zwiazkow krzemu z powierzchniowych poziomoéw glebo-
wych do poziomow glebszych, a w niektérych przypadkach nawet akumulacje tych
zwiazkoéw w glebszych poziomach?
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ARTICLE INFO ABSTRACT

The significance of phytoliths for the control of silicon (Si) fluxes from terrestrial to aquatic ecosystems has been
recognized as a key factor. Humankind actively influences Si fluxes by intensified land use, i.e., agriculture and
forestry, on a global scale. We hypothesized phytolith distribution and assemblages in soils of agricultural and
forestry sites to be controlled by vegetation (which is directed by land use) with direct effects on extractable Si
fractions driven mainly by phytolith characteristics, i.e., dissolution status (dissolution signs) and morphology
(morphotype proportions). To test our hypothesis we combined different chemical extraction methods (calcium
chloride, ammonium oxalate, Tiron) for the quantification of different Si fractions (plant available Si, Si ad-
sorbed to/occluded in pedogenic oxides/hydroxides, amorphous Si) and microscopic techniques (light micro-
scopy, confocal laser scanning microscopy, scanning electron microscopy) for detailed analyses of phytoliths
extracted using gravimetric separation (physical extraction) from exemplary loess soils of agricultural (arable
land and grassland/meadow) and forestry (beech and pine) sites in Poland. We found differences in dissolution
signs, morphotype proportions, and vertical distribution of phytoliths in soil horizons per site. In general,
dominant morphotypes of assignable phytoliths in the studied soil profiles were elongate phytoliths and short
cells, both of which are typical for grass-dominated vegetation. However, the organic layers of forest soils were
dominated by globular phytoliths, which are typical indicators for mosses. As expected soil horizons under
different vegetation generally were characterized by differences in extractable Si fractions, especially in the
upper soil horizons. However, phytogenic Si pools counter-intuitively showed no correlations with chemically
extracted Si fractions and soil pH at all. Our findings indicate that it is necessary to combine microscopic
analyses and Si extraction techniques for examinations of Si cycling in biogeosystems, because extractions of Si
fractions alone do not allow drawing any conclusions about phytolith characteristics or interactions between
phytolith pools and chemically extractable Si fractions and do not necessarily reflect phytogenic Si pool quan-
tities in soils and vice versa.

Handling Editor: Ingrid Kogel-Knabner
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1. Introduction

Silicon (Si) is the main component of soils developed from loess
containing up to 80% of quartz. Si compounds in soils generally exhibit
a great variability regarding their appearance (crystalline, poorly
crystalline, amorphous, adsorbed, liquid) and are subject to continuous
transformations (e.g., dissolution, precipitation, sorption processes)
(e.g., Markewitz and Richter, 1998; Street-Perrott and Barker, 2008).
Pedogenesis (affected by climate, organisms (soil flora and fauna, ve-
getation), relief, parent material, and time) directly influences these
transformations (Sommer et al., 2006; Cornelis and Delvaux, 2016).
One of the most active forms of Si in soils (next to Si adsorbed to clay

* Corresponding author.
E-mail address: daniel.puppe@zalf.de (D. Puppe).
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mineral surfaces) is Si of plant origin (phytoliths) (Alexandre et al.,
1997, 2011; Blinnikov et al., 2013; Borrelli et al., 2010; De Rito et al.,
2018). Phytoliths are amorphous silica particles (SiO>nH,0) formed in
living plants within cells (i.e., in the cell wall and the cell lumen)
(Sangster et al., 2001; Hodson, 2016). They have a specific morphology
and therefore may be ascribed to various taxonomic groups of plants
(Piperno, 2006). Next to ‘classic’ phytoliths (i.e., durable ‘plant stones’
that can be frequently found in most soils), Si depositions in plants can
be found in intercellular spaces or in an extracellular (cuticular) layer
forming very fragile silica structures (Sangster et al., 2001; Hodson,
2016). Phytoliths enter the soil in situ via leaf fall and/or plant decay;
they may also be supplied to soil by external factors, e.g., by human
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activities (organic fertilization, storage of organic waste, biochar ap-
plication), or may occur as primary components of the soil parent rock
(loess, sedimentary rocks) as admixtures.

It has been shown that phytoliths are characterized by a variable
solubility in soils. The factors which control phytolith dissolution in
soils are: specific surface area, aluminium (Al) content, hydration state,
age, rate of organic matter biodegradation, soil pH, and soil buffering
capacity (Bartoli and Wilding, 1980; Cabanes and Shahack-Gross, 2015;
Fraysse et al., 2006, 2009; Li et al., 2019; Nguyen et al., 2018;
Osterrieth et al., 2015; Puppe and Leue, 2018). These factors are vari-
able for different phytoliths and seem to depend mainly on phytolith
morphotypes (i.e., phytolith geometry), although some earlier studies
ascribed differences in phytolith dissolution to phytolith origin and in
field observations grass phytoliths appeared to be less soluble compared
to tree phytoliths, for example (Wilding and Drees 1974). However,
laboratory studies did not confirm these findings but indicated that
dissolution rates of phytoliths from different plants (larch, elm, horse-
tail, fern, and different grasses) seem to be quite similar (Fraysse et al.,
2009).

Phytoliths in soil profiles also are subject to translocation driven
especially by bioturbation and percolation (Alexandre et al., 1997;
Fishkis et al., 2009, 2010). Phytoliths represent a huge pool of rela-
tively soluble silica in terrestrial ecosystems, and thus one of the main
sources of Si in aqueous ecosystems (Struyf et al., 2009). In this context,
different ecosystems show differences in biogeochemical Si cycling re-
garding Si fluxes (inputs, outputs) and Si dynamics (turnover rates)
(e.g., Bartoli, 1983; Clymans et al., 2011; Cornelis et al., 2010, 2011;
Sommer et al., 2013). Unfortunately, many studies on Si cycling focus
on Si fraction extractions alone and do not include detailed phytolith
analyses due to the fact that these analyses are very time-consuming.
However, especially alkaline extraction is known to unselectively ex-
tract amorphous Si in general, i.e., it has to be considered that not only
biogenic silica (in most soils mainly phytoliths next to other biogenic
silica structures, see Puppe et al., 2015), but also non-biogenic (mi-
nerogenic or microcrystalline) Si forms are extracted (e.g., Saccone
et al., 2007; Georgiadis et al., 2014; Li et al., 2019). In this context, the
DeMaster-correction-method has been commonly used to quantify
biogenic silica/phytolith contents in soils, but this technique has also
been questioned recently (Meunier et al., 2014; Li et al., 2019). For a
deeper understanding of the role of (different) phytoliths (next to fra-
gile phytogenic Si structures) and their characteristics for Si cycling
detailed phytolith analyses (next to chemical Si fraction extractions) are
needed. Sommer et al. (2013), for example, showed the significance of
phytolith morphology and dissolution status for fluxes of dissolved Si
and Si cycling in a beech forest. Meunier et al. (2017) as well as Puppe
et al. (2017) emphasized the importance of fragile phytogenic Si
structures for Si cycling as they seem to represent a huge, most reactive
Si pool in soils.

Intense usage of terrestrial ecosystems by humans (forestry, agri-
culture) has been recognized to directly influence Si cycling, often as-
sociated with a loss of (phytogenic) Si (i.e., anthropogenic desilication)
(Struyf et al., 2010; Vandevenne et al., 2015). In dynamic farming
landscapes such as arable fields or grasslands (meadows, pastures), the
process of phytogenic Si accumulation (especially cereal grasses of the
family Poaceae or Gramineae are known as Si accumulators) and cor-
responding removal of Si through harvesting is intense and may attain
large scales (Clymans et al., 2011; Carey and Fulweiler, 2012). Meunier
et al. (2008) estimated that harvesting of field crops can lead to a loss of
up to 100kg phytogenic Si/ha/year. On a global scale, field crops
synthesize about 35% of total phytogenic Si and this proportion is going
to increase within the next decades caused by increased agricultural
production (Carey and Fulweiler, 2016). Despite this awareness, the
mechanisms and processes of anthropogenic desilication under dif-
ferent vegetation directed by land use and the biological control of Si
fluxes by phytoliths are still poorly understood (Street-Perrott and
Barker, 2008).

Geoderma 356 (2019) 113917

We hypothesized phytolith distribution and assemblages to be
controlled by vegetation with direct effects on extractable Si fractions
driven mainly by phytolith characteristics, i.e., dissolution status (dis-
solution signs) and morphology (morphotype proportions). To test our
hypothesis we combined different chemical extraction methods, i.e., (i)
calcium chloride (plant available Si), (ii) ammonium oxalate (Si ad-
sorbed to/occluded in pedogenic oxides/hydroxides), and (iii) Tiron
(amorphous Si incl. phytoliths), and microscopic techniques (light mi-
croscopy, confocal laser scanning microscopy, scanning electron mi-
croscopy) for detailed analyses of interactions between these chemi-
cally extractable Si fractions and phytoliths extracted using gravimetric
separation (physical extraction). For chemical Si fraction extractions as
well as for physical phytolith extractions we used samples from soils of
agricultural (arable land and grassland/meadow) and forestry (beech
and pine) sites in Poland. Due to the fact that all four sites exhibit soils
developed from loess we expected our results to directly reflect the
influence of vegetation on phytolith distribution, phytolith assem-
blages, and extractable Si fractions. The results of our study will be
helpful for a better understanding of Si cycling under different vege-
tation in general and the influence of phytoliths and their character-
istics on extractable Si fractions in particular.

2. Materials and methods
2.1. Study sites and soil sampling

The studied soils were located in the Miechéw area (50°25’32”N,
19°59’42”E) in the Matopolskie voivodship, Poland. The parent rocks of
the studied soils were loess. The average annual temperature for the
study area was 7 °C and the total annual precipitation was 610 mm. The
main criterion used for selection of the study sites was the different
vegetation/land use under which the studied soils were formed. The
following sites were selected: (i) beech forest Fagus sylvatica L (species
purity 100%, age > 100 years), (ii) pine forest Pinus sylvestris L (species
purity > 70%, age > 100 years), (iii) arable land (100-year-old culti-
vated field), and (iv) a young grassland/meadow (10-year-old
meadow), previously used as arable land. Regarding arable land the
farming method was extensive, with 3-year crop rotation comprising 2-
year tillage of cereals (wheat, oat), and root crop (fodder beet, potato)
in the third year. Organic fertilizer in the form of manure was applied in
each third year. Based on pedological evaluation a representative soil
profile (width: approx. 100 cm) down to the parent material (beech
140 cm, pine 185cm, grassland/meadow 185cm, and arable land
160 cm depth) was excavated for detailed soil and phytolith analyses at
every site.

All soil profiles were located at a distance not exceeding 0.5 km
from each other and samples were collected per occurring layer/hor-
izon (bulk samples of about 1-2 kg per layer/horizon, each taken along
the total profile width) in every soil profile. The soils were classified as
Luvisol (beech, pine) and eroded Luvisol (grassland/meadow, arable
land). We assumed phytoliths of the current vegetation to categorically
dominate phytolith assemblages in the analysed soils, and thus reflect
recent land use, because the proportion of phytoliths of previous ve-
getation has been continuously decreased with time (output of phyto-
liths vs. input of recent phytoliths for > 100 years). In fact, soils under
grassland/meadow and arable land showed signs of erosion (truncated
profiles) indicating that the former phytolith pool (forests) was re-
moved towards depositional areas to a great extent.

Bulk densities were separately determined by volumetric soil sam-
pling using soil cores with a volume of 100 cm® each per field replicate
and horizon.

2.2. Soil analyses

Bulk soil samples were air dried, gently crushed and sieved at 2 mm
to separate the fine earth fraction (< 2mm) from gravel (> 2 mm).
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Different independent soil sample aliquots of the fine earth fraction
were used for subsequent soil analyses. The particle size distribution of
the fine earth was determined by a combined wet sieving (> 63 pm)
and pipette (< 63 um) method (DIN ISO 11277, 1998). Pre-treatment
for particle size analysis was done by wet oxidation of organic matter
using HO» (10 vol%) at 80 °C and dispersion by shaking the sample end
over end for 16 h with a 0.01 M Na4P,0,-solution (Schlichting et al.,
1995). Soil pH was measured using a glass electrode in 1 M KCl sus-
pensions at a soil to solution ratio of 1:2.5. For total carbon and ni-
trogen analyses (C, and N,) the fine earth (< 2mm) was finely pow-
dered in a disc mill. Subsequently, C, and N; were determined by dry
combustion using an elemental analyser (CNS TruSpec, Leco Instru-
ments). Carbonate (CaCO3) content was measured with a multi-phase
analyser (RC612, Leco Instruments). Organic carbon (C,,) concentra-
tions were calculated by subtraction (C, - CaCO3) in case CaCO3; was
present. In all other cases C; equals Corg.

Pedogenic oxides were characterized by dithionite extractable iron
(Feq) and manganese (Mny) analysed after Mehra and Jackson (1960)
and ammonium oxalate-soluble Fe (Fe,y), Si (Siox), and Al (Al,y) ac-
cording to Schwertmann (1964) (see Schlichting et al., 1995). Si,x was
used for the quantification of Si adsorbed to/occluded in pedogenic
oxides/hydroxides (Georgiadis et al., 2013). Calcium chloride (CaCl,)
was used to extract (by application of Cl~ to replace adsorbed Si) the
easily soluble or mobile Si fraction, i.e., the plant available Si fraction
(Si present in the soil solution, i.e., monomeric silicic acid (H4SiO4) in
most soils). Two-gram samples of soils were placed in 50 mL plastic
centrifuge tubes along with 20 mL 0.01 M CaCl, solution. Samples were
agitated continuously on a reciprocating shaker for 16 h. The extraction
method followed the procedure described by de Lima Rodrigues et al.
(2003) and developed by Haysom and Chapman (1975). The procedure
for the Tiron extraction for the quantification of the amorphous Si
fraction (incl. phytogenic Si) was based on the method of Kendrick and
Graham (2004). These authors used the Tiron (C¢gH4Na;0gS,-H,0) ex-
traction developed from Biermans and Baert (1977) and modified by
Kodama and Ross (1991), i.e., extraction in a 80 °C water bath for 1 h.
Element concentrations in the extracts were determined by ICP-OES
(ICP-iCAP 6300 Duo, Thermo Fisher Scientific Inc.) using internal
standards. To avoid Si contaminations, only plastic equipment was used
during the entire procedure.

Total element analysis (Si, Al, Fe, K, Mg, Ca, Na, Ti) was performed
with X-ray fluorescence (XRF) using a Siemens X-ray spectrometer
(Model SRS 200, Cr-Ka radiation). Basic mineral composition was de-
termined on powder samples in an X-ray diffractometer (BRUKER-AXS
D5005 with Co-Ka radiation). Soil sample preparations as well as
analyses were conducted following standard laboratory protocols using
internal standards (institutional Central Laboratory) for permanent
verification of predefined method precision. All soil analyses were
performed at the minimum of two lab replicates.

2.3. Phytolith separation from soils and microscopic analyses

Phytoliths were extracted using gravimetric separation (physical
extraction) from 10 g of dry soil material (< 2 mm) of all occurring soil
horizons (incl. parent material horizons) in four steps: (1.) oxidation of
organic matter using H,O, (30%), HNO3 (65%), HClO,4 (70%) at 80 °C
until reaction subsides, (2.) dissolution of carbonates and Fe oxides by
boiling the sample in HCI (10%) for 15 min, (3.) removal of the <2 pm
granulometric fraction: dispersion of remaining solid phase of step 2
with 2% sodium hexametaphosphate solution (6-12h), centrifugation
at 1000 rpm for 2-3 min, and subsequent decantation, (4.) separations
of the phytoliths: shaking of remaining solid phase of step 3 with 30 mL
of sodium polytungstate Nag(HyW;2040)H20 (density of 2.3 gem™3),
centrifugation at 3000 rpm for 10 min, carefully pipetting the super-
natant, and filtering by 5 um Teflon filter. This step was repeated three
times. The filter residue was washed with distilled water, bulked, dried
at 105°C, and weighed (Alexandre et al., 1997). Physical phytolith

Geoderma 356 (2019) 113917

extraction per sample was performed in triplicate.

A light microscope (Nikon eclipse LV100) and a scanning electron
microscope (SEM; JEOL JSM6060 LV) were used to check purity of
phytolith samples and to characterize the isolated phytoliths, respec-
tively. For scanning electron microscopy phytoliths were placed on Al-
stubs, fixed by adhesive tape, coated with a minimal amount of gold-
palladium, and micrographs were taken randomly. The six most
common forms/morphotypes (1. vascular, 2. elongate, 3. globular, 4.
fusiform, 5. lanceolate, 6. short cells: bilobate, cross, papillae, rondel,
saddle) (see Fig. 1) were enumerated using 10 SEM-micrographs
(magnification 500 x) per sample (i.e., per horizon at each site) fol-
lowing the international terminology (ICPN-International Code for
Phytolith Nomenclature 1.0) (Madella et al., 2005); rarely occurring or
ambiguous phytolith forms were recorded as ‘other forms’. Identifica-
tion of phytoliths was critically checked against phytolith references
(e.g., Golyeva, 2001; Peto, 2013; Piperno, 2006). Phytolith dissolution
status was also analysed using the 10 SEM-micrographs previously used
for morphotype classification. All counted phytoliths (minimum: 32
(arable land), maximum: 966 (pine forest)) were assigned to one of
three classes of phytolith dissolution: (i) phytoliths with no obvious
dissolution features (plain), (ii) phytoliths showing some surface
etching (rough-porous), and (iii) phytoliths with strong dissolution
features (cratered/spongy) (see Fig. 2) (Sommer et al., 2013). Phytolith
samples were additionally analysed on their element spectrum (element
mapping) (see Fig. 3) by Hitachi S-2700 device, EDX-X-Flash-Detector
with SAMX-Software at ZELMI, TU Berlin, Germany.

Surface roughness parameters, i.e., the quadratic mean (Rq, um) of
the arithmetic average surface roughness and the kurtosis (Ry,, di-
mensionless) of phytoliths were measured using a 3D confocal laser
scanning microscope (Keyence VK-X100K, Keyence Company, Osaka,
Japan). While R, represents the standard deviation of the distribution of
surface heights related to the mean line, i.e., the reference line about
which the profile deviations are measured, Ry, is a measure of the
peakedness of the profile about the mean line. Both parameters were
used to quantify surface roughness, i.e., the microscopic asperity, as an
indicator for the specific surface area of phytoliths (higher roughness
parameters indicate a bigger specific surface area available for dis-
solution processes). Confocal laser scanning microscopy of phytoliths
followed the procedure described in detail in Puppe and Leue (2018). In
brief, phytoliths were transferred to clean object slides, scanned with a
1000 x magnification, and saved as images. Within each image various
representative regions of interest (ROI) were defined (area per ROL:
10um x 10 pum) for subsequent measurements of surface roughness
parameters. Per site and horizon (upper 2 horizons for arable land and
grassland/meadow; upper 3 horizons for beech and pine forests) 10 ROI
on each image were selected for measurements resulting in a total of
1000 measurements (10 images x 10 ROI per image X 10 horizons).

2.4. Statistical analyses

Regarding surface roughness parameters Rq and Ry, of phytoliths
outliers were defined as values that were below Q1 (first
quartile) — 1.5 x IQR (interquartile range) or above Q3 + 1.5 x IQR
and were excluded from further statistical analyses. Differences in the
vertical distribution of phytolith characteristics (morphotypes, dis-
solution signs, and surface roughness parameters) per site, i.e., differ-
ences between the horizons at one site, were evaluated using the Mann-
Whitney U test or the Kruskal-Wallis analysis of variance (ANOVA).
While the Mann-Whitney U test was used to verify significances be-
tween two independent samples (two horizons: arable land), sig-
nificances between more than two independent samples were tested
with the Kruskal-Wallis ANOVA (more than two horizons: beech, pine,
grassland/meadow). Correlations were analysed using Spearman's rank
correlation. Statistical analyses were performed using the software
package SPSS Statistics (version 22.0.0.0, IBM Corp.).
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3. Results

3.1. Soil texture, chemistry, and mineralogy

The soils were classified as Luvisol (beech: O-Ah-E-Bt/E-Bt-Bw/C-C,
pine: O-Ah-E/A-E-Bt-Bw/C-C) and eroded Luvisol (grassland/meadow:

1ekV X3, 000 Shm
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Ah-Ap-E-E/Bt-Bt-Bw/C-C, arable land: Ap-Bt-Bw/C-C-C). The soil pro-
files selected for studies were characterized by a very similar grain size
composition (Table A1, Fig. Al). The silt fraction dominated, with its
contribution exceeding 65%j; the clay fraction contributed to 2-25%;
the lowest quantities of the clay fraction (2.2%) occurred in the eluvial
horizon (E) of the soil developed under the pine forest and the content

Fe
5

18kV TS.SBB

Fig. 1. SEM-micrographs of the main phytolith morphotypes recorded in this study. (A) globular phytolith, (B) elongate phytolith, (C) fusiform phytolith, (D)

vascular phytolith, (E) lanceolate phytolith, (F) short cell.
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Fig. 2. SEM-micrographs of the different classes of phytolith dissolution recorded in this study. (A) plain phytolith, (B) rough-porous phytolith, (C) cratered/spongy

phytolith.
5
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Fig. 3. SEM-micrographs of different phytolith morphotypes ((A) elongate, (B) vascular, and (C) globular phytoliths) and results of corresponding element mapping (EDX).

of the sand fraction in all soils was below 10%. The organic carbon acid compared to soils developed under 10-year-old grassland/meadow
content was highest in the organic soil horizons (0): 24.9% - beech (previously used as arable land) and arable land (Table A1, Fig. Al).
forest, 26% - pine forest, 7.8% - grassland/meadow. Humus horizons Soil pH at the last-mentioned sites was largely influenced by the ap-
(A, carbonate-free) contained much lower values of Cog (0.8-5.0%). plication of calcium/magnesium fertilizers. Secondary carbonates in

Soils developed under beech and pine trees generally were more deeper horizons were noted in only two profiles, i.e., in soils developed
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under beech and arable land.

Depth profiles of Fe, Al, and Mn in the soils studied were mainly
related to eluvial (E) and illuvial (Bt) soil horizons (Table A1, Fig. A1).
The most intense vertical translocation of Fe, Al, and clay minerals took
place under pine forest (Fig. Al). In soils under beech forest and
grassland/meadow Fe and Al accumulation in the Bt horizons pre-
vailed, whereas their content in the parent material horizons was much
lower. Past erosion in arable soils removed eluviation horizons.
Therefore significant differences in the distribution of Fe, Al, and Mn in
the soil profile were not observable.

The soils studied showed a similar chemical composition (Table A2).
In all profiles the content of SiO, was similar (70-80%) with the ex-
ception of organic layers (O), where the SiO, content was much lower
(ca. 40%). Parent material under beech and arable land contained in-
creased values of CaO (3.5 and 2.5%, respectively) and MgO (0.9 and
0.7%, respectively). In the Luvisol under pine the eluvial horizons (E)
contained the lowest contents of Fe,Oz; (10-13g kg_l) and Al,O3
(44-48 gkg ™) compared to the remaining soil horizons. Quartz was
the main mineral of the soils studied; ancillary minerals and minerals as
admixtures included potassium feldspars, plagioclases, amphiboles, and
pyroxenes (Table A3).

3.2. Si pools in soils

The distribution of plant available Si (Sicaci2) in mineral horizons in
soils under beech and pine forests showed some similarity, with the
lowest content in the eluvial horizons (E) (5.0 mg kg’1 for pine and
7.9mg kg_1 for beech) (Table 1, Fig. A2). Notable was the high con-
tribution of Sicac2 (79 mg kg’l) in the organic layer (O) of soil de-
veloped under the beech forest. In the illuvial horizons (Bt) and parent
material (C) the content of Sic,cj> ranged between 13 and 48 mg kgfl.
Such large differences in the content of plant available Si were not
observed in the soil profiles of grassland/meadow (19-35 mg kg~ ') and
arable land (22-29 mgkg ™).

The quantity of Si extracted by Tiron was the highest in relation to
the quantity of Si obtained by using ammonium oxalate and calcium
chloride extractions (Table 1, Fig. A2). The highest concentrations of

Table 1
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Sitiron Occurred in the organic horizons (O: 12gkg™!) and in the Bt
horizon under beech (11 gkg™1), as well as in the organic horizons of
pine (8 gkg™!) and grassland/meadow (8 gkg ™ 1).

Si extracted by ammonium oxalate (Si,x) reached highest values in
the Bt horizons (209 mgkg ™" for grassland/meadow, 87 mgkg™! for
beech and 57mgkg~! for pine) and parent material horizons
(125mgkg ™' for grassland/meadow, 92mgkg™' for beech and
84mgkg ™! for pine) (Table 1, Fig. A2). In soils under arable land the
content of Si,, increased with depth of the soil profile (Ap 19, Bt 45-55,
C72-130mgkg™").

3.3. Phytoliths

3.3.1. Phytolith contents

The highest values of phytoliths were noted in soil under pine forest
(5.5-16.0 gkg ™ 1) (Table 1, Fig. A2). Their quantity was very variable in
the soil profile and reached the highest value in the eluvial horizon
(35-44 cm) with 16.0gkg™'. In the remaining soils the content of
phytoliths was much lower ranging between 0.01 and 2.5 gkg ' (beech
forest: 1.5-2.5gkg™!, grassland/meadow: 0.01-2.4gkg~', arable
land: 0.15-0.52 gkg ™). The presence of phytoliths generally was ob-
servable in each soil horizon down to a depth of up to 85cm. Total
masses of soil phytoliths resulted in 7.7kgm~2 for pine (0-75cm
depth), 1kgm ™2 for beech (0-80 cm depth), 1kgm ™2 for grassland/
meadow (0-85cm depth), and 0.3 kgmf2 for arable land (0-70 cm
depth) (data not shown). Only few single phytoliths were found in the
parent material horizons, and thus a quantification of corresponding
phytogenic Si pools was not possible (cf. Table 1). Phytolith contents
were not correlated to soil pH, Sioy, Sicaci2, OF Sitiron (Fig. 4).

3.3.2. Phytolith morphotypes

Out of 15 analysed soil horizons 11 were dominated (excluding
phytoliths recorded as ‘other forms’) by elongate phytoliths (23-31%
beech; 24-40% pine; 22-44% grassland/meadow; 21-29% arable land)
and the remaining 3 were dominated by globular phytoliths, which
were most common in the organic horizons (29% for beech, 58% for
pine) and in the humus horizon (Ah) under pine (34%) (Table 2). Short

Means and standard deviations (SD) of phytogenic Si pools (n = 3) and extracted Si fractions (n = 2) in the horizons of the studied sites.

