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Streszezenie

Brzoza brodawkowata (Betula pendula Roth) to gatunck pionierski o szerokim
zasiggu geograficznym, wykazujacy zdolnos¢ do funkcjonowania w zréznicowanych
warunkach siedliskowych. Pomimo, ze byla ona przedmiotem licznych badan. nicktore
aspekty w zakresic jej ekologii sg nadal stabo rozpoznane. Dotyczy to m.in.
bioakumulacji picrwiastkow w biomasie, zaréwno w kontekscie zaspokajania potrzeb
pokarmowych, jak i retencji zanieczyszczen. Biorge pod uwage nicdostateczny stan
wiedzy w tym zakresie oraz istotne znaczenic zagadnienia, podj¢to badania nad
bioakumulacjg makro- i mikroelementéw w biomasie brzozy brodawkowatej porastajace)
gleby o zréznicowanym charakterze i stopniu znieksztaleenia. Badania przeprowadzono
na 12 stanowiskach w Polsce centralnej, obejmujacych zroznicowane wiekowo
lokalizacje na wydmach §rédladowych, reprezentujacych skrajnie ubogie w sktadniki
pokarmowe gleby o znikomym stopniu znicksztalcenia, obszar pozarzyska,
zroznicowane wiekowo lokalizacje na gruntach porolnych oraz stanowiska w strefie
oddzialywania kopalni wegla brunatnego i elektrowni w Belchatowie. Na kazdym
stanowisku pobrano w 10 powtorzeniach probki biomasy (korzenie I1 i [ rzedu, drewno
pnia, kora, gatgzie 1111 rzgdu, liscie) i gleb (do 80 cm). W prabkach oznaczono zawartoéé
azotu (N), fosforu (P). potasu (K), wapnia (Ca), magnezu (Mg), siarki (S), zelaza (Fe),
manganu (Mn), miedzi (Cu) i cynku (Zn). Badania wykazaly zrdéznicowane zawartosci
pierwiastkéw w poszczegdlnych frakcjach biomasy w zaleinoéei od stanowiska, Na
wydmach S$rodlgdowych czgsto obserwowano nizsze, w poréwnaniu do innych
stanowisk, zawartosci pierwiastkow, zaleznie od frakcji biomasy. Drzewa porastajgce
gleby porolne cechowaly si¢ wyzsza zawartoscia N, P, K i Mn, zas rosngce na pozarzysku
zwigkszong zawartoscig P, K i Mn w poréwnaniu do innych stanowisk. Z kolei w strefic
oddziatywania kopalni wegla brunatnego obserwowano najwicksze zawartosei Ca, S, Fe
1 Cu, przy relatywnie niskich zawartociach pozostalych pierwiastkéw. Uzyskane wyniki
dowodzg, ze historia uzytkowania terenu i stopien znieksztalcenia gleb wplywaja na
intensywnos¢  bioakumulacji badanych pierwiastkéw. Jednoczesnie dla niektorych
picrwiastkow zaobserwowano pewne trendy zwiazane z wiekiem drzewostanu. Wraz

z wickiem wzrastaly zawartodci Ca, Fe i Cu, natomiast malaly zawartosci P, K i Zn.

Stlowa kluczowe: brzoza brodawkowata, skladniki pokarmowe, bioakumulacja, gleba.

wydmy, grunty porolne, pozar, wegiel brunatny, degradacja
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Abstract

Silver birch (Betula pendula Roth) is a pioncer species with a wide geographical
range, capable of functioning in diverse habitat conditions. Although it has been the
subjeet of numerous studies, some aspects of its ecology remain poorly understood. This
imcludes the bioaccumulation of elements in biomass, both in terms of meeting nutritional
needs and retaming pollutants. Given the insufficient state of knowledge in this area and
the importance of the issue, research was undertaken on the bioaccumulation of macro-
and microelements in the biomass of silver birch growing on soils of varying character
and degree of deformation. The research was conducted at 12 stands in central Poland,
including locations of varying ages on inland dunes, representing extremely nutrient-poor
soils with a negligible degree of deformation, a post-fire area, locations of varying ages
on post-agricultural land, and stands in the area affected by the lignite mine and power
plant in Belchatow. At each stand, 10 replicates of biomass samples (second- and first-
order roots, stemwood. bark, first- and second-order branches, leaves) and soil samples
(up to 80 cm) were collected. The samples were analyzed for nitrogen (N), phosphorus
(P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (8), iron (Fe), manganese
(Mn), copper (Cu), and zinc (Zn) content. The studies showed varying element contents
in individual biomass fractions depending on the stand. Lower element contents were
often observed on inland dunes compared to other stands, depending on the biomass
fraction, Trees growing on post-agricultural soils were characterized by higher N, P, K.,
and Mn content, while those growing on post-fire area had increased P, K, and Mn content
compared to other stands. In turn, the highest Ca, S, Fe, and Cu were observed, with
relatively low contents of other elements. The obtained results prove that the history
of land use and the degree of soil deformation affect the intensity of bioaccumulation of
the studied elements. At the same time, certain trends related to the age of the forest stand
were observed for some elements. With age, the contents of Ca, Fe, and Cu increased.

while the contents of P. K, and Zn decreased.

Keywords: silver birch, nutrients, bioaccumulation, soil, dunes, post-agricultural lands,

fire, lignite, degradation



1.

Wykaz publikacji bedacych podstawa rozprawy doktorskiej

Przedlozona rozprawa doktorska ma forme zbioru czterech powigzanych ze sobg

tematycznie opublikowanych artykuléw naukowych.

IL.

IT1.

Rustowska B., 2022, Long-term wildfire effect on nutrient distribution in silver birch
(Betula pendula  Roth) biomass. Soil Science Annual, 73(2). 149943,
DOLI: 0.37501/s0ilsa/149943, MNiSW — 70 punktow, IF — 1.5.

Rustowska B., 2024, Nutrient distribution and bioaccumulation in silver birch (Betula
pendula Roth) biomass grown in nutrient-poor soil. Trees, 38, 441-454.
DOI: 10.1007/500468-024-02492-y, MNiSW — 100 punktéw, IF — 2.1

Rustowska B., Jonczak I., Pedziwiatr A, 2024, Nutrient accumulation in silver birch
(Betula pendula Roth) biomass in a lignite mining area. Water, Air, & Soil Pollution,
235,440, 1-17, DOL: 10.1007/511270-024-07254-7, MNiSW — 70 punktéw, IF — 3.8,
Rustowska B., Jonczak J.. Kondras M. 2024. Nutrient distribution in silver birch
(Betula pendula Roth) biomass growing on post-arable soils. Soil Science Annual.
75(3). 195922, DOI: 10.37501/s0ilsa/195922, MNiSW — 70 punktow, IF — 1.4

Punktacja powyzszych publikacji zostala przedstawiona na podstawie wykazow

czasopism naukowych i recenzowanyceh prac z konferencji miedzynarodowych, zgodnic

z Komunikatami Ministra Nauki z dnia 17 lipca 2023 . i dnia 5 stycznia 2024 r.
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2. Wstep i uzasadnienie podjecia tematu

2.1. Zasieg geograficzny i wymagania siedliskowe brzozy brodawkowatej

Brzoza brodawkowata (Bemla pendula Roth) jest jednym z najbardzicj
rozpowszechnionych gatunkéw drzew potkuli péinocnej (Rys. 1), cechujgcym sie
szerokg tolerancja na warunki siedliskowe, w tym klimatyczne i glebowe. Jej naturalny
zasigg obejmuje rozlegle obszary Europy i Azji — od Wysp Brytyjskich i Polwyspu
Iberyjskiego na zachodzie po Syberie i Mongolie na wschodzie (Titmuss, 1959: Browicz,
1979). Gatunek ten wystgpuje zaréwno na terenach nizinnych, jak i gorskich, osiggajac
w Alpach wysokos¢ 1950 m n.p.m., na stokach Etny 2176 m n.p.m. (Browicz, 1979).
aw Tatrach do 1478 m n.p.m. (Pawlowski, 1956). Wystepuje ona w szerokim spektrum
warunkow klimatycznych — od strefy subarktycznej po umiarkowanie ciepla — jednak
optymalne warunki wzrostu osigga w klimacie umiarkowanym (Hynynen i in., 2010).
W poinocnej czgsei Eurazji, gdzie dominuje klimat borealny i subarktyczny. jest waznym
gatunkiem lasotworezym, dobrze przystosowanym do krotkiego okresu wegetacyjnego
i niskich temperatur (Bown, 1995). Jej zdolnos¢ do przetrwania w tych warunkach
wynika m.in. z wysokiej odpornosci na przymrozki oraz efektywnego gospodarowania
zasobami w ograniczonym czasie (Uradnicek i in., 2009). W Europie Srodkowej brzoza
wystgpuje powszechnie w strefie klimatu umiarkowanego chlodnego i przejsciowego,
gdzic umiarkowane opady i sezonowe zmiany temperatur sprzyjaja jej rozwojowi
(Hynynen 1 in., 2010). Na obszarach poludniowej Europy oraz Azji Mniejszej jej
obecnos¢ ogranicza si¢ gléwnie do terenow gorskich, gdzie wystepuja korzystnigjsze
warunki mikroklimatyczne (Browicz, 1979).

Pod wzgledem siedliskowym brzoza brodawkowata wykazuje duza elastyeznoéé
ckologiczng. Porasta gleby o zréznicowanej teksturze, zaréwno suche, jak i wilgotne.
Najczgsciej spotykana jest na glebach piaszezystych wytworzonych z materialow
pochodzenia colicznego i fluwioglacjalnego (Hynynen i in., 2010). Moze rdwniez rosnaé
na bardziej zyznych glebach gliniastych, osiggajge najwyzsza produkcje biomasy na
stanowiskach zasobnych w skladniki pokarmowe. Rzadko spotykana jest natomiast na
glebach wapiennych i zasadowych, preferujac podloza o odezynie kwasnym lub stabo
kwasnym (Perala i Alm, 1990). Cho¢ brzoza moze rosngé¢ réwniez na torfowiskach

I glebach glejowych, jej rozwé) w takich warunkach jest ograniczony (Gardiner, 1968),
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Rysunek 1. Zasigg wystgpowania brzozy brodawkowatej. Opracowanie wiasne na
podstawie danych dostgpnych na European Forest Genetic Resources Programme
https://www.euforgen.org/species/betula-pendula (dostgp 04.03.2025 1),

2.2. Odpornos¢ brzozy brodawkowatej na ekstremalne warunki siedliskowe

Brzoza brodawkowata cechuje si¢ wyjatkowa odpornodcia na czynniki stresowe,
w tym zanieczyszczenia chemiczne. Dzigki tej tolerancji widzi si¢ w niej potencjat
zastosowania w procesach fitoremediacji gleb zanieczyszezonych metalami cigzkimi
(Margui i in., 2007, Dmuchowski i in, 2014). Wykazuje zdolnoé przetrwania
w Srodowiskach silnie zdegradowanych przez dzialalnos¢ czlowieka, co wynika
z licznych przystosowan fizjologicznych i biochemicznych — m.in. odpornosci na kwasne
deszcze, zanieczyszczenie powietrza oraz zdolnosci do akumulacji szkodliwych
pierwiastkow w tkankach, Badania dowodza, e brzoza brodawkowata gromadzi Zn, Cd
i Pb w lisciach i mlodych pedach, co czyni ja potencjalnie wartosciowym gatunkiem
rekultywacyjnym (Szwalec i in., 2018). W warunkach silncgo skazenia na hatdach
pogorniczych w Polsce wykazywala cechy hiperakumulatora Zn. jednoczesnie
ograniczajac mobilnosé innych toksycznych metali w glebie (Dmuchowski i in., 2014).
Hermle 1 in. (2006) odnotowali rowniez zwickszong koncentracje Zn w drewnie oraz
wysoka zawarto$¢ Cu w lisciach. Podobne wyniki uzyskali Rosselli i in. (2003),
dokumentujge akumulacj¢ Zn i Cd w biomasie brzozy na terenach zanicezyszczonych
odpadami komunalnymi. Cho¢ zdolno$é brzozy brodawkowatej do akumulacji As, Hg
i Ni jest nizsza. to moze stanowic uzupehienie dzialan fitoremediacyjnych w polaczeniu
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z mnymi gatunkami (French i in., 2006). Dodatkowym jej atutem jest rozbudowany
system korzeniowy. ktory stabilizuje glebe i ogranicza erozje, co ma szczegélne
znaczenie na terenach pogorniczych i poprzemystowych (Podrazsky i Kupka, 2011).
Zdolnos¢ do wzrostu w warunkach skrajnych — zarowno suchych, jak i mokrych — oraz
odpornos¢ na znaczne wahania temperatury i dlugotrwate susze, wynikajgca z efektyw nej
gospodarki wodnej i ograniczonej transpiracji, czynig z nigj jeden z najbardziej

wszechstronnych gatunkéw pionierskich (Hynynen i in., 2010).

2.3. Produkcja biomasy brzozy brodawkowatej

Brzoza brodawkowata jest gatunkiem szybkorosngeym, charakieryzujacym sie
wysokg produktywnoscig biomasy, szczegolnie w miodym wicku. Ze wzgledu na swoja
dynamikg wzrostu i zdolnos¢ do efektywnego wykorzystania zasobow, jest szeroko
wykorzystywana w lednictwie, szczegdlnie na glebach o skrajnie niskiej zasobnosci
w skfadniki pokarmowe, a takze do zalesiania terenéw porolnych i rekultywacji terendw
zdegradowanych (Hynynen 1 in., 2010; Renou-Wilson i in., 2010). Uzyskiwana biomasa
wykorzystywana jest glownie do celéw energetycznych. Brzoza brodawkowata
charakteryzuje sig¢ szczegolnie intensywnym wzrostem w poczatkowych fazach wzrostu,
osiggajgc maksymalne przyrosty biomasy w wieku od 15 do 20 lat (Martinik i in., 2018).
Wysokose drzewa moze osiggnac 30 m, a srednica pnia 50 em (Hynynen i in., 2010),
W badaniach prowadzonych w Europie Smdkowcj oszacowano, z¢ calkowita biomasa
nadziemna brzozy brodawkowatej w drzewostanach rosngeych na gruntach porolnych
wynosi od 75 do 166,5 t ha', w zaleznosci od wieku drzewostanu (Zasada i in., 2014;
Jagodzinski i ., 2017). Wigkszos¢ biomasy jest ulokowana w pniu — od 61 do 90%,
natomiast 5-27% stanowia galgzie, a 1-13,5% przypada na liscie (Johansson, 1999).
Podobne wartosci uzyskali Veiko i in. (2007), ktorzy oszacowali udzial poszezegdlnych
czesei roshiny w biomasie odpowiednio na 71,8% dla pnia, 15.3% dla galezi i 12,8% dla
lisci. System korzeniowy brzozy brodawkowatej rozwija si¢ intensywnie, osiagajac
glgbokos¢ do 1 m (Vilek, 1977). Jej korzenie charakteryzujy si¢ duza plastycznoseig
morfologiczng, co pozwala na ich adaptacje do roznych warunkéw siedliskowych
(Ostonen i in., 2007). Wartosci parametrow systemu korzeniowego, takich jak
powierzchnia i dlugos¢ specyficzna korzeni oraz gestosé tkanki korzeniowej, roznia sie
w zaleinosci od jakosci siedliska i dostgpnosei sktadnikéw pokarmowych (Ostonen i in.,
2007). Badania wykazaly, ze calkowita biomasa korzeniowa brzozy brodawkowatej

moze wynosi¢ do 35 tha (Novik i in., 2017). Gaweda i in, (2019) oszacowali, #e 13-17-
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letnie brzozy produkuja Srednio 13 492.7 kg ha™' biomasy korzeniowe]. Stosunck biomasy
nadziemnej do podziemnej zmienia si¢ wraz z wickiem drzewostanu — w mlodszych
stadiach wzrostu proporcje sa bardziej wyréwnane, natomiast w starszych drzewostanach

dominacja biomasy nadziemnej jest wyrazniejsza (Bijak i in., 2013).

2.4. Sklad pierwiastkowy Swiezej biomasy brzozy brodawkowatej

Brzoza brodawkowata nalezy do gatunkéw charakteryzujacych sie stosunkowo
wysoka zasobnoscig biomasy w skladniki odzyweze, jednak ich zawartodci zaleza
w duzej mierze od dostgpnosci pierwiastkow w siedlisku oraz innych warunkéw
siedliskowych, ktore ksztaltuja ich biodostgpnosé. Przyktadowo, Daugaviete i in. (2015)
dowiedli, ze liScie brzozy rosnacej na gruntach porolnych zawieraty wyzsze stezenia N,
P, K, Ca 1 Mg niz liscie drzew w naturalnie odnowionych drzewostanach. Podobna
zaleznosé zostala zaobserwowana rowniez w odnicsieniu do zawartosci Mg 1 Ca
w drewnie, korze i korzeniach. Novika i in. (2017) szezegdlowo przeanalizowali sklad
chemiczny poszczegdlnych organow brzozy brodawkowatej, dowodzae. 7e liscie, kora,
drobne gat¢zie oraz korzenie o srednicy poniZzej | cm zawierajg od 0,5 do 1,13% N, 0,05
0.12% P, 0,13-0,42% K, 0.43-0,94% Ca oraz 0,05-0.30% Mg. Z kolei Uri i in. (2007)
wskazali. ze w lisciach 8-letnich brzoéz rosnacych na glebach porolnych zawartosé
N osiggata wartos¢ od 24,6 do 39,2 g kg '. W badaniach Ovingtona i Madgwicka (1959)
dotyczgeych naturalnych drzewostanow brzozy brodawkowatej zawartosé skladnikow
mineralnych w lisciach wynosita odpowiednio 20-30 g kg' N, 1,5-2,5 g kg' P, 10—
20gkg! K oraz 10-20 g kg' Ca. W pozostatych organach (pedy, pien. korzenie)
zawartosci tych skladnikow byty kilkukrotnie nizsze. Autorzy oszacowali, ze liscie, ktdre
stanowig zaledwie okoto 2% catkowite] suchej masy drzew, gromadzy od 13 do 35% N.
10-30% P, 19-36% K 1 5-21% Ca. Gaweda i in. (2014), analizujac zmiany w zawartosci
pierwiastkow w biomasie w zaleznosel od wieku drzewostanu brzozowego (w zakresie
od 3 do 12 lat). wykazali wyrazny trend wzrostowy w zakresie akumulacji skladnikdw
odzywczych. W najmiodszych, 3-letnich drzewostanach ilosci pierwiastkow
zgromadzonych w czesciach nadziemnych wynosily: 28,05 kg ha ' N, 3.89 kg ha ' P,
9,50 kg ha ' K, 9,34 kg ha' Ca oraz 3.21 kg ha' Mg. Wraz z wiekiem drzewostanu
wzrastata akumulacja pierwiastkow — w 12-letnich brzozach wartosci te wzrosty
odpowiednio do; 543,41 kg ha ' N, 60,03 kg ha ' P, 186,42 kg ha ' K, 220,40 kg ha ' Ca

1 5048 kg ha' Mg w czegsciach nadziemnych. Rownolegle odnotowano zwiekszenie
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zawartosci tych pierwiastkow w korzeniach: 59,67 kg ha' N, 13,44 kg ha ' P, 33,09
kg ha ' K, 40,55 kg ha ' Ca oraz 6,39 kg ha ' Mg.

1.5. WlasciwoScei opadu roslinnego brzozy brodawkowatej i jego rozklad

Istomym ogniwem w obiegu materii i energii w ckosystemach lesnych jest opad
roslinny. Pelni on szereg funkcji ckologicznych, wérad ktorych kluczowe znaczenie ma
jako substrat w procesach humifikacji (Dziadowiec, 1990: Prescott. 2010; Cotrufo 1 in.,
2015) i zrédlo  skladnikow pokarmowych stopniowo uwalnianych w  procesie
dekompozycji (Nordén, 1994; Augusto i in., 2002; Astel i in., 2009). Przez to silnie
oddzialuje procesy zachodzace w glebie i catym ekosystemie le$nym, wplywajac m.in.
na mobilnosé i biodostepnosé sktadnikéw mineralnych oraz toksycznosé nicktérych
metali (Silva 1 in., 1998). W dotychezasowych badaniach niewiele uwagi po$wigcono
opadowi roslinnemu brzozy brodawkowatej. Z dostgpnych danych wynika, ze ilogé
i sklad chemiczny opadu roslinnego sq silnie zroznicowane w zaleznosci od warunkow
siedliskowych, wicku drzewostanu oraz sezonu fenologicznego. Aussenac i in. (1972)
oszacowali Srednioroczng produkeje opadu w drzewostanach brzozowych na 2 200
kg ha ', natomiast Jonczak i in. (2023) na stanowiskach brzozy brodawkowatej w wicku
od 15 do 41 lat na gruntach porolnych notowali wartosci od 2 576 do 5 293 kg ha ',
Generalnie, raportowane w literaturze dane o produkeji opadu roslinnego sa typowe dla
lasow w zasiggu wystgpowania brzozy brodawkowatej (Nordén, 1994: Matek, 2006:
Kowalkowski 1 Jozwiak, 2007; Jonczak i in., 2016), wpisujac si¢ w globalne i regionalne
trendy uwarunkowane wickiem i cechami srodowiska (Shen i in. 2019).

Skiad chemiczny opadu roslinnego brzozy jest ztéznicowany i zalezy, podobnie
jak w przypadku innych gatunkow drzew, glownie od jego frakeji i warunkow
siedliskowych. W opadtych lisciach dominujg makroelementy: N, P, K, Ca i Mg,
Brandtberg i in, (2004) wykazali, ze w Szwecji zawarto$é tych pierwiastkéw wynosita
odpowiednio: N - 8,63 gkg '\ P-037gkg "\ K-454gkg'.Ca-135gkg ', Mg -
2,5 g kg''. Liscie brzozy szybko sig rozkladaja (Mikola, 1985), co wynika m.in. ze
znacznej zasobnosci w krytyczne skiadniki pokarmowe (N i P) oraz waskiego stosunku
lignin do N, kiéry dla Berula alleghaniensis wynosi 13,8 (Magill i Aber, 1998), a dla
Betula grossa 33,6 (Osono 1 Takeda, 2004). Hynynen i in. (2010) oraz Shorohova
1 Kapitsa (2016) wskazali rowniez na intensywnie zachodzaca mineralizacje obumartych
korzeni. Dla brzozy brodawkowatej czas rozkladu korzeni wynosi jedynie 13,9 lat

w pordwnaniu do 48,5 lat u sosny (Freschet i in,, 2012). De Schrijver i in. (2004)
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oszacowall, ze srednioroczna depozycja N do gleby z opadem lisci brzozy brodawkowatej
wynosi ok. 25 kg ha ', natomiast Ovington i Madgwick (1959) odnotowali catkowite
doptywy pierwiastkow do gleby z opadem roslinnym w drzewostanach brzozowych na
poziomie 48 kgha "N, 3.6 kgha ' P, 25 kg ha ' K i 34 kg ha™' Ca. Sklad pierwiastkowy
opadu roslinnego brzozy brodawkowatej jest poréwnywalny do wielu gatunkow drzew
lisciastych, jak np. debu, grabu, buka i lipy (Nordén, 1994) oraz dla brzozy omszongj
(Berg 1 Meentemeyer. 2002). Jest on jednak uboiszy w skladniki pokarmowe niz opad
drzew zwigzanych z zyznymi siedliskami lggowymi, jak olsza. czy topola (Berg
I Meentemeyer, 2002; Dziadowiec i m., 2007; Jonczak i in,, 2016), Na tle gatunkéw
iglastych opad brzozy zawiera na ogdl wigksze ilogei skiadnikéw odzywezych (Berg
i Staaf, 1987: Perala i Alm, 1990; Johansson, 1995; Berg i Meentemeyer, 2002;
Ukonmaanaho i in.. 2008; Jonczak, 2011; Carnol i Bazgir, 2013; Jasinska i in., 2020).
W przypadku pierwiastkow sladowych, w szezegélnosei Cu i Zn opad brzozy wykazuje
Zazwycza) wyraznic wyzsze zawartosci niz raportowane dla innych gatunkow drzew

(Nordén, 1994; Dziadowiec i in., 2008; Ukonmaanaho i in., 2008; Jonczak i in., 2016).