Study site Depth (cm) Phytoliths in soil (mgkg™") Sicaci2 (mgkg™") Sitiron (mgkg ™) Siox (mgkg™)
Mean SD Mean SD Mean SD Mean SD
Beech 0-2 2500 715 79.4 1.5 12,043 989 117.5 4.6
2-7 1040 201 5.3 0.2 5263 402 85.3 1.5
7-30 1800 141 3.8 0.4 3760 245 46.4 2.1
30-45 1540 93 42.2 3.5 10,688 552 87.5 1.9
45-80 <10 1 48.1 0.6 4849 125 58.1 3.4
80-105 0 0 42.7 4.0 4193 235 60.2 3.0
105-140 0 0 48.5 2.1 3111 230 92.6 1.8
Pine 0-4 5550 721 7.7 0.7 7691 25 43.3 2.8
4-9 8600 513 5.4 0.0 5398 511 63.6 3.1
9-35 6060 732 5.6 0.0 4529 421 22.0 2.8
35-55 15,920 210 6.1 0.4 2049 208 27.9 1.5
55-75 <10 1 32.7 2.1 4381 310 57.6 3.1
75-125 0 0 41.1 2.4 4512 190 84.9 4.0
125-185 0 0 17.6 1.0 3535 235 64.3 3.2
Grassland/Meadow 0-3 1900 205 7.5 0.5 7510 219 86.2 5.1
3-23 2410 505 4.4 1.0 4405 300 77.3 3.3
23-40 680 74 27.2 1.8 5027 125 209.8 12.1
40-55 10 10 22.1 1.9 4797 315 198.5 8.9
55-85 <10 1 19.3 0.9 7002 412 72.0 1.5
85-120 0 0 21.0 0.7 3576 189 125.5 10.8
120-185 0 0 21.2 1.3 2951 135 72.3 2.8
Arable land 0-30 520 301 4.7 0.1 4709 3 19.7 0.9
30-70 150 52 4.4 1.4 4426 110 45.5 2.7
70-100 0 0 25.5 0.0 3510 155 55.9 4.1
100-150 0 0 29.2 0.3 3249 34 72.1 3.5
150-160 0 0 30.0 1.0 2722 144 130.1 9.1
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Fig. 4. Correlations between phytolith contents in soil (g kg’l), soil pH, and extractable Si fractions (Siox, Sicaci2, Sitiron)-

cells prevailed in two horizons: under beech (26%, depth 30-45 cm)
and pine (32%, depth 35-55 cm).

Phytoliths characteristic for beech (i.e., vascular phytoliths) were
observed in the organic horizons (O) under beech (14%) and pine (2%),
and in the humus horizon (Ah, 1%) under pine (Table 2). Moreover, the
presence of fusiform (1-5%) and lanceolate phytoliths (2-18%) was
observed. A relatively large part of phytoliths was recorded as ‘other
forms’, because an unambiguous identification was not possible. In-
terestingly, only globular phytoliths were found to contain Al (and
potassium (K) to a minor extent, Fig. 3).

3.3.3. Phytolith dissolution characteristics

For all phytoliths obtained, the degree of weathering or dissolution
was evaluated. Plain forms were most common in the organic horizons
under beech (83%) and pine (65%), whereas rough-porous forms
dominated in the remaining horizons of all study sites (49-65%). The
content of plain forms generally decreased with depth in the soil pro-
files, a fact that was not observed for rough-porous and cratered/
spongy forms (Table 2).

Surface roughness parameters Ry and Ry, of phytoliths from the
upper 3 horizons under pine showed ranges of 1.4-1.6 um and 50-54,
respectively, thus negligible differences between the horizons. Surface
roughness measurements of phytoliths from the upper 3 horizons under
beech revealed similar results (Rq: 1.4-1.6 um, Ry,: 64-64). Phytoliths
from the upper 2 horizons under grassland/meadow showed slight
differences in Rq (1.2 pm vs. 1.5 um) with the lowest measured value
(1.2 um) for phytoliths from the uppermost horizons; for Ry, values of
62 and 46 were measured. Phytoliths from the upper 2 horizons under
arable land indicated the highest values regarding Ry, (74 vs. 114) and
values of 1.4 um and 1.5 um for Rq (Table 2).

4. Discussion
4.1. Phytolith distribution and characteristics

In general, phytolith masses at our sites were in the same order of
magnitude compared to other sites with similar vegetation (e.g.,

Blinnikov et al., 2013; Keller et al., 2012; Sommer et al., 2013). The
phytolith mass in a soil mainly depends on the amount of plant mate-
rials (litter fall, other plant residues) supplied to a soil (i.e., the phy-
tolith input) and the abundance of phytoliths, i.e., the Si concentration,
in these materials on the one hand, and the loss of phytoliths (i.e., the
phytolith output) via harvesting (crops, trees), erosion (wind, water),
translocation, and dissolution on the other hand (e.g., Cornelis and
Delvaux, 2016; Sommer et al., 2006; Song et al., 2016; Street-Perrott
and Barker, 2008; Struyf et al., 2009; Vandevenne et al., 2015, and
references therein).

Our analysed soils under beech and pine forests contained similar
proportions of organic C in the organic horizons (i.e., 25-26%),
whereby the process of organic matter decomposition in the humus
layer under pine generally is slower compared to beech as evidenced by
Corg contents (pine 5% vs. beech 2.4%), and thus release of phytoliths
from beech litter can be assumed to be faster as well (cf. Bartoli, 1983).
Despite the fact that beech nowadays represents a monoculture in the
studied area, the content of recorded beech phytoliths (vascular phy-
toliths, see Figs. 1D and 3B; cf. Cornelis et al., 2010, Sommer et al.,
2013) was only 14%, and thus about 86% of phytoliths were not dis-
tinctly assignable to beech. A high accumulation of phytoliths was
observed (5.5-15.9 gkg™!) in soil developed under pine; the highest
amount (15.9gkg™") was noted at the depth of 35-55cm in the E
horizon, which is characterized by a low content of clay (about 2%).
The higher clay content in the horizon below, i.e., in the Bt horizon
(55-75 cm) may act as a barrier for further translocation of phytoliths
downwards (vertical translocation of phytoliths, cf. Alexandre et al.
(1997) and Fishkis et al. (2009, 2010)), and thus might lead to an ac-
cumulation of phytoliths above this barrier. Another source of phyto-
liths in E horizons might be the roots of plants (Maguire et al., 2017;
Turpault et al., 2018).

The organic (O) and humus (Ah) horizons generally were dominated
(based on recognizable phytoliths only) by globular Al-containing
phytoliths (see Fig. 3C; cf. Bartoli and Wilding, 1980), which most
likely can be assigned to mosses (Golyeva, 2001; Peto, 2013). However,
it has to be considered that a relatively large amount of phytolith as-
semblages was represented by phytoliths that were not unambiguously
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assignable to specific morphotypes, and thus were recorded as ‘other
forms’. In this context, it has to be considered that phytolith assem-
blages in soils are affected by different taphonomic processes such as
fragmentation, dissolution, translocation, etc. — factors that make it
generally difficult to derive an accurate reflection of the (current) local
vegetation characterized by specific phytolith morphotypes (De Rito
et al., 2018). Regarding our study sites ‘other forms’ of phytoliths were
quite dominant in specific soil horizons, but absolutely dominated
phytolith assemblages in soil samples of the arable land and 10-year-old
grassland/meadow, which previously was used also as arable land. In
this connection, mechanical tillage (including ploughing) might have
caused mechanical destruction of phytoliths and thus hinder their un-
ambiguous identification and classification.

Our study shows that differences in surface roughness parameters of
phytoliths (indicating differences in the specific surface area of phyto-
liths) in soil horizons under different vegetation are detectable in
general. This is corroborated by the results of Puppe and Leue (2018)
who found differences in surface roughness parameters between fresh
(extracted directly from plant materials) and aged (extracted from soils)
phytoliths, which were about 10years old. In our study, surface
roughness parameters of phytoliths from different horizons in forest
soils showed no significant differences indicating a comparable sus-
ceptibility to dissolution in general. In contrast, surface roughness
parameters of phytoliths in the horizons under grassland/meadow and
arable land were significantly different indicating differences in the
susceptibility to dissolution. These differences might be assigned to
differences in land use. While forest soils are characterized by an (un-
disturbed) annual input of large amounts of fresh phytoliths via litter
fall, agricultural soils are part of a highly disturbed plant-soil-system,
where large amounts of biomass, and thus (fresh) phytoliths, are re-
moved every year (cf. Meunier et al.,, 2008; Struyf et al., 2010;
Vandevenne et al., 2012). Our interpretation is underlined by the re-
sults of SEM analyses regarding dissolution status of phytoliths in
general. Again, the analysed forest soils were characterized by a higher
proportion of plain (fresh) phytoliths compared to agricultural soils
indicating the above-mentioned differences in vegetation. However, it
has to be stated that the course and direction of dissolution and
weathering of phytoliths in a specific soil remain mainly unknown,
although it is known that these processes depend mainly on factors like
phytolith size, porosity, chemical composition, etc. (e.g., Bartoli and
Wilding, 1980; Cabanes and Shahack-Gross, 2015; Fraysse et al., 2006,
2009; Li et al., 2014, 2019; Nguyen et al., 2018; Puppe and Leue, 2018).

Furthermore, it has to be considered that fresh phytoliths entering the
soil may not be synthesized flawlessly and thus look like aged (weath-
ered) phytoliths under the microscope. Dissolution processes of different
phytolith morphotypes may attain different pathways; while larger
morphotypes like elongate phytoliths frequently show characteristic
signs of dissolution at their surfaces, smaller morphotypes like globular
phytoliths often appear smooth, i.e., without clear signs of dissolution or
weathering. In fact, the dominance (excluding phytoliths recorded as
‘other forms’) of elongate phytoliths might be a hint for their compara-
tively low susceptibility to dissolution (cf. Wilding and Drees 1974, De
Rito et al., 2018). In this context, Cabanes and Shahack-Gross (2015)
hypothesized phytolith morphotypes (i.e., phytolith geometry) to be
more important for phytolith dissolution and corresponding preservation
in soils compared to nanoscopic surface areas of phytoliths.

11
16
18
40

SD

62
46
n/a
n/a
0.035
74
114
0.016

Riu
Mean

0.2
0.3
0.5

SD

1.2
1.5

n/a
n/a
0.029
1.4
1.5

Surface roughness parameters
Ry (um)
Mean

0.897

1.9
1.5

5.0
5.2

1.1
0.8

SD

Cratered/spongy

30
15
34
23

< 0.001
13
26

< 0.001

Mean

6.6
14.6
1.1
1.1
9.2
3.2

SD

Rough-porous

51
59
52
58

< 0.001
49
56

< 0.001

Mean

3.3
9.6
1.8
0.4
6.0
1.4

SD

Categories of phytolith dissolution (in %)

19
26
14
9

< 0.001
38
18

< 0.001

Plain
Mean

6.9
15.4
0.7
0.6
10.0
2.3

SD

61
< 0.001

‘Other forms’
51
54
17
25
< 0.001
53

Mean

0.8

3.3
0.4
0.4
0.5
0

SD

4.2. Interactions between phytolith pools and chemically extractable Si
fractions

< 0.001
5
0
0.058

Phytolith morphotypes in soil (in %)

> 10 pm,

Globulare
mean

Our results on hand indicate changes in phytolith contents in gen-
eral (see 4.1), which might be caused by differences in vegetation
driven by land use. This generally is in line with the results of various
authors who showed the effects of human influence on Si cycling (e.g.,
Bardo et al., 2014; Vandevenne et al., 2015). However, these changes
are not reflected one-to-one in the extracted Si fractions at our sites as

Grassland/
Meadow
Arable land
2 Only trace amounts of phytoliths found (not included for statistical tests); ‘Other forms’ = rarely occurring or ambiguous phytolith morphotypes; n/a = not analysed.

Study site
Significances between the horizons at one site (i.e., differences in the vertical distribution of phytolith characteristics per site) were verified with the Mann-Whitney U test (arable land) or the Kruskal-Wallis analysis of

variance (ANOVA; Beech, pine, grassland/meadow). Significant p values (p < 0.05) are stated in bold.

Table 2 (continued)

10



D. Kaczorek, et al.

Table 3

Current knowledge of phytogenic silica in soils as described in the present article.

Geoderma 356 (2019) 113917

Phytogenic silica in soils

‘Classic’ phytoliths (> 5um)

Phytoliths (< 5pm)

Fragile Si structures

Cell wall and cell lumen
Extraction of non-phytogenic Si cannot
be excluded

Origin in plants
Limitations of physical
extraction

Proportion of phytogenic Si
Solubility

+ ()

+ + (several orders of magnitude more
soluble than silicate minerals)
Durable up to centuries
Known since decades

Preservation in soils
Importance for Si cycling

Cell wall and cell lumen
Extraction of non-phytogenic Si
cannot be excluded

4+
+ @

Durable up to centuries (?)
Potential recognized

Intercellular space and extracellular (cuticular) layer
Extraction of non-phytogenic Si cannot be excluded;
Fragmentation/destruction of fragile Si structures while
extraction
++ ()
+++

Non-durable (?)
Potential recognized

+ = high, + + = higher, + + + = highest; (?) indicates that there is no information on this aspect available in literature yet.

the content of physically extracted phytoliths does not correlate with
the concentrations of chemically extractable Si fractions at all. It is
believed that concentrations of plant available Si and amorphous Si are
considerably affected by (i) phytolith contents (e.g., Street-Perrott and
Barker, 2008; Struyf et al., 2009) and (ii) specific differences in phy-
tolith solubility attributed to differences in, e.g., specific surface areas
and/or water content of phytoliths (e.g., Bartoli and Wilding, 1980;
Fraysse et al., 2009). Self-evidently this effect should be especially
prominent in the organic horizons where phytoliths dominate the
amorphous silica pool in soils.

However, our results showed that the concentrations of Sic.cj» and
Sitiron extracted from the organic horizon (O) under beech were not
correlated to the amount of phytoliths in this horizon. The same is true
for the soil horizons under pine: Despite relatively high phytolith con-
tents under pine the values of plant available Si were the lowest at this
site with regard to all soil horizons studied. Moreover, the concentra-
tion of Siriron Was comparable in soils of pine forest, grassland/meadow,
and arable land. In fact, the arable land showed the lowest content of
phytoliths in our study (0.15-0.52 g kg~ 1), mainly driven by removal of
plants and corresponding phytoliths via harvesting and increased ero-
sional processes (Guntzer et al., 2012; Keller et al., 2012; Vandevenne
et al., 2012). Altogether, our results corroborate the conclusions of
Meunier et al. (2014) and Li et al. (2019), who question the suitability
of the so-called DeMaster technique (which represents the de facto
standard method) for quantification of amorphous biogenic Si, espe-
cially phytoliths, in soils.

Alkaline extraction methods (e.g., Tiron extraction) are known to
extract not only biogenic silica, i.e., mainly phytoliths, but also non-
biogenic or pedogenic (minerogenic or poorly/micro-crystalline)
amorphous Si forms (e.g., Saccone et al., 2007; Georgiadis et al., 2013,
2014; Li et al., 2019). Thus, Sitiron can include (i) amorphous biogenic
and pedogenic silica, (ii) Si adsorbed to/occluded in pedogenic oxides/
hydroxides (Sioy), and (iii) mobile or plant available Si (Sicaci2) (cf.
Cornelis et al., 2011). In general, Siyx and Sicac» fractions in our soils
were relatively small, and thus Siti,, mainly consisted of extracted
amorphous biogenic and pedogenic silica. However, due to the short
extraction time of one hour we exclude extensive extraction of pedo-
genic Si forms and assume a more or less exclusively extraction of
biogenic Si (cf. Bardo et al., 2014), i.e., mainly phytoliths (next to, e.g.,
testate amoeba or diatom shells, see, e.g., Creevy et al., 2016, Puppe
et al., 2015, 2016, Wanner et al., 2019), at least in the uppermost
(organic) horizons. We further assume phytoliths < 5pm, which were
filtered out from phytolith extracts and thus not included in gravimetric
quantification of phytolith contents (cf. subSection 2.3), to be the main
driver of extractable Si fractions in soils.

This is corroborated by some earlier studies: Puppe et al. (2017)
found phytoliths larger than 5 pum to represent only about 16% of total

11

Si contents of plant materials of Calamagrostis epigejos and Phragmites
australis (Poaceae); Wilding and Drees (1971) showed that about 72%
of leaf phytoliths of American beech (Fagus grandifolia) are smaller than
5 um. These findings clearly point to the potential significance of phy-
toliths < 5um for Si cycling in general. In addition, Meunier et al.
(2017) and Puppe et al. (2017) highlighted the importance of fragile
phytogenic Si structures for Si cycling as they seem to represent another
huge and most reactive Si pool in soils. However, as long as we do not
exactly know how big the different phytogenic Si pools (represented by
phytoliths > 5 pm, phytoliths < 5pum, and fragile phytogenic Si struc-
tures) in soils are, how soluble the different phytogenic Si forms are,
and how long they are preserved in soils, any interpretation of phyto-
genic Si pools in soils and their role in Si cycling (and their potential in
carbon sequestration, see Hodson 2019) remains more or less vague (an
overview of the current knowledge of phytogenic Si in soils as described
in our article can be found in Table 3).

4.3. Conclusions

In conclusion, for examinations of Si cycling in biogeosystems a
combination of microscopic analyses and Si extraction techniques
should be applied whenever possible, because extractions of Si fractions
alone (i) do not necessarily reflect the quantities of phytogenic Si pools
in a specific soil and (ii) do not deliver any information on phytolith
characteristics in this soil or on interactions between phytolith pools
and chemically extractable Si fractions. Furthermore, we urgently need
detailed analyses of phytogenic Si < 5um and fragile phytogenic Si
structures, corresponding phytogenic Si pools, and their correlations
with extractable Si fractions in the future, because only a minor part of
phytogenic Si seems to be reflected by ‘classic’ phytoliths > 5 pm. Only
the knowledge of the entire phytogenic Si pool (fragile phytogenic Si
structures plus phytogenic Si < 5um plus phytoliths > 5 pm), the dis-
solution kinetics of these phytoliths/phytogenic Si structures, and cor-
responding impacts on different extractable Si fractions in soils will
allow us to fully understand Si cycling in different biogeosystems.
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Fig. A2. Vertical distribution of phytogenic Si pools and extracted Si fractions in soils of the studied sites.
Table Al
Physicochemical soil properties of the studied sites.
Study site Depth pH Corg N¢ Feox Feq Alyy Mny Sand Silt Clay
cm KCl % % mgkg ! mgkg ! mgkg ! mgkg ! % % %
Beech 0-2 5.2 24.87 1.27 1281 2945 843 3082 - - -
2-7 3.8 2.42 0.17 1723 3561 724 658 2.7 87.2 10.1
7-30 3.9 0.52 0.05 1287 3991 696 316 2.5 87.6 9.9
30-45 3.5 0.37 0.04 1322 6855 896 193 2.2 76.6 21.2
45-80 3.6 0.33 0.05 775 7693 455 156 21 75.3 22.6
80-105 4.1 0.30 0.03 474 5895 308 247 2.1 79.4 18.5
105-140 6.1 0.09 0.03 278 4132 172 209 2.6 87.2 10.2
Pine 0-4 3.7 26.01 1.23 1539 3960 867 646 - - -
4-9 3.4 4.94 0.29 1185 3653 446 142 7.4 84.8 7.8
9-35 4.0 0.67 0.06 943 2673 387 603 8.8 89.0 2.2
35-55 4.1 0.34 0.02 793 1922 272 146 9.1 88.3 2.6
55-75 3.8 0.32 0.04 1780 5198 457 229 9.9 75.7 14.4
75-125 3.9 0.29 0.03 885 5679 479 219 6.2 78.2 15.6
125-185 3.9 0.31 0.04 717 4730 292 199 5.8 80.1 14.1

13



D. Kaczorek, et al.

Geoderma 356 (2019) 113917

Grassland/Meadow 0-3 5.2 4.15 0.78 532 2957 421 196 - - -
3-23 5.1 1.29 0.14 826 4859 470 276 5.7 79.8 14.5
23-40 5.9 0.38 0.04 1177 7352 558 207 5.4 77.9 16.7
40-55 5.9 0.32 0.03 1238 6125 983 204 6.9 77.9 15.2
55-85 5.9 0.29 0.03 531 5484 282 177 5.2 75.1 19.7
85-120 5.8 0.26 0.03 564 4947 270 202 5.8 84.4 9.8
120-185 5.6 0.26 0.02 290 4015 169 196 3.8 88.5 7.7
Arable land 0-30 5.0 0.83 0.09 509 5647 226 208 5.0 81.3 13.7
30-70 5.0 0.28 0.03 292 4789 172 171 4.2 85.1 10.7
70-100 5.7 0.28 0.04 362 4722 128 247 3.4 87.1 9.5
100-150 5.3 0.28 0.02 296 3898 130 160 2.8 89.0 8.2
150-160 6.6 0.12 0.02 441 3323 365 184 2.5 89.1 8.4
Table A2
Chemical composition of the different horizons in the studied soils.
Horizon Depth SiOy Al,O5 CaO Fe,03 K>O MgO MnO Na,O P,0s TiO,
cm gkg ! gkg ! gkg ! gkg ! gkg ! mgkg ™! mgkg ™! mgkg ™ mgkg ™" mgkg ™!
Beech
(6] 2 390 54.4 12.5 10.2 10.7 2860 3814 4165 2294 3276
Ah 7 761 57.9 2.0 14.3 19.0 2471 1053 8121 735 6266
E 30 793 59.6 1.9 15.5 20.1 3173 495 8510 475 6488
Bt/E 45 724 88.1 2.7 29.8 21.5 6047 362 7659 603 6400
Bt 80 738 91.0 3.5 32.2 21.4 6616 315 7586 850 6338
Bw/C 105 765 82.1 4.1 26.7 21.7 5714 475 8909 853 6295
C 140 720 74.7 35.2 21.0 21.1 9928 452 8937 858 5625
Pine
) 4 406 55.8 4.9 16.0 10.1 1585 998 3671 2278 3373
Ah 9 754 48.9 1.8 13.6 16.9 1795 261 6385 1614 5611
E/A 35 781 45.8 1.6 111 16.9 1827 1026 6496 796 5989
E 55 810 44.8 1.7 9.7 17.5 1784 341 6840 716 5927
Bt 75 767 64.3 2.5 22.5 18.1 4344 489 6315 960 5883
Bw/C 125 748 66.1 3.1 25.0 18.0 5122 382 6480 636 5829
C 185 777 57.0 3.0 20.2 18.3 4199 377 7365 690 5932
Grassland/Meadow
Ah 3 719 62.7 6.4 23.1 2.4 8865 503 7502 1077 5788
Ap 23 742 59.8 5.0 20.7 17.6 4052 460 6247 951 6050
E 40 731 72.2 5.0 28.2 18.3 5535 370 6114 948 6079
E/Bt 55 739 63.4 4.4 24.4 18.1 4862 400 6587 933 6060
Bt 85 758 65.6 4.4 23.0 19.5 4585 351 7283 882 6093
Bw/C 120 780 61.7 3.6 20.3 18.5 3947 350 7670 679 5826
C 185 774 59.0 3.6 19.0 19.0 3980 383 8338 665 5928
Arable land
Ap 30 766 63.6 3.9 22.6 18.3 4609 381 7017 1002 6102
Bt 70 782 62.4 3.6 19.6 19.0 4189 339 8233 555 5963
Bw/C 100 766 61.6 3.7 20.0 19.1 4001 412 8446 642 5873
C 150 787 66.5 4.0 20.1 20.1 4338 330 8950 734 6246
C 160 758 70.1 25.0 20.0 20.1 7587 371 8805 827 6102
Table A3
Mineralogical composition of the different horizons in the studied soils.
Study site Mineral composition
Horizon Depth (cm) Quartz K-feldspar Plagioclase Pyroxene Amphiboles
Beech (0] 2 - - -
Ah 7 +++ + +
E 30 +++ + +
Bt/E 45 +++ + + +
Bt 80 +++ ++ +
Bw/C 105 +++ + ++
C 140 +++ + + +
Pine (0] 4 - - -
Ah 9 +++ + + + +
E/A 35 +++ ++ + +
E 55 +++ ++ + +
Bt 75 +++ ++ + +
Bw/C 125 +++ + +
C 185 +++ + ++
Grassland/Meadow Ah 3 - -
Ap 23 +++ + +
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E 40 +++

E/Bt 55 ++ +

Bt 85 ++ +

Bw/C 120 + 4+

C 185 +++

Arable land Ap 30 +++
Bt 70 ++ +

Bw/C 100 +++

C 150 ++ +

C 160 + 4+

Geoderma 356 (2019) 113917

++ +
+ ++
++ +
+ + +
+ +
++ +
++ +
+ ++
+ +
+ +

+ + 4+ main mineral, + + ancillary mineral, + mineral as an admixture.

References

Alexandre, A., Meunier, J.D., Colin, F., Koud, J.M., 1997. Plant impact on the biogeo-
chemical cycle of silicon and related weathering processes. Geochim. Cosmochim.
Acta 61, 677-682.

Alexandre, A., Bouvet, M., Abbadie, L., 2011. The role of savannas in the terrestrial Si
cycle: a case study from Lamto, Ivory Coast. Glob. Planet. Chang. 78, 162-169.

Bardo, L., Clymans, W., Vandevenne, F., Meire, P., Conley, D.J., Struyf, E., 2014.
Pedogenic and biogenic alkaline-extracted silicon distributions along a temperate
land-use gradient. Eur. J. Soil Sci. 65, 693-705.

Bartoli, F., 1983. The biogeochemical cycle of silicon in two temperate forest ecosystems.
Environ. Biogeochem. Ecol. Bull. 35, 469-476.

Bartoli, F., Wilding, L.P., 1980. Dissolution of biogenic opal as a function of its physical
and chemical properties. Soil Sci. Soc. Am. J. 44, 873-878.

Biermans, V., Baert, L., 1977. Selective extraction of the amorphous Al, Fe and Si oxides
using an alkaline Tiron solution. Clay Miner. 12, 127-135.

Blinnikov, M.S., Bagent, M.C., Reyerson, E.P., 2013. Phytolith assemblages and opal
concentrations from modern soils differentiate temperate grasslands of controlled
composition on experimental plots at Cedar Creek, Minnesota. Quat. Int. 287,
101-113.

Borrelli, N., Alvarez, M.F., Osterrieth, M.L., Marcovecchio, J.E., 2010. Silica content in
soil solution and its relation with phytolith weathering and silica biogeochemical
cycle in Typical Argiudolls of the Pampean Plain, Argentina — a preliminary study. J.
Soils Sediments 10, 983-994.

Cabanes, D., Shahack-Gross, R., 2015. Understanding fossil phytolith preservation: the
role of partial dissolution in paleoecology and Archaeology. 10 (5), 1-16.

Carey, J.C., Fulweiler, R.W., 2012. Human activities directly alter watershed dissolved
silica fluxes. Biogeochemistry 111, 125-138.

Carey, J.C., Fulweiler, R.W., 2016. Human appropriation of biogenic silicon- the in-
creasing role of agriculture. Funct. Ecol. 30 (8).

Clymans, W., Struyf, E., Govers, G., Vandevenne, F., Conley, D.J., 2011. Anthropogenic
impact on amorphous silica pools in temperate soils. Biogeosciences 8, 2281-2293.
https://doi.org/10.5194/bg-8-22812011.

Cornelis, J.-T., Delvaux, B., 2016. Soil processes drive the biological silicon feedback loop.
Funct. Ecol. 30, 1298-1310.

Cornelis, J.T., Ranger, J., Iserentant, A., Delvaux, B., 2010. Tree species impact the ter-
restrial cycle of silicon through various uptakes. Biogeochem 97, 231-245.

Cornelis, J.T., Titeux, H., Ranger, J., Delvaux, B., 2011. Identification and distribution of
the readily soluble silicon pool in a temperate forest below three distinct tree species.
Plant Soil 342, 369-378.

Creevy, A.L., Fisher, J., Puppe, D., Wilkinson, D.M., 2016. Protist diversity on a nature
reserve in NW England—with particular reference to their role in soil biogenic silicon
pools. Pedobiologia 59 (1-2), 51-59.

de Lima Rodrigues, L., Daroub, S.H., Rice, R.W., Snyder, G.H., 2003. Comparison of three
soil test methods for estimating plant-available silicon. Commun. Soil Sci. Plant Anal.
34, 2059-2071.

De Rito, M., Honaine, M.F., Osterrieth, M., Morel, E., 2018. Silicophytoliths from a
Pampean native tree community (Celtis ehrenbergiana community) and their re-
presentation in the soil assemblage. Rev. Palaeobot. Palynol. 257, 19-34.

DIN ISO 11277, 1998. Bodenbeschaffenheit: Bestimmung der Partikelgrofenverteilung in
Mineralbdden — Verfahren mittels Siebung und Sedimentation. Deutsches Institut fiir
Normung, Beuth, Berlin.

Fishkis, O., Ingwersen, J., Streck, T., 2009. Phytolith transport in sandy sediment: ex-
periments and modeling. Geoderma 151 (3-4), 168-178.

Fishkis, O., Ingwersen, J., Lamers, M., Denysenko, D., Streck, T., 2010. Phytolith transport
in soil: a field study using fluorescent labelling. Geoderma 157 (1-2), 27-36.

Fraysse, F., Pokrovsky, O.S., Schott, J., Meunier, J.D., 2006. Surface properties, solubility
and dissolution kinetics of bamboo phytoliths. Geochim. Cosmochim. Acta 70,
1939-1951.

Fraysse, F., Pokrovsky, O.S., Schott, J., Meunier, J.D., 2009. Surface chemistry and re-
activity of plant phytoliths in aqueous solutions. Chem. Geol. 258, 197-206.

Georgiadis, A., Sauer, D., Herrmann, L., Breuer, J., Zarei, M., Stahr, K., 2013.
Development of a method for sequential Si extraction from soils. Geoderma 209,
251-261.

Georgiadis, A., Sauer, D., Herrmann, L., Breuer, J., Zarei, M., Stahr, K., 2014. Testing a
new method for sequential silicon extraction on soils of a temperate-humid climate.
Soil Research 52 (7), 645-657.

Golyeva, A., 2001. Phytoliths and Their Information Role in Natural and Archaeological
Objects, Moscow, Syktyvkar Elista.

15

Guntzer, F., Keller, C., Poulton, P.R., McGrath, S.P., Meunier, J.D., 2012. Long-term re-
moval of wheat straw decreases soil amorphous silica at Broadbalk, Rothamsted.
Plant Soil 352, 173-184.

Haysom, M.B.C., Chapman, L.S., 1975. Some aspects of the calcium silicate trials at
Mackay. Proc. Aust. Sugar Cane Technol. 42, 117-122.

Hodson, M.J., 2016. The development of phytoliths in plants and its influence on their
chemistry and isotopic composition. Implications for palaeoecology and archaeology.
J. Archaeol. Sci. 68, 62-69.

Hodson, M.J, 2019. The Relative Importance of Cell Wall and Lumen Phytoliths in Carbon
Sequestration in Soil: A Hypothesis. Front. Earth Sci. 7, 167. https://doi.org/10.
3389/feart.2019.00167.

Keller, C., Guntzer, F., Barboni, D., Labreuche, J., Meunier, J.D., 2012. Impact of agri-
culture on the Si biogeochemical cycle: input from phytolith studies. Compt. Rendus
Geosci. 344, 739-746.

Kendrick, K.J., Graham, R.C., 2004. Pedogenic silica accumulation in chronosequence
soils, Southern California. Soil Sci. Soc. Am. J. 68, 1295-1303.

Kodama, H., Ross, G.J., 1991. Tiron dissolution method used to remove and characterize
inorganic components in soils. Soil Sci. Soc. Am. J. 55, 1180-1187.

Li, Z., Song, Z., Cornelis, J.T., 2014. Impact of rice cultivar and organ on elemental
composition of phytoliths and the release of bio-available silicon. Front. Plant Sci. 5
(529).

Li, Z., Unzué-Belmonte, D., Cornelis, J.T., Vander Linden, C., Struyf, E., Ronsse, F.,
Delvaux, B., 2019. Effects of phytolithic rice-straw biochar, soil buffering capacity
and pH on silicon bioavailability. Plant Soil 438, 187-203.

Madella, M., Alexandre, A., Ball, T., 2005. International code for phytolith nomenclature
1.0. Ann. Bot. 96, 253-260.

Maguire, T.J., Templer, P.H., Battles, J.J., Fulweiler, R.W., 2017. Winter climate change
and fine root biogenic silica in sugar maple trees (Acer saccharum): implications for
silica in the Anthropocene. J. Geophys. Res. Biogeosci. 122, 708-715. https://doi.
0rg/10.1002/2016JG003755.

Markewitz, D., Richter, D.D., 1998. The bio in aluminium and silicon biogeochemistry.
Biogeochemistry 42, 235-252.

Mehra, O.P., Jackson, M.L., 1960. Iron oxide removal from soils and clays by a dithionite-
citrate system buffered with sodium bicarbonate. In: Swineford, A. (Ed.), Clays and
Clay Minerals. Proc. 7th Natl. Conf., Washington DC, 1958 Pergamon Press, New
York, pp. 317-327.

Meunier, J.D., Guntzer, F., Kirman, S., Keller, C., 2008. Terrestrial plant-Si and en-
vironmental changes. Mineral. Mag. 72, 263-267.

Meunier, J.D., Keller, C., Guntzer, F., Riotte, J., Braun, J.J., Anupama, K., 2014.
Assessment of the 1% Na,COj3 technique to quantify the phytolith pool. Geoderma
216, 30-35.

Meunier, J.D., Barboni, D., Anwar-ul-Hag, M., Levard, C., Chaurand, P., Vidal, V., Grauby,
0., Hug, R., Laffont-Schwob, I., Rabier, J., Keller, C., 2017. Effect of phytoliths for
mitigating water stress in durum wheat. New Phytol. 215, 229-239. https://doi.org/
10.1111/nph.14554.

Nguyen, M.N., Meharg, A.A., Carey, M., Dultz, S., Marone, F., Cichy, S.B., Tran Ch, T., Le,
G.H., Mai, N.T., Nguyen, T.T.H., 2018. Fern, Dicranopteris linearis, derived phytoliths
in soil: morphotypes, solubility and content in relation to soil properties. Eur. J. Soil
Sci. 1-11.

Osterrieth, M., Borrelli, N., Alvarez, M.F., Honaine, M.F., 2015. Silica biogeochemical
cycle in temperate ecosystems of the Pampean Plain, Argentina. J. S. Am. Earth Sci.
63, 172-179.

Peto, A., 2013. Studying modern soil profiles of different landscape zones in Hungary: an
attempt to establish a soil-phytolith identification key. Quat. Int. 287, 149-161.

Piperno, D., 2006. R.: Phytoliths: A Comprehensive Guide for Archaeologists and
Paleoecologists. Alta Mira Press, Lanham, MD.

Puppe, D., Leue, M., 2018. Physicochemical surface properties of different biogenic si-
licon structures: results from spectroscopic and microscopic analyses of protistic and
phytogenic silica. Geoderma 330, 212-220.

Puppe, D., Ehrmann, O., Kaczorek, D., Wanner, M., Sommer, M., 2015. The protozoic Si
pool in temperate forest ecosystems — quantification, abiotic controls and interactions
with earthworms. Geoderma 243-244, 196-204.

Puppe, D., Hohn, A., Kaczorek, D., Wanner, M., Sommer, M., 2016. As time goes by —
spatiotemporal changes of biogenic Si pools in initial soils of an artificial catchment
in NE Germany. Appl. Soil Ecol. 105, 9-16.

Puppe, D., Hohn, A., Kaczorek, D., Wanner, M., Wehrhan, M., Sommer, M., 2017. How big
is the influence of biogenic silicon pools on short-term changes in water-soluble si-
licon in soils? Implications from a study of a 10-year-old soil-plant system.
Biogeosciences 14, 5239-5252.

Saccone, L., Conley, D.J., Koning, E., Sauer, D., Sommer, M., Kaczorek, D., Blecker, S.W.,


http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0005
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0005
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0005
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0010
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0010
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0015
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0015
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0015
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0020
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0020
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0025
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0025
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0030
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0030
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0035
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0035
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0035
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0035
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0040
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0040
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0040
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0040
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0045
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0045
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0050
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0050
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0055
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0055
https://doi.org/10.5194/bg-8-22812011
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0065
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0065
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0070
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0070
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0075
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0075
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0075
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0080
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0080
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0080
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0085
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0085
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0085
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0090
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0090
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0090
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0095
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0095
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0095
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0100
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0100
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0105
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0105
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0110
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0110
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0110
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0115
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0115
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0120
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0120
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0120
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0125
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0125
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0125
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0130
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0130
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0135
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0135
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0135
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0140
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0140
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0145
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0145
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0145
https://doi.org/10.3389/feart.2019.00167
https://doi.org/10.3389/feart.2019.00167
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0150
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0150
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0150
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0155
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0155
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0160
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0160
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0165
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0165
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0165
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0170
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0170
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0170
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0175
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0175
https://doi.org/10.1002/2016JG003755
https://doi.org/10.1002/2016JG003755
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0185
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0185
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0190
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0190
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0190
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0190
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0195
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0195
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0200
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0200
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0200
https://doi.org/10.1111/nph.14554
https://doi.org/10.1111/nph.14554
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0210
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0210
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0210
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0210
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0215
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0215
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0215
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0220
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0220
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0225
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0225
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0230
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0230
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0230
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0235
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0235
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0235
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0240
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0240
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0240
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0245
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0245
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0245
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0245
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0250

D. Kaczorek, et al.

Kelly, E.F., 2007. Assessing the extraction and quantification of amorphous silica in
soils of forest and grassland ecosystems. Eur. J. Soil Sci. 58, 1446-1459.

Sangster, A.G., Hodson, M.J., Tubb, H.J., 2001. Silicon deposition in higher plants. In:
Datnoff, L.E., Snyder, G.H., Korndorfer, G.H. (Eds.), Silicon in Agriculture. 8.
Elsevier, Amsterdam, The Netherlands, pp. 85-113.

Schlichting, E., Blume, H.P., Stahr, K., 1995. Soils Practical. Blackwell, Berlin, Wien,
Germany, Austria 295 pp.

Schwertmann, U., 1964. Differenzierung der Eisenoxide des Bodens durch Extraktion mit
Ammoniumoxalat Losung. Z. Pflanzenerndhr. Bodenkd. 105, 194-202.

Sommer, M., Kaczorek, D., Kuzyakov, Y., Breuer, J., 2006. Silicon pools and fluxes in soils
and landscapes — a review. J. Plant Nutr. Soil Sci. 169, 310-329.

Sommer, M., Jochheim, H., Hohn, A., Breuer, J., Zagorski, Z., Busse, J., Barkusky, D.,
Meier, K., Puppe, D., Wanner, M., Kaczorek, D., 2013. Si cycling in a forest biogeo-
system — the importance of transient state biogenic Si pools. Biogeosciences 10,
4991-5007. https://doi.org/10.5194/bg-10-4991-2013.

Song, Z., McGrouther, K., Wang, H., 2016. Occurrence, turnover and carbon sequestration
potential of phytoliths in terrestrial ecosystems. Earth Sci. Rev. 158, 19-30.

Street-Perrott, F.A., Barker, P.A., 2008. Biogenic silica: a neglected component of the
coupled global continental biogeochemical cycles of carbon and silicon. Earth Surf.
Process. Landf. 33, 1436-1457.

Struyf, E., Smis, A., Van Damme, S., Meire, P., Conley, D.J., 2009. The global

16

Geoderma 356 (2019) 113917

biogeochemical silicon cycle. SILICON 1 (4), 207-213.

Struyf, E., Smis, A., Van Damme, S., Garnier, J., Govers, G., Van Wesemael, B., Conley,
D.J., Batelaan, O., Frot, E., Clymans, W., Vandevenne, F., Lancelot, C., Goos, P.,
Meire, P., 2010. Historical land use change has lowered terrestrial silica mobilization.
Nat. Commun. 1, 129. https://doi.org/10.1038/ncomms1128.

Turpault, M.P., Calvaruso, C., Kirchen, G., Redon, P.O., Cochet, C., 2018. Contribution of
fine tree roots to the silicon cycle in a temperate forest ecosystem developed on three
soil types. Biogeosciences 15 (7), 2231-2249.

Vandevenne, F., Struyf, E., Clymans, W., Meire, P., 2012. Agricultural silica harvest: have
humans created a new loop in the global silica cycle? Front. Ecol. Environ. 10,
243-248.

Vandevenne, F.I., Bardo, L., Ronchi, B., Govers, G., Meire, P., Kelly, E.F., Struyf, E., 2015.
Silicon pools in human impacted soils of temperate zones. Glob. Biogeochem. Cycles
29, 1439-1450.

Wanner, M., Birkhofer, K., Fischer, T., Shimizu, M., Shimano, S., Puppe, D., 2019. Soil
testate amoebae and diatoms as bioindicators of an old heavy metal contaminated
floodplain in Japan. Microb. Ecol. 1-11.

Wilding, L.P., Drees, L.R., 1971. Biogenic opal in Ohio soils. Soil Sci. Soc. Am. Proc. 35,
1004-1010.

Wilding, L.P., Drees, L.R., 1974. Contributions of forest opal and associated crystalline
phases to fine silt and clay fractions of soils. Clays and Clay Minerals 22 (3), 295-306.


http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0250
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0250
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0255
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0255
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0255
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0260
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0260
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0265
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0265
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0270
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0270
https://doi.org/10.5194/bg-10-4991-2013
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0280
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0280
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0285
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0285
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0285
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0290
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0290
https://doi.org/10.1038/ncomms1128
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0300
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0300
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0300
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0305
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0305
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0305
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0310
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0310
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0310
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0315
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0315
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0315
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0320
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf0320
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf6155
http://refhub.elsevier.com/S0016-7061(19)30974-7/rf6155

Biogeosciences, 10, 4993607, 2013
www.biogeosciences.net/10/4991/2013/
doi:10.5194/bg-10-4991-2013

© Author(s) 2013. CC Attribution 3.0 License.

$s920y uadQ

Si cycling in a forest biogeosystem — the importance of transient
state biogenic Si pools

M. Sommer'2, H. Jochhein?, A. Hohn!, J. Breuer®, Z. Zagorski®, J. Bussé&, D. Barkusky’, K. Meier8, D. Puppée-?,
M. Wanner?, and D. Kaczorek!-®

ILeibniz Centre for Agricultural Landscape Research (ZALF), Institute of Soil Landscape Research, Eberswalder Str. 84,
15374 Mincheberg, Germany

2University of Potsdam, Institute of Earth and Environmental Sciences, Karl-Liebknecht-Str. 24—25, 14476 Potsdam,
Germany

3Leibniz Centre for Agricultural Landscape Research (ZALF), Institute of Landscape Systems Analysis, Eberswalder Str. 84,
15374 Mincheberg, Germany

4Landwirtschaftliches Technologiezentrum Augustenberg (LTZ), Referat 12, NeRlerstr. 23—-32, 76227 Karlsruhe, Germany
SDepartment of Soil Environment Sciences, Warsaw University of Life Science (SGGW), Nowoursynowska 159, 02-776
Warsaw, Poland

6Leibniz Centre for Agricultural Landscape Research (ZALF), Institute for Landscape Biogeochemistry, Eberswalder Str. 84,
15374 Mincheberg, Germany

"Leibniz Centre for Agricultural Landscape Research (ZALF), Research Staiimechéberg, Eberswalder Str. 84, 15374
Muncheberg, Germany

8|eibniz Centre for Agricultural Landscape Research (ZALF), Institute of Land Use Systems, Eberswalder Str. 84, 15374
Miincheberg, Germany

9Brandenburg University of Technology Cottbus-Senftenberg, Chair General Ecology, 03013 Cottbus, Germany

Correspondence tdvl. Sommer (sommer@?zalf.de)

Received: 30 September 2012 — Published in Biogeosciences Discuss.: 19 December 2012
Revised: 11 June 2013 — Accepted: 18 June 2013 — Published: 24 July 2013

Abstract. The relevance of biological Si cycling for dis- genic and zoogenic Si pool (testate amoebae). We quantified
solved silica (DSi) export from terrestrial biogeosystems isan average Si plant uptake of 35kg Sifigr—1 — most of

still in debate. Even in systems showing a high content ofwhich is recycled to the soil by litterfall — and calculated
weatherable minerals, like Cambisols on volcanic tuff, bio- an annual biosilicification from idiosomic testate amoebae
genic Si (BSi) might contribute- 50 % to DSi (Gerard et of 17 kg Siha?. The comparatively high DSi concentrations
al., 2008). However, the number of biogeosystem studies i§6 mgL~1) and DSi exports (12 kg Sihdyr—1) could not
rather limited for generalized conclusions. To cover one endbe explained by chemical weathering of feldspars or quartz
of controlling factors on DSi, i.e., weatherable minerals con-dissolution. Instead, dissolution of a relictic, phytogenic Si
tent, we studied a forested site with absolute quartz dompool seems to be the main process for the DSi observed. We
inance & 95%). Here we hypothesise minimal effects of identified canopy closure accompanied by a disappearance
chemical weathering of silicates on DSi. During a four year of grasses as well as the selective extraction of pine trees
observation period (05/2007-04/2011), we quantified (i) in-30yr ago as the most probable control for the phenomena
ternal and external Si fluxes of a temperate-humid biogeosysebserved. From our results we concluded the biogeosystem
tem (beech, 120yr) by BIOME-BGC (version ZALF), (i) to be in a transient state in terms of Si cycling.

related Si budgets, and (iii) Si pools in soil and beech, chem-

ically as well as by SEM-EDX. For the first time two com-

partments of biogenic Si in soils were analysed, i.e., phyto-

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction geosystems. Unfortunately, the number of studies in which
Si fluxes in/from the soil-plant system are directly linked to

In recent years our understanding of Si cycling in different a detailed analysis of Si pools is still limited (e.g., Alexan-
terrestrial biogeosystems has been improved substantiallydre et al., 1997; Lucas, 2003; Blecker et al. 2006; Gerard et
Research on steppe (Blecker et al., 2006; Borrelli et al., 2010al., 2008; White et al. 2012). Furthermore, no study included
White et al., 2012), savannah (Melzer et al., 2010, 2012;a zoogenic Si pool, although first results on testate amoebae
Alexandre et al., 2011), forest (Gerard et al., 2008; Cornelisdynamics already showed its relevance in terms of biosilici-
etal., 2010a, 2011a) and wetland biogeosystems (Struyf anfication (comparable to plants, Aoki et al., 2007).
Conley, 2009; Struyf et al., 2009) enhanced our understand- Here we present results on Si cycling in a forest biogeosys-
ing of the “plant factor”, i.e., the importance of the biological tem which experienced vegetation shifts due to forest man-
Si cycling in terrestrial biogeosystems which had been studagement. We hypothesised that the effects of Si biocycling
ied in tropical and temperate climates so far (Sommer et al.pn DSi must be most pronounced in cases of very low silicate
2006). weathering. Therefore, we selected a biogeosystem showing

Recently, the complex effects of natural disturbances andh quartz dominance in soils and parent materiaB$ %).
anthropogenic perturbations on Si cycling came into focusBased on a system approach, we quantified Si fluxes (inter-
in Si research. Deforestation (Conley et al., 2008), invad-nal, external) for a 4 yr period and interpreted DSi exports
ing insects (Grady et al., 2007), or fire (Engle et al., 2008)in terms of litho-/pedogenic and biogenic sources as well
clearly modifies annual DSi exports from catchments. Landas vegetation shifts. For the first time the quantification of
use change (LUC) was added as another control on DSihe biogenic Si pool comprises two compartments, the phy-
exports at regional scale and conceptual models includingogenic and zoogenic pool.
those for human activities were developed (Struyf et al. 2010;
Carey and Fulweiler, 2012). The results of these studies chal- .
lenge the steady state assumption implied in most studies of Materials and methods
Si budgets.

Although a spatial hierarchy of driving factors for DSi ex-

ports is well known (Sommer et al., 2006; Cornelis et al., o, study site “Beerenbusch” is located in northern Bran-

2011b), the origin of DSi is still under debate. The major denburg close to the village Rheinsberg @2 N, 12°59 E;
research questions are the following: How large is the con—g 4.5 - Fig. S1 in Supplement). The climate is charac-

tribution of BSi pool to DSi compared to litho-/pedogenic iqised by mean annual air temperature of°&7and av-

sources? What are the main drivers of the relative impor-erage precipitation of 600 mmy according to long-term

tance of biogenic and mineral sources — climate, lithology, easurements (1981-2010) of the meteorological station
state of soH_deveIopme_nt, soil pattern, land use? To answeg e globsow/Menz of the German Weather Service (DWD)
these questions Cornelis et al. (2011b) developed a conceRyhich is located 4 km E of the forest stand. The mean precip-

tual framework. They defined four different scenarios (*end j;4tion during the study period (05/2007—04/2011) was 15 %
members”) based on climate, soil, and vegetation: scenaricpﬁgher (689 mm) compared to the 30 yr average.

1 (weathering unlimited) represents optimal climate and soil 1o study site is located at a Weichselian outwash

conditions. Here_ the D_Si exports from soil-plant systems ar&sjain (sandur) of the Rheinsberg Basin in the foreland of
controlled by climate, i.e., temperature and runoff. In sCe-| 5¢e pleistocene terminal moraines {ifStenberger Staffel”,
nario 2 (soil weathering limited) climate is optimal, but soils Ginzel and Ertl 2004). The soil is classified Bsunic

are poor in weatherable minerals. Consequently, DSi eXPOrh renosol (Dystric)according to WRB (2006) andamel-

is controlled by a near-surface biogeochemical cycling in they;. Udipsammentaccording to Soil Taxonomy (Soil Sur-
plant-soil system rather than by geochemical processes ifey siaff, 1999). Humus enriched topsoils extend down to
de_eper 30|I_ layer. In scenario 3 (climate Weatherlng Ilmlted)a depth of 35cm (Fig. S2 in Supplement). Bleached quartz
soils contain weatherable minerals. Therefore, DSi might b&y5ins indicate a slight podzolization for the first mineral
controlled by either biogenic or pedo-/lithogenic sources.pqyi;qn (AE). Brunification leads to a bright brownish color
Their relative proportions depend on local conditions (lithol- i, ihe subsoil (Bw horizons) down to a depth of 80 cm. Sin-
ogy, geomorphology, land use). By scenario 4 (weatheringy|q thin clay lamellae in subsoil and parent material indicate

limited) deserts are covered where eolian fluxes are the Onllﬁlay translocation macroscopically (down to 120 cm).
relevant Si export from the system. According to Cornelis

et al. (2011b) each scenario should be characterized by dl@z Land use and forest management history

tinct DSi geochemical signatures®fSi, Ge / Si) which can

be used in tracing Si pathways in soil-plant systems. The study site is embedded into a large forested area, called
However these signatures have to be combined with Si'Naturpark Stechlin-Ruppiner Land”. Reconstruction of land

flux analysis (incl. mass balances) and Si pool gquantifica-use history revealed Beerenbusch to be covered by forests for

tions in order to understand the fate of Si in terrestrial bio- at least 230 yr (Fig. S3 in Supplement). Before 1888 the site

2.1 Environmental setting

Biogeosciences, 10, 4993007, 2013 www.biogeosciences.net/10/4991/2013/
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was used as pine foreRifus sylvestrid.., planted in 1826) ter a 60 minute equilibration period. The total carbon con-
(Figs. S4, S5 in Supplement). In 1888 European beBah ( tent was determined by dry combustion using an elemen-
gus sylvaticd..) was planted into the pine stand as an under-tal analyser (Vario EL, Elementar Analysensysteme, Hanau,
storey. A mixed forest of beech and pine developed since. AGGermany). CaC@was determined conductometrically fol-
canopy closure continued, grasses of the understorey succel®wing Scheibler (Schlichting et al., 1995). Organic carbon
sively disappeared due to light limitation. Already in 1954 (Cqrg) was calculated as the difference between total carbon
only few local spots with grasses in the ground vegetationand carbonate carbon. In soil horizons and sediments with-
existed (Table S6 in Supplement). Canopy closure was aceut carbonates total carbon equals soil organic carbon. Pedo-
complished in the early 1980s. From 1985 to 1988, the uppegenic oxides were characterised by dithionite-soluble (DCB)
pine layer of the mixed forest stand was cut stepwise. The~e (Fg) and dark acid-oxalate soluble Fe, Al, and SidAl
recent plant community classifies aMajanthemo-Fagetum Fe,, Siy) following the procedures of Mehra and Jackson
with coverages of 85% beech in the upper storey, 5% in(1960) and Schwertmann (1964), respectively (Schlichting
the intermediate layer and 20 % in the understorey. The reet al., 1995). The element concentrations in solutions were
cent ground vegetation shows herbs (1% coverage), mosseaketermined by ICP-OES. All basic soil analyses were per-
(5%), and lichens<€ 1 %) (F. Becker, personal communica- formed in two lab replicates.

tion, 2004), but no grasses (Fig. S3 in Supplement). In 2008

the mature beech stand is characterised by a mean tree height3.1 Water extractable Si (Si,0)

of 28 m and a timber volume of 369%ha 1. An ICP Forests

site (DE1207) was established and instrumented at a 0.5 h@/ater extractable Si was determined by the method of

fenced area in 2001 (Fig. S2 in Supplement). Schachtschabel and Heinemann (1967). Ten grams of dry
soil (< 2mm) were weighted into 80 mL plastic centrifuge
2.3 Sampling and analysis of soils, plants, phytoliths, tubes and 50mL distilled water added together with three
and testate amoebae drops of a 0.1 % Nap¢solution to prevent microbial activity.

The total extraction lasted seven days in which tubes were
A representative soil and a sediment core had been analyseshaken by hand twice a day. Tubes were not shaken mechan-
for basic textural and chemical properties prior to this studyically to avoid abrasion of coarse mineral particles collid-
(Lachmann, 2002; Jochheim et al., 2007a; Fig. S2 in Suping during shaking (Mc Keague and Cline, 1963). Finally
plement). Spatial soil heterogeneity was characterized in dhe extraction solution was centrifuged (4000 rpm, 20 min),
25x 25m raster by Lachmann (2002). From his results afiltrated (0.45 um polyamide membrane filters) and Si was
quite similar soil horizonation and sediment layering can bemeasured by ICP-OES. Analyses were performed in three
concluded for the 0.5 ha study site. Therefore, we mergedab replicates.
results of both samplings (soil pit, core) into one depth func-
tion (down to 2.8 m). For Si analysis a resampling from the2.3.2 Tiron extractable Si (Stiron)
original soil pit occurred end of September 2009.