2.6. Oddzialywanie brzozy brodawkowatej na wlasciwosci fizyezne gleby

Brzoza brodawkowata charakteryzuje sig dobrze rozwinietym systemem
korzeniowym. kidry siega do gigbokosei okolo | m (Valek, 1977). Dzigki adaptacyjnemu
charakterowi, jej system korzeniowy efektywnie przystosowuje si¢ do réznorodnych
warunkéw glebowych, co sprawia, ze ma znaczacy wplyw na wlasciwosci fizyczne
podfoza (Hynynen i1 in., 2010). Ostonen i in. (2007) wykazali, ze cechy morfologiczne
korzeni brzozy, takie jak powierzchnia oraz dlugosé wlasciwa wynoszace kolejno 84—124
m?* kg' oraz 80-97 m g !, sg silnie uzaleznione od warunkéw glebowych. Intensywny
rozwaj systemu korzeniowego prowadzi do znacznej akumulacji biomasy korzeniowej,
ktora moze wynosi¢ nawet 13 492.7 kg ha ' (Gaweda i in., 2019). System korzeniowy
drzew odgrywa kluczowa rolg w ksztaltowaniu wlasciwosei fizycznych gleby, wplywajace
na jej strukturg, przepuszczalnosé oraz zdolnosé¢ retencji wody (Osman, 2013). Korzenie
wplywajg na stabilizacje agregatow glebowych i poprawe struktury gleby, W badaniach
Podrazsky'ego i in, (2015) porownujacych stabilnosé agregatow w glebach uprawnych
oraz porolnych zalesionych brzoza wykazano, 7ze gleby zalesione wykazuja wyraznie
lepsza stabilnos¢ strukturalng w poréwnaniu do gleb uprawnych, tworzge szereg:
zalesione = uzytki zielone > uprawne. Korzenie brzozy, poprzez swoje rozgalezienie

i rozklad po obumarciu. tworzg w glebie sie¢ makroporow. ktére poprawiaja jcj
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przewiewnos¢ oraz zdolnos¢ do retencji wody (Wei i in., 2013). Wplyw brzozy na
wlasciwosci fizyezne gleby zostal dobrze udokumentowany w badaniach Podrazsky'ego
i Kupki (2011), ktérzy stwierdzili, ze zalesienie porolnych gleb brzoza prowadzilo do
m.in. zmniejszenia ggstosci objetosciowej gleby z 1,46 do 1,15 t m ™, zwickszenia je]
porowatosci z 43,9% do 54,7% i zwigkszenia stopnia aeracji z 8,2% do 24,7%. Badania
le wykazaly, ze gléwnym czynnikiem odpowiedzialnym za poprawe wlasciwosci
fizycznych gleby pod brzozami jest aktywnosé systemu korzeniowego oraz intensywne
mieszanie materii organicznej z mineralnym podiozem. Dodatkowo, w eksperymencie
Podrazsky'ego i in. (2015) wykazano, ze zawartos¢é agregatow wodoodpornych
efektywnic ksztaliowala inne parametry fizyczne, takic jak porowatosé, nasycone
przewodnictwo hydrauliczne oraz gestos¢ objetosciows. Wysoka zawartosé materii
organiczne] dobrej jakosci sprzyja rozwojowi stabilnych agregatow strukturalnych
(Simansky i in., 2013, 2016). Ponadto dynamika biogeochemiczna gleb lesnych sprzyja
agregacyi gleby, glownie poprzez transfer wegla organicznego do glgbszych pozioméw
profilu (Podrazsky i in.. 2009).

2.7. Oddzialywanie brzozy brodawkowatej na wlasciwosci chemiczne gleby i

geochemiczny obieg pierwiastkow

Brzoza brodawkowata wywiera istotny wplyw na wlasciwosci chemiczne gleb. w
tym na ich odczyn, zasobnoé¢ w skladniki pokarmowe oraz na sklad kompleksu
sorpeyjnego, chociaz dane literaturowe w tym zakresie sy niejednokrotnie rozbieZne.
Raportowane sa zardwno przypadki wzbogacania jak i zubozania gleb w pierwiastki.
Daugaviete 1 in, (2003 ) zaobserwowali wzrost zawartosci N w glebie o 30,8% w stosunku
do zawartosci poczatkowe) cztery lata po zalesieniu gruntéw porolnych brzoza, podezas
gdy zawartos¢ K 1 P pozostata na zblizonym poziomie. Podobne wyniki uzyskali Aosaar
i in. (2016), kidrzy stwierdzili wzbogacenie gleb w N. Ponadto, Uri i in. (2012) i Gaweda
1in, (2014) wykazali wzrost zawartosci S, Ca, Mg, Na, Cu, Zn, Mn, Fe, Pbi Cd w glebach
pod drzewostanami brzozowymi. Z drugiej strony, Jakubowski 1 Sobczak (1999)
zanwazyli, ze w ciagu kilku lat po wprowadzeniu brzozy na siedliska porolne zawartos¢
przyswajalnego Ca zmniejszyla sig az czterokrotnie, co moze wynikaé z intensywnego
pobierania tego pierwiastka przez drzewa.

Rownie niejednoznaczna jest kwestia wplywu brzozy na pH gleby. Miles (1981)
stwierdzil, ze wraz z wickiem drzewostanu pH gleby pod brzozami wzrasta. Podobne

tendencje obserwowali Priha i Smolander (1999) oraz Ahokas (1997). Badania Menyailo
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1in. (2002) oraz Hansson i in. (2011) wykazaly. ze gleby pod drzewostanami brzozowymi
majg wyzsze pH w poréwnaniu do tych pod borami sosnowymi i swierkowymi. ale nizsze
w poréwnaniu do siedlisk porosnigtych topoly (Populus tremula). Z kolei Hagen-Thorn
I in. (2004) wskazali, ze pH gleby pod brzozg jest zblizone do wartosci odnotowanych w
drzewostanach buka (Fagus sylvatica), debu szypultkowego (Quercus robur) oraz lipy
drobnolistnej (Tilia cordata).

Brzoza moze wplywac¢ na skiad kompleksu sorpeyjnego gleby poprzez pobor
sktadnikow odzywezych, wydzielanie substancji jonowych przez korzenie, intensyfikacje
procesOw wietrzenia oraz dostarczanie pierwiastkow w postaci opadu rolinnego i splywu
po pniach drzew (Fisher, 1990). Wplyw brzozy na wladciwoséci sorpeyine gleby pozostaje
stabo rozpoznany, szezegdlnie w odniesieniu do zdolnosci wymiany kationow, Wiadomo
Jednak, Ze pojemno$¢ wymiany kationow (CEC) jest silnie zwigzana z zawartoscia frakcji
ilaste] oraz materii organicznej (Pokojska, 1986: Caravaca i in., 1999), a brzoza moze
oddziatywa¢ glownie poprzez oddzialywanie na substancje organiczna. Hansson i in.
(2011) wykazali, ze gleby pod brzozami charakteryzuja si¢ wyzszym stopniem wysycenia
kompleksu sorpeyjnege zasadowymi kationami w poréwnaniu do tych pod
drzewostanami sosnowymi i Swierkowymi. Podobne wyniki uzyskali Brandtberg i in.
(2000), ktorzy stwierdzili, ze obecnos¢ brzozy w drzewostanach $wierkowych zwigksza
wysycenie gleby kationami zasadowymi. Podobnie Podrizsky i Ulbrichovd (2004)
wykazali, Ze gleby pod brzoza cechuja si¢ wyZzszym wysyeeniem kompleksu sorpeyjnego
kationami zasadowymi oraz wigkszg sumg wymiennych kationdw zasadowych niz gleby
pod debem, swierkiem i modrzewiem.

Badania chronosekweneji i porownawcze dowodzg, ze obecnosé brzozy
brodawkowatej wigze si¢ ze zmianami w zasobach oraz jakosei glebowej materii
organicznej (SOM). Joneczak i in. (2023) dowiedli, ze zmiany te s dynamiczne na
gruntach porolnych objetych spontaniczng sukcesja omawianego gatunku. Pierwsze
ctapy sukcesji wigzaly si¢ z malejacg zawartoscia SOM w poziomie prochnicznym gleb,
natomiast w pozniejszych stadiach nastgpowal stopniowy wzrost zasobnosei, powigzany
ze¢ zmianami jakosci zwigzkéw humusowych. Wzrost zawartosci SOM  pod
drzewostanami brzozowymi wraz z ich wickiem obserwowali rowniez Daugaviete i in.
(2003). Rosenvald 1 in. (2011) oraz Holubik i in. (2014), Na tle innych gatunkow drzew
zasobnosc gleb pod drzewostanami brzozowymi jest jednak na ogol nizsza, zarowno pod
iglastymi (Kirby i Potvin, 2007; Ma i in., 2015). jak i liSciastymi (Jonczak. 2013).

Typowym dla drzewostanéw brzozowych rodzajem préchnicy jest mull, co éwiadezy
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o szybkim rozkladzie opadu roflinnego i wysokiej intensywnosci obiegu biologicznego
(Ladyman i Harkness, 1980; Miles, 1986).

2.8. Interakcje brzozy brodawkewatej z mikroorganizmami glebowymi

Interakcje  mikroorganizmow  glebowych z  brzozg brodawkowata sa
wicloaspektowe i istotne ekologicznie. Brzoza, tworzge uklady mikoryzowe, sprzyja
zwigkszaniu ich biomasy 1 aktywnosci, przy czym reakcje sa zalezne od genotypu (Priha
Lin., 1999; Chodak i Niklinska, 2011; Striganaviéifité i in., 2025). Ponadto, wplyw brzozy
na mikrobiom glebowy jest modulowany przez warunki érodowiskowe (np. wilgotnogé
powietrza) i wiek drzewostanu (Truu i in., 2017; Chojnacka i in., 2023}, Jak wskazujg
Chojnacka 1 in. (2023), sukcesja brzozy na gruntach porolnych przeksztatea zespoly
grzybow od przewagi Ascomycota w fazach wezesnych ku wigkszemu udzialowi
Basidiomycota w starszych drzewostanach, przy malejagcym udziale arbuskularnych
grzybow mikoryzowych wzgledem form ektomikoryzowych. Brzoza modyfikuje
chemizm gleby i obieg picrwiastkéw poprzez doplyw metabolitow wtornych (terpendw,
fenoli) z opadu i cksudatow korzeniowych. Zwigzki te reguluja aktywno$c
drobnoustrojow i ich enzymoéw, co moze miec istotne nastgpstwa, jak np. spowalnianie
lub przyspieszanic mineralizacji N, mobilizacja P, czy tez zmiany pH w ryzosferze.
Czynniki te zwrotnie oddzialujg na sktad mikrobiomu glebowego (Schua i in., 2015).
Ektomikoryzy sa kluczowe dla pozyskiwania skladnikow i tolerancji stresu u brzozy,
a ich czgstosé i sklad reaguja na podwyzszone stgzenia COz i Os oraz potrafig adaptowad
sig do gleb zurbanizowanych; czg$¢ taksondw ulatwia tez pobieranie boru (Lehto i in.,
2004; Kasurinen 1 in., 2005; Olchowik i in., 2023; Matisons i in., 2024). Rownolegle
arbuskularne grzyby mikoryzowe moga ksztaltowaé zawartosé i cechy jakosciowe
materii organicznej poprzez doplyw wegla oraz konkurencjg z saprotrofami; wytwarzane
przez nie glomaliny (GRSP) glebowe sa trwalymi substancjami o kluczowym znaczeniu
dla formowania trwalej struktury agregatowej. GRSP zawierajg ok, 3-5% N i 20-59% C
I mogg stanowi¢ 5-30% calkowitej puli glebowego wegla organicznego (Treseder
I Turner, 2007; Wu 1 in., 2014; Jacobs i in., 2018; Balik i in., 2020; Hol4tko i in., 2021).

2.9. Wykorzystanie brzozy brodawkowatej w fitoremediacji

Brzoza brodawkowata jest uznawana za gatunck o wysokim potencjale
fitoremediacyjnym, co wynika z jej zdolnosei do akumulacji metali cigzkich, odpornosci

na skazenie srodowiska oraz duzej produkeji biomasy (Tervahauta i in., 2009;
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Dmuchowski i in., 2014). Wiele badai wskazuje, e moze ona skutccznie byé
wykorzystywana w procesach oczyszczania gleb zanieczyszezonych metalami ciezkimi.
Istniejg réwniez pewne przestanki o mozliwosei jej wykorzystania do oczyszezania gleb
zanicezyszezonych substancjami  organicznymi. Najlepiej udokumentowana cecha
brzozy brodawkowatej jest jej zdolno$é¢ do tolerowania i akumulowania metali cigzkich
w tkankach. Eltrop i in. (1991) dowiedli, ze brzoza rosngca na terenach po eksploatacji
rud olowiu w Niemezech (st¢zenic Pb wynosilo tam 29 000 mg kg ') wykazuje
mechanizm kompleksowania Pb z fosforanami, co przyczynia sie do jego immobilizacji
w glebie. Brzoza brodawkowata wykazuje rowniez silna zdolnosé do akumulacji Zn, co
potwierdzity badania Szwalec i in. (2018). Dmuchowskiego i in. (2012. 2014) oraz
Margui i in. (2007). Rosliny rosnace na terenach zanieczyszczonych wspomnianymi
pierwiastkami skutecznie gromadzily je w tkankach, co ezyni ten gatunek szezegdlnie
przydatnym w remediacji gleb po dzialalnodei hutniczej i gomiczej. Podobne wlasciwosci
zaobserwowali Rosselli i in. (2003), ktérzy badali brzozy rosnace na terenach skladowisk
odpadow komunalnych pokrytych zanieczyszczonym kompostem. Hermle i in. (2006)
potwierdzili, ze brzoza akumuluje duze ilosci Zn i Cu w ligciach i drewnie, jednak proces
ten moze prowadzi¢ do zmniejszenia produkeji biomasy. Dmuchowski i in. (2014)
okreslili brzoz¢ brodawkowata jako spelniajacg kryteria rodlin fitoremediacyinych
iuznali jg za hiperakumulator Zn. Rowniez badania Desai i in. (2019) na terenach
pokopalnianych wykazaly zdolnosé brzozy do akumulacji Cd, Cu. Mn i Zn w lisciach.
Brzoza byta rowniez stosowana w rekultywacji terendw silnie zdegradowanych. Zapata-
Carbonell 1 . (2019) opisali sukcesje brzozy na skladowisku czerwonego gipsu, gdzie
gatunek ten rozwijal si¢ pomimo niekorzystnych warunkéw pH i duzego stezenia metali
cigzkich w podiozu. Podobne wyniki przedstawil Tiebel i in. (2018), wskazujac na
zdolnos¢ brzozy do kolonizacji zdegradowanych obszaréw. Tervahauta i in. (2009)
przeprowadzili badania nad zdolnodcia brzozy do usuwania wielopiercieniowych
weglowodoréw aromatycznych (WWA), m.in. antracenu, fenantrenu, fluorantenu
| pirenu z gleby. Wykazano, ze brzozy. w polgezeniu z bakteriami ryzosferowymi, moga

wspiera¢ degradacje tych substancji, przyczyniajac si¢ do ich zaniku ze érodowiska.

2.10, Uzasadnienie podjecia tematu

Pomimo, ze badania nad ckologia i rdznymi aspektami uzytkowymi brzozy
brodawkowatej sa dos¢ licznie reprezentowane w literaturze, niektére aspekty sg weiaz

slabo rozpoznane. Dotyczy to m.in. skladu pierwiastkowego jej biomasy, jako funkcji
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warunkow  siedliskowych oraz znieksztalcenia gleb wskutek dziatalnosci czlowieka.
Dotychczasowe wyniki wskazujg, ze brzoza wykazuje znaczna zdolnosé do pobierania
i gromadzenia zarowno makro-, jak i mikroelementow, przy czym dynamika tego procesu
moze istotnie zaleze¢ od wiasciwoscei gleb. W kontekscie rosnacego znaczenia
rekultywacji - gleb  zdegradowanych oraz potrzeby zréwnowazonego zarzadzania
zasobami naturalnymi, istotne staje sig poznanie wzorcow bioakumulacji pierwiastkaw
w brzozie rosngeej w roznych warunkach siedliskowych. Ponadio, wyniki niniejszych
badan maja rowniez wymiar praktyczny — moga dostarczyé podstaw do oceny
przydatnosci tego gatunku w procesach wspierajgcych remediacije gleb.

Z uwagi na powyzsze, podjecie badan nad bioakumulacja makro-
i mikroelementéw w  biomasie brzozy brodawkowatej porastajgcej gleby o
zroznicowanym stopniu znicksztalcenia jest zasadne. zaréwno z poznawczego jak i
praktycznego punktu widzenia. Wyniki tych badan pozwola nie tylko poglebic¢ wiedze na
temat relacji roslina-gleba, lecz takZe przyczyni¢ si¢ do optymalizacji technik

rekultywacji gleb zdegradowanych.

3. Cel, hipotezy badaweze i zakres pracy

Celem podjetych w ramach niniejszej rozprawy doktorskiej badan bylo
przesledzenie procesu bioakumulacji makro- 1 mikroelementéw w biomasie brzozy
brodawkowatej porastajgcej gleby o zréznicowanym  charakterze i stopniu

znieksztalcenia, Opierajge si¢ na dostgpnej literaturze, na wstepie zalozono, Ze:

I. Charakter i stopien znicksztalcenia gleb bedzie istotnie wplywal na koncentracje

badanych pierwiastkdw w biomasic brzozy i ich dystrybucie w jej organach.

bd

W zwigzku ze zroznicowanym charakterem znieksztalcenia gleb, nie nalezy sie
spodziewac Scistych korelacji pomigdzy zawartoscia pierwiastkow w biomasie

brzozy i glebach, jesli w analizie zostanie uwzgledniony caty zbiér danych.

3. Wiek brzozy begdzie dodatkowym czynnikiem réZnicujacym  intensywnosé

akumulacji pierwiastkow w jej biomasie.

Celem weryfikacji postawionych hipotez przeprowadzono badania w obrgbie
4 grup stanowisk brzozy brodawkowatej. obejmujacych gleby o zréinicowanym
charakterze i stopniu znicksztalcenia. Gradient obejmowal stanowiska z glebami

o cechach zblizonych do naturalnych, poprzez przeksztalcone wskutek pozaru, porolne,
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po znajdujgce si¢ w strefie oddzialywania kopalni wegla brunatnego i elektrowni
weglowej, w tym stanowisko na hatdzie przemystowej. Gleby o cechach zblizonyeh do
naturalnych byly reprezentowane przez chronosekwencje 3 stanowisk na wydmach
srodlgdowych, wplyw pozaru badano na 2 stanowiskach (pozarzysko i kontrola), rowniez
ulokowanych na wydmach $rédladowych, tereny porolne reprezentowane byly przez
4 stanowiska zroznicowanc pod wzgledem wieku i uziarnienia gleb, za$é w strefie
oddziatywania kopalni wegla brunatnego i clektrowni wytyczono 3 stanowiska,
obejmujgce lokalizacjg na haldzie nadktadu, w sasiedztwie osadnika pyléw i kontrole. Na
kazdym z 12 stanowisk okreslono zawartos¢ N, P, K, Ca, Mg, S, Fe, Mn, Cui Zn w
glebach 1 7 frakcjach biomasy brzozy, a takze oznaczono podstawowe parametry gleb
wplywajgce na biogeochemiczny obieg badanych pierwiastkow. Na podstawie
uzyskanych wynikéw podjeto probg okreslenia zaleznodci pomiedzy charakterem
I stopniem znicksztalcenia gleb a zawartoscia 1 dystrybucjg pierwiastkow w biomasie
brzozy brodawkowate], uwzgledniajge jej wiek. Tematyka badan ma charakter
interdyscyplinarny, obejmujge zagadnienia typowe dla lesnictwa, rolnictwa, ochrony
srodowiska, inzynierii frodowiska, biogeochemii, i innych pokrewnych dyscyplin

naukowych.
4. Materialy i metody badan

4.1. Lokalizacja i podstawowe charakterystyki stanowisk badawezych

Badania prowadzono w latach 2021 i 2022 na 12 stanowiskach brzozy
brodawkowatej zlokalizowanych w Polsce centralnej (Rys. 2). Obszar badan jest
usytuowany w umiarkowanie chlodnej strefic klimatycznej, charakteryzujacej sie
wilgotnym klimatem kontynentalnym z lagodnym latem i catorocznymi opadami wedhug
klasyfikac)i Képpena-Geigera (Peel i in., 2007). W wieloleciu 1991-2020 na podstawie
danych ze stacji meteorologicznych w Miawie, Toruniu 1 Sulejowie, érednia roczna
temperatura powietrza wyniosta odpowiednio 8.2, 89 1 8.6 °C. Najchtodniejszym
miesigeem byt styczen. natomiast najcieplejszym lipiec. W Miawie srednia temperatura
w styczniu wynosila ~1,6 °C, a w lipcu 18,9 °C; w Toruniu odpowiednio —1,1 i 19.3 °C,
natomiast w Sulejowie —1,7 1 19,0 °C. Roczna suma opadow ksztaltowala sig na poziomie
561,9, 548.8 oraz 572.8 mm, kolgjno na stacjach w Mtawie, Toruniu i Sulejowic.
Najwyzsze wartosci opadéw notowano w lipcu, a najnizsze w lutym, przy czym na

poszezegolnych stacjach wynosity one odpowiednio: w Miawie 75,6 i 294 mm.
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w Toruniu 90,6 i 27,3 mm oraz w Sulejowic 84,6 i 28.5 mm. Z kolei w wieloleciu 1951
2019 na stacji meteorologicznej w Skierniewicach $rednia roczna temperatura powietrza
wynosita 8,3°C. Najchlodniejszym miesigcem byt styczen (-2.3 °C), a najcieplejszym
lipiee (18,6 °C). Srednia roczna suma opadow wynosila 538,3 mm, z maksimum w lipeu
(81.7 mm) i minimum w styczniu (26,3 mm).

Na badanym obszarze okres wegetacyjny rozpoczyna si¢ przecietnie w drugiej
potowie marca (23-28.03), a konczy na poczatku listopada (01-11,11). Lacznic trwa on
srednio 220-230 dni w roku (Tomczyk i Bednorz, 2022).

w1
W2
W3
R1
R2

R4
P1
P2
PR1
PR2
PR3

Rysunek 2. Lokalizacje stanowisk badawczych

Biorge pod uwage charakter znieksztalcenia gleb, stanowiska badawcze
pogrupowano w 4 kategorie. Pierwszg z nich stanowily stanowiska na wydmach
srodlagdowych (W1-W3) wystgpujgeych na obszarze Rowniny Raciaskicj. Zlokalizowane
one byly w dos¢ rozleglym obszarze lesnym zdominowanym przez sosng zwyczajng
(Pinus sylvestris L). Brzoza wystgpowala tu w postaci niewielkich platow. Na badanym
obszarze wystepuja gleby piaszczyste, glownie rdzawe, biclicowe i arenosole.

wyksztalcone z piaskow wydmowych o zréznicowane] miazszosci, zalegajacych na
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piaskach fluwioglacjalnych. Przestrzenne zroznicowanie gleb jest funkeja gtéwnie skaty
macierzystej, rzezby terenu i glebokosci zalegania wéd gruntowych. Dosé powszechnie
wystepujace tu, na ogdl na glgbokosci kilkudziesigeiu centymetrow, gleby kopalne
swiadcza rowniez o istotnej roli cyklicznie nasilajgeych sig proceséw eolicznych
(Pawtowicz, 2019). Gleby, niezaleznie od ich typu, charakteryzuja sie skrajnie niska
zasobnoscig w skladniki pokarmowe 1 silnym zakwaszeniem. W zwiazku z ich znikoma
urodzajnoscig, na ogol nie nosza cech porolnosci i mozna je traktowac jako zblizone do
naturalnych. Relatywnie niewielkic znieksztatcenia sa zwiazane z gospodarks lesna.

Drugg grupg stanowily stanowiska zlokalizowane na terenie nadleénictwa
Cierpiszewo (Kotlina Torufisko-Plocka). Wyznaczono tu dwa stanowiska: P2 — polozone
w obrgbie pozarzyska, gdzie pozar wystapil w 1992 roku, obejmujac okolo 2 868 ha lasu
zdominowanego przez sosng zwyczajng oraz stanowisko kontrolne (P1) usytuowane poza
zasiggiem pozaru. Obszar ten obejmuje rozlegle kompleksy boréw sosnowych
zdomieszka brzozy brodawkowatej, Pod wzgledem geomorfologicznym  teren
pozarzyska tworzg plejstocenskie i holocenskie utwory czwartorzedowe: piaszczyste
terasy pradoliny Wisty (piaski luZne i slabogliniaste) oraz rozlegle pola wydmowe.
Wystgpuja tu przede wszystkim gleby rdzawe biclicowe i gleby bielicowe wlasciwe,
a lokalnie réwniez gleby rdzawe brunatne. Gleby te naleza do bardzo ubogich w skladniki
pokarmowe, charakteryzujg sig silnym zakwaszeniem i malg zasobnoscia w materie
organiczng. ktérej zawartos¢ zostala prawdopodobnic dodatkowo obnizona wskutek
pozaru. Najkorzystnigjsze warunki siedliskowe powiazane sa z obszarami wystepowania
praskow rzecznych, gdzie poza borami sosnowymi spotyka sie réwniez fragmenty borow
mieszanych w roznych stadiach przeksztalcenia, a sporadycznic takze lasy micszane.
Znieksztatcenia Srodowiska wynikajg przede wszystkim z nastepstw pozaru oraz dzialan
gospodarki lesnej zwigzanych z odnowieniem drzewostanow (Sroka i in.. 2010).