Litter and soil material was taken by horizons down to The Tiron (GH4NaxOsS,,.H20) extraction procedure was

a depth of 1.25m and stored in plastic bags. Undisturbedeveloped by Biermans and Baert (1977) and modified by
soil cores (100 cH) were taken in the middle of soil hori- Kodama and Ross (1991). It has been used to quantify amor-
zons and dried at 10% for determination of bulk density phous biogenic and pedogenic Si, so-called “pedogenic sil-
(BD) (Lachmann, 2002). Bulk densities for sediments of ica” (Kendrick and Graham, 2004), although a partial disso-
the core were calculated by bulk density =(1otal poros- lution of primary minerals is well known (Kodama and Ross,
ity) x density. Assuming a total porosity of 0.36 (36 Vol. %), 1991; Sauer et al., 2006). The extraction procedure is as
which is reasonable for near-surface glaciofluvial sands, andollows: dilution of 31.42 g Tiron (ACROS Organics, Geel,
a quartz density of 2.65gcm we calculated a bulk den- Belgium) with 800 mL of distilled water, followed by addi-
sity of 1.7 gcnt3. Bulk soil samples were air dried, gently tion of 100 ml sodium carbonate solution (5.3 &z in
crushed and sieved at 2 mm to separate the fine earth frad-00 mL distilled water) under constant stirring. After that the
tion (< 2mm) from gravel £ 2mm). The particle size dis- pH of the solution increases from 3.3 to 7.5. Finally, the pH
tribution of the fine earth was determined by a combinedis brought to 10.5 by adding small volumes of a 4 M NaOH-
wet sieving & 63 um) and pipette< 20 um) method (DIN  solution. The Tiron solution is transferred into a 1 L volumet-
ISO 11277, 1998). Pretreatment for particle size analysigic flask and has a final concentration of 0.1 M. For the ex-
was done by wet oxidation of organic matter usingCA traction 30 mg of dry soil is weighted into 80 mL centrifuge
(10 Vol. %) at 80°C and dispersion by shaking the sam- tubes and a 30 mL aliquot of the Tiron solution added. The
ple end over end for 16 h with a 0.01 M \N&O7-solution tubes are then heated at 8D in a water bath for 1 h. Af-
(Schlichting et al., 1995). Soil pH was measured using ater cooling adhering water on the surface of the tubes is re-
glass electrode in 0.01 M Caflkuspensions at a soil to moved, the tubes are weighted and water lost by evapora-
solution ratio of 15 (w/v) (DIN ISO 10390, 1997) af- tion is replaced. The extracted solutions were centrifuged at

www.biogeosciences.net/10/4991/2013/ Biogeosciences, 10, 4081~-2013
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4000 rpm for 30 min, filtrated (0.45 um polyamide membranetraction procedure for litterfall was similar to soil horizons
filters, Whatman NL 17) and elements were measured byexcept steps 3 and 4 (see below). From each horizon 10g
ICP-OES. Analyses were performed in three lab replicates. of dry soil material & 2 mm) were processed in four steps
(adapted from Alexandre et al., 1997). First organic matter is
2.3.3 Mineralogy, micromorphology and SEM-EDX oxidized using HO> (35 Vol. %), HNG; (65 Vol. %), HCIQy
analysis (70\Vol. %) at 80°C until reaction subsides. Secondly, car-
bonates and Fe oxides are dissolved by boiling the sample
Powder samples of each soil horizenZ mm fraction) were  in HCI (10 Vol. %) for 30 min. Thirdly, the< 2 um granulo-
analysed for basic mineral composition using a BRUCKER metric fraction is removed by dispersion of remaining solid
AXS D5000 Diffractometer (Cu-K radiation). The rela- phase of step 2 with 2 Vol. % sodium hexametaphosphate so-
tive intensities of the diffraction maxima were used for a lution (6—12 h), centrifugation at 1000 rpm for 2—3 min, and
semiquantitative estimation of the concentration of mineralsubsequent decantation. Finally, the phytoliths are separated
species present. The counts from the main reflection peaky shaking the remaining solid phase of step 3 with 30 mL
of all minerals were summed up and the relative propor-of sodium polytungstate NéH>W12040) - H2O (density of
tion of each mineral was calculated as percent of the total2.3 g cnt3), centrifugation at 3000 rpm for 10 min, carefully
A subsample of the< 2 mm fraction was placed on an Al- pipetting the supernatant, and filtering by 5 um teflon filter.
stub, fixed by adhesive tape, coated with minimal amountThis step was repeated three times. The filter residue was
of gold-palladium and analysed on element composition bywashed with water, bulked, dried at 105, and weighted.
microprobe analysis (Hitachi S-2700 device, EDX-X-Flash- A subsample was placed on an Al-stub, fixed by adhesive
Detector with SAMX-Software at ZELMI, TU-Berlin). tape, and coated with minimal amount of gold-palladium.
Four undisturbed soil samples (Kubiena boxes of 8 cmTen micrographs per stub were made using a JEOL JSM6060
height) were taken from 0—-8 cm (AE, Ah), 10-18cm (AB), LV SEM microscope (50& magnification). Phytoliths of
44-52 cm (Bw) and 104-112cm (2Cwt) (Fig. S2 in Sup- each micrograph (coverage approx. 20200 unf) were
plement). Air-dried samples were impregnated with Leguvalcounted. The database comprises a total number of 462 (L),
resin under vacuum. After hardening 24 um thick thin sec-459 (AE), 422 (Ah), and 238 phytoliths (AB). They were de-
tions were prepared. The micromorphological features werescribed by shape according to ICPN (Madela et al., 2005)
described according to the concepts and terminology proand assigned to vegetation (Golyeva, 2001) wherever appli-
posed by Stoops (2003). For thin section descriptions a SMeable. Further, all counted phytoliths were assigned to one
LUX-POL (Leitz) microscope with polarisation filter was of three classes of phytolith dissolution: (i) plain phytoliths,
used. After description thin sections were coated with carbor(ii) phytoliths showing some surface etching, and (iii) phy-
in a vacuum evaporator, and then examined with electron mitoliths with strong dissolution features. Phytoliths at stubs
croprobe analyses (Cameca Camebax Microbeam, ZELMivere analysed on element composition by microprobe anal-
at TU Berlin), using an accelerating potential of 20kV. Ele- ysis (Hitachi S-2700 device, EDX-X-Flash-Detector with
ment distribution maps (Si, Al, Fe, K, Mg, Ca, Na, Ti) were SAMX-Software at ZELMI, TU Berlin).
obtained with the same instrument. Feldspar grains and cu- The Si pool of phytoliths was calculated assuming phy-
tans (Fig. 5) were identified by microscopic examination ontoliths to consist of pure Si© This results in a slight overes-
all thin sections (between 10 and 20 replicates, dependindgimation of the real Si pools, because biogenic opal contains
on the number of feldspar grains in each thin section). Toca. 10 % HO and some accessory elementsl(%) (Bartoli
obtain information about the weathering state of potassiumand Wilding, 1980).
feldspars, strewn slides of soil material from three different
depths (10-20, 40-60, and 100-130 cm) were prepared and3.5 Plant analysis

analysed using SEM (Fig. 6). For identification of feldspars, ) )
The collected plant litter (see Sect. 2.4) was oven dried at

samples were analysed with REM-EDX and the potassium ; . ) ¢ =
05°C and milled in a planet type ball mill using milling ves-

distribution in the slides was recorded. Each strewn slide was )
sels and balls made from ZpOSample aliquots of approx-

divided into four subsections and a minimum of ten replicates: - : /
per subsection were analysed. imately 200 mg were digested under pressure in PFA diges-
tion vessels using a mixture of 2.5mL HN@nd 1 mL HF
2.3.4 Phytolith separation from plants and soils, at 220°C and approximately 100 bar (Ultra Clave II, MLS
SEM-EDX analysis GmbH, Leutkirch, Germany). Silicon was measured by ICP-

OES (Vista Pro, Varian Inc., Australia) using a HF-resistant

Phytoliths were extracted from litterfall, the organic surface S2MPle introduction system, radial viewing of the plasma,
layer (L) as well as from the first three mineral horizons (AE, @nd matrix matched external calibration.

Ah, AB). Litterfall from one sampling date (May to August

2008) was separated into four groups: leaves, bud scales,

fruit capsules and wood from twigs and branches. The ex-
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2.3.6 Quantification of testate amoebae and related Table 1. Mineralogical composition (wt.-%) of soil horizons and
Si pool sediment layers by semiquantative X-ray diffraction.
For testate amoebae analysis 5 field replicates Depth (cm) Quartz Feldspar Pyroxene

(20cmx 20cm) were placed randomly at Beerenbusch

site avoiding areas close to stems (April 2011; Fig. S2 in ggigo gg:é 52 ?)'j,
Supplement). The litter layer (beech leaves) was removed 30-60 97.7 1.8 0.5
and volumetric soil samples were taken in two segments: 60-80 96.5 30 05
0-2.5cm and 2.5-5cm (=sample volume of 1008km 80—100 93.0 6.6 0.4
Aliquots of 2 g were taken for amoebae analysis in the field 100-130 97.4 2.1 0.5
and stored in 8mL formalin (4% aqueous formaldehyde 240-260 97.4 2.6 nd
solution). Total soil material of each depth increment 480-500 98.0 2.0 nd

and 20cmx 20cm area was oven dried at 105 and
weighted. Bulk densities were calculated by dividing total
soil mass by sample volume (1000 ¥nTestate amoebae
were determined at species level and enumerated directly | jtterfall was collected in 8 inverted pyramidal litter

with an inverted microscope using stained (aniline blue)raps (0.25 A each) bi-weekly during four years (05/2006—
soil suspensions received from serial dilution (30-500 MY04/2010) and separated into leaves, flowers, bud scales,
soil in 8mL water per sample) as reported by Wannerpeechnuts, fruit capsules, and wood from twigs and branches.
(1999). Thereby living individuals and empty tests were gach fraction was bulked into three periods per year
distinguished. All species were assigned either to idiosomquan_Apr' May—Aug, Sep-Dec). For silicon analysis see
or xenosomic amoebae taxa building up their tests fromgect. 2.3.5.
idiosomes (siliceous platelets synthesised by amoebae from ggi| solution was sampled using borosilicate suction
H4SiOq4 in soil solution) or xenosomes (extraneous materialsprobes (EcoTech Bonn GmbH) from 20, 70, and 250 cm soil
such as mineral particles), respectively (e.g., Meisterfeldjepths (mean of 150 cm and 250 cm distance to stem; 4 repli-
2002a, b). Idiosomic Si pools (gT8) of the upper 5cmwere  cates per depth and distance). The samples were collected by
calculated by (1) multiplying Si content of tests (Table 1 in applying a suction of-30 kPa in 20 and 70 cm, aneB5 kPa
Aoki et al., 2007) with counted individuals of each species, jn 250 cm. Water was stored within the shafts of the suction
(2) multiplying these data with bulk densities and thicknesspropes and sampled bi-weekly. For silicon analysis the 4 field
(2.5cm), and (3) finally summing up both depth increments. repjicates per depth and distance were bulked. Siin soil water
was measured by ICP-OES.

Analysis of water content was conducted hourly at dif-
The investigations of the study site water budget started mferent distances to stem (50, 150, 250¢m) of one stem in

May 2001. The instrumentation as well as results of the firsle_O'El)g\?ithss I_Zt(c)i g:g,mabnr(ij dsgo S‘Z')n%Lgi:i:gﬁfislo'\gié?ﬁga'

4yr are described in Jochheim et al. (2007a). Precipitatio C 4 . ) .

was measured continuously at an open field located 500 urther trees using identical _d|stances to stem soil moisture
south of the study site using a heated rain gauge (F&C Gmb ere_lr:ne?iurbel_d bllz—)vvleelély utS'ch IDRI’-pr_cl)kc)jes t(EOM/m_TDR’
Gulzow). Gaps in the precipitation data were filled by us- a)zleﬁ s:p Ifrllux 3\/22 r)naea:sjrne(ljca::osrﬁlinuizsl)s/' during the
ing open land precipitation data of either (i) the ICP Forests . . i
Ing op precipitat I ® vegetation periods of 2002—-2005 on ten selected trees in

level Il plot DE1202, or (ii) the weather station in Neuglob- i ) .
sow/Menz of the German Weather Service (DWD). For sili- 1.3m tree height using th_e method after Granier (.1985) and
calculated to representative stand canopy transpiration fol-

con analysis (started in May 2007) precipitation water of two

rain samplers (RS200, UMS GmbH, Munich: 314%each) 'OVXEQ L“tts‘:h‘gager da”td Reg‘“s (2007)('1 rest aromth
were collected weekly. Throughfall was measured continu- oveground woody tree biomass and forest growth were

ously using a gutter of 0.8#rarea with a tipping bucket rain calculated by measuring stem diameter at breast height and

gauge. Additionally, weekly measurements were carried oufre® height of all 108 trees of the plot in spring of 2006, 2008,

using 15 rain samplers (see above). Stemflow was measuret%r'bdI 2%13 usm% f:)rTgfszzctors d(;e(rjwed_tf roq_‘n ths tl)eetc): h y'elz
continuously at one stem with a tipping bucket rain gauge, able (Dittmar etal., ), wood density (Trendelenburg an

and additional weekly on 4 stems by sampling the WaterMayer—Wegelm, 1955), bark density (Dietz, 1975), and bark

in barrels. For silicon analysis the weekly samples of openfraCtIonS (Altherr et al., 1974).

land precipitation, throughfall, and stemflow were bulked to . . .
monthly samples. Si concentrations in all waters were deter-z'5 Calculation and modeling of Si fluxes
mined by ICP-OES.

nd = not detected.

2.4 Site instrumentation for flux determinations

Deposition of Si was calculated from the open land precipi-
tation. Si fluxes were calculated by multiplying water fluxes
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with Si concentrations. Stand precipitation equals the sum ofThe water-soluble Si pool down to 2.8 m equals 21 g Stm

Si fluxes in throughfall and stemflow, whereas leaching from (= 210 kg Si hal). The uppermost meter contains 6 g Sifn

canopy is the difference of Si fluxes in stand precipitation (= 60 kg Si ha'l).

and open land precipitation. Silicon uptake equals the sum of Tiron extractable Si is three orders of magnitude higher

Si fluxes in litter fall, leaching from canopy, and wood incre- compared to water soluble Si. The depth function of Tiron

ment. Si export through harvest was calculated as a sum oéxtractable Si shows a continuous decrease from 3§ kg

current accumulation of Si in stem wood including bark. in topsoil horizons to< 2gkg™! in deepest sediments. The
The simulation of water budget was carried out with the highest Si content can be observed in the uppermost horizon

dynamic model Biome-BGC (version ZALF; Jochheim et al., (AE). The Tiron extractable Si pool down to 2.8 m equals

2007b; Puhimann and Jochheim, 2007) which is based orl0kg Sim? (=100 Mg Siha?l). The uppermost meter con-

Biome-BGC (Thornton et al., 2002). The model runs in daily tains 4 kg Sin? (=40 Mg Siha'l).

time steps. It was re-calibrated and validated on the basis of

data from intensive forest monitoring sites (Jochheim et al.,.3.2.1 Phytogenic Si pool in soil

2009) as well as on forest yield tables. For this application

the model was calibrated based on the measurements of tHehytolith contents decrease from litter to mineral soil hori-

stand started in 2001. Silicon fluxes with drainage water werezons by one order of magnitude (Table 2a). The upper 20 cm

calculated for four years (05/2007—04/2011) by multiplying of the soil contain 140 g phytoliths™ (= 1400 kg hal).

the Si concentrations in soil water from suction probes with Assuming all phytoliths to consist of pure SICEDX spectra

simulated soil water fluxes. Vertical distribution of passive in Fig. 2c) we calculated 66 g SiT4 for the phytolith Si pool

Si uptake in soil was estimated from vertical distributed soil in the upper 20 cm (= 660 kg Si h&). This simplification re-

water uptake rates multiplied by Si concentrations in soil wa-sults in a slight overestimation of the true phytogenic Si pool

ter. As the Si concentrations in soil water were analyzed inas biogenic opal contains approx. 10 4®and some acces-

3 soil depths only (20, 70, 250 cm), they were extrapolatedsory elements< 1 %) (Bartoli and Wilding, 1980).

to all other soil depths using the vertical distribution of water  The phytolith assemblage of soil horizons — as assignable

extractable Si. by shape (ICPN, Madella et al., 2005) — is dominated

by elongate (polylobate, fusiform) and short-cell phytoliths

(bilobate, trapeziform) with minor contribution of globu-

lar and vascular phytoliths. In terms of vegetation a domi-

nance of grass phytoliths were found in mineral soil hori-

zons below 2cm (Table 2b, Fig. 2b). This fits very well to

The studied soil is very sandy showing a sand conte % the vegetation survey from 1954 which showed plants high
in Si, such asCalamagrostis epigejof2.2 % Si), Brachy-

and a dominance of medium sand fraction (0.2-0.63mm,"" © X ) X S
Fig. 1). In the upper 50 cm a slight increase in silt can be ob-P0dium sylvaticun(3.1% Si), andAgrostis capillaris(1.4 %

served. Clay content is always below 3 % with slightly higher Si)» dominating the ground vegetation (Table S6 in Supple-
values in the upper 1.5m. The soil is decalcified down toMeNt Si data from Hodson et al., 2005). Pine and moss phy-
a depth of 1.8m (Fig. 1). Acidification leads to pH values toliths (roungjed particles, Al-rich) can be identified as well
between 4.3 and 4.5 in the upper 1.6 m. Below that deptH 1aPle 2b, Fig. 2b). However, as there are no more pine and
pH increases to- 7.0 due to carbonatic sediments (2—4 % 9rasses growing at the study site (at least for the last 30yr)
CaCQ). Quartz is the dominant mineral throughout the soil PIN€ and grass phytoliths extracted from the soil represent
horizons and sediment layers (Table 1). Only minor additions rélictic biogenic Si pool. Surprisingly, clearly identifiable
of feldspars (orthoclase plagioclase), pyroxene and calcite P€€Ch phytoliths only account for a minor portion in the up-
occurred. Organically complexed Fe, Al and pedogenic ox-Per centimeters. Further, those forms isolated from litterfall

ides (Fe, Al) decreased from C-enriched surface horizondFi9- 2) are hardly detectable in their original shape in the
(upper 20 cm) to subsoil horizons as crystallinity of iron ox- SOil: €ven notin the upper 2 cm (Fig. 2b). From these findings

ides increased (FeFey 0.6— 0.2). The molar Si/Al ratios either a rapid mechanical destruction or a preferential disso-
in oxalate extracts (St Al) remained below 0.3 in all soil lution of beech phytoliths can be concluded. Nevertheless,
horizons rendering neoformation of short-range order minerON€ has to recognize that 50-75 % of all phytoliths counted

als, like allophane or imogolite (Si/A¥0.5), hardly proba- cannot be assigned to any vegetation throughout the upper-
ble. most 20 cm of the soil (Table 2b).

3 Results

3.1 Basic soil properties and soil mineralogy

3.2 Sipools in soils 3.2.2 Zoogenic Si pool in soil
Water soluble Si shows a decrease from 16 mgtkip the A total number of 6.1 10° m~?2 testate amoebae (60 % liv-

upper 2cm to 4mgkgt in subsoil horizons and a recur- ing individuals) was determined in the upper 5cm of the
ring increase in sediments containing carbonates (Fig. 1)soil. This number lies in the range of published data (e.g.,

Biogeosciences, 10, 4993007, 2013 www.biogeosciences.net/10/4991/2013/
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Fig. 1. Depth functions of basic soil properties from tBrunic Arenosol (Dystric)

Aoki et al., 2007; Ehrmann et al., 2012; Wanner and Dunger,pool as derived from density separation, these numbers are
2001). Approximately 50 % of all individuals (living and two orders of magnitude lower.

empty tests) belong to either idiosomic or xenosomic taxa

of testate amoebae. Xenosomic taxa build up their tests fromy 3 g;jip aboveground plant biomass

extraneous materials such as mineral soil particles. Domi-

nant xenosomic taxa at our site daryganella acropodia,

Plagiopyxis declivisandCentropyxis sphagnicoltEig. 3d). Beech leaves showed the highest Si concentrations followed

Dominant idiosomic taxa embrackinema complanatum by bark of branch and stem wood, bud scales, and fruit cap-
P sules (Table 4). Beechnuts and woody biomass without bark

Euglypha rotundaand Trinema lineare(Fig. 3a—c). Only . : ) o

- . ) o ? . contain the lowest Si concentrations. Interannual variations

idiosomic taxa can be regarded as a biogenic Si pool influ-"_" .. . : .
. . . : . . in Si concentrations are largest in leaves, bud scales, and fruit

encing dissolved Si (DSi), because they synthesise siliceous

latelets for their tests from silica of the soil solution (An- capsules. In 2006 lowest Si concentrations in leaves were
P measured (7 gkgt). In litterfall of 2007 Si concentrations

derson, 1994). Therefore, we calculated the zoogenic Si . )
pool only on basis of idiosome-producing amoebae andlnearly doubled (13.6 g kg) which might be an effect of the

came up with 0.19gSif? in the upper 5cm of the soil ength of growing period (dry summer in 2006). In terms
. : ; : . of intra-annual variations a seasonal trend of Si concentra-
(=1.9kg Sihal, Table 3). Compared to soil's phytolith Si

tions can be observed: Si concentrations of leaves from early
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Table 2a.Phytoliths and related Si pools.

Depth Bulk Phytolith  Phytolith Si Phytolith Si,  Phytolith Si,
density content calculated calculated
em)  Mgm?® (@kgh) @m?) (@kgh (gkgh  @m?
Litterfall  leaves - 51 - 4.4 2.4 -
(5-8/08) bud scales - 7.0 - 3.6 3.3 -
fruit capsules  — 11 - 11 0.5 -
branches - 1.0 - 1.4 0.5 -
Soil litter layer (L) 8.7 4.1
AE 0-2 0.92 0.9 17 0.4 8
Ah 2-10 0.99 1.2 92 0.5 43
AB 10-20 1.17 0.3 32 0.1 15
sum 0-20 140 66
Table 2b. Morphological description and identification of phytoliths; n.a. = not assignable.
Soil Depth Count-% of total phytolith number (10 SEM micrographs)
Horizon (cm) Globular Elongate Shortcell Vascular n.a. Grasses Beech Mosses Pine n.a.
Litter layer (L) 7 25 18 1 49 7 12 4 1 75
AE 0-2 7 25 20 2 45 16 5 5 3 72
Ah 2-10 0 38 15 0 47 44 0 1 2 53
AB 10-20 0 27 8 0 64 45 0 0 1 54

Table 3. Si pools of idiosomic testate amoebae; mean values andlendromass increments (0.7 kg Sihgr—1). Although the
standard deviation (in brackets)= 5 field replicates. Si pool size of testate amoebae is very small their relevance
for internal Si cycling cannot be neglected. Due to relatively

Depth Bulk density  Living Empty shells  Total short generation times of idiosome-producing amoebae, e.g.,
(cm) (Mgm™®)  mgSim? mgSim?  mgSim? Euglyphida with 2—16 days resulting in 12—-130 generations
0-2.5 0.10 (0.04)  81(110) 54 (48) 135 (158) per year (Sctinborn, 1975, 1982; Lousier, 1984; Aoki et al.,
2.5-5 0.36(0.11)  34(25) 22(11) 57 (23) 2007), the annual biosilicification by idiosomes are in the
sum 0-5 116 (106) 76 (43) 192 (148) order of the cumulative annual Si uptake by plants: using

a conservative estimate of 15 generations per year we cal-
culated an annual biosilicification of 17 kg Sitlayr=1 (Si

stages of vegetation development (May—Aug) were IowestpOOI_Of I_iving idiosomic taxa)._The turnover rates of id_io-_
(4.4-6.8 gkgl), whereas during autumn/winter (Sep—Dec) SOMIC Si pool must be much higher compared to phytolithic

or winter/spring (Jan—Apr) Si concentrations range from 6 to

14 gkg! (depending on single year). ;
Taking into account the biomass of each plant compart-P€ regarded as a temporal Si pool on a very short, monthly

ment the total Si pool in aboveground biomass summarise

up to 83 kg Sihal (Table 4). The stem bark contributes the
largest fraction (50%) followed by leaves (36 %), branch

bark (6 %), and stem wood (3 %).

Si pool as can be deduced from (only) 47 % empty tests of
total idiosomic Si pool. Consequently, testate amoebae can

gimescale.

The total Si input with open land precipitation is rather
low (< 1kgSihalyr—1) which fits to the data from liter-
ature (Sommer et al., 2006; Cornelis et al., 2011b). The Si
export by seepage equals 12 kg Sthar—! showing aver-

age silica concentrations of approx. 6 mg Stl(Table 5).
The high temporal variability between years (CV =50-64 %)
Si uptake by plants contributes the largest internal Si fluxcan be related to varying seepage (Table 5), while temporal
in the biogeosystem (35 kg Sihayr—1, Fig. 4). The major  variability in silica concentrations were rather small (CV in-
part is transported into the leaves (30 kg Sihar—1) ren-  crease with depth: 4> 11 %). Mean silica concentration in-
dering autumn litter fall the most important annual flux com- creases only slightly from acid soil horizons (0.2m, 0.7 m) to
ponent to the soil. Minor fluxes are related to annual litterfall the calcareous parent material in 2.5m (4:%.7 mg Si L1,

of twigs, bud scales, fruits, and flowers (4 kg Sthgr—1) or

3.4 Internal and external Si fluxes

Biogeosciences, 10, 4993007, 2013 www.biogeosciences.net/10/4991/2013/
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Table 4.Pools and increments of plant biomass, Si concentrations (mass weighted mean values), Si pools in aboveground biomass, Si fluxes
with increment of tree biomass; *: calculated from litter fall of 05/2006—04/2010; **: calculated from stem volume of 2010 or stem growth
of 2006—2009; no. in brackets = std.dev= 4 yr).

Biomass Litterfall/ Si content Si pools Si fluxes

pools increment

(tbDMha 1) @tDMhalyrl) (mgkg? (kghal)y (kghalyr1
Leaves* 3.4 3.4 (0.30) 8952 (3101) 29.7 29.7 (7.5)
Bud scales* 0.5 0.5 (0.04) 2395 (431) 1.2 1.2(0.3)
Beechnuts* 0.7 0.7 (0.80) 280 (252) 0.2 0.2 (0.3)
Fruit capsules* 1.6 1.6 (1.20) 913 (275) 14 1.4(1.1)
Other* 0.1 (0.03) 10229 (2979) 0.6 (0.4)
Branches/twigs including bark* 0.4 (0.30) 1649 (183) 0.7 (0.5)
Total litterfall 6.7 33.7
Branch wood without bark** 24.4 0.4 17 0.4 0.01
Stem wood without bark** 196.1 3.1 17 34 0.05
Bark of branch wood** 2.0 0.0 2565 5.2 0.08
Bark of stem wood** 16.3 0.2 2565 41.9 0.59
Dendromass increment 3.7 0.70
Aboveground biomass 245.0 83.4

Table 5). This increase goes along with an increase in th&able 5. Water fluxes, Si concentrations, and Si fluxes in wa-

water-soluble Si fraction (Fig. 1). ter (m=measurements, s=simulation); all fluxes are expressed as
We set the annual accumulation rate of Si in stem woodmean annual values for a four year period (5/2007-4/2011), num-

and bark (0.6 kg Si & yr—1) as the (annual) harvest export. Perin brackets = std.dew & 4 yr).