Trzecia grupa obejmowala stanowiska zlokalizowane w centralnej Polsce. na
obszarze Wysoczyzny Lddzkiej oraz Réwniny Lowicko-Blonskicj. Na obszarze ten
porastaly wytypowano drzewostany brzozy brodawkowatej bedace efektem sukeesji
naturalnej (R1 i R2) lub nasadzenn (R3 i R4). W strukturze drzewostanu miejscami
wystgpowala takze domieszka sosny zwyczajnej. Wedlug opracowan regionalnych, na
obszarze Wysoczyzny Lodzkiej dominujg gleby wyksztalcone z piaskéw (ok. 62%) i glin
(ok. 24%) (Niewiadomski, 2014). Na Rowninie Lowicko-Blonskiej dominujg z kolei

utwory gliniaste, pylowe i ilaste, pokryte migjscami piaskami eolicznymi, co przeklada
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sig na zroznicowanie warunkow wodnych i whagciwoscei glebowych (Sosnowska 1 in..
2021).

Czwartg grupg stanowily stanowiska terendéw przemystowych zlokalizowane
w rejonie Belchatowa (srodkowa Polska, Wysoczyzna Lodzka). Badaniami obje¢to halde
nadkladu (PR1), okolice osadnika popiotéw (PR2) oraz stanowisko kontrolne potozone
poza bezposrednim oddzialywaniem kopalni i elektrowni (PR3). Obszar badan obejmuje
najwigksze w Polsce zagl¢bie wegla brunatnego, ktérego zloza o miazszosci ok. 70 m
zalegajg na gigbokosci okoto 120-130 m pod powierzchnig terenu (Ratajezak i Hycnar,
2017). Zloza majg charakter tektoniczny i wystepuja w obrebie Basenu Lodzkiego,
pomigdzy strukturami solnymi i uskokami tektonicznymi. Budowa geologiczna obejmuje
trzy gtowne jednostki litostratygraficzne: osady czwartorzedowe (piaski, zwiry, gliny,
osady organiczne o migzszosci 35-80 m), seri¢ weglowg wicku kenozoicznego (lignity,
piaski drobnoziamiste, ity margle, kredy jeziorne) oraz podtoze mezozoiczne (gléwnie
wapienie) (Wagner i Slomka, 2000). Haldy nadkladu zbudowane sa z materialow
skalnych towarzyszgcych zlozom, najezefciej trudnych do dezintegracji i silnie
zroznicowanych litologicznie, natomiast w poblizu osadnikéw dominujg osady wtdrne
zwigzane z deponowaniem popiolow i szlaméw pochodzacych z elektrowni (Koziol i in.,
2011; Borez 1 Koziol, 2015). Na tych powierzchniach rozwijaja si¢ drzewostany brzozy
brodawkowatej, ktore stanowia element roslinnosci porastajacej zaréwno hatdy, jak
1 okolice osadnikow. Gléwne charakterystyki wszystkich stanowisk badawczych

przedstawiono w tabeli 1.
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Tabela 1. Podstawowa charakterystyka badanych stanowisk brzozy brodawkowatej

Stanowisko | Wspotrzedne | Wiek (lata) | Zageszezenie (szt. ha'!) | Srednica (cm)
Wi ?gggg; E” 12 4210 9.5¢1.6
w2 %ggg? |20 1375 11,741,5
W3 f‘gggg? N |34 1250 13.541.9
RI ; ;ﬁggg Ig' 10 4000 11.52,6
R2 ? ;:;ggi E’ 35 1020 23,745,7
R3 iégéﬁ E 10 3500 10,742.4
R4 ;(1}3[7}33 AT 2640 17.344.8
Pl fﬁjggg N |z 2600 11,1414
P2 ?gz‘gg A 2960 9.9+1.9
PR ?;i;ﬁ: £ |30 1100 17.643.7
PR2 ?;ﬁéﬁ% O 1200 15,8447
PR3 féﬂgg ¥ 1600 11,7418

4.2. Badania terenowe

Badania terenowe obejmowaly opis powierzchni badawezych oraz pobér probek
gleb 1 biomasy do analiz laboratoryinych. Przeprowadzono je na przctomic czerwca
i lipca roku 2021 (grupy stanowisk W, R i P) oraz w czerweu roku 2022 (grupa stanowisk
PR). W kazdej lokalizacji wytyczono powicrzchni¢ badawcza, obejmujaca plat
drzewostanu brzozowego o wymiarach ok. 20 x 20 m (0,04 ha) o najbardziej typowych
cechach. W pierwszej kolejnosci wykonano pomiary zageszczenia drzewostanu oraz opis
gleby na podstawie rdzenia do gigbokosci 100 cm. Nastepnie wytypowano 10 brzoz
o przecigtnych rozmiarach, z kitbrych pobrano prébki biomasy. Z kazdego drzewa
pobrano probki korzeni 11 rzedu, korzeni I rzedu, drewna pnia i kory na wysokosei 130
em, galezi I rzedu, galezi 11 rzedu oraz lisci z centralnej czedei korony. Ponadto,

w odleglosci okoto | m od kazdego drzewa pobrano z czterech glgbokosci (0-10 cm, 10—
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20 cm, 20-40 cm, 40-80 cm) probki gleby za pomocg prabnika rdzeniowego o srednicy

3 cm.

4.3. Badania laboratoryjne gleb

Probki gleby po przetransportowaniu do laboratorium wysuszono w temperaturze
pokojowej, a nastepnie przesiano przez sito o $rednicy oczek 2 mm w celu oddzielenia
frakeji szkicletowej. Analizy laboratoryjne wykonano we frakeji <2 mm. Czesé probki
byta dodatkowo miclona ,,na pyl” do celow analizy sktadu picrwiastkowego. W probkach
oznaczono sklad granulometryczny okreslono metodami pipetows i sitowa. stosujgc
podzial na frakcje i grupy granulometryczne wedlug Polskicgo Towarzystwa
Gleboznawezego (PTG, 2009). Odezyn gleby oznaczono metody potencjometryczna
w zawiesinie z wodg w proporcji gleba:woda 1:2,5 (Mettler Toledo SevenDirect SD23,
clektroda InLab ExpertPro ISM, Szwajcaria). Calkowita zawartosé wegla (TC), azotu (N)
1siarki (S) oznaczono metoda spalania na sucho (Vario MacroCube, Elementar, Niemcy),
a wegla nicorganicznego (TIC) metoda Scheiblera. Zawartosé wegla organicznego (TOC)
obliczono jako roznicg TC — TIC. Zawartosé P, K, Ca, Mg, Fe, Mn, Cu i Zn oznaczono
metoda emisyjnej spektrometrii atomowej ze wzbudzeniem w plazmie sprzezonej
indukcyjnie (ICP-OES, Avio 200. Perkin Elmer, USA) po mineralizacji w wodzie
krolewskiej, kiora przeprowadzono w piecu mikrofalowym (Ethos Up, Milestone,
Wtochy).

4.4. Badania laboratoryjne biomasy

Probki biomasy po przywiezieniu do laboratorium byly suszono w temperaturze
65°C, a nast¢pnie mielone na pyl, Nastepnie oznaczono w nich zawartodéé TOC, N i S
metodg spalania na sucho (Vario MacroCube, Elementar, Niemcy), oraz P, K, Ca, Mg, Fe,
Mn, Cu i Zn metodg ICP-OES (Avio 200, Perkin Elmer. USA) po mineralizacji
mikrofalowej (Ethos Up, Milestone, Wiochy) w 65% HNO..

4.5. Analiza statystyczna

Uzyskane zbiory danych poddano analizie statystycznej celem okreslenia miar
tendencji centralnej i rozproszenia oraz okreslenia istotnosci réznic badanych zmiennych
pomigdzy poszezegolnymi stanowiskami. W tym celu zastosowano uogélnione modele
liniowe (GLM), traktujac typ stanowiska jako zmienna niczalezna, przyjmujge rozklad
gamma dla zmiennych zaleznych. Réznice pomigdzy grupami oceniano przy poziomie
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istotnosci o = (0,05, a poréwnan par grup dokonano przy uzyciu testu post-hoc Tukeya
(HSD). W celu 1identyfikacji gtéwnych Zrodet zmiennosei w badanych zbiorach danych
zastosowano analizg skladowych glownych (PCA). Analizy oraz wizualizacje wynikow

wykonano w programach Microsoft Excel i Statistica 13.

5. Wyniki badan i dyskusja

Ninigjszy rozdzial ma charakter syntezy calego zbioru danych, ktérej celem jest
porownanic wszystkich grup stanowisk i ocena, w jakim stopniu warunki siedliskowe
i stopien znieksztalcenia gleb roznicuja zawartosci pierwiastkéw w biomasie brzozy
brodawkowatej. Analizy porownawcze pomiedzy stanowiskami w zakresie wiasciwosci
chemicznych gleb i biomasy przeprowadzono z uzyciem uogdlnionych modeli liniowych,
natomiast pozostale podstawowe cechy stanowisk traktowano jako tlo interpretacyine,
shuzagce wyjasnianiu obserwowanych wzore6w. Ponadto, wykorzystana analiza
skfadowych gléwnych pozwolita na uchwycenie wplywu glownych parametrow
srodowiskowych powiazanych z biodostgpnoscia pierwiastkow i ich zwiazku
z akumulacjg w biomasie roslinnej. Szczegdlowe opisy i dyskusja wynikéw znajduija sig
w  publikacjach stanowigcych podstawg  przedlozone] rozprawy  doktorskie.
W niniejszym opracowaniu akcent polozono na wnioskowanie zbiorcze i zalemmodci
migdzygrupowe. W zwigzku z tym, w rozdziale skupiono si¢ na probie wydobyciu
kontrastu migdzy grupami stanowisk i odpowiedzi na przewodnic pytanic o rolg
warunkow siedliskowych na zawartos¢ pierwiastkow w biomasic brzozy brodawkowatej,
bez powielania szczegblowych opisow i rozbudowanej dyskusji, ktore przedstawiono
w przedlozonych publikacjach dotyczacych kolejno: (1) stanowisk na wydmach
srodladowych, (IT) gruntéw porolnych, (TIT) dtugoterminowych skutkéw pozaru oraz (V)
obszaru oddzialywania kopalni wegla brunatnego i elektrowni. Taka organizacja
materialu zapewnia spojnosc i przejrzystosé prezentacji oraz pozwala odniesé¢ wnioski

bezposdrednio do celow i hipotez pracy.

5.1. Charakterystyka gleb

Gleby badanych stanowisk wykazywaly zroznicowanie w zakresie pochodzenia
materialéw macierzystych. charakieru proceséw glebotwérezych, klasyfikacji oraz
wlasciwosci fizycznych i chemicznych, w tym zasobnodei w badane pierwiastki.

W obrebie stanowisk wydmowych wystepowaly gleby rdzawe zbielicowane (W1)

oraz arcnosole (W2 i W3), wyksztalcone z holocenskich piaskow eolicznych. Na
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stanowiskach porolnych wysigpowaty gleby brunatne kwasne z glin lodowcowych (R1

1 R2) oraz gleby rdzawe typowe z piaskdw fluwioglacjalnych (R3 i R4). Stanowiska

pozarowe (P1 i P2) reprezentowane sa przez gleby rdzawe typowe powstale z piaskaw

colicznych. Z kolei w grupie stanowisk przemyslowych wystepowaly industriosole

rozwinigte ze¢ zdeponowanego na haldzie czwartorzgdowego i miocefiskiego materialu

nadkladowego (PR1). Cechy charakterystyczng tych gleb jest warstwowanie. W poblizu

osadnika (PR2) wystgpowata gleba biclicowa typowa wyksztalcona z piaskow

fluwioglacjalnych, natomiast na stanowisku kontrolnym (PR3) gleba rdzawa typowa,

rowniez wyksztatcona z piaskow fluwioglacjalnych.

Tabela 2. Podstawowa charakterystyka gleb badanych stanowisk

Pozycja Budowa
Stanowisko systematyczna Material macierzysty profilu
(SGP6) glebowego
o e o AEs-Bvhs-
W1 Rdzawa zbielicowana | piaski eoliczne BvC-C
Arenosol - S AEs-BhsC-
W2 ablelicowiiy piaski eoliczne C1-C2
W3 Arenosol typowy piaski eoliczne AC-C1-C2-C3
R1 Brunatna kwasna glina lodowcowa A(p)-Bw-2C
R2 Brunatna kwasna glina lodowcowa A(p)-Bw-2C
R3 Rdzawa typowa piaski fluwioglacjalne A(p)-Bv-C
R4 Rdzawa typowa piaski fluwioglacjalne A(p)-By-C
Pl Rdzawa typowa piaski eoliczne A-Bv-BvC-C
. A-Aes-Bv-
o) i : . !
P2 Rdzawa typowa piaski eoliczne BvC-C
material nadkladowy
zlozony gléownie z O
PRI Industriosol luznych utwordw A:C i
: C3-C4
cewartorz¢dowych i
miocenskich
i i i : ; A-E-Bhs-
PR2 Bielicowa typowa piaski fluwioglacjalne BhsC-C
PR3 Rdzawa typowa piaski fluwioglacjalne Ap-Bw-C
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Badane gleby mialy zréZnicowane uziarnienie (Rys. 3). nawiazujace do
pochodzenia materialow macierzystych. Gleby usytuowane na obszarach wydmowych
(stanowiska WI-W3 1 PI-P2) zbudowane byly z drobnoziarnistych piaskow luznych.
Stanowiska porolne obejmowaly gleby o pionowo nigjednorodnym uziarnieniu. Na
stanowiskach R1 i R2 usytuowanych w obrgbie wysoczyzny morenowej zbudowanej
z glin polodowcowych ich strop stanowity gliny piaszezyste, ktore zalegaly na glinach
piaszczysto-ilastych. Z kolei na stanowiskach R2 i R3, usytuowanych w obrgbie réwniny
Muwioglacjalnej, gliny piaszezyste zalegaly na piaskach gliniastych. Wystepujgca
w stropic gleb stanowisk porolnych glina ma charakter wietrzeniowy i pokrywa
zalegajace pod nig utwory relatywnie plytka, kilkudziesigciocentymetrows warstwa.
Gleby stanowisk w strefie oddzialywania kopalni wegla brunatnego i elektrowni
charakteryzowaly sie uziarnieniem piaskéw luznych.

100 © W1
o W2

90 . A0 @ W3
’ @ R1

© R2

R) Lo
© R o %
e frakeji plaskowej

Rysuneck 3. Uziarnienie gleb badanych stanowisk.



Odczyn gleb w wigkszosci przypadkéw roznil si¢ istotnie pomiedzy
poszezegdlnymi grupami stanowisk (Rys. 4). Gleby stanowisk W charakteryzowaly sie
najnizszymi wartosciami pH, mieszczac si¢ w zakresie gleb bardzo silnie kwasnych (pH
3.7-4.1). Podobne wartosci pH obserwowano na stanowiskach P (pH 3,7-3,9). Istotnie
wyzsze wartosci pH obserwowano na stanowiskach R, chociaz tutejsze gleby nadal
plasowaly si¢ w kategoriach silnie kwasnych do kwasnych (pH 4,8-5,5). Nieco wyzsze
pH gleb porolnych wynika najprawdopodobniej z historii uzytkowania, W szczegélnosei
nawozenia (Holland i in., 2019). Jak wskazujg najnowsze badania $rednia wartos¢ pH
obszaru dotknigtego pozarem jest nizsza niz pH obszaru niedotknietego tym zjawiskiem
(Alva i Manosalva, 2019; Dhungana i in.. 2024; Gonziles i in., 2024), co jak thumacza
Martinez i in. (1991) oraz Certini (2005) moze by¢ wynikiem wymywania kationow wraz
z opadami deszczu, co moze skutkowaé nizszymi wartosciami na stanowisku P2 w
stosunku do wigkszodci badanych stanowisk. Najwyzsze wartosci pH gleb odnotowano
na stanowiskach PR. Odczyn obejmowat tu zakres od silnie kwasnego (PR2 i PR3) do
stabo alkalicznego (PR1), mieszczgc si¢ w przedziale pH 4,8-7.4. Zasadowy charakter
moze byc. jak wskazujg Otremba i in. (2020) w badaniach na terenach wydobycia wegla

brunatnego, efektem wystgpowania wgglanu wapnia.
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Rysunck 4. Srednia wazona + 95% CI wartos¢ pH gleb badanych stanowisk w warstwie

0-80 cm: roznice istotne statystycznie oznaczono roznymi literami (GLM, test HSD
Tukeya, o= 0,05).

Zawartos¢ TOC w glebach wykazala wyrazne zréznicowanie pomigdzy grupami
stanowisk (Rys. 5). Ponadto, na kazdym z nich obserwowano najwyzsze zawartosei TOC
w powierzchniowej warstwie (0-10 cm) i sukcesywny spadek wraz z glebokoscia, co
Jest zgodne 7 powszechnie opisywang tendencjg akumulacji materii organicznej (Batjes,
1996; Jobbagy i Jackson, 2000). Pordwnujac stanowiska, najwyzsze zawartosci TOC w
warstwie powierzchniowej stwierdzono na stanowisku P2, W2 oraz R2, gdzie srednie
miescily sic w przedziale 20-24 g kg ', co odpowiada bardzo wysokiej klasie zasobnosci
(Terelak, 2001). Nizsze wartosci stwierdzono na stanowisku R1 (17.2 g kg ') i P1 (18.2
g kg') (klasa wysoka). natomiast gleby pozostalych stanowisk W oraz stanowiska PR
cechowaly si¢ najnizszymi zawartosciami TOC (6.1-9.9 g kg '), odpowiadajgcym klasie

sredniej.
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Rysunek 5. Srednia = 95% C1 zawartos¢ TOC (mg kg') w glebach badanych stanowisk
w warstwie 0-10, 10-20, 20-40 i 40-80 cm: rdznice istome siatystycznic oznaczono
roznymi literami (GLM, test HSD Tukeya, o = 0,05).

Zawartos¢ makro- i mikroelementéw w glebach badanych stanowisk wykazala
istotne zroznicowanie migdzy grupami (Rys. 6). NajwyZsze zawartosci wigkszosci
analizowanych picrwiastkow stwierdzono w grupie stanowisk R. Ich gleby
charakteryzowaly sig szczegolnie wysokg zawartoscig N, Mg, S oraz Fe, a takze Mn i Cu.
Wartosci te byly istotnie wyzsze od pozostalych grup stanowisk.

Na tle stanowisk R, gleby stanowisk W oraz P odznaczaly si¢ nizszg zawartoscia
pierwiastkow, jednak poziomy wigkszosci z nich byly wyzsze niz w glebach stanowisk
PR. Gleby stanowisk W i P wyrdznialy si¢ wzglednie wyzsza zawartoscia K i Ca, podczas
gdy zawartos¢ N, 8 i mikroelementow byla wyraznie nizsza niz w glebach stanowisk R.

Najnizsze wartosci wigkszosci pierwiastkow stwierdzono w glebach stanowisk
PR. Dotyczylo to zwlaszeza N, P, Cu i Zn. Najubozsze byly gleby w sasiedziwie osadnika
popiolu lotnego (PR2) oraz na haldzie (PR1). Z kolei stanowisko kontrolne (PR3)
wykazywato nieco wyzsze zawartosci niektorych pierwiastkow, jednak nadal istotnie

nizsze niz na stanowiskach R, W czy P.
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Obserwowane tendencje w zakresie skladu pierwiastkowego gleb wydajy sie
nawigzywac zarbwno do pochodzenia materialu macierzystego i jego naturalnych
wlasciwosci, jak i charakteru przeksztalcen. Generalnie zasobniejsze w badane skladniki
byly gleby o cigzszym skladzie granulometryeznym i zasobnicjsze w prochnice. Rola
materii organicznej szezegolnie uwidacznia sig w typowo bardzo ubogich w koloidy
mineralne glebach piaszezystych powstatych z piaskow eolicznych. W literaturze gleby
takie opisywane sq jako skrajnie ubogie w skiadniki pokarmowe (Czepifiska-Kaminiska
Lin., 2003; Brozek i Zwydak, 2010). Materia organiczna jest istotnym, ale wrazliwym
komponentem na oddzialywanie czynnikéw zewnetrznych, jak pozar. Obserwowane
roznice pomigdzy stanowiskiem P1 (kontrola) i P2 (pozarzysko) wpisuja si¢ w opisywane
w literaturze efekty pozaréw. Pozar prowadzi do zmnicjszenia zawartoci nie tylko
materii organicznej, ale rowniez wielu skladnikow pokarmowych, jak N czy P, ktore sg
uwalniane do atmosfery lub wyplukiwane do glebszych warstw gleby. Wywolany
pozarem deficyt skladnikéw pokarmowych moze mie¢, zwlaszeza w glebach lekkich,
efekt diugofalowy (Caon i in., 2014; Agbeshie i in., 2022). Zasobnoé¢ w skladniki
pokarmowe gleb o pochodzeniu antropogenicznym jest wypadkowa naturalnych cech
materialow macierzystych i szeroko rozumianej transformacji antropogenicznej samego
materiatu jak i oddzialywania na teren jego skladowania. W przypadku badanych gleb na
haldzie byly one skrajnic ubogie w skladniki biogenne (efekt krotkiego czasu po
depozycji) i w réznym stopniu zasobne w skiadniki o charakterze litogenicznym (efekt

niejednorodnosei materiatu nadktadowego).

34



Nirgig 1
ES R EERE T N

— _!I

—_—

e |

WI W2 W R K2 R R4 P PR PRI PRI PRD
bty
LT ¥ — —— —
t
TRy W
o L |
0
¥ooo
-
g 5200
E oo
w
L v
a
TR L
Buon i 0 om o T e =
10 B ol
o i s i i
Wl W2 W3 ORI ORI RI M4 ™ P2 PRI PRZ PRI
R
300 — e
200 ¥
oo :
gl i
"
ui o L a
1 "
—_— 1
F L] 1 ad
E oo ' 1 ]
00 4
T w0 . 1= |
o0 t » L u
awo| * §
#00 %
190
W S Ty Am——— - o — - . = -
WYOWE Wl MY BT ORI R P P2 MM PR2 PR3
Tl R
B . e o i
FiwHY a
(=i | .f a “i
i T : I 4 aa |
Ll i +
., EEO v L ' L [ 1
- ! = . L
3 avon ¥ |
] il
B H
) -
.
T
n & = - - - - x i - = B —
WIW3 W3 R AE R R4 M P2 MM PR PR
ahasnm ke
] R—
Frl
- " 8
a L3
=
L .
F = .
¥ . .
g
d
H
10}
an
@ s 1}
n L] - L] ¥ -y
- . [ i '
Ll - = -
WiOW2 W3 W R m3 R4 P R PR PRI PRG

aimgig

Smgwg’y

Pemg'

B EETYBEELE

L F¥sseEEEEEEEE

bt el
L
'
o
]
| S
4
%
w3 "
g ¥ L3
] !
Wi OWE WA om1 ma A3 R
Lk
——— S
|
k a
t
oY e
| }f
- e )
WIU:'ﬂ'I\'Jh'IRIR-]I:I
ik
e =
} il
l’F'I
¢ |
i
b mh
L |
Wi We w3 om Rz Rl A
Sk s ehin
i a
- ™ |
1 I 1
b A1 (H
L]
i ¥
i
Wiowz v m M R A
]

=

P

Fz PRI PR PR

o
Ll
-
-
L} 1
i L] -
L]
r: PRI PRz PR
e
o Ir '
. -
-

Rysunck 6. Srednia wazona + 95% CI zawartosé pierwiastkow (mg kg') w glebach

badanych stanowisk w warstwie 0-80 cm: réznice istoine statystycznie oznaczono
roznymi literami (GLM, test HSD Tukeya, o = 0,03).
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5.2. Zawartos¢ pierwiastkow w biomasie brzozy brodawkowatej

5.2.1. Zawartos¢ makroelementow

Zawartos¢ N w poszezegdlnych frakcjach biomasy brzozy brodawkowatej
charakteryzowata si¢ stosunkowo niewielkim zréZnicowaniem pomigdzy badanymi
grupami stanowisk (Rys. 7). Najwyzsze wartosci w niektorych frakejach biomasy
odnotowano na stanowiskach R, natomiast nizsze na PR, P i W, co moze odzwierciedlaé
wplyw wezesniejszej gospodarki rolniczej oraz wyzsza zasobnoéé gleb w mineralne
formy N (Metaxoglou i Smith, 2025). Natomiast nizsze zawartosci w biomasie brzozy
rosngeej na stanowiskach przemystowych (PR), zwlaszeza na haldach i w poblizu
osadnikéw popiotdw, wskazuja na ograniczona dostepnosc tego pierwiastka w §wiezych
substratach technogenicznych stabo jeszeze skolonizowanych przez mikroorganizmy
(Uzarowicz i in., 2018; Naumova 1 in., 2021; Ram i Masto, 2014),

Pod wzgledem rozmieszezenia w biomasie, najwyzsze zawartosci N stwierdzono
w lisciach oraz w korzeniach 11 rzgdu. co wskazuje na akumulacje pierwiastka w organach
0 najwigkszej aktywnosci metabolicznej. Z kolei najnizsze zawartosei charakteryzowaly
drewno pnia i korzenie I rzedu, ktore pelnia gléwnie funkcje mechaniczne
i magazynujace. Zaobserwowana tendencja jest zgodna z ogdlnymi wzorcami
obserwowanymi u gatunkow drzewiastych — najwyzsze wartosci w lisciach i drobnych
korzeniach odzwierciedlaja ich roleg w fotosyntezic i pobieraniu skladnikow
pokarmowych, podczas gdy tkanki strukturalne, takie jak drewno pnia akumulujg
znacznie mniej fego pierwiastka (Aerts, 1996: Millard i Grelet, 2010). Generalnie.
uzyskane wyniki wskazuja, Ze zréznicowanie siedliskowe miato ograniczony wplyw na
zawartosci N w biomasie brzozy, a dominujacym czynnikiem ksztaltujacym jego

zawartos¢ jest raczej funkcja poszezegolnych organdw.
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Niezaleznic od badanego stanowiska, najwyisze zawartosci P stwierdzono
w lisciach, a nastgpnie w korzeniach IT rzgdu, podezas gdy najnizsze w drewnie pnia
1 gat¢ziach. Taki rozklad jest charakterystyczny dla tego pierwiastka, ktory nalezy do
grupy latwo mobilnych we floemie i jest intensywnie przemieszczany do organdéw
0 najwigkszej aktywnosci metabolicznej (Raghothama, 1999; Marschner, 2012).

Zawartos¢ P w poszczegoinych frakcjach biomasy brzozy brodawkowatej
wykazala istotne réznice migdzy badanymi grupami stanowisk (Rys. 8). Najwyzsze
wartosci odnotowano na stanowiskach R, a takze na stanowisku pozarzyska (P2), gdzie
zawartos¢ P w biomasie istotnie przewyzszala zawartosci odnotowane na stanowiskach
W oraz PR. Gleby w rejonie aktywnosci przemystowej, zwlaszeza na stanowisku PR2
(osadnik popiolow lotnych), charakieryzowaly si¢ niska zasobnodcia w P, co znalazlo
odzwierciedlenie w ograniczonej jego akumulacji w biomasie brzozy. Stanowiska PR1
i PR3 wykazywaly wartosci posrednie. W niektorych frakcjach poréwnywalne ze
stanowiskami W, cho¢ nadal istotnie nizsze niz na stanowiskach R i P2.

Zaobserwowane zroznicowanic zawartosci P w biomasie brzozy wydaje sie by¢
sciSle zwigzane z historig uzytkowania i geneza stanowisk. Wyisze zawartosci na
stanowiskach porolnych mozna wigza¢ z utrzymujacym si¢ w profilu glebowym efektem
wieloletniego nawozenia, ktore pozostawilo trwale zasoby latwo dostgpnych fosforanow.
Podobne tendencje opisali Daugaviete 1 in. (2015) dla zalesionych gruntéw ornych.
Podwyzszone zawartodei P w biomasie na stanowisku pozarzyska wynikaja natomiast
prawdopodobnie z proceséw termicznej mineralizacji materii organicznej, ktére
prowadza do uwolnienia tego pierwiastka w formie fatwo dostgpnych ortofosforanow (De
Bano, 1991). Z kolei na stanowiskach przemystowych, zwlaszcza w poblizu osadnika
popiolow, ograniczona dostepnosé P wynika 2 ubogiego w skladniki odzyweze podloza
technogenicznego.

Podsumowujge, historia uzytkowania gleby okazala sic waznym czynnikiem
ksztaltujgcym gospodarke P w biomasie brzozy. Mozna przypuszezad, ze dawne
wykorzystanie rolnicze gruntow wplynelo na trwala akumulacje P w drzewie, podczas
gdy dotknigte wydobyciem weggla brunatnego tereny pozostajy zubozone w ten

pierwiastek.
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Dla wigkszosci analizowanych frakeji biomasy zawartosci K ukladaty sic z reguty
wedlug tego samego schematu: od najwyzszych na stanowiskach R i pozarzysku (P2),
poprzez stanowiska W, po najnizsze na stanowiskach PR, szczegdlnie na haldzie (PR2)
(Rys. 9). Na stanowiskach R zawartosci K w kazdej frakeji biomasy czesto istotnie
przewyzszaly zawartoSci odnotowane na pozostalych stanowiskach, szezegolnie
wyréznialo si¢ stanowisko R2, na terenie ktérego liscie brzozy kumulowaty ponad 60 000
mg kg ' K. Na pozarzysku (P2) zaobserwowano podobnie wysokie wartoéci w biomasic.
W wigkszodei frakeji biomasy si¢ one w tej samej grupie statystycznej co stanowiska
porolne. Wyzsze zawartosci K odnotowane na tym stanowisku sq zgodne z mechanizmem
opisanym przez Khanng i in. (1994), ktérzy wskazali, ze popidl zawiera K ghownic
w formie fatwo rozpuszczalnej. Zwigkszona zawartos¢ K w roélinach po przejéciu ognia
potwierdzona zostala réwniez w dodwiadczeniu wazonowym z uprawa pszenicy
i koniczyny na glebie pobranej z drzewostandw sosnowych po pozarze (Kutiel i Naveh
1987). W $wietle tych doniesien obserwowane w niniejszych badaniach zawartodci
mozna przypisac szybkiemu doptywowi latwo przyswajalnego K z popiolu co sprzyjato
intensywnemu jego pobieraniu przez brzozy w poczatkowej fazie wzrostu.

Stanowiska W wykazywaly wyraznie nizsze zawartosci K. W wigkszosci frakeji
biomasy miescily si¢ one w dolnym preedziale, zblizonym do pozioméw odnotowanych
na stanowiskach PR. JednakZze wyrazna anomalia dotyczyla galezi 1 rzedu. Na
stanowiskach W zawartosci K w tej frakeji byly poréwnywalne z zawartosciami
notowanymi na stanowiskach R. To podwyZszenie mozna tlumaczyé atmosferycznym
doptywem K' obecnym w opadach deszczu i pylach, ktéry jest PrZenoszony na znaczne

odleglosci | moze osiada¢ na koronach drzew (Mikhailova i in.. 2019).
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Rysunek 9. Srednia + 95% CI zawarto$é K (mg kg'') we frakcjach biomasy brzozy
brodawkowatej na badanych stanowiskach; réznice istotne statystycznie oznaczono
roznymi literami (GLM, test HSD Tukeya, o = 0.05).
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Zawartos¢ Ca w biomasie brzozy brodawkowatej roznila sie istotnie pomiedzy
badanymi grupami stanowisk (Rys. 10). Najwyzsze wartosci odnotowano na
stanowiskach przemystowych PRI i PR2, gdzie akumulacja Ca byta istotnic wyzsza niz
na wszystkich pozostatych. Z kolei zawartosci Ca w biomasie drzew rosngcych na
stanowiskach W, R i P byly wzglednie zblizone., bez istotnych roznic statystycznych
w wigkszosci frakeji. Stanowisko PR3 (kontrola) charakteryzowalo sie wartoseiami
zblizonymi do grupy W i R. co odréiniato je od wyraznic wyzszych zawartosci
stwierdzonych na stanowiskach PR1 i PR2.

Wyzsza zawartos¢ Ca w biomasie brzozy na stanowiskach PR1 i PR2 wzgledem
innych stanowisk jest zwigzana ze specyfika podlozy technogenicznych w rejonie
cksploatacji 1 spalania wegla brunatnego. Popiot lotny 1 materialy nadkladowe
w Belchatowie charakteryzujg si¢ bardzo wysoka zawartoscig Ca, ktorego zrodlem jest
obeeny w weglu CaCO; oraz produkty jego przemian podczas spalania. W literaturze
wskazuje sig, ze w wyniku procesow termicznych powstaja bogate w Ca fazy mineralne,
takie jak gehlenit, ye'elimit, anhydryt czy CaQ, ktére mogg by¢ zrodlem wapnia dla
roslinnosci (Peukert 1 in., 1986; Giergiczny i Michniewicz, 1991: Hycnar i in,, 2017;
Uzarowicz i in., 2018; Bgk i in., 2023). Obecnos¢ tych faz tlumaczy obserwowane
w ninigjszym badaniu wysokie poziomy Ca w biomasic brzozy na terenach
przemystowych.

Warto podkredli¢, Zze zwigkszona akumulacja Ca miala charakter lokalny
i ograniczata sig¢ do drzew rosngcych na hatdzie nadkladu i w poblizu osadnika popiolow
lotnych. W pozostatych grupach stanowisk, zawartos¢ Ca w biomasie byla istotnie nizsza
i nic odbiegata od wartosci notowanych w literaturze dla brzéz z ekosystemow miejskich
(Modrzewska i in., 2016). Oznacza to, ze mineralogiczna specyfika materiatow
technogenicznych, a nie cechy gatunkowe czy wiek drzewostanow, stanowi gléwny
czynnik decydujgey o akumulacji Ca w biomasie brzozy na terenach przemystowych.

W kwestii dystrybucji w biomasie, najwyzsze zawartosci Ca stwierdzono w korze,
a nastepnie w lisciach, podczas gdy najnizsze wartosci odnotowano w drewnic pnia
i galeziach. Taki rozklad jest zgodny z wlasciwosciami fizjologicznymi tego pierwiastka.
Wapn cechuje si¢ bardzo ograniczong mobilnoscig we floemie (Clarkson, 1984; White
i Broadley, 2003). Jego wysokie zawartosci w korze w stosunku do innych frakcji
biomasy nalezy rowniez wiaza¢ z rolg strukturalng, gdyz Ca uczestniczy w stabilizacji

scian komorkowych poprzez wiazanie pektyn w blaszee srodkowej (Marschner, 2012).
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Zawartos¢ Mg w wickszosci frakeji biomasy brzozy brodawkowate] nie
wykazywala wyraznych roznic pomigdzy badanymi grupami stanowisk (Rys. 11).
Zawartosci tego pierwiastka byly przewaznie zblizone, a roznice istotne statystycznie
miaty charakter incydentalny i dotyczyly jedynie wybranych frakeji, np. wyzszych
zawartosci w korzeniach 11 rzedu na stanowisku PRI czy w galeziach Il rzedu na
stanowiskach R3 i R4. Brak jednolitego wzorca przestrzennego akumulacji Mg wskazuje.
7e jego zawartos¢ w biomasie brzozy nie byla jednoznacznie powigzana z warunkami
sicdliskowymi stanowisk 1 stopniem znicksztalcenia gleb.

Magnez jest pierwiastkiem niezbednym w metabolizmie roslin, pelniacym
kluczows rolg jako centralny skladnik czasteczki chlorofilu oraz regulator wielu
procesow enzymatycznych. Thumaczy to najwyzsze jego nagromadzenie w lisciach.
Ponadto, w literaturze podkresla sig, 7ze akumulacja Mg w tych organach moze byé
zwigzana nie tylko z jego biodostgpnoseia w glebie, ale takze z warunkami swietlnymi
| zaggszezeniem drzewostanu. LiScie rosngce w warunkach ograniczonego dostepu
swiatlta wykazujg czgsto wyzsza zawartos¢ Mg w zwiazku z koniecznoscia utrzymania
efektywnosei aparatu fotosyntetyeznego (Trankner i Jaghdani, 2019). Moze to tumaczy¢
obserwowane réznice w lisciach brzozy migdzy stanowiskami o réznym zageszczeniu
drzew (np. wyzsze wartosci w mniej zwartych drzewostanach).

Brak jednoznacznych trendéw migdzy grupami siedlisk sugeruje, ze o akumulacji
Mg w biomasic brzozy decydowaly przede wszystkim czynniki fizjologiczne
i wewngtrzne mechanizmy regulacji pobicrania oraz transportu tego pierwiastka

(Alejandro i in., 2020}, a nie sama geneza czy stopien przekszialcenia siedliska.
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roznymi literami (GLM, test HSD Tukeya, a = 0.05).
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Zawartos¢ S w biomasic brrozy brodawkowate] wykazala wyrazne rdznice
migdzy badanymi grupami stanowisk (Rys. 12). Najwyzsze wartosci odnotowano
glownie na stanowiskach przemyslowych PR1 1 PR2, ktore w wigkszosei frakeji istotnie
przewyzszaly pozostale grupy. Na stanowiskach W, R 1 P zawartosci S byly zbliZzone i nie
tworzyty wyraznych roznic statystycznych, a odchylenia miaty charakter punktowy i nie
powtarzaly si¢ w catym drzewie. W kwestii dystrybucji S w biomasie, najwigcej tego
pierwiastka zawieraly liscie, nastepnie korzenie Il rzedu i kora. Z kolei najnizsze
zawartosci odnotowano w drewnie pnia i galeziach IT rzgdu.

Podwyzszona akumulacja S na stanowiskach przemystowych wynika
najprawdopodobniej ze skumulowanego efektu wzbogacenia gleb w rejonie Belchatowa
w siarczany pochodzgee z materialu nadkladowego i popioléw lotnych (Barrow, 1969)
oraz emisji zwigzkow siarki do atmosfery (Linzon i in., 1979; Frazer, 1935; Katz i in.,
1939). Podobny efekt akumulacji S w tkankach roslin zaobserwowano takze w innych
regionach przemystowych (Zhang i Yani, 2011).

Na pozostatych stanowiskach zawartosci S pozostawaly niskie i jednorodne, co
moze odzwierciedla¢ zarowno potencjalnie ograniczong pulg siarczanow w glebach
stanowisk wydmowych i porolnych, jak i maly wplyw depozycji atmosferycznej.
Niewielkie réznice pomigdzy frakejami moga by¢ wynikiem lokalnej zmiennosci sorpeji
siarczanow 1 procesow wymywania (Barrow, 1969) oraz mechanizmoéw pobierania S
z atmosfery przez liscie (Herschbach, 1995; De Kok 1 in., 2002). Precyzyjne ustalenie roli

tych czynnikdw jest jednak trudne.
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Rysunek 12, Srednia = 95% CI zawarto$¢ S (mg kg'!) we frakcjach biomasy brzozy
brodawkowatej na badanych stanowiskach; roznice istotne statystycznie oznaczono

roznymi literami (GLM, test HSD Tukeya, a = 0,05).
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5.2.2. Zawartos¢ mikroelementow

Pod wzglegdem zawartosci Fe w biomasie brzozy brodawkowatej najbardziej
wyroznialy si¢ stanowiska przemystowe (PR1 i PR2) (Rys. 13). W nicktdrych
analizowanych frakcjach zawarto$é tego pierwiastka byla kilkukrotnie, a nawet
kilkunastokrotnie wyzsza niz na pozostalych stanowiskach. Na stanowisku kontrolnym
(PR3) wartosci byly nizsze niz w PR1-PR2, lecz nadal miescily sie w przedziale
wyzszym niz na stanowiskach Wi P.

Na stanowiskach porolnych (R) i pozarowych (P2) akumulacja Fe byla
umiarkowana, a wartosci ni¢ roznily si¢ istotnic migdzy frakcjami, cho¢ w nicktérych
preypadkach (korzenie I rzedu, galezie I 1 II rzedu) poziomy na P2 byly zblizone do
stanowisk R. Najnizsze zawartosci stwierdzono w biomasie brzozy rosngcej na
stanowiskach wydmowych (W), szczegdlnie w cz¢sciach nadziemnych.

Wyraznie podwyzszona akumulacja Fe w brzozach z terendéw przemyslowych
(PR1, PR2) zwigzana jest z obecnoscig materialow towarzyszacych wydobyeiu i spalaniu
wegla brunatnego — popioléw lotnych i pylow bagatych w tlenki zelaza (Hycnar i in.,
2017). W krajobrazie przemystowym diugotrwata depozycja pyhu moglaby sugerowad
przewage gromadzenia w tkankach zewngtrznych, przede wszystkim w korze i liciach.
Jednakze w badanych probach najwyzsze stezenia Fe wystepowaly w korzeniach, co
wskazuje, ze dominujagcym zrodtem akumulacji jest podloze glebowe, a nie
powierzchniowa depozycja pylow.

Obserwowana dystrybucja Fe we frakejach biomasy brzozy wynika z procesow
fizjologicznych. Zelazo charakteryzuje si¢ niska mobilnoscia we floemie, ograniczonym
transportem do organow nadziemnych oraz silnym wigzaniem w apoplascie (Parzych
1., 2016; Rout i Sahoo, 2015). Dodatkowo, obserwowane wysokie zawartosci
w korzeniach moze wynikaé z zanieczyszezenia probek bogatymi w Fe czastkami
mineralnymi adhezyjnie zwigzanymi z powicrzchnia systemu korzeniowego. co jest
znanym problemem w analityce srodowiska (Hunt i in.. 1999).

Na stanowiskach porolnych i pozarowych (R, P2) zawartosci Fe byly
umiarkowane, a ich rozmieszczenic w frakcjach nie tworzylo wyraZnego schematu
siedliskowego, Najnizsze wartodci stwierdzone na stanowiskach wydmowych (W)
potwierdzajg ograniczong mobilnosé Fe w ubogich, piaszezystych glebach oraz niewiclka

zdolnos¢ brzozy do jego akumulacji w czgsciach nadziemnych,
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Rysunek 13. Srednia + 95% CI zawartosé Fe (mg kg') we frakcjach biomasy brzozy
brodawkowatej na badanych stanowiskach: roéznice istotne statystycznie oznaczono
roznymi literami (GLM, test HSD Tukeya, a = 0,05).
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Zawartos¢ Mn (Rys. 14) uktadata si¢ odwrotnie niz w przypadku Fe: najubozsza,
a zarazem statystycznic najwyrazniej odrgbna grupe stanowily stanowiska PR. Jego
zawartosci oscylowaly tu, w zalenosci od rodzaju frakeji biomasy. w granicach
kilkunastu—kilkuset mg kg ', istotnie ponizej pozostatych grup stanowisk. Najwyzsze
zawartosci, przekraczajace miejscami 1 400 mg kg ' w lisciach i 300-450 mg kg '
w korzeniach II rzgdu, odnotowano na stanowiskach R1 i R2 oraz na pozarzysku (P2).
Na stanowiskach W zawartos¢ Mn byla stosunkowo niska, mimo Ze gleby tych stanowisk
cechowaly si¢ najnizszym pH sposrod badanych lokalizacji, Pod wzgledem
rozmieszczenia we frakcjach biomasy, najwyzsze koneentracje wystgpowaly w lisciach,
a nastgpnie w cienkich korzeniach oraz korze. Najnizsze wartosci odnotowano w drewnie
pnia i galezi, gdzie zawartos¢ Mn byla kilkukrotnie nizsza niz w lisciach.

Niskie, w poréwnaniu do innych stanowisk, zawarto§ci Mn w biomasie brzoz
rosngeych na terenie cksploatacji wegla brunatnego i elektrowni mozna powigzaé
z zasadowym odczynem, kiory znaczgco ogranicza rozpuszezalnosé i mobilno$é jonow
Mn** (Kabata-Pendias i Pendias, 1999). Zjawisko to jest dobrze opisane w literaturze
1 wskazuje. ze gleby bogate w weglany sprzyjaja deficytom Mn u roslin.

Z kolei wysokie wartosci Mn w brzozach na stanowiskach R oraz na pozarzysku
mozna wigza¢ z warunkami glebowymi. W przypadku pozarzyska, krotkotrwaty spadek
pH oraz zmiany potencjalu redoks po spaleniu materii organicznej mogly zwickszyé
rozpuszezalnos¢ Mn i jego biodostgpnosé (Kutiel i Naveh, 1987: Laclau i in., 2002),

Na wydmach srodlagdowych obserwowane niskie poziomy Mn, mimo kwasdnego
odezynu gleb, wynikaja prawdopodobnie z bardzo niskiej zawartosci materii organicznej
I stabej retencji wodnej. Brak ligandéw organicznych ogranicza tworzenie stabilnych
kompleksow Mn*',| a warunki o skrajnie niskiej wilgotnosci utrudniaja mobilizacje Mn
z tlenkow (Marschner, 2012: Millaleo i in., 2010). Oznacza to, ze o biodostgpnosel tego
pierwiastka w siedliskach wydmowych decyduje przede wszystkim obecnosé materii
organiczne] 1 wilgotnos¢, a nie samo pH,

Podsumowujac, uzyskane wyniki potwierdzaja, ze biodostepnosé Mn w biomasie
brzozy jest silnie modulowana przez warunki glebowe. Zasadowos¢ i obecnosé CaCOs
ograniczajg jego dostgpnose, natomiast zakwaszenie i zaburzenia redoks (np. po pozarze)
moga ja okresowo zwigksza¢. W siedliskach ubogich w prochnicg i wode, jak wydmy,

niskie poziomy Mn utrzymujg si¢ niezaleznie od odezynu.
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Rysunck 14. Srednia + 95% CI zawartoé¢ Mn (mg kg') we frakcjach biomasy brzozy
brodawkowate] na badanych stanowiskach: roznice istotne statystycznie oznaczono

roznymi literami (GLM, test HSD Tukeya, a = 0,05).
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Badane grupy stanowisk roznily si¢ stosunkowo nieznacznie zawartoscia Cu
w biomasic brzozy brodawkowatej (Rys. 15). Najbardziej wyrdzniala si¢ grupa stanowisk
PR, na ktorych w nicktorych frakcjach (w korzeniach, drewnie pnia, galeziach, lisciach)
odnotowano istotnie podwyzszone zawartosei tego pierwiastka w pordwnaniu z innymi
stanowiskami. Pomigdzy pozostalymi grupami stanowisk (W. R, P) roznice przewazmie
nie przekraczaly progu istotnosci i zawartosci Cu pozostawaly zblizone. Najwyzsze
zawartosel Cu wystepowaly w liSciach, a w dalszej kolejnosci w korze i korzeniach 11
rzedu, co wskazuje na wigksza akumulacj¢ tego pierwiastka w tkankach aktywnie
zaangazowanych w pobieranie i wymiang metaboliczna. Nizsze wartoéci odnotowano
w galeziach I1 rzgdu oraz korzeniach I rzedu, natomiast najnizsze w galeziach I rzedu
1w drewnie pnia. W przekroju wszystkich grup stanowisk wickszos¢ frakcji wykazywata
ukiad PR > P > W = R, przy czym w PR zawartosci Cu w korzeniach 11 rzgdu byly
porownywalne lub wyzsze wzgledem zawartodci w korze, a w pozostatych grupach kora
byla na ogét druga, po lisciach, frakeja najbardziej zasobng w Cu.

Podwyzszone zawartosci Cu w biomasie brzozy na stanowiskach przemyslowych
nic wynikajg z wyzszcj zasobnosci gleb w ten pierwiastek. Zawartosci Cu w glebach tej
grupy nie odbiegaly bowiem istotnic od innych lokalizacji. Wynika to raczej z wplywu
depozycji pytow przemyslowych. Jak wskazuje Biclowicz (2013), pierwiastki o malej
lomosei, w tym Cu, sa obecne w znacznych ilosciach w popiele lotnym, gdzie ich
koncentracja moZe siggac nawet 272 mg kg ', podezas gdy w surowym weglu brunatnym
wynosi okolo 20 mg kg '. Oznacza to, 7e emisje zwigzane ze spalaniem wegla brunatnego
w elektrowni moga by¢ istotnym Zrodlem tego metalu dla roélin rosnacych w sasiedztwie
kopalni i osadnikdw.

W pozostalych grupach stanowisk zawartos¢ Cu w biomasic pozostawala na
niskim i zblizonym poziomie, co sugeruje, ze ani dawne uzytkowanie rolnicze, ani
skrajnie ubogie w biogeny gleby wydmowe, ani przeksztalcenia wywolane pozarem nic

wplynely w zauwazalny sposdb na akumulacjg tego pierwiastka.
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roznymi literami (GLM, test HSD Tukeya, a = 0,05).
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Zawartos¢ Zn w biomasic brzoz charakteryzowala sic umiarkowanym
zroznicowaniem pomigdzy grupami stanowisk (Rys. 16). WyraZnicjsze odchylenia
pojawily si¢ jedynie punktowo. Najbardziej wyréznialo si¢ stanowisko P2, gdzie
W systemie korzeniowym odnotowano istotnie wyzszg zawartoi¢ Zn w poréwnaniu
z czgscig pozostatych stanowisk.