Although not realized yet, at the end of a rotation period stem

harvest leads to a complete Si export of this compartment. Xﬁefgt‘r)il) (fni;ﬁﬂi)emr' (kzi:;iyrl)
By adding this Si export to seepage losses we come up with —
a gross Si loss of 13kg Sihayr—1. Taking into account the E;zi'ﬁi';zt'ffgﬂ)anopy - 689(195)  0.1(0.03) 09'36(39'12))

inputs by deposition our biogeosystem reveals a net l0Ss of canopy evaporation (s) 168 (28)

12kg Sihalyr1. Transpiration (s) 239 (24)
Evapotranspiration (s) 476 (62)
Throughfall (m) 491 (189) 0.1 (0.04) 0.8 (0.3)
Stemflow (m) 32(13) 0.3(0.03) 0.1 (0.0)
Stand precipitation (m) 523 (203) 0.9 (0.3)

i f Drainage from 20 cm (s) 316 (152) 4.9 (0.20) 15.4 (7.6)

4 Discussion Drainage from 70cm (s) 262 (139) 5.3(0.30) 13.9 (8.0)

Drainage from 250cm (s) 214 (133) 5.7 (0.60) 12.3(7.9)

The low atmospheric Si input is in accordance with reported
values from other forested biogeosystem2(kg hatyr—1,
Sommer et al., 2006; Cornelis et al., 2011b). Throughfall
and stemflow can also be neglected in terms of Si fluxesSi-uptake of 34 kg Sihal yr—! an active uptake of 50 % of
The small annual increase in Si stored in the vegetatiortotal uptake can be inferred.

(biomass increment = 0.7 kg Sihlyr—1) is lower compared Generally, the magnitude of Si uptake at Beerenbusch sur-
to reported data (European beech =3.5kg Stha 1, Cor- prises, when considering the very low content of weather-
nelis et al., 2010a) which might be explained by the lower able minerals in the rooting zone (soils, sediments). In princi-
forest growth of our mature beech stand (120 yr). The Si upal three processes might cause the silica concentrations ob-
take by beech (35 kg Sihdyr—1) and return flux by litterfall ~ served: (i) quartz dissolution, (ii) weathering of silicates, and
(34 kg Sihalyr—1)liesin the range of other European beech (iii) dissolution of the biogenic Si pool (non-steady state).
stands in temperate climates (19-47 kg Sita—1: Pavlov,

1972; Bartoli and Souchier, 1978; Ellenberg et al., 1986;4.1 Quartz dissolution and silicate weathering

Cornelis et al., 2010a). We calculated an averaged passive

Si-uptake of 17 kg Sihatyr~1 as the product of vertically Quartz has a water solubility of 1-7mgt (36—
distributed mean Si concentrations and modeled transpira250 pmol 1) depending on particle size and temperature
tion flux (239 mmyr?1). When compared to the measured (ller, 1979; Bartoli and Wilding, 1980; Dove, 1995). The
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Fig. 2. (a) SEM micrographs of opal phytoliths iFagus sylvaticditterfall (1, 2, 3 leaves, 4, 5 bud scales, 6 fruit capsules), scale bars at
all micrographs =10 pum(b) SEM micrographs of opal phytoliths in AE horizon, 0—2 cm, scale bar=50um (b=beech, p=pine, g=grass,
m =moss)|c) element distribution of a grass opal phytolith (SEM-EDX).

lower value is more realistic for soils. This is supported by
soil water data from quartz-rich, non-redoximorphic soils de-
veloped on quarzitic or granitic lithologies in the Black For-
est (Podzols, Cambisols) showing silica concentrations al-
ways< 2.5 mg L~ (Sommer et al., 2006). Studies from trop-
ical soils with absolute quartz dominance also confirm low
silica concentrations in soil waters: (1.2 mg SiL=1: Cornu

et al., 1998; Lucas, 2001; Patel-Sorentino et al., 2007; do
Nascimento et al., 2008).

There are two reasons for observed lower in situ silica con-
centrations compared to lab experiments on pure phases: (i)
lab studies on quartz dissolution kinetics mostly use sam-
ples ground to silt size which leads to fresh mineral surfaces
and high surface : volume ratios compared to our site show-
ing sand as the dominating particle size class. (ii) Surface
coatings (Fe oxides, organic matter) protect quartz grains
from intense dissolution, because of the reduced access of
Fig. 3. SEM micrographs of dominant testate amoebae; idiosomicsoij| solution to quartz surfaces. Chemical interactions be-
taxa:(a) Trinema complanaturfiength = 46 um)(b) Euglypharo-  yyeen soil solution and solid phase mainly take place at
tunda(length =49 um)(c) Trinema lineardlength =23 um); xeno- o g rface of coatings. The latter occur at all soil depths
somic taxa{d) Centropyxis sphagnicoldength = 65 jum). as depicted from thin sections (Fig. 5, upper). Coatings
show dark to light brown colors and an average thickness
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Fig. 4. Si pools and fluxes at Beerenbusch (mean values 05/2007—04/2011) (painting: CoémeljdMiincheberg).

of 10-20 um. From element distribution (EDX analysis on Weatherable silicates (mainly K-feldspars, few plagio-
several coatings, Fig. 5 lower) two different mineral phasesclase) contribute 3 % (average) to the mineral assemblage of
can be inferred — an iron bearing oxyhydroxide, most proba-our soil and sediments. Due to the low content and a higher
bly goethite, and kaolinite. Subsoil horizons show a higherstability of orthoclase, we expected a comparative low con-
percentage of Fe in the coatings (“ferri-argillans”, com- tribution of feldspar weathering to DSi. Nevertheless, we
pare Chartres, 1987; Stoops, 2003; Li et al., 2008). Becausehecked feldspar weathering intensity by thin sections and
feldspar and quartz coatings showed a similar chemical comSEM. In thin sections some feldspars have been found as
position they cannot be interpreted as weathering rinds. Inpart of compact multimineral sand grains (Fig. S2 in Sup-
stead, a vertical redistribution of fine material by clay translo- plement), probably derived from glacier grinding of granites
cation (see macroscopic lamellae in 2 Cwt) and podzoliza-and subsequent glaciofluvial sorting processes. Here the ac-
tion (precipitation of organic Fe-Al-complexes), combined cessible surface area for chemical weathering is very limited.
with a um-scale horizontal redistribution of fines during des- Further, single feldspar grains appear only slightly weathered
iccation (water films around grains) are the most probablein SEM micrographs compared, e.g., to feldspars in White et
explanations. From these findings we conclude that quartal. (2008). Furthermore there is no trend with depth (Fig. 6).
dissolution will contribute only a minor fraction to the silica These findings are surprising, because the high input of or-
concentrations observed. ganic acids by podzolization should enhance acid hydrolysis.
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Fig. 5. (a) Micromorphological properties of soil horizons; microstructure (a, b=PPL, c = XPL) of selected soil horizons: (1) AE (0-2 cm),
arrows point to testate amoebae; (2) B4-51cm), arrow points to Fe-oxides/clay coating; (3) 2 Cwt (104-112 cm), arrow points to
Fe-oxides/clay coating; widths of photo: 1a, 2a, 3a=6 mm; other = 0.6(IMNEEM-EDX micrographs of cutans in 2 Cwt (104-112 cm);
average chemical composition (wt.-%) of coatings of different depths analysed by electron microprobe; number in brackets = no. of cutans
analysed by EDX in each thin section.

Coatings on feldspar grains (Fig. 5) most probably explain s uo-20em B, (40 - 60 cm) 2Cut (100 - 130 cm)
this apparent contradiction as coatings reduce accessabil P N o g
ity of soil water to feldspar surfaces, hence chemical reac- |
tions. Soil solution chemistry measured from 2001 to 2012 ]
supports our SEM findings (mean concentrations at 20, 70, i
250 cmin mg L-1): Neither Na (5.8, 5.5,5.9) nor CI (7.9, 7.4, 8
8.7) give evidence for a silicate weathering front. Instead, the
depth trends of DOC (23.6, 15.1, 6.7 mgl), Al (1.5, 0.5,
0.03mg L 1), and Fe (41, 12, 5 ugt!) confirms podzoliza-
tion to be the main pedogenic process. In summary, we con-
clude feldspar weathering to be of very low influence on DSi
concentrations.

4.2 Dissolution of biogenic Si pool

The biogenic Si pool contains the phytogenic and the

zoogenic Si pool, both of which differ remarkably in dynam- rig. 6. SEM-micrographs and EDX element mapping (K) of soil

ics and turnover rates. The annual biosilicification of idio- material < 2mm) from three different depths; scale bars: upper

somic amoebae by binary fission adds up to 17 kg Stha row =700 pm; lower row, left and right=100 um, middle =50 pm;

which is in the order of magnitude of the Si flux by litterfall, yellow arrows point to orthoclase mineral grains shown in lower

hence phytogenic silicification. On the other hand, the idio-row.

somic Si pool of 2 kg Si hal is comparatively small. Empty

tests comprise only 40 % (0.8 kg Sit4 of total idiosomic

Si pool, while living amoebae make up 60% (1.2kg SiHa  Si pools are relevant for DSi exports in principal. Early ex-

This leads to our conclusion of a very high solubility of the periments on phytolith dissolution in distilled water showed

idiosomic Si pool. Consequently, turnover rates are too highsilicic acid equilibrium concentrations of 2—10mg SilL

for interannual pool changes to become relevant for DSi ex{Bartoli and Wilding, 1980) depending on plant species

ports. as well as surface area. These concentrations were higher
Annual biosilicification by plants sums up to than those determined for quartz (1 mgSt), but lower

35kg Sihal, most of which is returned to the soil by litter- than synthesised pure silica gels (56 mgStL. The latter

fall. Compared to the phytolith Si pool of 660 kg Sitlathis might be closer to solubilities of nm-sized phytogenic Si.

flux is relatively large, hence residence time is rather shortRecent experiments on the reactivity of plant phytoliths in

(pool/flux =19 yr). Therefore decadal changes of phytogenicsoil solutions have shown the solubility product to be close
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plain phytoliths

surface etching

strong dissolution
features

15Ky \:,a»icqm o 40 60 80 %
Fig. 7. Categories and depth functions of phytolith dissolution (based on counting in SEM micrographs): fresh, plain phytoliths (up-
per), phytoliths showing clear signs of surface etching (middle), and phytoliths showing strong dissolution features (lower); horizontal
bars =mear: SD (z = 10 micrographs), total number of phytoliths counted: L =462, AE =459, Ah=422, AB=238.

to that of amorphous silica and up to one order of magnitudetions of soil horizons are quantified by phytolith separation
higher than those of clay minerals (Fraysse et al., 2009procedure (see Sect. 2.3). Comparing the Si content of leaves
2010). Half-life times of the studied phytoliths range from calculated on basis of the phytolith content with measured Si
10-12yr (pH< 3) to < 1yr (pH> 6). From these studies it content supports this consideration: the calculated Si content
is concluded that phytoliths represent a very reactive Si poobf 2.4 gkg ! (Table 2a) only comprises 55 % of the measured
in soil solutions which contributes substantially to DSi. Si content of 4.4 gkg! (Table 2a). BSi in the< 2 um frac-

To check the status of phytolith dissolution in our soil we tion probably explains this difference, because this fraction is
defined three classes of increasing dissolution and countelbst during phytolith extraction procedure. In their early work
assigned phytoliths in SEM micrographs (Fig. 7). The per-Wilding and Drees (1971) quantified 50 % of total leaf opal
centage of plain phytoliths showing no signs of dissolution (Fagus grandifolid in the < 2 um fraction, another 22 % in
or surface etching significantly decreased from 69 % at thehe 2-5 um fraction. Watteau and Villemin (2001) provided
soil surface to 31 % in the AB horizon (10—-20 cm). Simulta- evidence for nm-size phytogenic Si granules in leaves and
neously phytoliths showing slight surface etching increasedsoils. This fraction has a higher reactivity in soil solutions
to 54 %. Strongly dissoluted phytoliths revealed a maximumcompared to phytoliths due to its higher surface : volume ra-
0of 19 % in Ah (2—10 cm), but no clear trend with depth. Com- tio.
bining these findings with (i) the observation of missing fresh  Our conclusion about BSi as the main driver for the DSi
beech phytoliths in soil horizons (see Sect. 3.2), and (ii) theobserved is indirectly supported by process-based modeling
parallel increase of water-soluble Si with phytolith Si pool of the Si cycle in a forest biogeosystem (Gerard et al., 2008).
(upper 25 cm), we regard dissolution of phytogenic Si as theln a Cambisol from volcanic tuff — containing less quartz
most important driver of DSi concentrations, hence DSi ex-(30 %) and higher percentages of clays and weatherable min-
ports. erals (K-feldspars) compared to our site — the BSi still ac-

The influence of phytogenic Si on DSi must be regardedcount for 60 % of DSi after all. Finally, as grasses — which
even stronger as the total phytogenic Si pool in soils is defi-are now absent at the beech stand — contribute a major part to
nitely higher than the phytolith Si pool. Only the5 um frac-  recent phytolith pool, we concluded the phytogenic Si pool
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not to be at steady state, but transient state: the continuouBeferences
decomposition of the relictic phytogenic Si pool is actually

impact on the biogeochemical cycle of silicon and related weath-

ering processes, Geochim. Cosmochim. Ac., 61, 677—682, 1997.
5 Conclusions Alexandre, A., Bouvet, M., and Abbadie, L.: The role of savannas

in the terrestrial Si cycle: A case study from Lamto, Ivory Coast,
Our studied forest biogeosystem exhibits surprisingly high Global Planet. Change, 78, 162-169, 2011.
DSi concentrations and exports compared to the very lowAltherr, E., Unfried, P., Hradetzky, J., and Hradetzky, V.
content of weatherable minerals in soil and sediments. From Statistische Rindenbeziehungen als Hilfsmittel zur Ausfor-
our findings we excluded geochemical weathering processes MUNg und Aufmessung unentrindeten Stammholzes, Mitteilun-
as a major control on DSi, but concluded a strong biogenic gen der Forstlichen Versuch- und Forschungsanstalt Baden-

. . . o Wirttemberg, 61, 1-137, 1974.
footprint on DSi. The disappearance of Si-rich grasses dur'Anderson, O. A.: Cytoplasmic origin and surface deposition of

Ing canopy C_'Osure as well as pine logging 30 yr ago seems siliceous structures in Sarcodina, Protoplasma, 181, 61-77, 1994.
to be the ultimate reason for the phenomena observed. Thgqyi v., Hoshino, M., and Matsubara, T.: Silica and testate amoe-

related phytogenic Si pool is in disequilibrium with recent  pae in a soil under pine-oak forest, Geoderma, 141, 29-35, 2007.

vegetation and is dissolving successively. This has to be conBartoli, F. and Souchier, B., Cycle et role du silicium d'origine

firmed by Si isotope analysis of the different phases like it végetale dans leécosystemes forestiers teamps, Ann. Sci. For-

has been done in Cornelis et al. (2010b), Erggstret al., est., 35, 187-202, 1978.

(2010), Opfergelt et al. (2010), or Steinhoefel et al. (2011).Bartoli, F. and Wilding, L. P.: Dissolution of biogenic opal as a func-
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(Ittekot et al., 2006; Laruelle et al., 2009; Struyf et al., 2010;  kelly, E. F: Biologic cycling of silica across a grass-
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Figure S1: Recent land cover of the study site Beerenbusch (53°09°10°’N, 12°59°22"’E);
yellow dot: location of site characterization in 1954 (soil pit, vegetation survey)
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Figure S2: Instrumentation, sampling sites, soil pit with position of Kubiena boxes,
thin sections & SEM-EDX of feldspars at Beerenbusch (ICP Forests DE1207)
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Figure S3: History of land use / forest management at Beerenbusch from 1780-2010
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Figure S4: Land cover at Beerenbusch around 1780
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Figure S5: Land cover at Beerenbusch around 1880
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Table S6: Ground vegetation (20 x 20 m?) at site 255 (yellow dot in S1) in 1954

% Si in d.m. (mean)

Species Braun-Blanquet coverage (%) Hodson et al. ( 2005)
Calamagrostis epigejos 3.3 25-49 2.2
Pteridium aquilinum 2.3 5-24 15
Brachypodium sylvaticum 1.2 1-4 3.1
Oxalis acetosella 1.2 1-4 n.a.
Agrostis capillaris 1.1 1-4 1.4
Veronica officinalis 1.1 1-4 n.a.
Anthoxanthum odoratum +.1 <1 0.5
Carex leporina +.1 <1 n.a.
Fragaria vesca +.1 <1 n.a.
Hypericum perforatum +.1 <1 n.a.
Melica uniflora +.1 <1 19
Poa compressa +.1 <1 1.2
Potentilla spec. +.1 <1 n.a.
Rubus idaeus +.1 <1 0.1
Urtica dioica +.1 <1 1.3

n.a. = no data available

Sources:

Forstliche Standortskartierung des Staatlichen Forstwirtschaftsbetriebes Rheinsberg 1954:
Bohrpunktunterlagen (Kartierer: Schultz). Archiv der Standortskartierung im LFE,
Eberswalde, unpublished data;

vegetation list comes from a stand gap - “under beech and pine no ground vegetation”
(handwritten note of Schultz in German)

Si contents assigned from data in Hodson et al. (2005)
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Abstract. The significance of biogenic silicon (BSi) pools
as a key factor for the control of Si fluxes from terrestrial to
aquatic ecosystems has been recognized for decades. How-
ever, while most research has been focused on phytogenic
Si pools, knowledge of other BSi pools is still limited. We
hypothesized that different BSi pools influence short-term
changes in the water-soluble Si fraction in soils to differ-
ent extents. To test our hypothesis we took plant (Calam-
agrostis epigejos, Phragmites australis) and soil samples in
an artificial catchment in a post-mining landscape in the state
of Brandenburg, Germany. We quantified phytogenic (phy-
toliths), protistic (diatom frustules and testate amoeba shells)
and zoogenic (sponge spicules) Si pools as well as Tiron-
extractable and water-soluble Si fractions in soils at the be-
ginning (fp) and after 10 years (f109) of ecosystem develop-
ment. As expected the results of Tiron extraction showed
that there are no consistent changes in the amorphous Si
pool at Chicken Creek (Hiihnerwasser) as early as after 10
years. In contrast to #y we found increased water-soluble Si
and BSi pools at 71o; thus we concluded that BSi pools are
the main driver of short-term changes in water-soluble Si.
However, because total BSi represents only small propor-
tions of water-soluble Si at 79 (<2 %) and 1o (2.8-4.3 %) we
further concluded that smaller (<5 um) and/or fragile phy-
togenic Si structures have the biggest impact on short-term
changes in water-soluble Si. In this context, extracted phy-
toliths (> 5 um) only amounted to about 16 % of total Si con-

tents of plant materials of C. epigejos and P. australis at t1o;
thus about 84 % of small-scale and/or fragile phytogenic Si is
not quantified by the used phytolith extraction method. Anal-
yses of small-scale and fragile phytogenic Si structures are
urgently needed in future work as they seem to represent the
biggest and most reactive Si pool in soils. Thus they are the
most important drivers of Si cycling in terrestrial biogeosys-
tems.

1 Introduction

Various prokaryotes and eukaryotes are able to synthesize
hydrated amorphous silica (SiO; »nH70) structures from
monomeric silicic acid (H4SiO4) in a process called biosili-
cification (Ehrlich et al., 2010). In terrestrial biogeosystems,
biogenic silicon (BSi) synthesized by bacteria and fungi,
plants, diatoms, testate amoebae and sponges can be found
forming corresponding microbial, phytogenic, protophytic,
protozoic and zoogenic BSi pools, respectively (Puppe et
al., 2015; Sommer et al., 2006). BSi has been recognized
as a key factor in the control of Si fluxes from terrestrial
to aquatic ecosystems as it is in general more soluble com-
pared to silicate minerals (e.g., Fraysse et al., 2006, 2009).
These fluxes influence marine diatom production on a global
scale (Diirr et al., 2011; Sommer et al., 2006; Struyf and
Conley, 2012). Marine diatoms in turn can fix large quan-

Published by Copernicus Publications on behalf of the European Geosciences Union.
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tities of carbon dioxide via photosynthesis, because up to
54 % of the biomass in the oceans is represented by diatoms;
thus diatoms have an important influence on climate change
(Tréguer and De La Rocha, 2013; Tréguer and Pondaven,
2000).

While the importance of phytogenic Si pools for global Si
fluxes has been recognized for three decades (e.g., Bartoli,
1983; Meunier et al., 1999; Street-Perrott and Barker, 2008),
information on the other BSi pools is comparatively rare
(Clarke, 2003). However, in recent publications the potential
importance of diatoms, testate amoebae and sponge spicules
in soils for Si cycling has been highlighted (Aoki et al., 2007;
Creevy et al., 2016; Puppe et al., 2014, 2015, 2016). Fur-
thermore, evidence arises that BSi pools are in disequilib-
rium at decadal timescales due to disturbances and pertur-
bations by humans, e.g., by changes in forest management
or farming practices (Bardo et al., 2014; Keller et al., 2012;
Vandevenne et al., 2015). As a consequence, BSi accumula-
tion and BSi dissolution are not balanced, which influences
Si cycling in terrestrial biogeosystems, not only on decadal
but also on millennial scales (Clymans et al., 2011; Frings et
al., 2014; Sommer et al., 2013; Struyf et al., 2010). Sommer
et al. (2013), for example, found the successive dissolving
of a relict phytogenic Si pool to be the main source of dis-
solved Si in soils of a forested biogeosystem. Due to the fact
that the continuous decomposition of this relict phytogenic Si
pool is not compensated by an equivalent buildup by recent
vegetation the authors concluded that a BSi disequilibrium
occurred on a decadal scale. On a millennial scale Clymans
et al. (2011) estimated the total amorphous Si storage in tem-
perate soils to be decreased by approximately 10 % since the
onset of agricultural development about 5000 years ago. This
decrease does not only have consequences for land—ocean Si
fluxes but also influences agricultural used landscapes, be-
cause Si is a beneficial element for many crops (e.g., Epstein,
2009; Ma and Yamaji, 2008).

For a better understanding of BSi dynamics, chronose-
quence studies are well suited, because they allow us to ana-
lyze time-related changes in BSi pools during biogeosystem
development. In the present study we analyzed various BSi
pools in differently aged soils of an initial artificial catchment
(Chicken Creek; Hiihnerwasser) in a post-mining landscape
in NE Germany. Chicken Creek represents a study site with
defined initial conditions and offers the rare opportunity to
monitor BSi dynamics from the very beginning. Former stud-
ies at this site revealed (i) a formation of protophytic (diatom
frustules), protozoic (testate amoeba shells) and zoogenic
(sponge spicules) Si pools within a short time (< 10 years)
and (ii) a strong relation of spatiotemporal changes in protis-
tic (diatoms and testate amoebae) BSi pools to the vegetation,
because plants provide, e.g., rhizospheric micro-habitats in-
cluding enhanced food supply (Puppe et al., 2014, 2016).
From these results it can be concluded that vegetated spots
in particular represent hotspots of BSi accumulation of vari-
ous origin at initial biogeosystem sites (compare Wanner and
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Elmer, 2009). Furthermore, construction work with large ma-
chines resulted in differently structured sections of Chicken
Creek with slight differences in abiotic conditions (for de-
tails see Sect. 2.1.) (Gerwin et al., 2010). These differences in
turn lead to section-specific vegetation dynamics at Chicken
Creek (Zaplata et al., 2010).

Knowledge about BSi accumulation dynamics is crucial
for the understanding of Si cycling in terrestrial biogeosys-
tems. We regard water-extractable Si as a useful proxy for
desilication and biological uptake (plants, testate amoebae
etc.). In addition, we used an alkaline extractant (Tiron) to
detect eventual short-term changes in the amorphous Si frac-
tion. We hypothesized that (i) BSi pools influence short-term
changes in water-soluble Si in initial soils but not short-term
changes in amorphous Si fractions, (ii) the phytogenic Si
pool is the most prominent one in size and thus the biggest
driver of short-term changes in water-soluble Si, and (iii) BSi
pool changes are section-specific, i.e., related to vegetation
dynamics. The aims of the present study were (i) to quantify
various BSi pools, i.e., protophytic, protozoic, zoogenic and
phytogenic Si pools, during initial soil and ecosystem devel-
opment; (ii) to analyze potential section-specific short-term
changes in these BSi pools after a decade of ecosystem de-
velopment; and (iii) to evaluate the influence of different BSi
pools on water-soluble Si in these soils.

2 Material and methods
2.1 Study site

The study site Chicken Creek (51°36'18” N, 14°15'58” E)
represents an artificial catchment in a post-mining landscape
located in the active mining area of Welzow South (lignite
open-cast mining, 150 km southeast of Berlin) in the state of
Brandenburg, Germany (Kendzia et al., 2008; Russell et al.,
2010). Climate at Chicken Creek is characterized by an aver-
age air temperature of 9.6 °C and an annual precipitation of
568 mm comprising data from 1981 to 2010 (Meteorological
Station Cottbus, German Weather Service).

To construct the ~6ha sized catchment a 1-3m thick
base layer (aquiclude) of Tertiary clay was covered by a
2-3 m thick sandy, lignite- and pyrite-free Quaternary sedi-
ment serving as a water storage layer (aquifer) (Gerwin et al.,
2010; Kendzia et al., 2008). Quaternary material was taken
from a depth of 20 to 30 m during lignite mining process and
its texture is classified as sand to loamy sand (Table 1) with
low contents of carbonate (Gerwin et al., 2009, 2010; Rus-
sell et al., 2010). Dumping of material and construction work
with large machines (e.g., stackers and bulldozers) resulted in
differently structured sections of Chicken Creek. Generally,
the catchment area can be divided into four sections: (i) an
eastern part (ca. 1.8 ha), (ii) a western part (ca. 1.6 ha), (iii) a
central trench (ca. 0.9 ha) separating the eastern from the
western part and (iv) a southern part (ca. 1.5 ha) with a pond

www.biogeosciences.net/14/5239/2017/
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Table 1. Contents of skeleton (>2 mm), fine earth (<2 mm), sand,
silt and clay fractions (upper 30 cm) at the sampling points in west-
ern, eastern and southern sections at Chicken Creek (#(, calculations
based on data of Gerwin et al., 2010). Minimal (min.) as well as
maximal (max.) values, means (x) and standard deviations (SD) are
given.

Section >2mm <2mm Sand  Silt Clay
% %

West Min. 9 80 77 7 5

Max. 20 91 88 13 10

X 13 87 83 10 7

SD 5 5 4 2 2

East Min. 2 71 69 6 4

Max. 23 98 91 20 11

x 13 87 82 11 7

SD 7 7 9 6 3

South Min. 0.2 84 78 7 4

Max. 17 99.8 89 17 8

X 8 92 83 11 6

SD 8 8 4 4 2

at the lowest point (Fig. 1). Construction work was com-
pleted in September 2005 (time zero, fy). Analyses subse-
quent to catchment completion indicated slight differences in
abiotic conditions between the eastern and the western parts
(in soil pH, conductivity, skeleton content with soil particle
diameter >2 mm, proportions of sand, silt and clay, concen-
tration of organic and inorganic carbon; Gerwin et al., 2010).
The primary mineral component in all particle size fractions
at fo was quartz (only small amounts of K-feldspar, plagio-
clase). Calcite comprised 0.5-4.5 % of the initial sediment,
dolomite was only detectable in a few samples with con-
tents of 0.5 %, and magnesite (MgCQO3) was not detectable
by mineralogical analysis (W. Schaaf, personal communica-
tion, 2011). For detailed information on the site construction
and initial ecosystem development see Gerwin et al. (2010)
and Schaaf et al. (2010), respectively.