Podwyzszona akumulacja Zn na pozarzysku moze by¢ skutkiem mineralizacii
materii organicznej i czasowego zwigkszenia biodostepnoéei tego pierwiastka po
przejsciu ognia, co potwicrdzaja wezesniejsze badania wskazujace na wzrost koncentracji
metali sladowych w biomasie roslinnej po pozarach (Reinhart i in., 2016). Ogdlnie
jednak, brak spjnego schematu siedliskowego sugeruje, ze w przypadku Zn o jego
pobieraniu  decyduja przede wszystkim mechanizmy wewnetrzne roslin. Brzoza
brodawkowata jest gatunkiem uznawanym za dobrego akumulatora tego pierwiastka
(Dmuchowski i in., 2012: Szwalec i in.. 2018), co moze thimaczy¢ stosunkowo zblizone
zawartosci na stanowiskach. Wzglednie stale zawartosdci Zn w biomasie niezaleznie od
grupy stanowisk odzwierciedla znaczenie specyficznych transporteréw i mechanizméw
regulacyjnych brzozy w gospodarce tym pierwiastkiem,

Niezaleznie od stanowiska, najwyzsze zawartosci Zn odnotowano w lisciach.
a nastepnie kora oraz cienkie korzenie, natomiast najnizsze zawartosci wystepowaly
w drewnie pnia i galgzi, co odzwierciedla ograniczong rolg tkanek przewodzacych
w akumulacji tego pierwiastka. Taki ukfad jest zgodny z literatura, gdzie wskazuje sie.
ze Zn. jako pierwiastek o wysokiej mobilnosci w floemie, akumuluje sig przede
wszystkim w organach metabolicznie aktywnych — liseiach i mtodych tkankach (Kabata-
Pendias i Pendias, 1999; Broadley i in., 2007).
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5.3. Analiza skladowych gléwnych (PCA)

Wyniki analizy PCA wskazujg. ze sklad pierwiastkowy biomasy brzozy
brodawkowatej jest wypadkowa oddzialywania wzietych pod uwage czynnikow,
tj. parametrow ksztaltujgeych biodostgpnosé pierwiastkow (pH, zawartosé TOC) oraz
wieku drzewostanu (Rys.17).

Wplyw pH na sklad picrwiastkowy biomasy byl na ogol stabo zaznaczony. Przy
waskim zakresie odczynu badanych gleb (kwasnych, 2z jednym stanowiskiem lekko
zasadowym) korelacje z pH w wigkszosci frakeji byly stabe lub niejednoznaczne, co jest
zgodne z wezesniejszymi doniesieniami o ograniczonej roli odezynu przy waskim
zakresie pH (Tyler i Olsson, 2001, 2002; Braun i in., 2020). Na tym tle wyraznicj
zaznaczyla si¢ dodatnia korelacja pH z Ca i S (zwlaszcza w korzeniach i w korze).
co mozna wigzac z wigkszg podazg wymiennych kationéw Ca oraz mniejszy sorpcja
siarczandw w mnicj kwasnym $rodowisku (McBride, 1994; Stevenson, 1994), Z kolei
zaleznosei pH z Cu i Fe nalezy interpretowaé posrednio jako efekt wspétdzialania tego
parametru z innymi cechami siedliska, a nie bezpoéredni skutek wzrostu biodostgpnosci
tych pierwiastkow wraz ze zmianami wartosci pH.

Zawarto§¢ TOC w glebie wykazywala dodatnig korelacje z zawartosciami P, K.
Mg, Mn i Zn w biomasie brzozy. co mozna interpretowaé jako efekt posredni wigkszej
ilosci materii organicznej: wzrost CEC, retencji skladnikow oraz sprzyjajacych
warunkow mikrobiologicznych zwigksza pule pierwiastkéw dostepnych dla roélin i ich
pobor, Odmienny wzorzee dotyczyl Fe i Cu. dla ktorych obserwowano zaleznosci
ujemne. Pierwiastki te sg silnie wigzane przez grupy funkeyjne SOM, co obniza
aktywnos¢ wolnych form w roztworze glebowym 1 ogranicza ich transport do tkanek
(McBride, 1994; Stevenson, 1994: Tipping, 2002; Lehmann i Kleber, 2015).

Wegledem  wicku drzewostanu zaobserwowano silna dodatnia  korelacje
z zawartoscig Ca, Fe i Cu w biomasie brzozy, podczas gdy ujemne korelacje dotyczyly
giownie P, K i Zn. Zaleznosci te wpisujg sig w znane wzorce zmian chemizmu biomasy
drzew wraz z wickiem — spadek zawartosci P i K oraz wzrost Ca w starszych
drzewostanach, udokumentowane m.in. w badaniach nad brzozg (Wang i in., 1996) oraz

gatunkami iglastymi (Chen i in., 2016).
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6. Podsumowanie i wnioski

Przeprowadzone badania stanowia studium nad bioakumulacjg pierwiastkow
pokarmowych przez brzozg brodawkowaty w gradiencie znicksztalcenia gleb —
poczawszy od gleb o cechach zblizonych do naturalnych po uksztattowane w wyniku
dzialalnosci cztowicka. Podjeta tematyka ma charakter interdyscyplinary, z pogranicza
lesnictwa, rolnictwa, biogeochemii, ochrony $rodowiska i innych powiazanych
dyscyplin. Pomimo typowych dla takich prac ograniczen, w tym przypadku wynikajacych
z Jednorazowego poboru probek (brak ujecia sezonowego), braku precyzyjnej
charakterystyki form pierwiastkow zawartych w glebie (specjacja, biodostepnoéé) oraz
niewatpliwego oddzialywania wielu czynnikéw drodowiskowych, ktore dzialajg
roznicujgeo, a nie zostaly w pelni uwzglednione w niniejszych badaniach, uzyskane
wyniki istotnie poszerzajga wiedzg w zakresic podjetych zagadnien. Ponadto.
przeprowadzone badania obejmuja aspekty aplikacyjne. jak gospodarka skiadnikami
pokarmowymi w ekosystemach lesnych, rekultywacja gleb i terenéw zdegradowanych,
czy ocena ryzyka srodowiskowego. Pozyskana wiedza moze by¢ wykorzystana
w planowaniu strategii bardzicj zréwnowazonej gospodarki zasobami naturalnymi.
Odnoszac sig do postawionych celéw i hipotez badawezych, najwazniejsze spostrzezenia

wynikajgce z przeprowadzonych badari sa nastepujace:

1. Sklad pierwiastkowy biomasy brzozy istotnie réznil sic micdzy stanowiskami
reprezentujgeymi rozne formy i stopien znicksztalcenia gleb. Na wydmach
srodlagdowych czesto obserwowano nizsze, w poréwnaniu do innych stanowisk,
zawartosel pierwiastkow, zaleznie od frakeji biomasy. Na gruntach porolnych
podwyzszone wzglgdem innych badanych stanowisk byly gléwnic zawartogei N,
P, K i Mn, na pozarzysku wyzsze koncentracje dotyczyly P, K i Mn, natomiast
w strefie oddzialywania kopalni 1 elektrowni notowano najwiecej Ca, S, Fe i Cu
przy rownoczesnic mniejszych zawartosciach pozostatych pierwiastkow,
Uzyskane wyniki potwierdzajg przyjeta hipotezg, ze charakter i stopien
znicksztalcenia gleb bedzie istotnie wplywal na zawartosci badanych
pierwiastkow w biomasie brzozy i ich dystrybucje w jej organach.

2. Uzyskane wyniki potwierdzily réwnicz shisznogé drugiej hipotezy. ze w skali
calego zbioru danych nie nalezy oczekiwaé jednoznacznych zaleznosei miedzy

zawartosciami badanych pierwiastkow w glebie a ich zawartosciami w biomasie



L

brzozy. Korelacje stwierdzono glownie dla Fe (ujemne) oraz Mn (dodatnie). Jako
najbardziej prawdopodobng przyczyng obserwowanych prawidlowosci nalezy
wskazac nicjednorodnosc grup stanowisk w zakresie pochodzenia i whasciwosci
materialow macierzystych gleb, ktore z kolei roznicuja zasobnosé siedliska
1 biodostepnos¢  badanych skladnikow. Rola odezynu gleb, jako jednego
z kluczowych w tym zakresie czynnikow jest jednak niewielka w zwigzku
z matym zroznicowaniem tego parametru, Zawartos¢ wielu pierwiastkow
w biomasie wykazuje natomiast korelacje z zawartoscia w glebie materii
organicznej, co podkresla jej istotng rolg w ich obiegu biogeochemicznym.
Dodatnio z zawartoscig materii organicznej byly skorelowane P, K, Mg, Mn i Zn,
a ujemnie Cu i Fe.

Rola wicku drzewostanu jako czynnika ksztaltujacego akumulacje skladnikow
pokarmowych w biomasic brzozy nic zostala w pelni potwierdzona. Najsilniejsze
zaleznoscil dotyczyty Ca (w korzeniach Il 1 1 rzedu, korze i lidciach), Fe oraz Cu
(w korzeniach 11 i I rzedu, drewnie pnia, korze, galgziach I rzedu i lisciach),
w przypadku kiorych zawartosci pierwiastkow wzrastaly wraz z wickiem.
natomiast zawarto$ci P (w drewnie pnia, korze, galeziach 1 i 11 rzedu), K (korze,
gal¢ziach 1 i Il rzedu oraz lisciach) i Zn (w korzeniach II rzedu, drewnie pnia,
korze, galgziach 1 i Il rzedu) malaty z wiekiem. W pozostatych frakcjach (korzenie
I rz¢du, drewno pnia, galgzie) zaleznosci byly slabe lub nie wystepowaly. Brak

wyraznych zaleznosci pomigdzy wickiem brzozy a zawartoscig pierwiastkdw w

Jjej biomasie nalezy rowniez thumaczy¢ niejednorodnoseig stanowisk wzgledem

parametrow gleb i ich materialow macierzystych,
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Abstract

Key message Silver birch growing on extremely nutrient-poor stands of inland dunes was characterized by low con-
tents of these nutrients in its biomass. The nutrient accumulation also depended on its age,

Abstract Silver birch (B. pendula) often colonizes inland dunes, as geomorphologically sensitive and unstable environments,
Considering its importance in the protection of ecosystems associated with such landforms, we aimed to evaluate the nutrient
distribution and bioaccumulation in the organs of that tree, The study covered three stands, aged 12, 20, and 34 years. Ten
average trees were sampled from each stand, including fine and coarse roots, stemwood, bark, coarse and fine branches. and
leaves along with soil samples at depths of 0-10. 10-20, 2040, and 40-80 ¢m. The contents of macro- and micronutrients
were analyzed in collected soil and biomass samples. The soils were strongly acidic and very poor in the studied elements,
The nutrient distribution in the birch biomass was highly variable. For most of the elements, the highest contents were
recorded in leaves. The highest amounts of Fe were found in fine roots, while Mn and Zn were the most abundant in the
bark. Wide variability was also apparent in the bioaccumulation factors. These were usually the highest in the leaves or bark
and the lowest in the stemwood. Among the siudied elements, N was the most bioaccumulated. followed by 8. Zn, Cu, Mn,
and P. Nutrient distribution in the birch biomass was typical for tree species. Nutrient levels were generally low. however,
significantly higher than their concentrations in the soil, indicating a strong bioaccumulation. The relationship between
nutrient accumulation and stand age was observed.

Keywords Silver birch - Nutrients - Bioaccumulation - Biogeochemical eyeling - Sandy soils

Introduction

Inland dunes constitute a common component of Central
and Eastern European landscapes dominated by glacial and
fluvioglacial deposits. These are sensitive landforms, sus-
ceptible to wind erosion, which can be accelerated by human
activity (Lungershausen et al, 2017) or natural phenomena,
such as wildfire (Miller et al. 2012). Permanent plant cover
constitutes a key factor in the stabilization of these land-
forms (Chapman 1982; El-Sheikh et al. 202 1; Maun 2009),
However, very dry conditions, very low nutrient abundances,
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and strongly acidie pH, are factors that hinder the develop-
ment of vegetation. Only lichens and some pioneer plants
have adapted to function in such unfavorable environments
(Armstrong 2017). Symbiosis with soil microorganisms
ibacteria and fungi) is of fundamental importance in the
development of inland dune ecosystems (Rilling and Allen
[5499), Symbiotic organisms allow the introduction of addi-
tional doses of nitrogen (N) (Russow et al, 200%). Moreo-
ver, hyphae can increase the weathering intensity and the
uptake of other elements, including zine (Zn) and phospho-
rus (P) (Nguyen et al, 2014). Generally, the development of
plant cover accelerates nutrient eycling, thus contributing
to improving soil fertility and productivity (Maun 2009),
Litterfall, as a source of nutrients (Campbell et al. 1994; Jon-
czak et al, 2006, 2023) and a precursor of humic substances
(Fioretio et al. 2003), plays a crucial role in this area. Its
decomposition allows the formation of litter (0) and humic
(A) horizons, which provide effective protection for the soil
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surface against the impact of external factors, including the
action of wind and water.

Silver birch (Betula pendula Roth) is one of the spe-
cies that easily colonizes dune areas. Tt is 4 common tree
throughout Eurasia of high economie, social, and ecological
importance (Atkinson 1992; Dubois et al. 2020; Hynynen
et al. 2010). Due 10 its low habitat requirements, it casily
adapts to environmental conditions, hence it can be found
over a wide spectrum of site conditions. including natural
and post-arable locations (Hynynen et al. 2010; Jonczak
et al. 2020); Valkonen and Ruuska 2003), Certain charac-
teristics of B. pendula. such as rapid biomass production,
especially during the first phases of growth, and the ease of
large-scale seed dispersal, classify it as a pioneer species,
imbued with the ability to colonize open areas (Cameron
1996; Hynynen et al, 2010).

Although silver birch has already been the subject of
muany studies. several aspects related to its functioning in
various environments and interrelationships with soil sys-
tems remain unclear (Jonczak et al, 2020). One area that
has been poorly explored is the issue of nutrient cycling
in birch stands, including uptake, bivaccumulation in the
biomass, retranslocation from senescing leaves, the influx
to the soil via litterfall, and release patterns from decaying
biomass, Based on the literature. il is understood that the
growth intensity of birch is strongly correlated with nutrient
bioavailability, particularly N, P, and potassium (K) (Falk-
engren-Grerup et al. 2006; Ingestad 1971, Uri et al. 2007),
thus indicating the large potential of their uptake from soil.
The soil-plant transfer of nutrients can be effectively accel-
erated by the root microbiome (e.g., Chojnacka et al. 2023),
Generally, fresh birch biomass is rich in nutrients, How-
ever, the contents tend to correlate with the bioavailability
at the site (Uri et al. 2007) and the stand age (Gaweda et al.
2014). Nutrient distribution is uneven in hirch argans, with
the highest contents occurring in the leaves, followed by the
bark and [ine roots (Ovington and Madgwick [959; Rus-
towska 2022}, Several studies have highlighted the strong
bivaccumulation of Zn, indicating birch as being a hyperac-
cumulator of that element (Dmuchowski et al, 2012 Szwalee
et al, 2018). Although the studies by Aosaar et al. (2016),
Hagen-Thorn et al. (2006), and Jonczak et al, {2023) showed
that silver birch intensively retranslocates deficient nutrients
(N. P, K) from senescing leaves, the litterfall of that tree
is generally rich in those elements, in comparison to other
broadleaved, and particularly coniferous, tree species (Berg
and Staaf 1987, Brandtberg et al. 2004; Johansson 1095,
Jonczak et al. 2023). The decomposition of silver birch is a
rapid process (Hynynen et al 2010):; Shorohova and Kapitsa
2016).

Previous studies that focused on nutrient eycling in silver
birch stands have predominantly featured relatively fertile,
often post-arable, locations (e.g. Daugaviete et al. 2015;
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Hytinen et al. 2014; Jonczak et al. 2023: Uri et al. 2007).
There are no reports covering poor sites, such as those asso-
ciated with aeolian covers. Considering the need for the
protectionfstablization of inland dunes. the importance of
silver birch as a pioneer colonizing species, and its role in
nutrient cycling as a key factor in ecosystem development, it
is important that we obtain an understanding of the various
links involved in nutrient cycling in those environments from
broad ecological studies.

This study focused on nutrient bioaccumulation and dis-
tribution in the biomass of silver birch growing on inland
dunes under temperate climatic conditions, The nutrient
contents were determined in seven biomass fractions (fine
roots, coarse roots, stemwood, bark, coarse branches. fine
branches. and leaves) and the soils of three stands, aged 12,
20, and 34 years. It was hypothesized that the low abundance
of nutrients at these sites would be reflected in low concen-
trations in the birch biomass. It was also expected that the
nutrient content in the hiomass would depend on the stand
age. The results of the present study through analysis of a
broad set of data, both in terms of a number of biomass frac-
tions and elements, may contribute to a better understanding
of the functioning of silver birch under a high deficiency of
nutrients and generally unfavorable site conditions,

Materials and methods
Stand characteristics

The study was performed in the central part of the Racigz
Plain, central Poland, representing a cold climatic zone. with
warm sunmmers and a humid continental climate, accord-
ing to the Koppen—Geiger classification (Peel et al, 2007),
The mean annual temperature in the 1981-2010 period was
7.7 °C, with the coldest month being January (—2.6 ()
and the warmest being July (18.2 °C), and the mean annual
precipitation being 546.9 mm (Dragariska et al. 2019), The
landscape of the studied area developed under the influence
of the Vistulian Glaciation and various processes during the
Late Pleistocene and Holocene, Generally, it is a flat area
covered predominantly with sandy fluvioglacial sediments.
Inland dunes of various sizes occur commonly within these
covers, constituting a record of accelerated acolian activity
in the past. The study was performed in one of the larg-
est dune fields of the Racigz Plain. Now, it is an almost
completely afforested area with Scots pine and silver birch
predominating at various ages,

The study covered three stands of silver birch of differ-
ent ages—12 (52.904167N, 19.949308E), 20 (52.908802N,
19.948198E), and 34 (52.896873 N, 19,939129 E) vears old
(yo). The main characteristics of the stands are included in
Table 1.
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Table 1 Basic churscteristics of

Charaicteristic
the studied silver birch stands

[2-yo 20-y0 3-yo
Age (yedrs) 12 20 34
Drensity (pes ha™') 4210 1375 1250
Height (m) 6 G 12
Diumeter at breast height (em) 05416 HT+1.5 135+ 1.9
Soil Relerence Group® [ystric Brunie Aeolic Dystric Aeolic Arenosal  Dystric
Arencsol (Protospodic) {Protospodic) Aeolic
Arenosal

*Soil reference group eccording 1o WRB (2022) classification

Soil and biomass sampling

The soil and biomass samples were collected in June 2021,
Ten average-sized birches were chosen per stand. From each
tree. samples of the biomass were taken, including second-
arder roots (RII), first-order roots (R1), stem wood (S), bark
(B} collected at breast height, first-order branches (Brl), sec-
ond-order branches (Brll), and leaves (L) from the central
part of the crowns (70 biomass samples in total per stand).
From under each birch, soil sumples were taken using a soil
corer fromm the following layers: 0-10, [0-20, 2040, and
#1580 em (40 soal samples in total per stand). Additionally,
samples from the soil horizons in each stand were collected
for description and particle~size distribution analysis to clas-
sify the soil.

Laboratory analyses

The soil samples were dried at room temperature and sieved
through a 2.0-mm-mesh sieve o remove the gravel frac-
tion. Part of the sample was milled into powder. The fol-
lowing analyses were performed on the earth (< 2.0 mm)
fraction: particle size distribution using the mixed pipette
and sieve method and classification of the lextural classes,
lollowing the Polish Soil Science Society (PTG 2000); pH
by the potentiometric method in a suspension with water
at a soil;water ratio of 1:2.3; tota] organic carbon (TOC),
N and sulphur (8) by dry combustion (Vario MacroCube,
Elementar, Germany); and elemental content of P, K, cal-
cium (Ca), magnesium (Mg), iron (Fe), manganese (Mn),
copper (Cuj, and Zn by inductively coupled plasma—atomic
emission specirometry (LCP-OES) {Avio 200, Perkin Elmer,
USA) prior to microwave (Ethos Up, Milestone, Italy)
digestion in aqua regia. The biomass samples were dried al
65 °C and milled into powder. Their analysis included the
N content by dry combustion (Vario MacroCube, Elemen-
tar, Germany), and P, K, Ca, Mg, Fe. Mn, Cu, and Zn by
ICP-OES {Avio 200, Perkin Elmer, USA} after microwave
(Ethos Up, Milestone, Italy) digestion in 65% nitric acid
(HNO;y), All chemical analyses included two replicates, Only

pure per-analysis reagents were used, with certified reference
materials employed for analysis quality control.

Statistical analysis

The bioaccumulation factors (BFs) of the elements in the
biomass fractions (organs) were calculated based on the
formula

_ contentofelementinorgan
contentofelementinsoil

The mean elemental content in the soils and biomass
fractions were calculated, along with the standard devia-
tion, Since the obtained data does not meet the assumptions
of normal distribution and the sample size is small, the
Kruskal-Wallis test followed by post-hoc Dunn’s test for
multiple comparisons was applied 1o determine the statisti-
cal significance of the differences between the mean values,
To counteract the multiple comparisons, the Bonferroni cor-
rection was used. Moreover, the Spearman correlation coeffi-
cients between certain variables (the weighted mean elemen-
tal contents of the soil, elemental contents in the biomass
fractions of silver birch, BFs, and stand age) were calculated,
Statistical analysis was performed using the Microsaft Excel
and Statistica software.

Results
Basic characteristics of the soils

The soils from the studied locations were classified as
Dystric Brunic Acolic Arenosol (Protospodic) (12-vo
stand), Dystric Aeolic Arenosol (Protospodic) (20-yo
stand}), and Dystric Aeolic Arenosol (34-yo stand), based
on the World Reference Base classification ( International
Union of Soil Sciences 2022). All the soils were charac-
terized by a sundy texture (Table 2) and strongly acidic
reaction (Fig. 1). In all the layers. the pH-H,0 was at a
similar level, ranging from 4.0 to 4.2 in the 12-yo stand,

'ﬂ Springer
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Table 2 Particle size distribution of the studied soils

Soil hori- Depth (em)  Sand (%) Silt(%) Clay (%) Textural
20N aroup
1 2-y0

AEs =1y 974 1.1 |4 Sand
Bvhs 19-33 Q0.0 0.3 (.8 Sand
BvC RS 98.7 n2 i Sand
C 42-100 Y849 0.2 .8 Sumnd
20-yo

AEs 0-9 91.3 6.7 2.0 Sand
BhsC 9-24 9%8.1 09 09 Sanil
Cl 2442 98,2 0.7 1.1 Sand
2 A2-1(H) 99.0 0.2 09 Sand
3dvo

AL -5 95.5 3:1 1.4 Sand
& | 5-50 978 2 0.9 Sand
2 5075 984 0.6 1.0 Sand
3 Ti-110 Qa0 0nz2 (L8 Sand

from 3.3 to 4.3 in the 20-yo stand, and from 4.0 to 4.4
in the 34-yo stand. A relatively low abundance of TOC
was noted (Fig. 1), which is generally typical of sandy
forest soils. The TOC content was the highest in the top-
$0il (0-10 cm), amouniing to 9.9, 21.4, and 8.7 g kg~ in
the 12-, 20-, and 34-yo stands, respectively, There was a
clear tendency in the profiles of a decrease in TOC with
depth, and in the 40-80-cm layer, the TOC content did not
exceed 1.32 g kg™, The differences in pH and TOC con-
tent between the stands were not statistically significant
in most cases, except for differences between 20-yo and
34-yo stands. In this case. the TOC content was consider-
ably higher in the 20-yo stand (Fig, 1),

Pepih H-H.()
m pH-H,
010 e e 1
a
R S —_— _'—'II
10-20 b
a
S T —— ——
20-41) a
(1]
- D
0-30 b
I
o 1 2 3 & L)

Nutrient contents of the soils

The nutrient contents of the soils varied between the stands
and with depth. Based on the weighted mean contents in the
(—80-cm seil layer, the orders of the elemental abundances
on all three stands showed a similar pattern: K> Fe> Ca>
Mg>P>N>Mn>5>7n2 Cu. Only in the case of 20-yo
stand, the content of P was higher than Mg (Table 3). The
depth tendencies varied depending on the element. The N,
S. and Cu contents showed a significant decrease with depth.
while the P, K, Ca. Mg, Fe, Mn, and Zn contents remained at
similar levels throughout the profiles, despite the significant
differences in the clemental contents between the stands,
in most cases (Fig. 2). Most commonly they occurred for
Ca and §. followed by Mg, P, Fe, Mn, and K. Consider-
ing all the studied elements. significant differences in the
majority of cases were found between | 2-yo and 34-yo stand
tfor P. K. Ca. Mg, Fe, and Mn). Between 12-yo and 20-yo
stands differences occurred for K, Ca, Mg, S. and Mn, while
between 20-yo and 34-yo stands for N, B, §, Fe, and Zn.
The recorded nutrient concentrations were typical of uncon-
taminated sandy soils on inland dunes (Brozek and Zwydak
201y Czarnowska 1996),

Nutrient contents in the birch biomass

The distribution of the studied nutrients in the silver birch
biomass varied (supplementary information and Fig. 3). The
highest contents were mainly noted in the leaves, followed
by the fine roots and fine hranches, whereas the lowest were
in the stem wood. Generally, differences in the elemental
contenis between the organs were gregter for the macronutri-
ents than for the micronutrients (particularly for Cu and Zn).
Although the differences in elemental contents between the
stands (considering the same organ) were statistically sig-
nificant in many cases, the trends were not clear. Most often,

P TOC

om —_—

-1 b
a

1020 Fu
b

=1

200 = 0
h

o 12-yo  w20-yo

tl-bth I a
. ghy!