2.2 Soil sampling

We used samples taken shortly after the construction of
Chicken Creek (2005, #p) and after an ecosystem develop-
ment period of about 10 years (2015, #1¢). For #p (no vege-
tation detectable) we assumed that biogenic siliceous struc-
tures were homogenously distributed across the whole area
of Chicken Creek, i.e., no section-specific distribution of BSi
(BSi #p east ~BSi fy west ~BSi g south) at the beginning
of ecosystem development (Puppe et al., 2016). This is why
we did not sample all different sections of the catchment
but took soil samples in six field replicates to quantify BSi
pools at #y. However, for t19 we hypothesized section-specific
differences in BSi pool quantities related to section-specific
vegetation dynamics. To evaluate these differences after a
decade of ecosystem development and to cover the biggest
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possible BSi accumulation in soil we focused on spots where
Si-accumulating plant species, i.e., Calamagrostis epigejos
and Phragmites australis, became dominant (Zaplata et al.,
2010). Thus we took samples in the eastern (C. epigejos dom-
inant) and western (mainly C. epigejos dominant, one spot
with P. australis) and southern section (P. australis domi-
nant) of Chicken Creek.

For an accurate description of changes in abiotic soil con-
ditions and related phytogenic Si in every section, we took
soil and plant samples in eastern, western and southern sec-
tions at fy as well as t19. Erosion and deposition processes
were clearly evident in the Chicken Creek catchment dur-
ing the first years without plant cover. Substantial surface
changes resulted from rill erosion, as aerial photographs (rill
network) and a comparison of photogrammetry-based digi-
tal elevation models showed (Schneider et al., 2013). Inter-
rill erosion did not lead to surface changes larger than about
20 cm during the first 5 years. Afterwards the establishment
of an area-wide plant cover substantially reduces interrill ero-
sion. Because all soil data at ¢y referred to a depth increment
of 30cm we reasonably assumed the same soil conditions
for the sampled g spots during the first years. Furthermore,
we carefully selected sampling points at #1p to be not in-
fluenced by erosion, i.e., at spots with low surface rough-
ness and outside rills. Soil samples for the determination of
soil properties and plant samples were taken in five (western
and southern section) and six (eastern section) field repli-
cates at 7o and #19 (Fig. 1). At every sampling point three
undisturbed soil cores were taken with a core cutter (diame-
ter = 3.4 cm, depth = 5 cm) and transferred into plastic bags.
Bulk densities were calculated from dividing the weight of
dried (105 °C) soil samples by their corresponding volumes.

2.3 Determination of basic soil properties

Soil samples were air dried and sieved and the fine earth frac-
tion (<2 mm) was used for laboratory analyses. Soil pH was
measured based on the DIN ISO method 10390 (1997) in
0.01 M CaCl, suspensions at a soil-to-solution ratio of 1:5
(w/v) after a 60 min equilibration period using a glass elec-
trode. The total carbon content was analyzed by dry combus-
tion using an elemental analyzer (Vario EL, Elementar Anal-
ysensysteme, Hanau, Germany). Carbonate (CaCO3) was de-
termined conductometrically using the Scheibler apparatus
(Schlichting et al., 1995). Organic carbon (Coyrg) Was com-
puted as the difference between total carbon and carbonate
carbon. Analyses of basic soil properties were performed in
two lab replicates per sample.

2.3.1 Water-extractable Si (Sig,0)
Water-extractable Si was determined based on a method
developed by Schachtschabel and Heinemann (1967). Ten

grams of dry soil (<2 mm) was weighed and put into 80 mL
centrifuge tubes, and 50 mL distilled water was added with
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Figure 1. Map of Chicken Creek (W is the western section, CT is
the central trench, E is the eastern section, S is the southern sec-
tion with pond). Triangles indicate the sampling points used for BSi
analyses at #y (n = 6). Circles indicate the sampling points used for
measurements of soil parameters (at #y and #1¢) and plant analyses
(only at t1g) (W, n=5; E, n=6; S, n=35). Empty and filled cir-
cles represent sampling points where Calamagrostis epigejos and
Phragmites australis became dominant. Note that the size of sam-
pling points is not to scale.

three drops of a 0.1 % NaNj3 solution to prevent microbial
activity. Total extraction time was 7 days in which tubes
were shaken by hand twice a day for 20 s. Mechanical (con-
stant) shaking by using, e.g., a roll mixer, was avoided to
prevent abrasion of mineral particles from colliding during
shaking (McKeague and Cline, 1963). The solutions were
centrifuged (4000 rpm, 20 min), filtrated (0.45 um polyamide
membrane filters) and Si was measured with [CP-OES (ICP-
iCAP 6300 DUO, Thermo Fisher Scientific Inc). Analyses of
water-extractable Si were performed in two lab replicates per
sample.

2.3.2 Tiron-extractable Si (Sitiron), aluminum (Altiron)
and iron (Ferjron)

The Tiron (CgH4NayOgS; - H,O) extraction followed the
method developed by Biermans and Baert (1977) and modi-
fied by Kodama and Ross (1991). It has been used to quantify
amorphous biogenic and pedogenic Si (Kendrick and Gra-
ham, 2004), although a partial dissolution of primary min-
erals is well known (Kodama and Ross, 1991; Sauer et al.,
2006). The extraction solution was produced by dilution of
31.42 g Tiron with 800 mL of distilled water, followed by ad-
dition of 100 mL sodium carbonate solution (5.3 g Na;CO3
+ 100 mL distilled water) under constant stirring. The final
pH of 10.5 was reached by adding small volumes of a 4M
NaOH solution. For the extraction, 30 mg of dry soil were
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weighed into 80 mL centrifuge tubes and a 30 mL aliquot of
the Tiron solution was added. The tubes were then heated at
80°C in a water bath for 1 h. The extracted solutions were
centrifuged at 4000rpm for 30 min and filtrated (0.45pm
polyamide membrane filters, Whatman NL 17), and Si, Al
and Fe were measured with ICP-OES. Analyses of Tiron-
extractable Si, Al and Fe were performed in three lab repli-
cates per sample.

2.4 Microscopical analyses of diatoms, sponge spicules
and testate amoebae

Fresh soil samples were homogenized by gentle turning of
the plastic bags before air drying. Afterwards 2 g of fresh soil
was taken per sample and stored in 8 mL of formalin (4 %).
Subsequently, biogenic siliceous structures, i.e., diatom frus-
tules, testate amoeba shells and sponge spicules (Fig. 2a—d),
were enumerated in soil suspensions (125 mg fresh mass —
FM) received from serial dilution (1000—125 mg soil in 8 mL
of water each) using an inverted microscope (OPTIKA XDS-
2, objectives 20 : 1 and 40 : 1, equipped with a digital camera
OPTIKAM B9).

2.5 Determination of phytoliths in soil samples

Ten grams of dry soil material (<2 mm) was processed in
four steps (adapted from Alexandre et al., 1997). First or-
ganic matter was oxidized using H>O» (30 Vol.%), HNO3
(65 Vol.%) and HCIO4 (70 Vol.%) at 80°C until the reac-
tion subsided. Secondly, carbonates and Fe oxides were dis-
solved by boiling the sample in HCI (10 Vol.%) for 30 min.
Thirdly, the <2 pm granulometric fraction was removed by
dispersing the remaining solid phase of step 2 with 2 Vol.%
sodium hexametaphosphate solution (6—12 h), centrifugation
at 1000rpm for 2-3min and subsequent decantation. Fi-
nally, the phytoliths were separated by shaking the remain-
ing solid phase of step 3 with 30 mL of sodium polytungstate
(Nag(HaW12040) - H,O) with a density of 2.3 gc:m’3 and
subsequent centrifugation at 3000 rpm for 10min. After-
wards, the supernatant was carefully pipetted and filtered us-
ing 5um Teflon filters. This step was repeated three times.
The filter residue was washed with water, bulked, dried at
105 °C and weighted.

2.6 Quantification of biogenic Si pools

In general, biogenic siliceous structures consist of hydrated
amorphous silica (SiO; - nH,0O). We assumed an average wa-
ter content of about 10 % for these structures to avoid an
overestimation of BSi pools (Mortlock and Froelich, 1989).
Protophytic Si pools (represented by diatom frustules)
were quantified by multiplication of Si content per frustule
with corresponding individual numbers (see Puppe et al.,
2016). Protozoic Si pools (represented by testate amoebae)
were quantified by multiplication of silica contents of diverse
testate amoeba taxa (Aoki et al., 2007) with corresponding

www.biogeosciences.net/14/5239/2017/



D. Puppe et al.: The influence of biogenic silicon pools

Figure 2. Micrographs (light microscope) of biogenic silica struc-
tures found at Chicken Creek. (a) Pennate diatom (valve view),
(b) testate amoeba shell (Euglypha cristata), (¢) and (d) sponge
spicules (fragments), (e) elongate phytolith and (f) bilobate phy-
tolith. All scale bars: 50 um.

individual numbers (living plus dead individuals, for details
see Puppe et al., 2014, 2015).

Zoogenic Si pools (represented by sponge spicule frag-
ments) were calculated by multiplying volumes (um?) of
the found spicule fragments with the density of biogenic Si
(2.35 gcm™3) and summing up the results. Volume measure-
ments were conducted using a laser scanning microscope
(Keyence VK-X110, magnification 200-2000x) (details in
Puppe et al., 2016). For laser scanning microscopy spicule
fragments were taken from soil suspensions by micromanip-
ulation, washed in distilled H,O and placed on clean ob-
ject slides. Afterwards, air-drying images of spicule frag-
ments were acquired (software Keyence VK-H1XVD) and
analyzed (software Keyence VK-HIXAD).

Phytogenic Si pools were estimated by multiplying the
numbers of found phytoliths with corresponding mean vol-
umes (um?) of phytoliths, multiplying these results with the
density of biogenic Si (2.35 gcm™>) and summing up the re-
sults. Volume measurements with the laser scanning micro-
scope of 30 typical elongate (Fig. 2e) and 30 typical bilobate
phytoliths (Fig. 2f) resulted in mean volumes of 3765 um?
and 707 um?3, respectively. For laser scanning microscopy
extracted phytoliths were placed on clean object slides and
images were acquired and analyzed analogous to sponge
spicules. For bilobate phytoliths we measured the upper half
per phytolith and doubled the result to obtain the correspond-
ing total volume; thus we assumed bilobate phytoliths to be
symmetric. We assumed phytoliths to consist of 95 % SiO;
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and 5 % other elements, e.g., carbon (Song et al., 2012) and
elements like iron, aluminum or calcium (Bujan, 2013).

BSi pools (mgm~2) were calculated considering bulk
density (g cm™), thickness (5cm) and — for protistic and
zoogenic Si pools — water content ( % of fresh mass) per soil
sample. Silica (M = 60.08 g mol~") pools were converted to
Si (M =28.085 gmol~") pools by multiplication with 28,/60
(details in Puppe et al., 2014, 2015, 2016).

2.7 Plant analyses

Plant and litter samples of C. epigejos and P. australis were
collected in the summer of 2015. In general, monomeric sili-
cic acid (H4SiO4) enters the plant via its roots and is car-
ried in the transpiration stream towards transpiration termini.
When water evaporates, silicic acid becomes supersaturated
and is precipitated as hydrated silica in the form of phy-
toliths. The vast majority of Si in plants is located at the
transpiration termini (e.g., leaves) in the aerial plant parts,
while considerably less Si can be found in other plant por-
tions like stems, roots and rhizomes. Sangster (1983), for ex-
ample, found no significant Si depositions in rhizomes of P.
australis. Consequently, we only analyzed the aboveground
vegetation (including transpiration termini and stems). The
collected plant material was washed with distilled water to
remove adhering soil minerals and oven-dried at 45 °C for
48 h.

2.7.1 Total Si content in plant materials

Plant samples were milled using a knife mill (Grindomix
GM 200, Retsch) in two steps: 4000rpm for 1min and
then 10 000 rpm for 3 min. Sample aliquots of approximately
100 mg were digested under pressure in PFA digestion ves-
sels using a mixture of 4 mL distilled water, 5 mL nitric acid
(65 %) and 1 mL hydrofluoric acid (40 %) at 190 °C using
a microwave digestion system (Mars 6, CEM). A second
digestion step was used to neutralize the hydrofluoric acid
with 10mL of a 4 % boric acid solution at 150 °C. Silicon
was measured with ICP-OES (ICP-iCAP 6300 Duo, Thermo
Fisher Scientific Inc) with an internal standard. To avoid con-
tamination, plastic equipment was used during the entire pro-
cedure. Analyses of total Si content were performed in three
lab replicates per sample.

2.7.2 Determination of phytoliths in plants and litter

Plant material was washed with distilled water and oven-
dried at 45 °C for 48 h. Removal of organic matter was con-
ducted by burning the samples in a muffle furnace at 450 °C
for 12 h. Next, the material was subject to additional oxida-
tion using 30 % H>O, for 12 h. The obtained material was
filtered through a Teflon filter with a mesh size of 5 um. The
isolated phytoliths and siliceous cast (>5 um) were subject
to analysis via polarized light microscopy (Nikon ECLIPSE
LV100 microscope) for full characteristics. We used laser
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Table 2. Measured soil parameters (upper 5 cm, means (x) with standard deviation — SD) at the different sections of Chicken Creek.

Age  Section Sig,0  SiTiron  AlTiron  FeTiron Corg CaCO3  pH
gm~?
to West x 0.70 524 312 249  237* 88 7.9
SD 0.10 95 24 33 156 72 0.1
o West x 1.73 552 254 239  556* 101 7.4
SD 0.22 300 154 104 167 93 0.1
to East x 0.87* 503 268 261 123 91 8.1
SD 0.48 281 151 130 38 79 0.2
o East x 1.50* 196 122 151 396 30 7.1
SD 0.57 49 27 29 54 18 0.2
to South x 0.84 399 232 238*%  160* 174 8.3
SD 0.06 154 112 65 131 109 0.1
1o South x 2.24 317 147 157%  474* 126 7.4
SD 0.33 149 62 57 258 40 0.1

Significant differences between 7y and 1 are each stated in bold (Mann—-Whitney U test, p <0.05) or marked with
asterisks (p <0.1) for the western, eastern and southern sections.

Table 3. Spearman’s rank correlations between measured soil parameters and total BSi (upper 5 cm, n = 6) at Chicken Creek.

SiHZO SiTiron ~ AlTiron  FeTiron Corg CaCO3 pH BSi
Sin,0 1.000
Sitiron  —0.257 1.000
AlTiron  —0.600 0.829 1.000
Fetiron —0.486 0.771 0.943 1.000
Corg 0.714 0.086 —0.371 —0.486 1.000
CaCOj3 0.200 0.086 —0.086 —0.029 0.029 1.000
pH —0.600 0.200 0.486 0.543 —-0.771 0.543 1.000
BSi 0941 -0.213 -0.577 -0.577 0.880 0.152 —0.698 1.000
Significant correlation coefficients are given in bold (p <0.05).
scanning microscopy for measurements of the surface area 3 Results

(um?) of the 30 typical bilobate and 30 typical elongated phy-
toliths used for volume measurements (see Sect. 2.6) and cal-
culated corresponding surface-area-to-volume ratios (A / V
ratios) as an indicator of the resistibility of these siliceous
structures against dissolution. Higher A / V ratios indicate a
bigger surface area available for dissolution processes.

2.8 Statistical analyses

Correlations were analyzed using Spearman’s rank correla-
tion (ry). Significances in two-sample (n = 2) cases were ver-
ified with the Mann—Whitney U test. For k-sample (n>2)
cases the Kruskal-Wallis analysis of variance (ANOVA) was
used followed by pairwise multiple comparisons (Dunn’s
post hoc test). Statistical analyses were performed using soft-
ware package SPSS Statistics (version 19.0.0.1, IBM Corp.).
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3.1 Basic soil parameters

Soils at the initial state (#p) showed organic carbon contents
(Corg) in the upper 5cm between 1.1 and 4.4 gkg™! in the
western section, 0.8 and 1.8 gkg™! in the eastern section and
0.2 and 3.3 gkg~! in the southern section. This corresponded
to mean carbon stocks of 237 g m—2 (west), 123 g m—2 (east)
and 160 gm’2 (south, Table 2). After 10 years (t19) of
ecosystem development the Cope stocks increased up to a
factor of 3 (396-556 gm™2 in the upper 5cm) from corre-
sponding values at fg. This resulted in a surprisingly high
mean annual CO,-C sequestration rate of 27-32gm™2 (up-
per 5 cm). Hereby the largest Corg stock changes were found
in the western section of the area followed by the eastern sec-
tion and the southern section (Table 2).

The carbonate contents (CaCQOs3) at fy varied between
means of 1.0 gkg™! (west), 0.9 gkg™! (east) and 1.8 gkg™!
(south). The corresponding stocks were 88 g m~2 (west),
91 gm’2 (east) and 174 gnf2 (south, Table 2). The carbon-
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Table 4. Surface areas, volumes and surface-to-volume ratios (A / V) of different biogenic siliceous structures found at Chicken Creek.

Surface area (pmz) Volume (pm3) A/ V ratio
Min. Max. Min. Max. Range Mean (SD)
Bilobate phytoliths 216 3730 36 2046 0.7-9.8 2.8 (1.8)
Elongate phytoliths 2302 22203 390 14649 0.6-5.9 2.6 (1.1)
Diatom frustules* 351 9901 347 28024 0.3-33 0.9 (0.5)
TA shells* 1229 5085 900 15812 02-27  08(0.7)
Sponge spicules® 305 16963 291 59744 0.3-1.6 0.8 (0.4)
Spicule fragments™ 2828 17268 5255 34812 0.5-0.6 0.5 (0.03)
* Data taken from Puppe et al. (2016).
ate pools in the western and eastern section were very similar, 200
while the high carbonate values in the southern section were 2
due to the original soil properties. At 1o the distribution of e
carbonate was as follows: in the western section there was an
increase of about 17 % (from 88 to 101 g m_z), in the eastern
part a distinct decrease of about 67 % (from 91 to 30 gm~2) 'f‘g 120
was detected and in the southern section again a decrease of B
about 28 % (from 174 to 126 gm~2) was identified. et ab
At 1y the pH values of the soils showed a range between e 80 Al
7.9 and 8.3 (Table 2) with relatively low variation between { [
the different sections. After 10 years the pH values decreased 40 I
to 7.1-7.4 in all sections. b l

3.2 Water and Tiron extractions

The mean water-soluble Si (Sig,0) contents in the up-
per Scm showed low variation between the different sec-
tions at 7p: 7.3mgkg~! (west), 7.2mgkg~! (east) and
8.6mgkg~! (south). The corresponding stock values were
0.7 gm_2 (west), 0.87 gm_2 (east) and O.84gm_2 (south)
for all sections at #y (Table 2). After 10 years (#10) an overall
significant increase of Sipg,o from 7y was found in each of
the different sections. The corresponding stock values were
1.7 gm’2 (west), 1.5 gm’2 (east) and 2.2gnf2 (south, Ta-
ble 2).

At 9 the mean Tiron-extractable Si contents in the
upper 5cm varied between 5.5gkg™! (west), 5.2gkg™!
(east) and 4.1 gkg_1 (south). The related stock values were
524gm’2 (west), 503 gm’2 (east) and 399gm’2 (south,
Table 2). After 10 years (10) the Tiron-extractable Si content
showed a slight increase in the western section to 6.5 gkg™!
(552 gm_2), while the concentration in the eastern section
decreased significantly to 2.6 gkg™! (196 gm™2, Table 2).
In the southern section only a slight decrease to 3.8 gkg™!
(317 gm~2) was found. The Al and Fe-extractable Tiron con-
tents followed the distribution of the Si concentrations with
one exception in the western section, where contrary to Si
the Al and the Fe contents slightly increased at t19 (Ta-
ble 2). Si/ Al ratios ranged between 1.6 and 2.2 at Chicken
Creek. Tiron-extractable Si and Al fractions as well as Tiron-
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Figure 3. Total biogenic Si pools in soils (means = standard devia-
tion, upper 5 cm) at Chicken Creek at the end of construction work
(to) and after 10 years of ecosystem development (western, east-
ern and southern sections, #1(). Significant differences are indicated
by different letters (p <0.05, Kruskal-Wallis ANOVA with Dunn’s
post hoc test).

extractable Al and Fe fractions were strongly correlated (Ta-
ble 3).

3.3 Biogenic Si pools in soils

In general, total biogenic Si pools increased in every section
after 10 years of ecosystem development with statistically
significant differences between 7y (11.6 4 6.5mgSi m~2)
and the southern section at fqg (96.0j:87.2mgSim_2)
(Fig. 3). Total BSi showed strong positive and statisti-
cally significant correlations to water-soluble Si (Table 3).
Phytogenic (phytoliths >5um) Si pools ranged from 0 to
18mgm~2 (mean: 6.6mgm™2) at 7y and significantly in-
creased to means of 20.7mgm~2 (range: 7-52mgm~?)
and 12.9mgm~2 (range: 14-15 mgm~2) at the eastern and
southern sections over 10 years, respectively (Fig. 4a).
Protophytic Si pools (diatom frustules) ranged from 0O to
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Figure 4. Box plots (top, middle and bottom lines of the boxes show the 25th, 50th and 75th percentiles and whiskers represent 1.5x the
interquartile ranges) of biogenic Si pools in soils (upper 5 cm) at Chicken Creek at the end of construction work (7g) and after 10 years of
ecosystem development (western, eastern and southern sections, #1¢). (a) Phytogenic Si pools (phytoliths), (b) protophytic Si pools (diatom
frustules), (¢) zoogenic Si pools (sponge spicules) and (d) protozoic Si pools (testate amoeba shells). Significant differences are indicated
by different letters (p <0.05, Kruskal-Wallis ANOVA with Dunn’s post hoc test). Circles and asterisks indicate outliers and extreme values,
respectively. Note different scales for diagrams (a) and (b) and (c) and (d).
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Figure 5. Proportions of phytoliths (PHY), sponge spicules (SPO),
diatom frustules (DIA) and testate amoeba shells (TA) to total BSi
in soils (upper 5 cm) at Chicken Creek at 7 and #1(. Note that total
BSi pools differ in size (see Fig. 3).

7mgm~2 (mean: 2.6mgm~?) at #y and increased up to
a mean of 47.4mgm~2 (range: 0.1-162mgm~2) at r1o
(southern section) (Fig. 4b). At fp no sponge spicules were
found with one exception representing an extreme value

Biogeosciences, 14, 5239-5252, 2017

(12.7 mg m~2). After one decade of ecosystem development
zoogenic Si pools increased to a maximum of 46 mgm~>
in the southern section (#19) (Fig. 4c). Protozoic Si pools
were zero at fp, with one exception representing an ex-
treme value (1.8mgm™2), and significantly increased to
4.6mgm~2 (range: 1-11mgm~2) and 11.5mgm™? (range:
2-36 mg m_z) in the eastern and the southern sections at #;¢,
respectively (Fig. 4d).

At tp most BSi (>50%) is represented by phytoliths
>5um followed by diatom frustules, sponge spicules and
testate amoeba shells (Fig. 5). After 10 years of ecosystem
development the proportion of the different BSi pools to to-
tal BSi changed. While the proportion of protozoic Si pools
increased in all sections at t¢, the other BSi pools showed
more variable changes over time. The proportion of phyto-
genic Si pools either increased (western section) or decreased
(eastern and southern sections). In contrast, the proportion of
protophytic Si pools decreased in the western section and in-
creased in the eastern and southern sections. The proportion
of zoogenic Si pools decreased in the western and eastern
sections but increased slightly in the southern section at #1¢.
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tO t10
no vegetation Calamagrostis epigejos
£ Plants
~ Total Si content: 2.25 %
b T Phytoliths: 0.37 %
) Pool: 2.6 g Si m2
Litter
Total Si content: 3.10 %
Phytoliths: 0.47 %
(a) Pool: 1.8 g Sim2
Soil Difference
Siy0: 0.80 £ 0.37 g m? Siyp0: 1.59 £ 0.46 g m?2 +99%
Sitiron: 497 £212 g m2 Sitiron: 290 + 154 g m2 -42%
BSi: 11.6 * 6.5 mg m? BSi: 44.2 * 26.2 mg m? +281%
tO th
no vegetation Phragmites australis
5 . Plants
#° <= Total Si content: 2.70 %
AR [ § /7 Phytoliths: 0.43 %
¢ / | a
/ f Pool: 5.0 g Sim?
\
/ /
// / Litter
Total Si content: 2.90 %
f ‘\ Phytoliths: 0.51 %
(b) M&A\MJ _m:s— Pool: 2.7 g Sim?
Soil Difference
Siypo: 0.82 £ 0.08 g m? Sivgo: 2.16 + 0.35 g m2 +163 %
Sitiron: 443 £ 175 g m? Sifiron: 437 £322g m2 -1.4%
BSi: 11.6 * 6.5 mg m?2 BSi: 88.2 + 80.3 mg m? +660 %

Figure 6. Comparison of water-soluble Si (Sig,(), amorphous Si (SiTjron) fractions and total BSi in soils (means =+ standard deviation,
upper 5 cm), where Calamagrostis epigejos (a) and Phragmites australis (b) became dominant. Data are given for 7 (no vegetation) and 1
(C. epigejos, P. australis). For t1( total plant Si contents, extracted phytogenic Si (phytoliths) contents and Si pools for C. epigejos and P.
australis (plants and litter) are stated in addition. Paintings are from Cornelia Hohn, Miincheberg.

www.biogeosciences.net/14/5239/2017/ Biogeosciences, 14, 5239-5252, 2017



5248

\ \‘:lj
\\
\ // s \\
)/,\/,// \
A 7
N\g > //;/ 50 um 3 LA
s TR\ \
/ /'Z),; \ )
5 /:
L7 > \
» > :r‘\ 50 um
(& -
\{4 / € Ng
(a) P DG b

Figure 7. Micrographs of fragile phytogenic Si structures (arrows)
of C. epigejos (a) and P. australis (b).

3.4 Phytoliths and total Si content in plant materials

The total content of Si was determined for two Si-
accumulating plant species, Calamagrostis epigejos and
Phragmites australis, which dominate distinct catchment
sections. For C. epigejos the mean total content of Si was
2.25 % (range: 1.8-3.1 %), whereas for P. australis a mean
total Si content of 2.70 % (range: 2.0-3.2 %) was determined
(Fig. 6a, b). For litter we found mean total Si contents of
3.1 % (range: 2.8-3.3 %) and 2.9 % (range: 1.7-3.2 %) for C.
epigejos and P. australis, respectively.

Phytoliths >5um were also isolated from both plants,
showing mean phytolith contents of 0.37 % (range: 0.31—
0.46 %) and 0.43 % (range: 0.37-0.50 %) for C. epigejos
and P. australis, respectively (Fig. 6a, b). Regarding the to-
tal Si content of plants only about 16 % of phytogenic Si
were represented by the extracted phytoliths. Thus, small-
scale (<5um) and/or fragile (siliceous structures mostly
thinner than 5 um, but up to several hundred micrometers
long, Fig. 7) phytogenic Si represented about 84 % of total
phytogenic Si in C. epigejos and P. australis, respectively.
Mean extracted phytolith contents in plant litter were 0.47 %
(range: 0.35-0.70 %) and 0.51 % (range: 0.41-0.59 %) for C.
epigejos and P. australis.

Surface areas of 30 typical bilobate and 30 typical elongate
phytoliths were in the ranges of 216 to 3730 um? and 2302 to
22203 um? (Table 4). The corresponding volumes of bilobate
and elongate phytoliths were in the ranges of 36 to 2046 um?
and 390 to 14 649 um?. Surface-to-volume ratios of bilobate
and elongate phytoliths were in the ranges of 0.7 to 9.8 and
0.6 to 5.9 with means of 2.8 and 2.6.

3.5 BSi and Si fractions under Calamagrostis epigejos
and Phragmites australis

Water-soluble Si fractions increased by 99 and 163 % and to-
tal BSi by 281 and 660 % after 10 years of ecosystem devel-
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opment in soils under C. epigejos and P. australis (Fig. 6a,
b). In contrast, SiTiron decreased by 42 and 1.4 % from ft
to t1o in soils under C. epigejos and P. australis. If we as-
sume mean dry biomasses of 115 and 186 gm™? for C. epige-
jos and P. australis (M. Wehrhan, personal communication,
2017) about 2.6 and 5.0 gSim™2 are stored in the above-
ground biomass at Chicken Creek at #1¢. For C. epigejos and
P. australis litter (mean dry biomasses of 59 and 94 gm™2
at t19; M. Wehrhan, personal communication, 2017), we cal-
culated corresponding pools of about 1.8 and 2.7 g Sim~2 at
1o.

4 Discussion

4.1 Drivers of short-term changes in water-soluble Si
at Chicken Creek

In general, weathering of silicates represents the ultimate
source of Si(OH)4 in terrestrial biogeosystems in the long
term (Berner, 2003). In this context, the long-term accu-
mulation of BSi can influence the total amorphous (Tiron-
extractable) Si as it is known from forested catchments or
old chronosequence soils (Conley et al., 2008; Kendrick
and Graham, 2004; Saccone et al., 2008). Contrary, short-
term changes in BSi pools likely do not influence Tiron-
extractable Si in initial soils (total BSi represents only 0.002—
0.03 % of Tiron-extractable Si at Chicken Creek). Thus, the
major proportion of Tiron-extractable Si at Chicken Creek
seems to be of pedogenic origin (e.g., Si included in Al /Fe
oxides / hydroxides). This is supported by relatively low
Si / Al ratios (< 5) indicating a minerogenic origin of Tiron-
extractable Si instead of BSi as a source of SiTjron (Bartoli
and Wilding, 1980). We further exclude changes in Tiron-
extractable Si as the main driver of water-soluble Si at
Chicken Creek in the short term, because (i) SiTiron and Sing,o
showed no statistical relationship at all and (ii) a significant
change of the Tiron-extractable Si fraction occurred only in
the eastern section, whereas in the western and southern sec-
tion SiTiron did not change significantly over time. We assume
that these changes in SiTiron in the eastern section are related
to abiotic conditions (soil pH, conductivity, skeleton content,
proportions of sand, silt and clay, concentration of organic
and inorganic carbon), which were slightly different to the
conditions of the western section at 7o (Gerwin et al., 2010).
Furthermore, we excluded atmospheric inputs as potential
drivers of short-term changes in water-soluble Si at Chicken
Creek. On the one hand, dust depositions (dry deposition)
at Chicken Creek are very low (73-230mgm~2d~!) and
only slightly above the annual average (70-90mgm~=2d~")
measured in the state of Brandenburg (Wanner et al., 2015).
On the other hand, the total input of Si (as a lithogenic el-
ement) from precipitation (wet deposition) is negligible as
well (< 1kg Siha™! yr", Sommer et al., 2013).
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Our results indicate a strong relationship between water-
soluble Si and total BSi. In this context, two different causal
chains can be discussed: either SiO»-synthesizing organisms
are drivers of the amount of Si(OH)4 in the soil or — vice
versa — the amount of water-soluble Si in the soils is the
main driver of SiO;-synthesizing organisms as biosilicifica-
tion is limited by Si(OH)4. Laboratory studies revealed that
SiO,-synthesizing organisms, i.e., testate amoebae, can de-
plete the amount of Si(OH)4 in culture media due to biosili-
cification (Aoki et al., 2007; Wanner et al., 2016). How-
ever, Wanner et al. (2016) also showed that culture growth of
Si0,-synthesizing testate amoebae was dependent on Si con-
centration in the culture media. Furthermore, in situ analyses
showed that marine diatom blooms can deplete Si(OH)4 con-
centrations in the oceans (Hildebrand, 2008). In forested bio-
geosystems Puppe et al. (2015) found high individual num-
bers of SiO,-synthesizing testate amoebae at study sites with
low amounts of Si(OH)4 and vice versa. However, it is un-
likely that testate amoebae depleted amounts of Si(OH)4 at
these sites, because corresponding protozoic Si pools are rel-
atively small compared to phytogenic ones (Puppe et al.,
2015; Sommer et al., 2013). Regarding vegetation and corre-
sponding phytogenic Si pools, their influence on the amount
of Si(OH)4 in soils has been shown in several studies (e.g.,
Bartoli, 1983; Farmer et al., 2005; Sommer et al., 2013). On
the other hand, phytolith production is probably more influ-
enced by the phylogenetic position of a plant than by envi-
ronmental factors like temperature or Si availability (Hodson
et al., 2005; Cooke and Leishman, 2012).

From our results and the discussion above we conclude
short-term changes in water-soluble Si to be mainly driven
by BSi. However, total BSi represents only small proportions
of water-soluble Si at fy (<2 %) and t1g (<4.5 %). From this
result a question arises: where does the major part of the in-
crease in water-soluble Si at Chicken Creek come from? We
will discuss this question in Sect. 4.2 below.

4.2 Sources of water-soluble Si at Chicken Creek

From former results of BSi analyses in forested biogeosys-
tems, we assumed the phytogenic Si pool to be the most
prominent in size. In this context, results of Sommer et
al. (2013) and Puppe et al. (2015) showed that phytogenic
Si pools in soils of forested biogeosystems were up to sev-
eral hundred times larger than protozoic Si pools. However,
phytogenic Si pools in soils are surprisingly small compared
to other BSi pools at Chicken Creek. Our findings can be at-
tributed to at least two factors. Firstly, phytogenic Si is stored
in a developing organic litter layer where it is temporarily
protected against dissolution, and secondly, the used meth-
ods were not able to accurately quantify the total phytogenic
Si pool, but only the larger (>5 um) and more stable part.
Total Si and phytolith contents of litter samples at Chicken
Creek did not differentiate from total Si and phytolith con-
tents of plants. This fact indicates that litter decomposition
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and related Si release into the subjacent soil are relatively
slow processes and we interpret our findings as an indication
of a developing compartment of dead plant tissue above the
mineral soil surface. Esperschiitz et al. (2013) showed in a
field experiment in initial soils near Chicken Creek that after
30 weeks only 50 % of the C. epigejos litter was degraded,
whereby degradation rates were highest in the first 4 weeks.
Estimations of biomasses of C. epigejos and P. australis at
Chicken Creek via remote sensing with an unmanned aerial
system showed that the relation between phytogenic Si pools
of plant biomass and litter biomass are almost the same for
both plant species (factor about 1.5, based on the total area
of Chicken Creek); i.e., Si in the plants was about one-third
higher than in litter (M. Wehrhan, personal communication,
2017). At the sampling points about 1.8 and 2.7 g Sim™2
were stored in the litter of C. epigejos and P. australis at to,
respectively, which is in the range of published data for an-
nual Si input through litterfall in a short grass steppe (2.2—
2.62Sim~2yr~!, Blecker et al., 2006).

Altogether, these results clearly underline our interpre-
tation of a developing organic layer where litter accumu-
lates and phytogenic Si is temporarily stored and protected
against dissolution. Thus Si release is delayed and biologi-
cally controlled, as it can be observed at forested biogeosys-
tems (Sommer et al., 2013). The Si pools in the above-
ground biomass of C. epigejos (2.6 g Sim™2) and P. australis
(5.0gSim™2) at Chicken Creek at #; are comparable to re-
ported values of Great Plains grasslands (2.2-6.7 g Sim~2 in
the aboveground biomass) (Blecker et al., 2006) and reach
about 30 % (C. epigejos) or 59 % (P. australis) of published
data for a beech forest (8.5gSim™2 in the aboveground
biomass of Fagus sylvatica trees) in northern Brandenburg,
Germany (Sommer et al., 2013), after (only) 10 years of
ecosystem development.

Regarding methodological shortcomings of the used phy-
tolith extraction procedure there are several aspects to be
discussed. Wilding and Drees (1971), for example, showed
that about 72 % of leaf phytoliths of American beech (Fa-
gus grandifolia) are smaller than 5Sum. This is in accor-
dance with our findings. Phytoliths >5 um only amounted
to about 16 % of total Si contents of plant materials of C.
epigejos and P. australis; thus about 84 % of phytogenic
Si (<5um and/or fragile phytogenic Si structures) are not
quantified by the used phytolith extraction method. Watteau
and Villemin (2001) found even smaller (5-80 nm) spherical
grains of pure silica in leaf residues in topsoil samples of a
forested biogeosystem. In addition, silica depositions can be
found in intercellular spaces or in an extracellular (cuticular)
layer (Sangster et al., 2001), whereat no recognizable phy-
toliths are formed. These structures might be too fragile for
preservation in soils and are likely lost to a great extent in the
used phytolith extraction procedure due to dissolution. Meu-
nier et al. (2017) analyzed different phytolith morphotypes,
e.g, silica bodies originating from cells of the upper epider-
mis, silica casts of trichomes or parenchyma/collenchyma
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cells and of durum wheat plant shoots. They found fragile
subcuticular silica plates (2—4 um thick, up to several hun-
dred micrometers long and wide) to be the second most com-
mon phytolith morphotype. This is corroborated by our own
findings as the biggest part (about 84 %) of total plant Si
is represented by small-scale (<5 um) and/or fragile phyto-
genic Si in C. epigejos and P. australis. If we assume that
total Si contents of plants at Chicken Creek are one-to-one
reflected by phytogenic Si pools in soils, we can easily calcu-
late these small-scale and fragile pools resulting in about 130
and 100mgm_2 (84 % of total, i.e., 156 and 119 mg m~2,
phytogenic Si each) under C. epigejos and P. australis, re-
spectively. These calculated phytogenic Si pools are about 13
(diatom frustules), 38 (testate amoeba shells) and 45 (sponge
spicules) or 3 (diatom frustules) and 10 (testate amoeba
shells, sponge spicules) times bigger than the other BSi pools
at C. epigejos and P. australis sampling points. If we further
assume an input of this phytogenic Si for at least 7 years
(Zaplata et al., 2010) phytogenic Si might be the main driver
of short-term changes in water-soluble Si at Chicken Creek.
This is supported by relatively high surface-to-volume ratios
of bilobate and elongate phytoliths. These ratios are about 3
times higher compared to ratios of other biogenic siliceous
structures, i.e., testate amoeba shells, diatom frustules and
sponge spicules.

In addition, Si pools represented by single siliceous
platelets of testate amoeba shells have to be considered as
well, as these platelets can be frequently found in freshwa-
ter sediments, for example (Douglas and Smol, 1987; Pienitz
et al., 1995). Unfortunately, there is no available informa-
tion on the quantity of such platelet pools in soils, but it can
be assumed that these platelets can be frequently found in
soils, as they are used by some testate amoeba genera (e.g.,
Schoenbornia, Heleopera) for shell construction (Meister-
feld, 2002; Schonborn et al., 1987). In general, it can be as-
sumed that phytogenic Si structures <5 um and single tes-
tate amoeba platelets (about 3—12 um in diameter, Douglas
and Smol, 1987) are highly reactive due to their relatively
high surface-to-volume ratios. However, to the best of our
knowledge there is no publication available dealing with cor-
responding physicochemical analyses or dissolution kinetics
of these siliceous structures. In general, experiments with
phytoliths (> 5 um) showed that surface areas and related dis-
solution susceptibilities are, for example, age-related due to
changes in specific surface areas and the presence of or-
ganic matter bound to the surface of phytoliths (Fraysse et
al., 2006, 2009).

5 Conclusions

Decadal changes in water-soluble Si at Chicken Creek are
mainly driven by BSi; thus Si cycling is already biologically
controlled at the very beginning of ecosystem development.
In this context, phytogenic Si plays a particularly prominent
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role. However, a developing organic layer (L horizon) at the
soil surface temporarily protects phytogenic Si against disso-
lution, because phytogenic Si is still incorporated into plant
structural elements (tissues). As a consequence a delaying
biogenic Si pool is built up and Si release into the soil is re-
tarded. Furthermore, established phytolith extraction meth-
ods alone are not suitable to quantify total phytogenic Si
pools, as phytoliths >5 pm seem to be only a minor part of
this pool (about 16 % in the current study). In general, in-
formation on small-scale (<5 um) and/or fragile phytogenic
Si structures is urgently needed as they seem to represent
the biggest and most reactive Si pool in soils and thus are
the most important drivers of Si cycling in terrestrial bio-
geosystems. Future work should focus on (i) the quantifica-
tion of this pool, (ii) physicochemical analyses of its compo-
nents and (iii) their dissolution kinetics in lab experiments.
The combination of modern microscopical (SEM-EDX, laser
scanning microscopy) (this study; Puppe et al., 2016; Som-
mer et al., 2013) and spectroscopical (FTIR and micro-FTIR
spectroscopy) (Liu et al., 2013; Loucaides et al., 2010; Rosén
et al., 2010) methods might introduce new insights to this
field.
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Wykaz osiggnie¢ naukowych albo artystycznych, stanowigcych znaczny wktad w rozwaj

okreslonej dyscypliny

INFORMACJA O OSIAGNIECIACH NAUKOWYCH ALBO ARTYSTYCZNYCH, O KTORYCH
MOWA W ART. 219 UST. 1. PKT 2 USTAWY

1. Cykl powigzanych tematycznie artykutéw naukowych, zgodnie z art. 219 ust. 1. pkt 2b

Ustawy;

=

I

|

D. Kaczorek, Sommer M. 2004. Obieg krzemu w biogeosystemach lgdowych klimatu
umiarkowanego. Roczniki Gleboznawcze. (Soil Science Annual) T. LV No 3, 221-230.
[MNiSW = 14 pkt; IF=0]

Mdj wktad w powstanie tej pracy polegat na: stworzeniu koncepcji pracy, zebraniu
literatury, przygotowaniu rysunkdw oraz napisaniu tekstu publikacji.

D. Kaczorek, D. Puppe, J. Busse, M. Sommer. 2019. Effects of phytolith distribution and
characteristics on extractable silicon fractions in soils under different vegetation — An
exploratory study on loess. Geoderma 356/ 113917/. [MNiSW = 200 pkt; IF=6,114]

Md6j wktad w powstanie tej pracy polegat na: okresleniu koncepcji badarn (wyborze
objektéw badari, metod badawczych, sformuowanie gtéwnych celéw badawczych),
przeprowadzeniu badan terenowych, poborze prdobek glebowych i ich przygotowaniu do
badari, wykonaniu analiz podstawowych wiasciwosci gleb (m.in. sktad granulometryczny,
pH, zawartos¢ weglandw, zawartos¢ wegla organicznego), wykonaniu analiz chemicznych
réznych frakcji krzemu), wykonaniu ilosciowej i jakosciowej analizy fitogenicznego krzemu,
okresleniu stopnia rozpuszczalnosci fitolitow, interpretacji wszystkich (za wyjgtkiem ameb
glebowych) uzyskanych wynikéw badan, przygotowaniu rycin, tabel i napisaniu tekstu
publikacji.

M. Sommer, H. Jochheim, A. H6hn, J. Breuer, Z. Zagorski, J. Busse, D. Barkusky, K. Meier,
D. Puppe, M. Wanner, and D. Kaczorek. 2013. Si cycling in a forest biogeosystem — the



3.

importance of transient state biogenic Si pools. Biogeosciences, Volume 10, No. 7, pp
4991-5007. [MNiSW = 40 pkt; IF=3,851]

Moj wktad w powstanie tej pracy polegat na: okresleniu koncepcji: (1) badan
mikromorfologicznych gleb, (2) badar fitogenicznego krzemu, tj. oznaczeniu ilosciowym i
jakosciowym fitolitow wyizolowanych z gleby jak i z opadu roslinnego. Okreslenie
morfotypdw i stopnia rozpuszczenia fitolitdw. Interpretacja uzyskanych wynikéw badan,
przygotowanie dokumentacji fotograficznej fitolitow do publikacji, napisanie czesci
manusktyptu dotyczgcej wyzej wymienionych badan. Udziat w interpretacji wszystkich
wynikoéw badan.

|+

D. Puppe, A. Hohn, D. Kaczorek, M. Wanner, M. Wehrhan, M. Sommer. 2017. How big is
the influence of biogenic silicon pools on short-term changes in water-soluble silicon in
soils? Implications from a study of a 10-year-old soil-plant system. Biogeosciences, 14,
5239-5252. [MNiSW = 40pkt; IF=3,851]

Md6j wktad w powstanie tej pracy polegat na: okresleniu koncepcji badar fitogenicznego
krzemu, wyborze miejsc badawczych, przeprowadzeniu badan terenowych, poborze prébek
glebowych i roslinnych, oznaczeniu ilosciowym i jakosciowym fitolitow wyizolowanych z
gleby jak i materiatu roslinnego (trawy). Interpretacja uzyskanych wynikow badan i
przygotowanie czesci manusktyptu dotyczqcej wyZzej wymienionych badan, wykonanie
dokumentacji fotograficznej fitolitow w mikroskopie swietinym. Udziat w interpretacji
wszystkich wynikow badan.

Il. INFORMACJA O AKTYWNOSCI NAUKOWEJ ALBO ARTYSTYCZNE)

Wykaz opublikowanych monografii naukowych (z zaznaczeniem pozycji
niewymienionych w pkt I.1).

Wykaz opublikowanych rozdziatéw w monografiach naukowych.

1. Conley D. J.,, Sommer M., Meunier J. D., Kaczorek D., Saccone L. 2006. The Silicon Cycle.

Human Perturbations and Impacts on Aquatic Systems. 3. Silicon in the Terrestrial
Biogeosphere. SCOPE 66, pp 13-28. [MNiSW = 10 pkt]

Modj wktad w powstanie publikacji polegat na przygotowaniu rozdziatu: Silicon Pools and
Transformations in Soils.

2. Kaczorek, D., Vrydaghs, L., Devos, Y., Peto, A’". & Effland, W.R., 2018. Biogenic siliceous
features. In Stoops, G., Marcelino, V. & Mees, F. (eds.), Interpretation of

Micromorphological Features of Soils and Regoliths. Second Edition. Elsevier, Amsterdam,
pp. 157-176. [MNiSW = 10pkt]

Mdj wktad w powstanie tej pracy polegat na stworzeniu koncepcji rozdziatu, zebraniu
literatury, przygotowaniu rysunkéw (Nr 7, 8) oraz napisaniu tekstu publikacj wraz z
pozostatymi wspdotautorami.

Informacja o cztonkostwie w redakcjach naukowych monografii.



4. Wykaz opublikowanych artykutéw w czasopismach naukowych (z zaznaczeniem

pozycji niewymienionych w pkt [.2).

1.

M. Wehrhan, D. Puppe, D. Kaczorek, M. Sommer. 2021 Spatial patterns of aboveground
phytogenic Si stocks in a grass-dominated catchment — results from UAS-based high-
resolution remote sensing. Biogeosciences, 18, 5163-5183. [MNiSW = 140 pkt; IF=4,295]
Moj wktad w powstanie tej pracy polegat na dostarczeniu specjalistycznej wiedzy w
zakresie obiegu biogenicznego krzemu oraz interpretacji wynikow dotyczqcych Si, udziat w
pisaniu manuskryptu.

D. Puppe, D. Kaczorek, J. Schaller, D. Barkusky, M. Sommer. 2021. Crop straw recycling
prevents anthropogenic desilication of agricultural soil-plant systems in the temperate
zone — Results from a long-term field experiment in NE Germany. Geoderma 403 115187
[200 pkt MNiSW, IF=6,114].

Modj wktad w powstanie tej pracy polegat na opracowaniu koncepcji badan krzemu
fitogenicznego, przeprowadzeniu badan terenowych, poborze prébek glebowych,
oznaczeniu ilosciowym fitolitdw, okresleniu morfotypdw fitolitow, wykonaniu
dokumentacji fotograficznej w mikroskopie swietinym, interpretacji uzyskanych wynikow
badan, wspdtudziale w pisaniu publikacji.

O. Katz, D. Puppe, D. Kaczorek, N. B. Prakash, J. Schaller. 2021. Silicon in the Soil-Plant
Continuum: Intricate Feedback Mechanisms within Ecosystems. Plants, 10, 652. [70 pkt
MNiSW, IF =3,935]

Modj wktad w powstanie tej pracy polegat na wspdtudziale w tworzeniu koncepcji pracy,
wspotudziale w napisaniu rozdziatu: 6.1 Effects on Soil. Si Cycling in Undisturbed and
Disturbed Plant—Soil Systems.

J. Schaller, D. Puppe, D. Kaczorek, R. Ellerbrock, M. Sommer. 2021. Silicon Cycling in Soils
Revisited Plants, 10, 295. [70 pkt MNiSW, IF=3,935]

MGdj wktad w powstanie tej pracy polegat na wspdtudziale w tworzeniu koncepcji pracy ,
opracowaniu i napisaniu rozdziatu 4.4. The Phytogenic Si Continuum in Soils oraz
wykonaniu rysunku: Conceptual model of the phytogenic Si continuum in soils.

D. A. Frick, R. Remus, M. Sommer, J. Augustin, D. Kaczorek, F. von Blanckenburg. 2020.
Silicon uptake and isotope fractionation dynamics by crop species. Biogeosciences, 17,
6475—6490. [MNiSW = 140 pkt; IF=4,295]

MGdj wktad w powstanie tej pracy polegat na wyizolowaniu i zobrazowaniu fitolitow, udziale
w dyskusji, interpretacji wynikow badan i wspdtudziale w napisaniu publikacji.

D. Puppe, A. Hohn, D. Kaczorek, M. Wanner, M. Sommer. 2017. As time goes by—
Spatiotemporal changes of biogenic Si pools in initial soils of an artificial catchment in NE
Germany. Applied Soil Ecology 105, 9-16. [MNiSW = 35 pkt, IF=2,786]. Mdj wktad w
powstanie tej pracy polegat na udziale w interpretacji wynikow badan, wspdtudziale w
pisaniu publikacji.

D. Puppe, O. Ehrmann, D. Kaczorek, M. Wanner, M. Sommer. 2016. The protozoic Si pool
in temperate forest ecosystems — Quantification, abiotic controls and interactions with
earthworms. Geoderma 243-244: 196-204. [45 pkt MNiSW, IF= 4,036]



10.

11.

12.

13.

14.

15.

Modj wktad w powstanie tej pracy polega na interpretacji wynikow badan i wspdétudziale w
pisaniu publikacji.

D. Puppe, D. Kaczorek, M. Wanner, M. Sommer. 2014. Dynamics and drivers of the
protozoic Si pool along a 10-year chronosequence of initial ecosystem states. Ecological
Engineering 70: 477-482. [35 pkt MNiSW, IF=2,914]
Moj wktad w powstanie tej pracy polegat na udziale w badaniach terenowych, interpretacji
wynikdw badan, wspotudziale w napisaniu publikacji.

Brzychcy S., Zagorski Z., Sieczko L., Kaczorek D. 2012. Analysis of groundmass colour as a
tool for evaluating the extent of pedogenic processes in chromic soils. Roczniki
Gleboznawcze-Soil Science Annual Vol 63 No3: 3-7. [14 pkt MNiSW]

Moj wktad w powstanie tej pracy polegat na udziale w badaniach terenowych, interpretacji
wynikow badan.

O. Ehrmann, D. Puppe, M. Wanner, D. Kaczorek, M. Sommer. 2012. Testate amoebae in
31 mature forest ecosystems — Densities and micro- distribution in soils. European Journal
of Protistology. 48: 161-168. [20 pkt MNiSW, IF= 2,581]

Moj wktad w powstanie tej pracy polegat na interpretacji wynikéw badan, wspdétudziale w
napisaniu publikacji.

G. Steinhoefel, J. Breuer, F. von Blanckenburg, I. Horn, D. Kaczorek, M. Sommer. 2011.
Micrometer silicon isotope diagnostics of soils by UV femtosecond laser ablation. Chemical
Geology. 286: 280-289. [40 pkt MNiSW, IF= 3,347]

Moj wktad w powstanie tej pracy polegat na przygotowaniu materiatu badawczego
(fitolitow) i interpretacji wynikow badarn, wspotudziale w napisaniu publikacji.

Kaczorek D., Briimmer G., Sommer M. 2009. Content and Binding Forms of Heavy Metals,
Aluminium and Phosphorus in Bog Iron Ores from. JEQ. 38: 1109-1119. [24 pkt MNiSW, IF=
2,344].

Modj wktad w powstanie tej pracy polegat na przeprowadzeniu frakcjonowaniej analizy
metali ciezkich w probkach glebowych. Interpretacji wynikdw badarn, napisaniu publikacji.

Kaczorek D. 2009. Identyfikacja biogenicznego krzemu w glebach z wykorzystaniem badan
w mikroskopie swietlnym oraz badan mikrosonda. Roczniki Gleboznawcze. (Soil Science
Annual). Tom LX nr. 4, 42-49. [14* pkt MNiSW].

Prace w catosci wykonatam sama.

Hohn A., Sommer M., Kaczorek D., Schalitz G., Breuer J. 2008. Silicon fractions in Histosols
and Gleyosols of a temperate grassland site. Journal of Plant Nutrition and Soil Science
171, 409-418. [20 pkt MNiSW, IF=2,102].

MGdj wktad w powstanie tej pracy polegat na interpretacji wynikow badan, wspdludziale w
napisaniu publikacji.

Kaczorek D., Z. Zagérski. 2007. Micromorphological characteristics of the Bsm horizon in
soils with bog iron ore. Polish Journal of Soil Science, Vol. XL, Nr 1, 81-87. (4 pkt MNiSW).

Mdj wktad w powstanie tej pracy polegat na wykonaniu wszystkich analiz gleb, wykonaniu
dokumentacji fotograficznej, interpretacji wynikéw badan, wspdtudziale w napisaniu
publikacji.



16.

17.

18.

19.

Saccone L., D.J., Conley, E. Koning, D. Sauer, M. Sommer, D. Kaczorek, S. W., Blecker, E. F.
Kelly. 2007. Assessing the extraction and quantification of amorphous silica (ASi) in soils
and grassland ecosystems. European Journal of Soil Science, 58, 1446-1459, 2007, [24 pkt
MNiSW, IF= 3,475].