L] L 10 |& an 25 £ a5

o 3d-yo

Fig.1 pH and TOC content in the studied soils (different letters indicate statistically significant differences between stands at a significance level

of 2 0,05 hased on Dunn's test)
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Table 3 Sail mean + 8D clemental contents {mg kg™ ) in the studied
stands

Element 12-yo 2-y0 yo

N 210.6439.0* 301.8+455" 2058 + 70,3
r AR S54] 2 308646711 2574+ 709"
K YIRTHE2412°  9170.2+3157%  916LTL265.40
Ca 1654.7 +67.7 14398+ 64.7" 1358, 2 240.7"
Mg 336,508 3887+ 155" 439.9 4 42.7"

hy 477461 75.9411.5" 453 4135
Fe 5333.342582" 4604345278 3910544578
Mii 1274+11.1° 857590 B28+94°

Cu 07401 ITETRE 0.7+0.2°

7n 64209 11.4-:1.4P 208 +5.17

Note: Different letiers (g, b, ¢} indicate statistically significant differ-
ences between the stands al a significance level of p <003 based on
Dunn's test

significant differences were found for Fe, followed by S, Mn,
Zn, Ca, and Mg. Among these elements, considering the
majority of biomass fractions, they mostly occurred between
12-yo and 20-yo stands (for Ca, Mg, Fe, und Zn). Between
12-yo and 34-yo stands. as well as between 20-yo and 3d-yo
stands, the analysis showed differences mainly for S, Fe,
and Mn. The elemental contents were relatively low, reflect-
ing the trophic status of the sites. The correlations between
the elemental contents of the silver birch biomass and their
contents at the site were relatively poor (Table 4), except
in a few cases. Much stronger were correlations recorded
between the elemental contents and stand age, especially for
8. Fe (negative ), and Mn (positive) (Table 5). The contents
of the remaining nutrients showed usually moderate correla-
tions (both positive and negative).

Bioaccumulation factors

The bioaccumulation intensity in the silver birch biomass
was highly variable, depending on the element and the bio-
mass fraction (supplemeniary information and Fig, 4). The
highest elemental BF values usually occurred in the leaves,
However, in the 20-yo stand the highest BF of Ca and Mn
was noted in the bark. This biomass fraction was also the
most abundant in Zn in all the stands. Tn general, based on
the BF values, N had the sirongest bioaccumulation, fol-
lowed by 8, Zn, and Cu (Fig. 4). For K, Mg, and Fe the BF
values were generally low (< 1.0) in most biomass fractions.
The statistical analysis showed that significant differences
between the studied stands were the most common for §
and Zn, followed by Fe, Mn, P, and N. For all of the stud-
ied elements, they were predominantly observed between
20-yo and 24-yo stands in terms of N, P, 8, Fe, Mn, and
Zn when considering the majority of biomass fractions.
Between 12-yo and 20-yo stands and between 12-yo and

dd-yo stands the analysis showed differences primarily for
P. Mg, 5, and Zn and for Mg, Fe, and Mn, respectively. The
correlation analysis indicated Mg, Fe, and Mn as elements
which BF's were strongly correlated with stand age for many
of the biomass fractions. The BF values of the remaining
nutrients showed rather moderate associations (hoth pusitive
and negative) (Table 6).

Discussion

The nutrient levels of inland dune soils are generally very
low. as evidenced by the studies of Brozek and Zwydak
(2010, Willis and Yemm (1961}, and others. This observii-
tion was confirmed by the findings of this study (Table 3).
The contents of P, Ca, Mg, S, Fe, Mn, Cu, and Zn were
considerably lower than their mean contents of Polish sandy
soils (Lis et al, 2012), as well as N content when compared
to the Arenosols stands of silver birch (Rustowska 2022),
The vertical distribution of elements reflects the impor-
tance of the soil organic and mineral phases and the role of
vegetation (Jobbégy and Jackson 2001 ). In forest soils, ele-
ments such as N, P, Cu, Zn, 8. and Mn occur in their highest
amounts in the ectohumus (O) followed by the humic (A)
horizons, below which a decreasing tendency with depth
can usually be observed. The Ca, Mg, K, and Fe contents
increase with depth or are stable. These peneral tenden-
cies can be modified by the lithological discontinuities, the
wialer regime, soil-forming processes, and other factors, Tn
the studied soils, typical depth tendencies were exhibited
by N, 5, Cu, K, Ca, Mg, and Fe. The P and Zn deviated
from the typical distribution, however, generally occurring
n very low concentrations. Litterfall plays a key role in the
distribution of the studied elements in forest soils (Cakir
and Akburak 2017; Jonczak et al, 2016; Marler and Cruz
2022; Morffi-Mestre et al, 2020), with leaves being its major
component. Leaves are usually the most abundant in nutri-
ents compared o other biomass fractions (Jonczak 2011,
2013; Jonczak et al. 2016: Terauda and Nikodemus 2006),
However, the chemistry of falling leaves originates not anly
from the site characteristics but also from retranslocation as
a mechanism of effective nutrient management, The inten-
sity of that process can exceed 80% (Ericsson 1994- Giertych
et al. 1999), Studies by Joncezak et al. (2023) have shown
that, although silver birch intensively retranslocates deficient
nutrients, including N, P, and K, their influx to the soil via
litterfall is higher in post-arable stands when compared to
many other tree species,

Nitrogen and P are major limiting factors on biomass pro-
duction in natural and most managed forests in the world
(Elser et al. 2007), These elements are extremely poorly
represented in inland dune soils. Consequently, it should
be expected that there would be low concentrations in the

ﬂ Springer



Trees

Diepily N

I-in

1
|

|

1020 a
h
S —ith
Mo i
" Z-yo W20-y0 M 3dyn
—_—
4030 -
i g by
o 100 F] £ K (] im0 I
[leyiits
o wia K
001 -
b
i
w0

S

i
|

.

b
g kgt
o il Ao =<1 HiME 10000 | 26y
Dlegith
cm — MB
-1 B
]
[ ———
L8]] L]
L
—a
201 o
]
—
i mghg*
i 120 M Ji 400 Aiwp filHy
Irepih
E — iy Fe
k10 ]
b
S
13218 L]
h
—
1] ']
b
- "
* mg kgt
L (LoLi] TiWl il AN L1 L] L MY
ek =
) el Cu
1 -d
L}
D ™|
10213 a
b
—_—
01N &
b
——-a1
A0LET i
]
mg kg.l
L] L] Lo s i

hugth P

|

{1

g g
L} L1} b ] £ L [ HH
Depih
ém AT o
L33 14] b
c
- n L}
W h
]
e —
IR L
—h
= el
Alwn b
img g
L] S0 11y 1500 2y
Prepih
™ v — S
0 1
-
19-20

=
] T
1‘ ‘i

AR -: b
g k!
i £ (] (&) am
Depih
om o " Mn
Ml B
h
| |
B30 B
B
y — Ll
kX1 [
h
L —— s
»
Ll
mkyt
L] L] (L] (&1 200
Dicgh
om pe=— — 1 Zn
[FH ] ]
k]
| ——
120 "
b
e u
2t
'l
. = —
AlkM0 Eh
“
g kg!
] 5 1] (£} 2 = 1a %

Fig.2 Mean £5D clemental contents in the soils at depths of 0-10, 10-20, 2040, and 40-80 cm (different letters indicate statistically signifi-
eant differences between stands at a significance level of p< .03, based on the Dunn's test)

ﬂ Springer



Trees

By

25

2

LEITE]

SR

=g eyl

ah

mi b

N

[2-y0 ®W20-yo & 3d-yo

=
4
fr——

]
-

oy
[
-

E

L1} LT] 8
mgke!

g b

a
]
ij_ [ i 14
Ebe Uale sl
e 5 q il

Cu.

Rrn

e
‘ il

g

Eirld

dhn

e

i
1

i
L

2un

| StHy

EETEEEEREE -

=

(L]
(2]
400
20

B

P
] Ly lix b
i
ean L
ai i ' M
il Al % 1} tisl il L
g ! 'a
b
i ¢ L
» [
s & l
J a P B &0 o
] 1 Ih l
1] L1} ] -] td el L
LU g "
i I"
o
Is 5
LT i hh
i [ Y P
. By
L] Al ¥ 1] H] Hilt L
mpky! ME
h i ¥
s . ¥
W LT M |
F TR B
&0 (1] 5 0 Hirl LT 1
g gy 7ne
b a
] ! Tl
b ‘ >
b : k¥ ‘
i
H [ i .
! i ]
] |
in u % B Birl Rl L

Fig.3 Mean + 5D elemental content in the birch biomass (different letters indicate staistically significant diferences between stands ot 3 signifi-
cance level of p< .05 based on Dhinn’s test)



Trees:

Tabled Spearmun corrclition coeflicients between the element contents in the soil and the hiomass fractions of sifver hirch

Element | RIT RI s B Brl Bl | L
N —0.151 0025 | 0417 | 0377 | -0132 | 0264 | —0.047
P 0.099 | =0.2623 | 0074 | —0.09 0.182 | —0.097 0.098
K =222 | —0.038 0.148 0.036 | —0.160

| Ca 0.225 0.188 | -0036 | —0.098 | -0.093
Mg | —0.067 [ 0.200 ~0.016
s —0.026 0.194 | 0093 0252 | 0. -0.061 | -0.079
Fe ~0.088 | ~0.100
Mn | =0.229 | -0.209 0.149 | -0.288 | 0.028 0.063
Cu | —0.007 0.193 | -0,191 | —0.176 0.039 0.113 | —0.113
Zn ~0.013 -0.260. | =0310

Nowe: B—hark, Brl—firsi-order branches, Bril—sccond-order branches, L—leaves, RI—firstorder roots. RII—second-order roots, S—stem-
wood, Green indicates positive correlationfred indicates negative correlution. Colour shades mean the strength of correlation

Table 5 Spearman correlation coefficients between the elemental content in the silver bireh biomass fractions and its age

Element| RII Rl S B Bil Bril L |
N 0.5 0.5 0.5 0.5
P 0.5
K 0.5 0.5 0.5 0.5 0.5
Ca 0.5 0.5
Mg (0.5 0.5 0.5

S

Fe 0.5 .5
Mn 0.5 0.5 0.5
Cu 0.5 0.5 0.5
Zn 0.5 0.5 0.5 0.5

Note: B—bark, Bri—first-order branches, Brll—second-order branches, L—lcaves, RI—first-order roots. RII—second-order rools, S—stem-
wind, Green indicates positive correlation/red indicates negative correlation, Colour shades mean the stren gth of correlation

biomass from these soils compared to those of other loca-
tions, However, both elements had high BF values in this
study. particularly in the leaves (Fig. 4), highlighting their
physiological importance. For leaves, the concentrations of
N (21-22 g kg™') and P (1.7-1.8 g kg™") were within the
ranges reported in the literature referring to stands repre-
senting low to moderate nuirient abundance. These leaf val-
ues oscillate between 17.6 and 42 g kg™ for N and 1.3 and
3.5 g kg™! for P (Daugaviete et al, 2015; Jonczak et al. 2023:
Oksanen et al. 20035: Rustowska 2022), For roots, contents
for N (5.5-6 g kg™') and P (0.5-0.6 g kg™') were compa-
rable to the 2.2-8.4 g kg™' for N and 0.32-0.54 g k' for
P provided by Hellsten et al. (2013). Values for both birch
leaves and fine roots on post-arable sites were a bit higher
than in our study (Daugaviete et al. 2011 5; Rosenvald et al.
2014}, Davgaviete et al. {201 5) noted higher contents with
the difference for leaves reaching up to 13.4 g kg™ for N
and 1.5 g kg™ for P, as well as Rosenvald et al. (2014), who
found N contents in leaves higher by 1o 0.9% and 0.7% in
fine roots and by to 0.23% (in leaves) and 0.11% (in fine
roots) for P than in this study. In urban areas, P contents

ﬂ Sprinper

in silver birch were even higher; Modrzewska et al. (2016)
reported up to 10 g kg™" in leaves and 2.3 ¢ kg™ in the bark.
As reported by Fyllas et al. (2009). the accumulation of P
depends mainly on environmental factors, which can explain
the differences observed between this study and the above-
mentioned works in which birches were growing in highly
variable conditions,

The K, Ca. Mg, and 5§ contents in the silver birch bio-
mass from this study are mostly similar to reports by other
authors who have condueted research on sandy soils obtain-
ing the contents of these elements in leaves in the range of
1.7-15.1,2.9-12.5, 0.3-3.4. and 1.07-1.12 g kg~ for K, Ca,
Mg. and 5, respectively (Daugaviete et al. 2015: Jonczak
et al. 2023; Rustowska 2022). The results are also consistent
with the data presented by Hellsten et al. (2013), Miranda
etal. (2013), and Oksanen et al, (2005). However, there were
some differences from stands strongly affected by human
activity. Although the birch biomass K contents were similar
to those presented by Rosenvald et al, (2014), the amount of
accumulated K in the present study was higher—by approx.
4gkeg ' and 3 g kg™' when compared Lo the birches growing
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Table 6 Spearmun correlation coelficients between the bivaccumulation factors in the silver birch biomass fractions and its age

Element

Note: B—bark, Brl—first-order branches, Brll—sccond-order branches. 1—leaves, RI—first-order roots, RIl—second-order roots, S—stenm-
wood. Green indicates positive correlation/red indicates negative carrelation, Colour shades mean the stren pth of eorrelation

on post-arable (Daugaviete et al, 2015) and post-industrial
(Sitko et al. 2022) soils, respectively. In addition. Modrze-
wska et al, (2016) reported lower contents of K in birch
leaves in urbanized area, even by approx. 4 g kg™, These dif-
ferences were unexpected. However. in some areas it may be
explained by the atmospheric deposition of K. which found
in rainfall and dust. can be transported over long distances
(Nieves-Cordones et al. 2019), contributing to increased K
accumulation in plant biomass, On the studied stands, this
could be the influence of the surrounding rural environnient,
¢.g. farms or arable fields (Mikkelsen and Roberts 2021),
Although the stands were formed by aeolian sediments, they
were relatively abundant in K (Table 3). In the present study,
compared to the K content of sandy soils presented in the
work of Rustowska (2022), they were about 7 g kg™ higher.
For the biomass element content, an inverse dependency was
noted for Mg and Ca when compared to post-smelter soil
heap in the study of Sitko et al. (2022). Their accumulated
amounts being lower in the birch binmass in this work. It is
not surprising, since the soils on the studied stand had also
significantly lower contents of Ca and Mg — by approx. 80
and 17 mg kg™, respectively.

Micronutrients typically occur in plant biomass in low
concentrations. This is due to their limited uptake from the
soil as an effect of their low physiological requirements (Li
el al. 2017). Despite the significant amount of Fe in soil,
its concentration in plant biomass usually does not exceed
0.5 g kg~". In this study, the silver birch leaves contained
Fe at levels comparable to those recorded by Oksanen et al.
{2005) and Sitko et al, (2022), but at lower levels than those
reported in Kicinska and Gruszecka-Kosowska (2016),
who recorded even approx. 630 ppm Fe in unwashed birch
leaves. In terms of the other micronutrients, their contents
are mostly similar to the elemental compositions of birches
growing on nutrient-poor (Arenosol) soils, except for Mn
(Jonczak ctal, 2023; Rustowska 2022). Contents of Mn were
much lower in this study, particularly when compared to

@ Springer

the work of Sitko et al. (2022) on post-coal-mine spoil heap
soils, who recorded contents of Mn approx, 5 times higher
than in this study—on the level of 3.18 g kg™, However, in
the leaves of birches growing on former open-cast coal land,
the differences in the Mn contents were marginal, similar to
the Zn contents (Desai er al. 2010,

Silver birch has often been reported as a Zn-tolerant plant
with naturally high Zn concentrations in the leaves (Adri-
ano 1950). 1t has even been considered as a hyperaccumula-
tor of that element (Dmuchowski et al. 2014). Compared
to the results in this study, Hermle et al. (2006}, Kicinska
and Gruszecka-Kosowska (2016), Pajak et al, (2017), Ros-
seli et al. (2003), and Sitko et al. (2022) on post-industrial
areas reported higher contents of Zn in the birch leaves from
post-industrial areas with the contents reaching up 1o approx,
0.15, 3.7, 1.5, 0.23, and 0.5 g kg™'. Szwalec et al. (2018)
also found tailings-dump soils to have high amounts of Cu
and Zn, reporting Zn contents in the birch biomass in the
highest amount of 2.2 mg kg~'. However, the Cu contents
were comparable 1o those in this study (approx. 5 mg kg™'),
even though the tailings-dump soils were contaminated with
this element. Hermle et al, (2006) and Pajak et al. (2017)
determined similar Cu contents in birch leaves on metal-
contaminated snils. Rosseli et al, (2003) found that Cu con-
centrations in the aboveground tissues of silver hirch were
similar in samples taken from a contaminated area and the
control soil. This is likely because Cu is strongly associ-
ated with several soil constituents (Romi et al. 2014} and, in
general, its content in plant tissues remains relatively stable,
regardless of the type of soil and its abundance in this ele-
ment (Baker and Brooks [959),

The distribution of elements in tree hiomass is uneven
among the organs due to their different physiological func-
tions. Stemwood tends to be the least element-rich hiomass
fraction, whereas the assimilating organs, bark, lowers, and
seeds are nutrient-rich (Augusto et al. 2008; Barron-Gaf-
ford et al. 2003; Gaweda et al. 2014; Uri et al. 2007; Yang
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and Luo 2021), This was confirmed by the present study,
where the distribution of elements in silver birch growing
on nutrient-poor sands mostly corresponds to the findings
of other authors (Novik et al. 2017; Rustowska 2022). The
fact that the highest contents of most of the nuirients were
in the leaves is probably associated with their roles in pho-
tosynthesis and as the final link in the flow of water from the
soil (Ostrowska and Porebska 2002}, The increased share of
certain elements, such as Mn, Cu, and Zn, in this biomass
fraction. as well as in the bark and branches, may also result
from atmospheric deposition (Arasimowicz et al. 2010;
Lindberg et al. 1982). In terms of Fe, the highest concentra-
tion was in the fine roots (Fig, 3), which might be related
to its low mobility in plants (Parzych et al. 2016), but also
to the presence of fine soil particles in the root samples.
Because Fe is present in soils in large amounts, and because
the complete removal of residual mineral parts from roots
is difficult. its overestimation in this biomass fraciion is a
known problem (Hunt et al. 1999},

[n the present study, it was also hypothesized that stand
age influenced elemental accumulation in silver birch bio-
mass because it is one of the factors that determine the nutri-
ent status in plant biomass (Alifragis et al. 2001: Augusto
etal. 2008: Mizuno et al. 2008; Peri et al. 2006; Rodriguez-
Soalleiro et al, 2018; Rosenvald et al. 2013; Rytter 2002).
For instance, Rytter (2002) observed a decrease in macronu-
trient concentrations (N, P, K, Ca, and Mg) in hybrid aspen
stems with increasing age, as well as Alifragis et al. (2001)
in the biomass of Aleppo pine trees for N, P, K, and Mg
and Peri et al. (2006) in oersted trees Tor these nutrients
including also S. For Ca authors indicated reverse trend,
Rodriguez-5Soalleiro et al. (2018) found negative correlations
of concentrations of P, K, Ca, Mg, 8, Cu, and B with age in
the wouody parts of deciduous species. Augusto et al. (2008)
recorded higher N, P, and K concentrations, but lower Ca in
younger pine needles than in older ones, while Mg concen-
trations were not affected by age. Generally, the presented
above results dilfer among the particular tree species. How-
ever, the results of the present study seem to usually confirm
the general trend, mainly for Mg, §, and Fe. The correla-
tion analysis (Table 4 and 5) revealed that the contents and/
or BFs of the above-mentioned nutrients correlated often
negatively with stand age. However. in the ease of Mg, the
significantly higher accumulation by the youngest birches
(Figs. 3 and 4) can be also related to other factors, such
as high density and shading on the 12-yo stand (Table 1),
Since Mg constitutes a central component of chlorophyll
involved in photosynthesis, leaves at lower light availability
may have accumulated higher Mg content than leaves on
lower-density stands ( Trdinkner and Jaghdani 2019). [n terms
of Fe. from the correlation analysis, it can be assumed that
its accumulation can be also related to the soil abundance
of the stand. This can be supported by the ohservation of

a clear decreasing trend in the accumulation of Fe in most
biomass fractions, along with a decline in soil abundance of
this element. When compared to Mg, S, and Fe, an oppo-
site tendency was characterized for Mn, but it is consistent
with the finding of Mizuno et al. (2008), who indicated that
mature Chengiopanax sciadophylloides trees had higher
foliar Mn concentrations than young trees. Regarding N and
P, although the correlation analysis did not show dependen-
cies of their accumulation with age, it can be observed that
despite significant differences in the content of N and P in
the soils of the studied stands, their accumulation in silver
birch biomass was similar (Figs. 3 and <), It can be explained
by increased mycorrhizal colonization and dependence of
older trees on their symbiotic fungal relationships, which
may offset the decreasing soil fertility over time (Liu et al.
201%; Martin-Pinto et al. 2022).

Conclusions

The present study was focused on the evaluation of nutrient
concentrations. their distribution patterns, and their bioac-
cumulation intensity in the biomass of silver birch growing
on extremely nutrient-poor inland dune stands under tem-
perate climatic conditions. The findings have relevance for
the fields of forest ecology and biogeochemistry. Certain
trends and specific features of the stands were identified in
relation to their variable ages. Based on the results obtained,
it can be staied that the nutrient levels in the silver birch
biomass were generally low, bul not appreciably different
from those reported by ether authors in stands associated
with sandy soils. The nutrient levels in the biomass were
much higher than their concentrations in the soils, indicat-
ing a strong bivaccumulation intensity, as evidenced by the
BFs. However, the intensity of that process varied greatly
among the elements, organs, and stands, which is in line
with previous reports and the general tendencies for tree
species. Among the studied elements, N had the strongest
accumulation, followed by 8, Zn, Cu, Mn, and P, Most of the
clements had their highest contents and BFs in the leaves,
followed by either the bark (8, Cu). the roots (N, P, Mg}, or
the branches (K). Fe occurred in its highest amounts in the
fine roots, whereas Mn and Zn were most concentrated in
the bark. The lowest elemental contents, and thus BFs, were
recorded in the stem wood, Overall, this study showed the
relationships of the stand age with content and bioaccumula-
lion intensity ol some nutrients (particularly Mg, 8, Fe, and
Mn} in the biomass of silver birch growing on inland dunes
and highlighted the importance of soil nutrient abundance
as a factor influencing the nutrient status of this tree. Birch
as a potential hyperaccumulator of Zn was alse confirmed
by this study.
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The afforestation of former farmland is a common practice on poor-ruality soils when traditional
production is no longer profitable, To at least maintain, and preferably improve the health and
quality of the seil, it is crucial to understand the effects of various tree species on the soil environ-
ment. Tracking nutrients, including their contents, bicavailability, bicaccumulation in the blomass,

and return to the soil via litterfall is important in this regard, Although silver birch (Betula peridula
Raoth) is often implemented in afforestation, knowledge concerning its ecology is still insufficient,

Keywords:

including the nutrient aspects. Henee, we undertook a broad study to determine the hioaceumula-

tion of major nutrients (N, B, K, Ca, Mg, §, Fe, Mn, Cu, Zn} in the biomass of silver birch trees growing

Silver hirch
Biogeochemical eycling
Nutrients
Biovacocumulation
Marginal snils

on post-arable soils, representing various trophic states and degrees of deformation, under temper-
ate climatic conditions. The study covered four stands representing varied soil texrures (loamy and
sandy) and ages (10 and 35 years). Samples of soil (from depths of 0-10, 10-20, 2040, and 40-80 cm)
and biomass (fine roots, coarse roots, stemwood, bark, coarse branches, fine branches, and leaves)
were collected and analyzed using standard procedures. The soils were acidic and moderataly

abundant in total organic carbon and N, but generally poor in the remaining elements. The elemen-
tal contents strongly varied among the birch organs, commonly reaching their highest values in
the leaves, followed by the roots (N, B, K, Mg, ), bark (Mn, Ca), and branches (Ca), Iron oecurred
in its highest amounts in the fine roots, Zn in the bark. Amaong the macronutrients, the highest
bioaccumulation intensity was recorded for N, followed by §, B, and Ca, while the highest intensity
among the micronutrients was for Zn, Statistivally significant differences were noted in several
cases between the stands, in terms of individual biomass fractions and their elemental contents and
bioaccurmulation factors. Our resulrs highlight the influence of soil properties and the post-arable
nature of the stand on the nutrient accumulation in silver birch biomass. We found that silver birch
grewing on former arahle soils shows an increased accumulation of some nutrients, particularly P
and 5. Moregver, the strong bicaccumulation of Zn and Mn hy this species was confirmed.

1. Introduction

Human history is closely linked to progressive deforesta-
tion in many areas (Mather et al., 2000). The conversion of forest
soils to cropland soils has resulted in significant changes in their
properties and funcrions, which has affected terrestrial ecosys-
tems and biodiversity at various scales (Bezerra et al, 2023), as
well as certain global processes (Tinker et al., 1996), The loss of
soil organic matter (SOM), accompanied by a deterioration in its
quality, and profound changes in the soil's nutrient status and
cycling are typical of the transition from forest to arable land
use (Murty et al, 2002; Tolimir et al, 2020). Further changes
strongly depend on the agricultural practices applied, includ-
ing crop rotation, cultivation techniques, and fertilization. The
impacts of these factors on the soil system have been clearly

demonstrated by the results of long-term experiments (e.g.,
Kaiser et al, 2007; Chahal et al., 2021). Agricultural practices in
the past have contributed to soil degradation in many areas and
in many ways (e.g., Borrelli et al., 2017; Bednaf and Sarapatka,
2018). As a result, the profitability of cultivating soils of some
areas has declined considerably, leading to the abandonment of
agricultural production,

Soils excluded from agricultural production are character-
ized by a number of specific features resulting from unsuitable
agricultural practices. Compaction, low SOM content and poor
S0M quality, acidification or alkalization, salinization, low nu-
trient contents, nutrient imbalance, and contaminaton with
various substances are the symptoms most typical of soil degra-
dation and reduced productivity (Privalie et al., 2021). A signifi-
cant number of these problems concern sandy soils with natu-

© 2024 by the authors. Licensee Soil Science Society of Poland, This article is an open
access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY NC ND 4.0) license (hitpsy/ereativecommons.org/li censes/by-ne-nd;/4.00). 1

195922



Rustowska et al.

rally low contents of organic matter and clay minerals, these be-
ing the components responsible for the mechanisms of internal
stabilization and the buffering of external factors (Simansky et
al, 2019). Afforestation is considered to be one of the most ef-
fective forms of regeneration of soils degraded by agricultural
preduction. However, the ultimate effects of this process de-
pend on the choice of tree species hecause it is well known that
each species interacts with the soil in their own particular way
(Augusto et al, 2002), Identifying these mechanisms is crucial
for the successful restoration of degraded soils, including their
properties and functions. In addition, the choice of vegetation
should consider the initial state of the soil in terms of the form
of degradation and the expected final effects, Tracking nutrients
in plant-soil systems, including their contents in the soil, their
uptake, allocation in the biomass, return to the soil via litterfall,
and release during litter decomposition, provides valuable in-
formation on the effects of vegetation on the soil cover and its
potential for reclamation,

Previous studies have shown that the afforestation of de-
graded post-arable soils brings many ecological and economic
benefits (Laska, 2014), and is generally in line with a policy
promoting the sustainable management of natural resources
(Slawski et al., 2020). However, the afforestation of such soils
is a challenge to modern forestry due to their specific charac-
teristics (Krawezyk, 2014), particularly considering the key ob-
jectives of that process-at least maintaining, and preferably im-
proving, the health and quality of the soil. Being able to meet
these expeciations requires a detailed diagnosis of the trends
and mechanisms pertaining to how individual tree species im-
pact the soil system-its structure, properties, processes, and
functions. Tracking essential nutrients, including its elemental
content, their forms, bioavailability, leaching in the soil, and
uptake, their binaccumulation in the biomass, return to the soil
via litterfall, and release during decomposition, can add highly
valuable information to this topic,

Silver birch (Berula pendula Roth) is one of the tree species
most often used for the afforestation of post-arable and post-in-
dustrial areas in the temperate climatic zone. Although it can
usually be found on nutrient-poor sandy soils (Sutinen al., 2002;
Oksanen, 2021), its tolerance to a varlety of site conditions is
broad. It is a species with high succession potential, character-
ized by its rapid growth and large seed fall (Spulsk et al, 2010),
Hence, it easily colonizes open spaces, such as abandoned fields,
post-fire or post-industrial areas, improving site conditions for
other, more demanding species. Although silver hirch is widely
distributed in the forests of the Northern Hemisphere, and its
importance has been increasing in the forest economy over the
last few decades, there is still insufficient knowledge CONCErning
its impact on the soil system and vice versa (Jonczak et al., 2020),
This also concerns nutrients—their status, cyeling, and bioaccu-
mulation n the hiomass-with the available data differing and
often being inconsistent,

The production of biomass in silver birch stands is consid-
ered to be large (Uri et al, 2012; Gaweda et al., 2014; Jagodzinski
et al., 2017), thus suggesting a high demand for soil nutrients. Al-
though this thesis has been confirmed by several authors in rela-
tien to nitrogen (N), phosphorus (P), and potassium (K) (Ferm,
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1993; Falkengren-Grerup et al, 2006), it seems to he contrary to
the opinion of the high tolerance of this tree for poor site condi-
tions. Previous studies have shown that fresh silver birch biomass
1s relatively rich in nutrients. However, these elemental cantents
are controlled by their abundance at the site, the soil character-
istics, and the stand age, and they vary among the OTEans, com-
monly reaching their highest values in the leaves and rarely in
the bark or fine roots (Daugaviete et al,, 2015; Novak et al, 2017;
Rustowska, 2022). Daugaviete et al. (2015) reported higher con-
tents of nutrients in the biomass of silver birch growing on post-
arable compared to natural soils. Among the elements, zine (Zn)
and manganese (Mn) are understood to accumulate particularly
strongly in the biomass of silver birch (Dmuchowski et al., 2014;
Rustowska, 2022), Studies by Hagen-Thorn et al. (2006), Aosaar
et al. (2016), and Jonczalk et al. (2023a) have shown that essential
nutrients, including N, P, and K, are intensively translocated from
the senescing leaves to the branches during the late summer and
autumn, whereas some (calcium [Ca], iron [Fel, Mn, and Zn) are
accumulated. Finally, the nutrient contents in silver birch litter-
fall are among the highest reported for broadleaved tree species
(Brandtberg et al,, 2004; Jonczak et al., 2023a) and much higher
than for conifers (Berg and Staaf, 1987, Johansson, 1995), Hence,
litterfall constitutes an important link in the biogeochemical cy-
cling of elements in birch stands. Leaves, as a major component
of litterfall, decompose rapidly (Tripathi et al., Z006: Huttunen
et al., 2009). Based on previous studies, no opinion on the im-
pact of silver birch on the nutrient status of soils is unambiguous,
with both positive and negative effects having been reported.

Overall, the available literature demonstrates an increas-
ing interest in the study of silver birch and its role in the bio-
geochemical cycling of elements and the transformation of soils,
Hence, we undertook a broad study aimed at determining the
bioaccumulation of major nutrients in the biomass of silver
birch growing on soils representing various trophic statuses and
degrees of deformarion.

2. Material and methods
2.1. Study area

The study was performed in central Poland, which, hased
on the Kijppen-Geiger climate classification (Peel et al,, 2007),
resides in a cold climatic zone, characterized by warm summers
and a humid continental climate. The mean annual tempera-
ture was 8.3°C and the mean annual sum of precipitation was
5414 mm yr' for the period 1951-2020 for the nearest station
in Skierniewice. July was the warmest month, while january
was the coldest. July was also the month with the highest surm of
precipitation, while January was the lowest. Based on the ther-
mal classification of Migtus et al, (2002), the studied year (2021}
was characterized as normal, with air temperatures oscillating
around the multiannual mean value. The annual sum of pre-
cipitation in 2021 amounted to 685.4 mm yr-', which, referring
to the precipitation classification of Kaczorowska (1962) and in
relation to the norm for the period 1951-2020, was categorized
as humid.
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In this paper, we focused on the accumulation of N, P, K,
Ca, magnesium (Mg), sulfur (5), Mn, Fe, copper (Cu), and Zn in
the biomass of silver birch growing on post-arahie soils under
temperate climatic conditions, The study covered four stands
of silver birch that varied in terms of soll condition, stand age,
stand density, and tree diameter at breast height (DBH). Two ma-
jor sources of variability were included in the study-soil texture
(sandy soils and loamy soils) and stand age (10 and 35 years old).
The nutrient contents in silver birch organs (fine rpots, coarse
roots, stemwood, bark, coarse branches, fine branches, leaves)
and in the topsoil (0-80 cm) were analyzed. The soil analysis
also included several characteristics influencing the nutrient
abundances and their bioavailability. All stand characteristics
are included in Table 1. Stands € and D were covered by a natu-
ral succession of silver birch, while at Stands A and B planting
{without plowing) was carried out.

2.2. Soil and biomass sampling

Soil and biomass samples were collected in July 2021 from
10 locations per stand. Each location represented one average
tree, from which the following biomass fractions were taken:
second-order roots (RII), first-order roots (RI), stemwood (5),
stem bark (B), first-order branches (Brl), second-order branches
(Brll), and leaves (L). The samples of stemwood and bark were
collected at breast height, while the leaves were taken from
the central part of the crown. The soil samples were collected
from under each tree (approximately 1 m from the stem) using
a 3-cm-diameter corer from soil mineral layers 0-10, 10-20,
2040, and 40-80 cm deep. In addition, one core was taken from
the central part of each stand for the purpose of describing and
classifying the soil using the World Reference Base (WRRB) for
Soil Resources 2022 system (TUSS Working Group WRB, 2022),

2.3. Laboratory analysis

The soil samples were dried at room temperawre and
sieved through a 2.0-mm-mesh sieve. The samples were sub-
jected to particle size distribution analysis using the mixed pi-
pette and sieve methods and applying the U.S.D.A (Soil Survey
Division Staff, 1993) classification of textural classes. The soil

Table 1
Selected characteristics of the studied silver birch stands

Nutrient distribution in birch biomass growing on post-arable soils

pH was determined using the potentiometric merhod in a sus-
pension with water at a soil:water ratio of 1:2.5. The biomass
samples were dried at 65°C and then milled into powder. The
total organic carbon (TOC), N, and § contents were determined
by dry combustion (Vario MacroCube, Elementar, Germany).
The P, K, Ca, Mg, Fe, Mn, Cu, and Zn contents were determined
by inductively coupled plasma atomic-emission spectrometry
(ICP-OES, Avio 200, Perkin Elmer, USA) after microwave (Ethos
Up, Milestone, Italy) digestion in 65% nitric acid.

All the analyses, except for the particle size distribution
and pH, were performed in duplicate, Only pure per-analysis
reagents and certified reference materials were used for instru-
ment calibration and quality control,

2.4. Statistical analyses and calculations

The statistical analysis included obtaining the mean
elemental contents from the soil and biomass samples along with
the standard deviations (5Ds). We also calculated bioaccumula-
tion factors (BFs) based on the formula BF = element content in
the biomass fraction/element content in the soil. To determine
the statistically significant differences herween the stands, the
Kruskal-Wallis test followed by Dunn’s test was applied. Rela-
tionships between variables were analyzed by principal compo-
nent analysis (PCA) using Statistica 13 software.

3. Results
3.1. Basic characteristics of the soils

The studied silver birch stands were located on complexes
of Cambisols (5tands A and B) and Brunic Arenasols (Stands C
and 1Y) based on forest maps. According to the WRB classifica-
tion (IUSS Working Group WRB, 2022), Stands A and B were on
Dystric Cambisol (Loamic, Ochric) developed from fine asolian
sediments over glacial till, whereas $tands C and D were on Eu-
tric Cambisols and Eutric Brunic Arenosols developed orn aeo-
lian sediments overlying fluvioglacial sands. The difference in
classification of the soils at Stands C and D resulted from the
thickness of the silt layer. The presence of an Ap horizeon in all

Stand name Coordinates Forest address Soil reference group Age Density DBH
(yaars) {trees ha!) {cm)
A N 51.7085 06-02-2-09 Dystric Cambisol (Leamie, Ochrie) 10 4,000 11.5+2.8
E 19,0498
B N 51,7092 (06-02-2-07-60-C-00 Dystric Cambisol (Loamic, Ochrie) 35 1,020 23757
E 19,0474
C N 51.8712 06-18-1-01 Eutrie Cambisol 10 3,500 10.7=2.4
E 20.2980
D N 51.8768 06-18-1-01 Eurric Brunic Arenosol 35 2,640 17.3:4.8
E 20,3006

Note: Soil reference group according to the World Reference Base for Soil Resources (2022) classification.
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the studied soils confirmed their post-arable character (Table
2). The soils were strongly acidic or acidic, with mean pH-H.O
values of 4.840.1 for Stand A. 4.9:+0.2 for B, 5.5¢0.2 for C, and
5.3£0.4 for D, considering the 0-80-cm layer. The vertical varia-
bility in this property was low (Fig. 1). The sails were fuite poor
in SOM, with the highest TOC contents occurring in the 0-10-cm
topsoil, and with the values being 17.2+4.5, 20.0+5.7, 11.0+3.0,
and 12.9+2.0 g kg-1 for Stands A, B, C, and D, respectively, The
tendency of the TOC content was to decline with depth, with
the TOC content in the 40-80-cm layer being no higher than
2.7¢2.1 g kg (Stand A). Statistically significant differences be-
tween the stands, both in terms of pH and TOC, were noted in
several cases (Fig. 1).

SOIL SCIENCE ANNUAL

3.2, Nutrient contents of the soils

The weighted mean nutrient contents in the 0-80-cm soil
layer are presented in Table 3, Based on these, in Stands A and
B, the elements occurred in the order Fe>K>Mg=Ca>N>Mn>P>
5»Zn>Cu and Fe>K>Mg>Ca>N>P>Mn>8>Zn>Cu, respectively. In
Stands C and D, they occurred in the order Fe>K>Ca>Mg>N>P
>Mn=5>£n>Cu and Fe>K>Ca>Mg>P>N>Mn>$>Zn>Cu, respective-
ly. The vertical distributions of K, Mg, Fe, and Cu showed low
variability, whereas N, P, Ca, 5, Mn, and Zn showed a decreasing
tendency with depth (Fig. 2). Statistically significant differences
were frequent between the stands, especially in the macronutri-
ents. Among these, F, Mg, and S showed the greatest variability,

Table 2
Particle size distribution in the studied soils
Soil horizon Depth {cm) Sand (%) Silt (%) Clay (%) Textural group (USDA)
A
AR 0-20 69.4 29.2 14 sandy loam
Bw 20-42 B8 36.0 32 sandy lnam
2C 42-150 931 3.7 32 sand
B
Alp) 0-24 59.5 375 30 sandy loam
Bw 24-55 63.2 342 2.6 sandy loam
ic 55-150 60.9 187 204 sandy clay loam
C
Alp) 0-25 87.0 30.9 a1 sandy loam
By 2545 T 268 20 sandy loam
C 45-150 B4.2 136 22 loamy sand
D
Alp) 0-27 802 17.6 22 Inamy sand
By 27-60 B6.8 118 13 sand
C 60-150 6.0 3.0 1.0 sand
Ods P —, pH-H.,O ; TOC
0-10 A b
—
vl 2
e =k
10-20 " ‘1’!— oA
: b S
= =i mB
—————— ®
2040 B tt: . e
0 T
1D
n b
4080 e E___ ==
- — —h i k!

1

3 {[1] I5 n 25 an

Fig. 1, pH and TOC contents of the studied soils (different letters indicate statistically significant differences between stands at a significance level of

p<0.05 based on the Kruskal-Wallis rest followed by Dunn's test)
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Table 3

Soil weighted mean + SD elemental con-
tents (mg kg ') in the studied stands in the
0-80-cm soil layers

Note: Different letters indicate statistically
significant differences between the stands
at a significance level of p<0.05 based on the
Kruskal-Wallis test followed by Dunn’s test,

Fig. 2. Mean + 5D elemental content in the
soils at depths of 0-10, 10-20, 20-40, and
40-80 em (different letrers Indicate statisti-
cally slgnificant differences between stands
at asignificance level of p<0.05 based on the
Kruskal-Wallis test followed by Dunn's test)

Nutrient distribution in birch biomass growing on post-arable soils

Element A B C D

M 42R.7T£55.20 436,1490.10 327546724 338.9:65.4°

P 195.0+23 20 305.1441.50 178,043529 361.7£34.20
K 1.670.5: 387 gh 1,880.9+338.4" 2.021,5+263.7¢ 1,349.7+73.0¢
Ca #30.8+89,.2 932.5+T1.8% 1.001.5+82 30 910541031
Mg 939, 61211.8 953.0£197 .4 T8382114.4a0 700.461.6
5 121.4414.4¢ 96.3£13.6" 68.0+16.20 TR1tB.44

Fe 58811497967 5.638.6:838 24 5,144.5£857.2* 5,308.52344.9m
Mn 214852 T 223.5145.0¢ 162.1+27.5° 176.7£31.9%
Cu T8+1.6¢ 7.3+0.9 8.2+1.4* 10.341.5%
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3.3. Mutrient content in birch biomass

As shown in Fig. 3, the distribution patterns varied among
the studied elements. The majority of the nutrients occurred in
their highest amounts in the leaves (N, P, K, Ca, Mg, $, Mn), fol-
lowed by the roots (N, P, K, Mg, §), bark (Mn, Cu), and branches
(Ca). Zine had its highest content in the leaves or bark, depend-
ing on the stand, whereas Fe was the highest in the fine roots.
The stemwood was the poorest in all studied elements, but sta-
tistically significant differences in the elemental contents were
observed between the stands in several cases (Fig. 3), although
no specific trend could be recognized.
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A PCA analysis was applied to identify sources of variabil-
ity and reveal the relationships between the elements in vari-
ous biomass fractions and their linkage to the soil nutrients
and certain characteristics (Figs. 4-10). The observed variabil-
ity was explained by two major principal components (PC1 and
PC2) in B8.9%, B7.2%, 80.5%, 78.2%, 84.1%, 75.2%, and 81.3% of
the cases for the RIL, RI, §, B, Brl, Brll, and L biomass fractions,
respectively. Several correlations were observed between the
elements in the biomass fractions and the soil parameters and
stand age. The soil TOC content was mostly strongly negatively
correlated with the P content and positively with the §, Fe, and
Mn contents. The pH-H,0 was mostly positively correlated with
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Fig. 3. Mean = 5D elemental content in hirch
biomass (different letters indicate staristi-
4 cally significant differences between stands
at a significance level of p<0.05 based on

i . the Kruskal-Wallis test followed by Dun’s

0o, » soell - test). RIT - second-order roots, RI - first-or-
r 1 der roots, S - stemwoaod, B - bark at a height
ii' =130 cm, Brl - first-order branches, Bril

R e - second-order branches, and L — leaves
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Fig. 4. PCA analysis for RII biomass fraction and sobl
characteristics (green lines — biomass components/
properties, blue lines - soll components/properties,
gray lines — stand characteristies), BRI - second-order
roots

Fig. 5. PCA analysis for RI biomass fraction and sofl
characteristics (green lines — biomass components/
properties, blue lines - soil components/properties,
gray lines - stand characteristics), RI — first-order
roots

Fig. 6. PCA analysis for § biomass fraction and seil
characteristics (green lines — biomass compoenents/
properties, blue lines — soil components/properties,
gray lines - stand characteristics), § - stemwood
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Fig. 7. PCA analysis for B biomass fraction and oil
characteristics (green lines - biomass components/
properties, blue lines - soil components/properties,
gray lines - stand characteristics), B - bark

Fig. 8. PCA analysis for Brl biomass fraction and soil
characteristics (green lines - biomass components/
properties, blue lnes - soil components/properties,
gray lines — stand characteristics), Brl - first-order
branches

Fig. 9. PCA analysis for Brll biomass fraction and soil
characteristics (green lines - hiomass components/
properties, blue lines — soil components/properties,
gray lines - stand characteristics). Brll - zecond-order
branches
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Nutrient distribution in birch biomass growing on post-arable soils
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the K contents, while negatively with Mn and S contents, Stand
age was mainly strongly correlated with Ca (positively).

3.4. Bioaccumulation factor

The intensity of nutrient bioaccumulation was evaluated
based on the BF. In all the stands, the highest BF values among
the macronutrients were noted for N, and among the micro-
nutrients for Zn (Fig. 11). The order of BF values in regard to
particular elements varied (Fig. 11). In general, the highest
bioaccumulation was typical of the leaves and/or bark. In most
cases, the stemwood was characterized by the poorest bioac-
cumulation intensity of all the studied elements. The lowest BF
value for the macronutrients was mainly for K, while for the
micronutrients, it was Fe. Strong variation was also apparent
in the occurrence of statistically significant differences, which
were noted in several cases between the stands and were usu-
ally greater with regard to the macronutrients.

4. Discussion

The soils of the studied silver birch stands represented the
typical components of the soil cover of the temperate climatic
zone., The differences between the stands mainly concerned the
origin of the parent material and its textural characteristics,
which was reflected in the physical and chemical properties,
and ultimately also the trophic status and productivity of the
soils. Generally, all the soils were rather poor in quality, an so
their exclusion from agricultural production was not surpris-
ing, It should be noted that we captured the present state of the
soils in this study, which were only partally developed after the
10 or 35 years of impact from their planting with silver hirch.
Recent studies have clearly shown that silver birch negatively
influences SOM (Jonczak et al, 2023b) and strongly modifies
the soil microbiome (Chejnacka et al., 2023). The differences re-
corded between the studied soils, in terms of pH and elemental

content, were generally not large, but they were statistically
significant in several cases (Fig. 2). The slightly lawer pH in the
topsoil compared to the deeper soil zones indicated the initial
phases of acidification—a process that typically occurs under
forest vegetation in a percolating water regime, The lower TOC
contents in the soils of C and D compared 1o A and B (Fig. 1) were
expected, considering differences in texture—a major factor in
soil aggregation and the physical protection of SOM (Le Bisson-
nais and Arrouays, 1997). The soil texture and SOM also strongly
determine nutrient occurrences, including their stocks and bio-
availability, and ultimately also their uptake and aceumulation
in the plant biomass (Silver et al., 2000; Gerke, 2022).

The nuutrient levels in the silver birch biomass were mainly
a function of the biomass fraction, The importance of soil char-
acteristics and stand age were not fully clear. Most of the stud-
led nutrients occurred in their highest amounts in the leaves,
and their lowest in the stemwood. This observation well reflects
the physinlogical role of these organs and the one-way solution
transport from the root zone o the leaves. This is a typical obser-
vation, also noted for silver birch by Rustowska (2022), and by
several other authors for other tree specles. Some elements (Ca,
Zn, Cu, and Zn) occurred in high amounts in the bark. This is also
& typleal relationship, The ability to accumulate elements in the
bark has been widely applied in the bioindicative assessment of
environmental contamination with trace elements (Chrabaszcz
and Mréz, 2017). Phosphorus, Fe, and Cu occurred at relatively
high concentrations in the fine roots. In the case of Fe, this re-
flects a methodological problem more than the true concentra-
tion of the element in the biomass. This is due to contamination
of the roots with fine soil particles that cannot be completely
removed from the sample during preparation (Hunt et al., 1999),
We confirmed the finding of Hellsten et al. (2013) that nutrient
concentration decreases with increasing root diameter,

Among the nutrients, N, P, and K are considered of key im-
portance for silver birch growth, as evidenced by the studies
of Ovington and Madgwick (1959), Ferm (1993), Miller (1984),
and Hynynen et al. (2010). In addition, Possen et al, (2021)
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highlighted the role of N in the adaptation of this tree to changes
in climate. Jonczak et al. (2023a) stated that silver birch litterfal]
is relatively rich in these elements, although they are intensively
translocated from the senescing leaves to the branches in au-
turnn. The N, B, and K contents recorded in gur story in the silver
birch biomass were generally comparable with those reported
by other authors for post-arable stands (e.g., Daugaviete et al.,
2015). However, some differences were apparent when com par-
ing them to stands representing another land-use history, For
instance, lower P contents were reported by Rustowska (2022)
in natural and post-fire stands on inland dunes, by Novak et al.
(2017) on nutrient-poor gleyic soils, and by Hellsten et al. (2013)
In Sweden. Contrastingly, Oksanen et al. (2005) noted higher
P contents, The higher contents of the studied elements in the
post-arable stands in this study seem to compare well to the
natural contents reported in the literature, likely reflecting the
effect of fertilization on the former arable fields. It might be ex-
pected that the importance of this factor would decrease over
time, which seers to have been confirmed by our study. We
observed higher P contents in the biomass of younger hirches
than older ones (Fig. 3). This observation is in line with the fact
that the nutritional requirements of silver birch are greater in
the early phases of growth (Miller, 1984). The differences noted
between the studied stands can be partially explained by the soil
pH—an important factor in nutrient bicavailability (Tuszynski,
1990). Based on our results and data in the literature, it can be
assumed that the post-arahle character of the stands influenced
the accumulation of N, P, and K in the silver hirch biomass.