Moj wktad w powstanie tej pracy polegat na przedstawieniu charakterystyki badanych
gleb, interpretacji wynikow badan, wspotudziale w napisaniu publikacji.

Kaczorek D., Sommer M., Andruschkewitsch I., Oktaba L., Czerwinski Z., Stahr K. 2004. A
comparative micromorphological and chemical study of "Raseneisenstein (bog iron ore)
and "Ortstein". Geoderma 121, 83-94. [20 pkt MNiSW, IF=1,218].

Moj wktad w powstanie tej pracy polegat na wykonaniu wszystkich analiz tacznie z
wykonaniem mikroszlifow, dokumentacji fotograficznej rudy darniowej, udziale w dyskusji
i wspdtudziale w napisaniu publikacji.

Kaczorek D., Sommer M. 2003. Micromorphology, chemistry and mineralogy of bog iron
ores from Poland. Catena 54, 393-402. [15 pkt MNiSW, IF = 0,987]

Mdj wktad w powstanie tej pracy polegat na wykonaniu wszystkich analiz, wykonaniu
mikroszliféw, dokumentacji fotograficznej, interpretacji wynikow badan i napisaniu
publikacji.

Zagorski Z., Kaczorek D. 2002. Haematite - a lithogenetic form of iron in soils from the
southern part of the Holy Cross Mts. Ann.Warsaw Agricult. Univ. — SGGW, Agriculture 43,
17-24. [4 pkt MNiSW].

Moj wktad w powstanie tej pracy polegat na udziale w badaniach terenowch, interpretacji
wynikow badarn i wspdtudziale w napisaniu publikacji.

Prace opublikowane przed uzyskaniem stopnia doktora:

5.

6.

20.

21.

Kaczorek, D., Czerwinski, Z., 2001: Sktad mineralogiczny rud darniowych pochodzacych z

okolic Warszawy i tomzy. Roczniki Gleboznawcze. T LIl Supl. Warszawa ss. 177-181. [3 pkt
MNiSW].
Moj wktad w powstanie tej pracy polegat na udziale w pracach terenowych,
przeprowadznie analiz XRD probek glebowych, interpretacja wynikdw badan, napisaniu
publikacji.

Czerwinski, Z., Kaczorek, D., 1996: Wifasciwosci i typologia gleb wytworzonych z rudy
darniowej. Roczniki Gleboznawcze. T XLVII Supl. Warszawa, ss. 97-101. [3 pkt MNiSW].
Modj wktad w powstanie tej pracy polegat na wykonaniu podstawowych analiz glebowych,
interpretacji wynikéw badan, wspdtudziale w napisaniu publikacji.

Wykaz osiggnie¢ projektowych, konstrukcyjnych, technologicznych (z zaznaczeniem

pozycji niewymienionych w pkt [.3).

Wykaz publicznych realizacji dziet artystycznych (z zaznaczeniem pozycji

niewymienionych w pkt 1.3).



7.

Informacja o wystgpieniach na krajowych lub miedzynarodowych konferencjach
naukowych lub artystycznych, z wyszczegdlnieniem przedstawionych wyktadéw

na zaproszenie i wyktadéw plenarnych.

1. Kaczorek D., Puppe D., Sommer. 2019. Charakterystyka i rozmieszczenie réznych form
krzemu w glebach - wyniki badan terendéw rolniczych i lesnych. Kongres Polskiego
Towarzystwa Gleboznawczego, Lublin, referat.

2. Kaczorek D., Ehrmann O., Puppe D., Sommer M. 2018. Micromorphological characteristic
of biogenic silica in soils. Miedzynarodowa Konferencja Mikromorfologiczna. Mexico City,
Meksyk. (j. angielski)

3. Kaczorek D., Sommer M. 2008 Identification and quantification of biogenic silica by
combined micromorphological, chemical and microprobe analysis. Cheng-du. Chiny,
referat (j. angielski)

4. Kaczorek D., M. Sommer. 2007 ldentifikation und Quantifizierung von phytogenem
Silicium (Opal-A) in Boden unter Wald- und Griinlandnutzung. Kongres Niemieckiego
Towarzystwa Gleboznawczego, referat (j. niemiecki).

5. Kaczorek D., M. Sommer. 2007 Identyfikacja krzemu pochodzenia roslinnego z
wykorzystaniem badan mikromorfologicznych oraz badarn mikrosondy. Kongres PTG,
Warszawa, referat (j. polski).

6. Kaczorek D., Briimmer G.W. 2004. Influence of Iron Minerals on Heawy Metal Contents in
Bog Iron Ore (Raseneisenstein). Eurosoil, Freiburg, Germany, referat ( j. angielski)

7. Kaczorek D., M. Sommer. 2003. Mineralogische Eigenschaften von Raseneisengleyen in
Polen. Frankfurt (Oder). Kongres Niemieckiego Towarzystwa Gleboznawczego, referat (j.

niemiecki)

Informacja o udziale w komitetach organizacyjnych i naukowych konferencji krajowych

lub miedzynarodowych, z podaniem petnionej funkcji.

2006 - Konferencja na 100-lecie Wydziatu Rolniczego, SGGW, cztonkini komitetu
organizacyjnego. SGGW.
2008 — Przygotowanie i przeprowadzenie warsztatow naukowych ,Separation and

Identification of Phytoliths in Soil. Course at ZALF (Miincheberg) from 28.11-01.12.2008.



9.

Informacja o uczestnictwie w pracach zespotéw badawczych realizujgcych projekty
finansowane w drodze konkurséw krajowych lub zagranicznych, z podziatem
na projekty zrealizowane i bedace w toku realizacji, oraz z uwzglednieniem informacji

o petnionej funkcji w ramach prac zespotéw.

Projekty w trakcie realizacji:

1.

10

2019-2022 Reduction of environmental and climate impacts of agricultural crop production
through the use of an optimized topsoil deepening technique. Leibniz Centre for Agricultural
Landscape Research, wykonawczyni, mdj udziat w badaniach polega na zbieraniu i
opracowaniu informacji o historycznych badaniach naukowych dotyczacych “orki
pogtebionej” prowadzonych na terenie Polski w latach 60 ubiegtego wieku.

2018-2022 (DFG) under grant PU 626/2-1 (Biogenic Silicon in Agricultural Landscapes (BiSiAL)
— Quantification, Qualitative Characterization, and Importance for Si Balances of Agricultural
Biogeosystems). Leibniz Centre for Agricultural Landscape Research, wykonawczyni, magj
udziat w projekcie polega na przeprowadzeniu i interpretacji badan biogenicznej krzemionki
w glebach i roslinach (wieloletnie badania doswiadczalne w ZALF).

Projekty zrealizowane:

2013-2016 DFG project “Spatiotemporal dynamics of biogenic Si pools in initial soils and their
relevance for desilication” (SO 302/7-1). Leibniz Centre for Agricultural Landscape Research,
wykonawczyni

2009-2012 (DFG) — PAK 179 “Multiscale analysis of Si cycling in terrestrial biogeosystems”.
Leibniz Centre for Agricultural Landscape Research, wykonawczyni

2011-2013 Grant nr: N N310 434938, Identyfikacja wptywu skaty macierzystej na wiasciwosci
i geneze gleb na podstawie cech mineralogicznych, mikromorfologicznych i
submikromorfologicznych podtoza glebowego. Wydziat Rolnictwa i Biologii, Szkota Gtéwna
Gospodarstwa Wiejskiego w Warszawie, wykonawczyni

2007-2011 Grant Nr.: N N310 2243 33 “ Przemiany materii organicznej w glebach porolnych
w pierwszych latach po zalesieniu”, Wydziat Rolnictwa i Biologii, Szkota Gtéwna
Gospodarstwa Wiejskiego w Warszawie, wykonawczyni

2006-2009 Grant Nr.: 2 P06S 030 29 “ Wskazniki diagnostyczne gleb brunatno- rdzawych
powstatych z osadéw zlodowacenia srodkowego”, Wydziat Rolnictwa i Biologii, Szkota
Gtéwna Gospodarstwa Wiejskiego w Warszawie, wykonawczyni

2006-2008, grant wtasny, KBN, nr 2P0O6S 032 30. ,,Amorficzne bio-/ pedogeniczne formy
krzemu w glebach Polski”. Wydziat Rolnictwa i Biologii, Szkota Gtdwna Gospodarstwa
Wiejskiego w Warszawie, kierowniczka grantu

Cztonkostwo w miedzynarodowych lub krajowych organizacjach i towarzystwach

naukowych wraz z informacjg o petnionych funkcjach.



Polskie Towarzystwo Gleboznawcze, cztonkini
Miedzynarodowa Unia Towarzystw Gleboznawczych, cztonkini
Niemieckie Towarzystwo Gleboznawcze, cztonkini

Miedzynarodowe Towarzytwo Fitolitdw, cztonkini

11. Informacja o odbytych stazach w instytucjach naukowych lub artystycznych, w tym

zagranicznych, z podaniem miejsca, terminu, czasu trwania stazu i jego charakteru.

1. Germany, B-TU Cottbus- Brandenburg University of Technology. 1.02.-30.04. 2013.
Stypendium Rektora SGGW. Kurs identyfikacji ameb glebowych w preparatach wodno-
glebowych z wykorzystaniem mikroskopu biologicznego.

2. France, CEREGE Aix-en-Provence - Center Europeen de Recherche et d’Enseigement
des Geosciences de |'Environnement, 1-15.06.2008. Kurs pozyskiwania i identyfikacji
fitolitdw z materialu glebowego.

3. Germany, University of Bonn, 1.07-15.08.2003, DAAD-scholarship. Przeprowadzenie
frakcjonowanej analizy metali ciezkich w glebach z rudg darniowa.

4. Italy, University of Naples Federico Il, Neapol - Portici, 26.08- 30.09.2001.
Miedzynarodowy Kurs Mikromorfologicznym.

5. Belgium, University of Ghent, Department of Geology and Soil Science 15-31.03. 2001

Krotki kurs z mikronorfologii gleb.

Staze odbyte przed uzyskaniem stopnia doktora:

6. Belgium, University of Ghent, Department of Geology and Soil Science 9-14.August
1999. Studiowanie mikroszliféw rudy darniowej z terenu Belgii.

7. Germany, University of Hohenheim, Institute of Soil Science and Land Evaluation, 1.06-
30.11. 1999, DAAD- stypendium. Badania mikromorfologiczne rud darniowych,
wykonanie mikroszliféw oraz dokumentacji fotograficznej.

8. Germany, University of Hohenheim, Institute of Soil Science and Land Evaluation 1.06-
31.07. 1998 Oznaczanie form zelaza i catkowitej zawartosci pierwiastkéw w glebach z

rudg darniowa.



12.

13.

Cztonkostwo w komitetach redakcyjnych i radach naukowych czasopism wraz
z informacjg o petnionych funkcjach (np. redaktora naczelnego, przewodniczgcego
rady naukowej, itp.).

Informacja o recenzowanych pracach naukowych lub artystycznych, w szczegdlnosci

publikowanych w czasopismach miedzynarodowych.

Recenzja dwdch rozdzialéw w ksigzkach o miedzynarodowym znaczeniu, rok 2010, 2016

14.

15.

16.

(Pedogenic and Biogenic Siliceous Features in Soil, Paleosols and Regolith)

Informacja o uczestnictwie w programach europejskich lub innych programach
miedzynarodowych.
Informacja o udziale w zespotach badawczych, realizujgcych projekty inne niz
okreslone w pkt. I1.9.
Informacja o uczestnictwie w zespotach oceniajgcych wnioski o finansowanie badan,
whnioski o przyznanie nagréd naukowych, wnioski w innych konkursach majacych

charakter naukowy lub dydaktyczny.

M. INFORMACIA o WSPOLPRACY z OTOCZENIEM SPOLECZNYM
| GOSPODARCZYM

Wykaz dorobku technologicznego.

Informacja o wspotpracy z sektorem gospodarczym.

Uzyskane prawa wilasnosci przemystowej, w tym uzyskane patenty, krajowe Ilub

miedzynarodowe.

Informacja o wdrozonych technologiach.

Informacja o wykonanych ekspertyzach lub innych opracowaniach wykonanych na

zamowienie instytucji publicznych lub przedsiebiorcow.

Informacja o udziale w zespotach eksperckich lub konkursowych.

Informacja o projektach artystycznych realizowanych ze sSrodowiskami pozaartystycznymi.

V. INFORMACJE NAUKOMETRYCZNE
Informacja o punktacji Impact Factor (w dziedzinach i dyscyplinach, w ktdérych

parametr ten jest powszechnie uzywany jako wskaznik naukometryczny).



Sumaryczny impact factor wedtug listy Journal Citation Reports (JCR), zgodnie z rokiem
opublikowania: 62,186

Informacja o liczbie cytowan publikacji wnioskodawcy, z oddzielnym uwzglednieniem

autocytowan.

Liczba cytowan publikacji wedtug bazy Web of Science (WoS): 832

Liczba autocytowan: 65

Informacja o posiadanym indeksie Hirscha.

Indeks Hirscha wedtug bazy Web of Science (WoS): 13

Informacja o liczbie punktéw MNiSW.

Sumaryczna liczba punktéw MNiSW dla wszystkich publikacji: 1249

(podpis wnioskodawcy)

10




Leibniz-Zentrum fir
Agrarlandschaftsforschung

(ZALF) e.V.
ﬂ Agrarlandschaftsforschung Whll"l|ng/'rll‘l:lHl
Institut fiir
Bodenlandschaftsforschung
Prof. Dr. hab. Jozef Chojnicki Univ.-Prof. Dr. habil.

Michael Sommer

Department of Soil Environmental Sciences

. - . . T +49 33432 | 82 282
Warsaw University of Life Sciences -SGGW F 149 33432 1 82 - 280

E-Mail; sommer@zalf.de

Nowoursynowska 159
02-776 Warsaw, Poland

v.zalf.

Mincheberg, 30.05.2016

Dear Prof. Chojnicki,

Herewith | would like to invite Dr. Danuta Kaczorek for a three months stay at my Institute of
Soil Landscape Research here at ZALF, Miincheberg (Germany). From 1.7.16 until 30.9.16 Dr.
Danuta Kaczorek intend to analyse Si content of soils by different chemical analysis in our lab.
She will have the opportunity to study our methods in detail, especially for amorphous Si
compounds in soils.

| can offer her an adequate work bench in our soil chemistry lab. In addition we will finance her

travel expenses, accommodation as well as an insurance.

With kind regards
A

Ll

Prof. Dr. hab. Michael Sommer




KREKTOR
Syk01y GELOWNET (GGOSPODARSTWA WIEJSKIEGO W WARSZAWIE

PRWM —35/2012 Warszawa, 11 lipca 2012 r.

Sz. P.
Dr inz, Danuta Kaczorek
Wydzial Rolnictwa i Biologii

DECYZJA

Realizujgc postanowienia Uchwaly nr 53 — 2010/2011 Senatu SGGW z dnia 20 czerwea 2011 r. w
sprawie Wiasnego Funduszu Stypendialnego Szkoly Giéwnej Gospodarstwa Wiejskiego w Warszawie
i Uchwaty nr 31-2011/2012 Senatu SGGW z dnia 28 maja 2012 r. w sprawie podziatu srodkéw dotacji
przyznanych na rok 2012, oraz w nawigzaniu do zlozonego przez Pania wniosku, przyznaj¢ Pani
stypendium na 3-miesigezny pobyt badawezy w Brandenburskim Uniwersytecie Technologicznym w
Cottbus w Niemezech do wykorzystania w roku akademickim 2012/2013.

Stypendium w wysokosci brutto 7600 zl/m-c, t.j. 22800 zt na koszty utrzymania oraz dodatkowo 1900
7t na koszty podrézy zostanie przelane na podany numer konta bankowego jednorazowo za caly okres

pobytu za granic.

Whiosek o wyjazd wraz z aktualnym dokumentem potwierdzajgcym zgodg instytucji przyjmujacej na
realizacj¢ badan oraz numer konta bankowego nalezy zlozy¢ w Biurze Wspotpracy Migdzynarodowej.
Sprawozdanie z odbytego stazu badawczego nalezy zlozy¢ w ciggu 14 dni od jego zakonczenia w
Biurze Nauki. W przypadku niezrealizowania programu opisanego we wniosku badZz nieterminowego
zlozenia sprawozdania z wykonania planu badan zobowigzuj¢ Panig do zwrotu stypendium.

Z powazaniem,

Do wiadomosci: Dziekan Wydziatu Rolnictwa i Biologii
Kierownik Biura Nauki

ul. Nowoursynowska 166, 02-787 Warsziwa

tel. (22) 593 10 10, fax (22) 597 10 06
e-mail: rektor@@sgew.pl




CEREGE

CENTRE EUROPEEN DE RECHERCHE ET D’ENSEIGNEMENT DE GEOSCIENCES DE L’ENVIRONNEMENT
UMR6635-CNRS/UNIVERSITE PAUL CEZANNE/IRD

CENTRE EUROPEEN 3 RECHERSNE £ DENSEIGNEMENT
DE GEOSCIENCES DE L'ENVIRONNEMENT

Jean Dominique Meunier
Directeur de Recherches
C.N.R.S.

Dr . DANUTA KACZOREK
SGGW

Division of soil science
Nowoursynowska 161
02-776 WARSAW
POLAND

CERTIFICATE

As part of a German-Poland-French collaboration on phytolith research, Dr Danuta
Kaczorek was invited to CEREGE from June 2 to June 14, 2008. During her visit, Danuta was
initiated to 1) the extraction of amorphous silica particles using the dry method and 2) the

determination of the origin of morphotypes under optical microscope.

Aix-en-Provence, June 13, 2008,

CEREGE-Europdle de I’ Arbois-B.P. 80-13545 Aix-en-Provence cedex 04

Tel : 33(0)442 971 526 Fax : 33(0)442 971 540 E-mail : meunier@cerege.fr




Prof. Dr. hab. Danuta Czepinska-Kaminska
Division of Soil Science

Department of Soil Environment Sciences
Agricultural University (SGGW) of Warsaw
Nowoursynowska 159

02-776 Warsaw, Poland

Dear Prof. Danuta Czepinska-Kaminska,

Leibniz- Centre for
Agricultural Landscape
Research (ZALF)

Mincheberg, 24.

Institute of Soil Landscape
Research

Univ.-Prof. Dr. habil.
Michael Sommer
Head of Institute

Eberswalder Stralte 84
D-15374 Miincheberg,
Gemany

www.zalf.de

Tel.: +49 33432 82 282
Fax: +49 33432 82 280
e-mail: sommer@zalf.de

November 2008

herewith I would like to invite Dr. Danuta Kaczorek for a three months stay at my Institute of
Soil Landscape Research here at ZALF, Miincheberg (Germany). From 5.12.08 until 28.2.09

Dr. Danuta Kaczorek intend to analyse phytolith contents of soils in our lab. By this work she

will gain relevant experience for her own Si-project on Polish soils.

I can offer her an adequate work bench in our soil chemistry lab. In addition we will finance

her travel expenses, accommodation as well as an insurance.

With kind regards

(Lo & -

Prof. Dr. habil. Michael Sommer

Leibniz-Centre for Agricuitural
Landscape Research (ZALF) e.V.
Institute of Soil Landscape Research

Eberswaider Strafie 84

15374 Mincheberg, Germany
fon +49 33432 82 262 fax +40 033432 82 260

Bankverbindung: Sparkasse Markisch-Oderland (BLZ 170 540 40) Konto-Nr.: 1 800 006 841




Z4LF, Eberswalder Strafe 84, D-15374 Miincheberg, Germany

Leibniz- Centre for
Agricultural Landscape
Research (ZALF)

Institute of Soil Landscape
Research

Univ.-Prof. Dr. habil.

Prof. Dr. hab. Danuta Czepinska-Kaminska
Division of Soil Science

Department of Soil Environment Sciences
Agricultural University (SGGW) of Warsaw
Nowoursynowska 159

02-776 Warsaw, Poland

Dear Prof. Danuta Czepinska-Kaminska,

Michael Sommer
Head of Institute

Eberswalder StraRe 84
D-15374 Miincheberg,
Germany

www.zalf.de

Tel.: +49 33432 82 282
Fax; +49 33432 82 280
e-mail; sommer@zalf.de

Mincheberg, 10. June 2007

herewith I would like to invite Dr. Danuta Kaczorek for a three months stay at my Institute of
Soil Landscape Research here at ZALF, Miincheberg (Germany). From 1.7.07 until 30.9.07

Dr. Danuta Kaczorek intend to analyse Si content of soils by different chemical analysis in

our lab. She will have the opportunity to study our methods in detail, especially for

amorphous Si compounds in soils. By this work she will gain relevant experience for her own

Si-project on Polish soils.

I can offer her an adequate work bench in our soil chemistry lab. In addition we will finance

her travel expenses, accommodation as well as an insurance.

With kind regards

N
// -

- /]l
(4 ok 65—

Prof, Dr. habil. Michael Sommer

Leibniz-Centre for Agricultural

Landscape Research (ZALF) e.V.
Institute of Soit Landscape Research
Eberswalder Strae 84
15374 Miincheberg, Germany
fon +40 33432 82 262 fax +46 033432 82 260

Bankverbindung: Sparkasse Markisch-Oderiand (BLZ 170 540 40) Konto-Nr.: 1 800 006 841




5’rh Intensive Course
of

Soil Micromorphology

August 271 - September 29t
Napoli - Portici 2001

IUSS ~ Subcommission of Soil Universita degli Studi di Napoli Federico II
Micromorphology

We hereby acknowledge that

has participated

in the 5t Intensive Course of Soil Micromorphology

Coordinator of the Course

Pref. Fabio Terribile
'ﬁ;‘ WA

! with the contribution of the European Union (Socrates-Erasmus)

Portici, September 29"




VAKGROEP GEOLOGIE EN BODEMKUNDE

I

LABORATORIUM VOOR MINERALOGIE, PETROLOGIE EN MICROPEDOLOGIE
Prof. Dr. G. STO%I;%

UNIVERSITEIT P’°$;§.’1$}.§E.§’é@§
GENT Prof. Dr. P, VAN DEN HAUTE
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Uw kenmerk Ons kenmerk Datum

ATTESTATION

Herewith I declare that Mrs. Danuta KACZOREK (Poland)
participated full-time in the intensive training course “Concepts of
Micropedology” organised by the Laboratory of Mineralogy, Petrology
and Micropedology of the Department of Geology and Soil Science of
the Ghent University. The course started on March 19, and ended on
March 30, 2001 and comprised both theoretical lectures and practical

excercises.

Gent, March 3

Krijgslaan 281, S8, B-9000 Gent Belgié
tel. +32 (0) 9 264 45 62 « fax +32 (0) 9 264 49 84 * e-mail: Arlette.Calle@rug.ac.be




VAKGROEP GEOLOGIE EN BODEMKUNDE

LABORATORIUM VOOR MINERALOGIE, PETROLOGIE EN MICROPEDOLOGIE
Prof. Dr. G. STOOPS

UNIVERSITEIT ot Or.S. GEETS
GENT

I
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Prof. Dr. R. NIJS
Prof. Dr. P VAN DEN HAUTE

To whom it may concern

Uw kenmerk Ons kenmerk Datum

ATTESTATION

Herewith I attest that Mrs. Danuta KACZOREK stayed in the Labo-
ratory of Mineralogy, Petrology and Micropedology from August

9 ti11 14, 1999, in order to study a series of thin sections

of bog ores from the point of view of mineralogy and micro-

morphology, under my supervision.

Prof. Dr. G. STOOPS,
Head of Department.

=)

Krijgslaan 281, S8, B-9000 Gent Belgié
tel. +32 (0) 9 264 45 62 + fax +32 (0) 9 264 49 84 + e-mail: Arlette.Calle@rug.ac.be

UNIVERSITEIT
GENT




Deutscher Akademischer Austauschdienst

Stipendienurkunde

Der Deutsche Akademische Austauschdienst ist eine gemeinsame Einrichtung der deutschen
Hochschulen. Er fordert mit 6ffentlichen Mitteln die internationale akademische Zusammen-
arbeit, insbesondere den Austausch von Studierenden und Wissenschaftlern. Die Stipendien
des DAAD werden auf der Grundlage von Auswahlentscheidungen unabhéngiger wissen-
schaftlicher Kommissionen vergeben.

Im Rahmen seiner Programme verleiht der Deutsche Akademische Austauschdienst

Danuta Kaczorek

ein Stipendium zur wissenschaftlichen Aus- und Fortbildung in Deutschland.

Ich begliickwiinsche Sie zu diesem Stipendium und wiinsche Ihnen einen erfolgreichen
Aufenthalt in Deutschland. Ich hoffe, dal Sie neben Ihren fachlichen Aufgaben auch die
Gelegenheit wahrnehmen werden, unser Land, seine Menschen und seine Kultur niher
kennenzulernen. Ich wiirde mich freuen, wenn Sie auch nach Riickkehr in Ihr Heimatland

weiterhin die Verbindung mit Ihren deutschen Partnern und dem DAAD aufrechterhalten
wiirden.

Bonn, den 21.04.1999

3

L)

Prof. Dr. Dr. h.c. mult. Theodor Berchem
Prisident des Deutschen Akademischen Austauschdienstes

Diese Urkunde ist rechtsgiiltig in Verbindung mit der Stipendienzusage des zustdndigen DAAD-Referats.




Translation
Document of Award

The Deutscher Akademischer Austauschdienst (German Academic Exchange Service) is a
joint organization of the universities and other institutions of higher education in the Federal
Republic of Germany. Supported from public funds, the DAAD promotes international
academic cooperation, especially through the exchange of students and academics. DAAD
scholarships are awarded by selection committees comprising a panel of independent
academics.

The person named in the overleaf ’Stipendienurkunde‘ has been awarded a scholarship by the
DAAD for further academic study and training in Germany.

I would like to congratulate you on your award and wish you a successful stay in Germany.
Besides working in your special academic field, I hope you will make use of the opportunity
to get to know our country, its people and its culture better. It would give me great pleasure,
if — after returning to your home country — you would maintain contact with your German
partners and the DAAD.

Prof. Dr. Dr. h.c. mult. Theodor Berchem
President of the DAAD

This document is legally binding only in connection with a letter of award (Stipendienzusage) from the DAAD Office.

A56-5.000-5/98




UNIVERSITAT HOHENHEIM

INSTITUT FUR BODENKUNDE
UND STANDORTSLEHRE (310)

Dr. sc. agr. Ludger Herrmann

UNIVERSITAT HOHENHEIM (310), D-70593 STUTTGART GERMANY
Tel.: 0711-4592324 FAX: 0711-4593117 email: herrmann@ uni-hohenheim.de

16.09.98

Praktikumsbescheinigung
Hiermit wird bestatigt, daR

Frau Danuta Kaczorek

erfolgreich ein zweimonatiges Laborpraktikum im Institut fiir
Bodenkunde und Standortslehre an der Universitit Hohenheim
abgeleistet hat.

Inhalt des Praktikums war im Schwerpunkt die Bestimmung von
Eisenfraktionen und Gesamtelementgehalten in Boden und die
mikromorphologische Auswertung von Diinnschliffen.

f L [
Dr. L. Herrmann

UNIVERSITAT HOHENHEIM
Institut fOr Botenkunde
und Standortsienra {310)
D-705883 Switgart
Germam:
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