Caleium and Mg are usually present in soils in amounts that
exceed the nutritional demands of the vegetation. Hence, they
are not translocated from senescing leaves, including in silver
birch (Jonczak et al., 2023a). Although the studied stands were
generally comparable in terms of the Ca and Mg contents of the
soils (Table 3), some statistically significant differences were
found between the biomass fractions (Fig. 3). The distribution of
these elements in the leaves indicated the importance of stand
age as a factor in the variability. Its role is not clear for other
biomass fractions.

Sulfur cycling has been rarely studied in forest ecosystems,
although it is a key micronutrient, with an interesting anthropo-
genic context aver the last century, The element usually occurs
in European forest soils in low amounts and is sirongly taken
up by the vegetation, Atmospheric emissions were an important
source of the element in the 20th century (Oniawa and Babajide,
1993). However, due to a reduction in such emissions, § has be-
come increasingly deficient in both forest and arahle soils aver
the last several years (Skwierawska et al, 2016: Shukla et al,
2021). The large role of vegetation and SOM in the biogeochemi-
cal cycling of § has also been confirmed by its distribution in
soil profiles, The highest concentrations have been reported for
SOM-enriched horizons, with a decreasing tendency with depth
being typical (Tabatabai and Bremner, 1972). This tendency was
also confirmed in our study (Fig. 2). Another important factor in-
fluencing § is soil texture. Typically, S occurs in higher amounts
in fine-textured soils. This tendency was also confirmed in our
study (Table 3). The distribution of 5 in the silver birch biomass
showed trends typical of the other studied nutrients, with max-

imum values noted in the leaves and minimum values in the
stemwood. However, there is no literature data on this topic, so
itis difficult to say whether the trends observed are typical.

There is more literature available on the Mn, Cu, and Zn
contents in silver birch biomass, although this usually concerns
industrial or urban areas and has a contamination context (Ko-
siorek et al, Z2016; Szwalec et al,, 2018; Kiibek et al., 2020 Sitko st
al, 2022). When comparing our data with those reported by Jonc-
zak et al. (2023a) for stands on post-arable soils, and by Oksanen
et al. (2005) and Rustowska (2022) for natural stands, the Fe,
Mn, Cu, and Zn contents in the hiomass were generally similar.
Manganese had the highest contents, accompanied by the great-
est stand-to-stand variability, among the mentioned elements
(Fig, 3), The high potential for Mn accumulation is also typical
of other tree species, including Scots pine and Norway maple, as
evidenced by Kosiorek et al. (2016), The differences observed be-
tween the stands indicate abundance of soil (Table 3), soil texture
(Table 2), and TOC content (Fig, 1) as key factors in Mn variabil-
ity in silver birch biomass, In addition, it is well known that the
bioavailability of elements such as Fe, Mn, Cu, and Zn is strangly
controlled by soil pH (Gebski, 1998; Gupta et al., 2019),

The BF has commonly been applied as a measure of the in-
tensity of the bioaccumulation of chemical elements in plant or-
gans (e.g., Jonczak and Parzych, 2018; Rustowska, 2022; Yan et al,
2023). This factor has interpretative value in the context of both
plant nutrition and environmental contamination. Based on the
BF, we can state that the silver birch in the studied stands had
a sufficient supply of the majority of nutrients (Fig. 11), particu-
larly N. High BF values for N are typical of forest vegetation due to
its intensive uptake and low content in the soil, The major nutri-
ents in our study had BF values comparable to those reported by
Rustowska (2022) in silver birch stands growing on post-fire soils.
Regarding the micronutrients, typically high BF values were not-
ed for Mn and Zn, which accords with the findings of Gallagher
et al. (2008), Dmuchowski et al, (2014), Szwalec et al. (2018), and
Desai et al. (2019). The high bioaccumulative potential of silver
birch with respect to these elements can be highlighted by com-
parison with other tree genera, including Avicennia and Rhizo-
pora (Takarina and Pin, 2017), and the 11 pine species studied by
Jonczak et al. (2021). In our study, we additionally assumed that
nutrient accumnulation would also controlled by silver birch age
because several previous studies have indicated the importance
of this factor (e.g., Alifragis et al, 2001; Rosenvald et al,, 2013; Ro-
driguez-Soalleiro et al., 2018), While significant differences in the
content of some elements (mainly K, Cu, and Zn) have been oh-
served between stands differing in age, the trends are not clear.

5. Conclusions

The results of this study highlight the complexity of nutri-
ent bioaccumulation in silver birch biomass and the linkage of
the process with the site characteristics, including soil texture,
PH, 50M content, and nutrient abundance. The influence of the
post-agricultural history on the stands appeared to be marked,
but this histery's role should be considered in the context of an
indirect effect, as a factor shaping the physical and chemical
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characteristics of the soils. The role of stand age, as a factor influ-
encing the bioaccumulation of nutrients in the binmass of silver
birch growing on post-arable soils, was not fully revealed by our
study. The elements showed strangly uneven distributions in the
organs, reflecting their physiological roles and the one-way so-
lution transport from the fine roots to the leaves. Typically, the
leaves were the richest in most of the studied elements, followed
by the roots (N, P, K, Mg, and 5), bark (Mn and Cu), and branches
(Ca). Based on our results, we can state that silver hirch strongly
accumulates N and P, these being deficient nutrents in forest
ecosystems, This supports previous reports. Another typical ob-
servation was the strong bicaccumulation of Mn and Zn, which
confirms the opinion of the studied tree species as being good
accumulators of these elements.

Overall, our findings contribute to a more comprehensive
understanding of the ecalogy of silver birch, with particular
emphasis on its functioning on post-arable soils. However, our
knowledge on this issue is still far from complete, albeit these re-
sults have the potential to be applied in the development of for-
estry practices for post-arable sites characterized by a number
of specific features resulting from their history,
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Rozmieszezenie skladnikow odzywezych w biomasie brzozy brodawkowate]
(Betula pendula Roth) porastajacej gleby porolne

Slowa kluczowe Ahstrakt

Brzoza brodawlkowata
Obieg bingeochemiczny
Skladniki pokarmowe
Binakumulacja

Gleby marginalne
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Zalesianie dawnych gruntdw rolnych jest powszechng praktyka na glebach niskiej jakoéci, gdy tra-
dyeyina produkeja nie jest juz oplacalna, Aby przynajmnlej virzymac, a najlepiej poprawié zdro-
wie I jakost gleby, kluczowe jest zrozumlenie wplywn réénych gatunkéw drzew na srodowlisko
glebowe. Sledzenie skladnikow odzywezych, w tym ich zawartoci. biodostepnosci, bioakumulacji
W biomasie i powrotu do gleby poprzez opad 4cidlki, jest wakne w tym zakresie. Choriaz brzoza
brodawkowata jest czesto stosowana w zalesienlach, wiedza na temat jej ekologil, w tym kwestia
skiadnikow odiywezych, jest welg niewystarczajgea, W zwiazku z tym podjelidémy szeroko zakro-
Jone badania w celu okreslenia bicakumulacii glownyeh skladnikéw odiywezych (N, P, K, Ca, Mg,
5, Fe, Mn, Cu, Zn) w biomasie brzozy brodawkownate] rosngeej na glebach porolnych, reprezentu-
jacych razne stany troficzne i stopnie deformacii, w umiarkowanych warunkach klimarycznych.
Badaniami obigto cztery drzewostany reprezentujgee razne rekstury gleb (gliniaste i piaszczyste)
oraz wiek (10 i 35 lat), Prdbki gleby (z ghebokodci 0-10, 10-20, 2040 i 40-80 cm) i biomasy (drobne
kerzenie, grube korzenie, drewno pnia, kora, grube galezle, drobne galezie i licle) zostaly zebrane
i przeanalizowane przy uzyciu standardowych procedur, Gleby byiy kwasne | umiarkowanie zasob-
ne w calkowity wegiel organiczny i N, ale agélnie ubogie w pozostale pierwiastki. Zawarsost pier-
wiastkéw byla silnie zro#nicowana miedzy organami brzozy, osiggajac najwyisze wartosci w lis-
ciach, a nastgpnie w korzeniach (N, B, K, Mg, S), korze (Mn, Cu) i galeziach (Ca). Zelazo wistepowalo
w najwigkszych ilosclach w drobnych korzeniach, Zn w korze, Wirad makrosktadnikow najwyiszg
intensywnesd bicakumulacji odnotowano dla ¥, a nastepnie 5, P { Ca, podezas gdy najwyzszg in-
tensywnosd wirdd mikroelementdw odnotowann dla Zn. Statystycznie istotne réznice odnotowano
w kilku praypadkach migdzy drzewostanami, pod wegledem poszczegdlnych frakeji biomasy 1 ich
zawartosel pierwiastkiw oraz wspdtczynnikew bioakumulacii, Uzyskane preez nas wyniki wskazu-
ja na wplyw wlasciwosci gleby oraz porolnego charakieru stanowiska na akumulacje skiadnikow
pokarmowych w biomasie brzozy brodawkowatej, Stwierdzono, Ze hrzoza brodawkaowais rosngca
na glebach peralnych wykazuje zwigkszong akumulacje niektérych skladnikdw pokarmowych,
zwlaszcza P | 5. Ponadio potwlerdzona siing bisakumulacje Zn i Mn przez ten gatunek,
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This study aimed to evaluate the long-term effects of wildfire on nutrient distribution in a silver
birch (Beiula pendula Roth) biomass. Two stands (post-fire and control) of the same age (27 years)
were studied in the Cierpiszewo Forest District (central Poland). The stands were located on Brinic
Arenosols developed from aealian sands. The soil and birches were sampled In 10 replicates per

stand. The soil samples were taken from depths of 0-10, 10-20, 20-40 and 20-40 cm using a corex.
Samples of fine roots, coarse roots, stemwood, stem bark, coarse branches, fine branches and leaves

Keywords:

were taken from the trees. The basic soll characteristics were determined using standard proce-

dures, In addition, the carbon (C), nitrogen (), sulfur (5), phosphorus (P), potassium (K), caleium

Silver birch
Wildfires
Nutrient cycling
Bipaccumulation

(Cal, magnesium (Mg, iron (Fe), manganese {Mn), copper (Cu) and zinc (Zn) contents were analyzed
in the soil and biomass samples. The sofls were strongly acidic and poor in the studied elements,
The nutrient content in the biomass varied strongly among the organs, The most abundant elemen-
tal contents were usually in the leaves, followed by the fine roots and fine branches or bark, The

lowest nutrient contents occurred in the stemwood. Statistically significant differences were re-
corded between the post-fire and control stands for some elements. There were higher P, K and Zn
contents in most of the hiomass fractions in the post-fire stand, as well as Mg and Mn in the roots
and stemwood. The contral stand had mostly higher contents of N and Ca, The effects of fire on the
Feand Cuaccumulations varied among the organs and was not clear for 8, Generally, birch showed
the highest bioaccumulation intensity for N and the lowest for Fe. Among all the studied nutrients,
the bicaccumulation factors were usually the highest in the leaves and the lowest in the stemwood.
It can be concluded that fire is an important factor in influencing nutrient management in silver
birch stands, even a few decades after its occurrence.

1. Introduction

Wildfire is both a natural and human-induced phenomenon
that strongly influences the functioning of terrestrial ecosys-
tems, particularly forests and other associations of permanent
vegetation. The effects of fire depend on its severity, duration,
and dynamics, and they influence ecosystem structure, and
ecological processes and functions (Lobert and Warnatz, 1993:
Johnson and Miyanishi, 2001; Adarns, 2013). The loss of biodi-
versity and rhe simplification of feedbacks herween ecosystem
components are typical direct effects in areas affected by fire
(Syaufina et al, 2018). However, such areas then become spe-
cific ecological niches that enable the dispersal of new species
of plants and animals. Thus fire constitutes an impertant factor
in ecosystem instability and evolution (Kutiel, 1997; Orgeas and
Andersen, 2001; Pyne, 2010).

Wildfires can strongly influence soils, including their mor-
phology (Dziadowiec, 2010), physical properties (DeBano et al.,

1998), water repellency (DeBanao, 2000), pH (Augusto et al,, 1998;
Heydari et al., 2012; Chungu et al, 2020; Han et al., 2021), ele-
mental content and form (Knoepp et al., 2008; Verma and Jaya-
kumar, 2012; Schaller et al,, 2015; Jonczak et al,, 2019), sorptive
capacity, soil sorption complex composition (Barrow, 1984), and,
in particular, arganic-matter stocks and quality (Almendros et
al., 1990; Gonet, 2010), Fire effects in soils are most apparent in
the ectohumus, the components of which are susceptible to high
temperatures. In the mineral topsoil, this effect depends on the
soil thermal resistance (Fernandez et al, 2001}, The transforma-
tion of soil nutrients is a very important aspect of wildfires in
terms of ecology, environmental protection and forestry (Torres-
Rojas et al., 2020). Due to the high temperatures, reaching 1500°C
(Saharfo and Munog, 2005), the components of the soil organic
matter and also some minerals are transformed into gases and
ash, Most of the organic carbon (C) and nitrogen [N) volatize into
the atmosphere, whereas potassium (K), caleium (Ca), magnesi-
urn (Mg), iron (Fe), manganese (Mn), copper (Cu), and zine (Zn),

© 2022 by the authors. Licensee Soil Science Society of Poland. This article iz an open
access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY NC ND 4.0) License (https:/icreativecommons.org/licen sesiby-ne-nd/4.0/). 1
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among many other elements, constitute the components of ash
and are subsequently released into the soil (Grier, 1975). In terms
of trace elements, this may result in an environmental hazard,
Their accumulation as a result of fire can cause long-term effects
due fo their potential for increased mobilization (Campos et al,
2016). The transformation of some elements, such as phospho-
rus (P) and sulfur (), strongly depends on temperature. Ash con-
stitutes a pool of mineral forms of elements that can significant-
ly increase their bioavailability to plants and microorganisms
in a short amount of time (Pereira et al., 2015), However, fram
the longer perspective, wildfires contribute to nutrient losses
from the soil due to leaching (Fisher and Binkley, 2000), erosion
(Shakesby et al., 1993; Thomas et al., 199%9; Abney et al., 2017) and
accelerated mineralization (Schoch and Binkley, 1986).

The effects of wildfire on nutrient uptake by plants has al-
ready been the subject of many studies (e.g., Kutiel and Shaviv,
1592; Raison et al., 2009). However, most of these have been fo-
cused on short intervals of time following the occurrence of fire.
Studies on the long-term effects have been conducted less fre-
quently. Data on the effects of wildfire (bath short and long term)
on nuirient contents and their distribution in tree biomass are
scarce. Meanwhile, this is an important issue because post-fire ar-
eas are regenerated (afforestation or spontaneous development)
with trees. 50ils that have been strongly modified by fire can influ-
ence their growth. Moreover, some trees have great potential to
accumulate elements in their biomass (Wistocka et al., 2006), This
process is the basis for soil phytoremediation (Grobelak, 2016). In
areas affected by fire, this can be used as an effective tool for sta-
bilizing labile forms of elements, which constitute contaminants.

This study aimed to evaluate the long-term effects of wildfire
on nutrient (N, B, K, Ca, Mg, 8, Fe, Mn, Cu, and Zn) bicaccumula-
tion in silver birch (Betula pendula Roth) biomass. Based on data
available from the literature, it can be assumed that wildfire can
strongly modify certain links in the biogeochemical cycling of
elements in forest ecosystemns, including their uptake by plants
and their accumulation in the biomass, over the long term. Stud-
ies on the bivaccumulation of nutrients in vegetation on post-fire
stands are not new, but so far they have focused mainly on the
short-term effects after the fire. The results presented in this pa-
per extend the knowledge base on the long-term effects of fire.
Studies such as this one also have more utilitarian importance
because birch is often used for the afforestation of post-fire areas.

2. Material and methods
2.1. Stand characteristics

This study was carried out in the Cierpiszewo Forest District
(central Poland). The average annual temperature for this area
is 7.7°C. with the lowest values being in January (-2.5°C) and the
highest in July (18.2°C) for the years 1871-2010, The mean annual
sumaof precipitation for this period ranged from 304.1 to 844.0mm
(Pospieszymiska and Przybylak, 2013). The study was performed
on two stands of silver birch (Betula pendula) aged 27 years, com-
prising a post-fire area (52.944053 N, 18.458213 E} and a control
stand (52.96824 N, 18.409505 E). Both stands represented nutri-
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ent-poor habitats and were located on the same complex of Bru-
nic Arenosols (IUSS Working Group WRE, 2015) developed from
aeolian sands. The wildfire that affected the first stand occurred
in 1992 was moderately intensive (ground and top), covering
2,868 ha of forest, in which the dominant species was pine (Pinus
sylvestris L.). Various tree species, including silver birch, were
used for the afforestation of the burned area. The major charac-
teristics of the stands are included in Table 1.

2.2. Soil sampling and analysis

The soil sampling was performed in June 2021. Ten average
trees per stand were chosen for these purposes. One soll care was
taken from under each tree approximately 1 m from the stem.
The soil samples were collected from depths of 0-10 em, 10-20
e, 20-40 cm and 40-80 em. A tatal of 40 soil samples were col-
lected from each stand, In addition, one core was taken from the
central part of each stand for the purposes of soil description and
classification. The soil samples were air-dried and sieved through
ar 2.0-mm sieve (o remove the gravel-sized particles. Then part of
each sample was milled into powder for the purposes of chemi-
cal analysis. The soil analysis included determination of the par-
ticle size distribution using the Polish Soil Science Society’s mixed
pipette and sieve method (Polskie Towarzystwo Gleboznawcze
[FTG], 2009) and classification of textural fractions and groups, as
well as the pH, derived potentiometrically in a suspension with
water at a soil:water ratio of 1:2.5, the total C, N and 5 contents by
dry combustion (Vario MacroCube, Elementar, Germany) and the
P K Ca, Mg, Fe, Mn, Cu, and Zn using inductively-coupled plasma
optical emission spectrometry (ICP-OES, Avio 200, Perkin Elmer,
United States) after sample digestion in agua regia (microwave
digestion system, ETHOS UP, Milestone Analyrical, [taly).

2.3, Birch biomass sampling and analysis

The following biomass fractions were eollected from the
birch trees: second-order roots (RID); first-order roots (RD); stem-
wood (5); and stem bark (B) from a height of approximately
130 cm; first-order branches (Brl); second-order branches (BrIl);
and leaves (L) from the central part of the crown. The biomass
was dried at 65°C and milled into powder. The analysis included
the C, N, and S contents by dry combustion, whereas contents
of P, K, Ca, Mg, Fe, Mn, Cu, ,and Zn being determined using the
ICP-OES after sample digestion in 65% nitric acid (ETHOS UP mi-
crowave digestion). For quality control of the analyses, MERCK
reference materials were used.

Table 1
Characteristics of the studied silver birch stands
Control stand Post-fire stand
Eﬂyears] 27 27
Densiry (pes ha ) 2600 2960
Height (m) 10 12
Diameter ar breast height (cm) 111 (#1483 9.9 (x1.9)"

*Srandard deviation
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2.4, Statistical analysis and calculation

The statistical analyses included determining the mean val-
ues of the soil and biomass characteristics and their standard
deviations, The Mann-Whitney U test was applied to analyze the
differences between the groups of samples. The bloaccumula-
tion factors (BFs) in the birch biomass were calculated for the
studied elements, according to the formula: BE = content of ele-
ment in biomass fraction/content of element in soil, All statisti-
cal analyses were performed using Past software,

3. Results
3.1. Basic characteristics of the soils

The Brunic Arenosols were sandy in texture (Table 2) and
characterized by a strongly acidic reaction, with the pH{H, 0}
ranging from 3.6 to 4.5 in the control stand and from 3.7 to 4.0

Depth

cm

pH(H,0)

0-10

2040

" e

A _

! 2 k| 4 5

=

Fig, 1. pH and TOC content {n the studied soils

in the post-fire stand, considering all the layers. There was a
slight decreasing tendency in the values with depth (Figure 1).
The soils were typically poor in organic matter. The highest total
organic C (TOC) content was noted in the 0-10-cm topsoil (6.7~
49.6 g kg! in the post-fire stand and 9.2-31.2 g kg in the control
stand), In the deeper parts of soil profiles, the TOC contents were
considerably decreased, reaching minimum values at depths of
40-80 cm (Figure 1).

3.2. Nutrients content of the soils

The nutrient content in the soils varied depending on the
stand and soil depth. Based on the weighted mean contents in
the 0-80 cm soil layer, the elements in the postfire stand oc-
curred in the order Fe>K>Ca>Mg>N>P>Mn>S>Zn>Cu, whereas,
in the control stand, the order was Fe>K=Ca>N>Mg=P>$>Mn>=Z
n>Cu (Table 3). The soils were generally poor in nutrients, with
the observed concentrations being typical of sandy soils on in-
land dunes (Brozek and Zwydak, 2010). The low Cu, Zn and, Mn
contents, in relation to the geochemical background (Pasieczna,

Wildfire effect on nutrients distribution in birch biomass

Table 2
Particle size distribution of the studied soils, based on the Polish Soil Sci-
ence Society rlassification (PTG, 2009)

Depth Sand Siit Clay Textural
{cm) (%) (%) (%) group
Control stand
M 0-13 B9.8 8.0 22 sand
By 1545 94.7 3.7 LB sand
BvC 45-60 98.1 1.0 g sand
C G0-100 980 11 05 sand
Post-fire stand Iy
A -5 93.5 54 11 sand
Aes 4-16 96.2 25 13 sand
Bv 16-35 98.6 0.5 0.9 sand
BvC 35-50 99.4 0.1 05 sand
€ 50-100 99.2 0.2 0.6 sand

[epth

0-10

10-20

240

control @ post-fire

g kg

Table 3
50il mean & 5D elemental contents (mg kg') in the control and post-fire
stands

Contral stand Posi-fire stand

N 345.2 (+86.00° 356.5 (+114.3)°
257.2 (£30.5)° 215.7 (+37.4)°

Ko 1849.0 (£181.51) 1695.9 (+106.2)"

Can 9525 (+88.4)" 647.0 (x80.7)°

Mgt T41,1 (£105.2)° 3154 (£58.00°

gu 69.7 (£15.9)" B1.5{z9.9)"

Fes 50773 (+681.91° 2901.5 (+464.4)"

Mnd 1620 (+48.9)" TLT (£29.0)°

Cut 0.5 («0.27" 1.0(+0.6)°

n* 29.5 (£10.3)" 11.3(+1.8)

* Statistically significant ar p<0.05 differences between the stands, Mann—

Whitney U test.

“Standard deviation
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2003) confirmed the low environmental contamination with
those elements. The studied elements showed various depth ten-
dencies (Figure 2). The N, 5, Mn and Cu contents considerably de-
creased with depth, whereas the P, K. Ca. Mg, Fe, and Zn contents
were relatively stable. The average content of elements usually

Depth
cm - N
T —
20-40 B _
J—— ~ control H post-fire
S
A0-B0 '
mg kg!
0 500 1000 1500 2000
Depth
cm e K
o-10
10-20 5
2040
A0-80
mg by
0 S04 1000 1500 2000 2500 3004
Depth
cm |3 === = —_— Mg
| —— )
T —— - -
10— .
- — e
40-80) —— e &
my kg
a 200 40 GO0 BOO 1000
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differed between the stands, reaching higher values in the con-
trol stand, An opposite tendency was apparent for only Cu and 5,
as well as for N, Ca and Mg in the 0-10-cm topsoil. These differ-
ences between the stands were statistically significant in many
cases, as shown in Figure 2.

Depth
0-10

10-20

Z0-H)

40-80

10-20

20-40

mg kg

g

400 00 A0

LI 1200

Depith

=10 , 5

10-20

20-40 | . 5

mg !

0 oo 100 150 200 250 oo

Fig. 2, Mean = 5D elemental content in the soils at depths of 0-10, 10-20, 2040 and 40-80 cm (S—statistically significant at p<0.05 differences between

the stands, Mann-Whitney U test}
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3.3. Nutrient content in the birch hiomass

The N content in the hirch hiomass in the post-fire stand
ranged from 1,480.5+337.0 mg kg' in the stemwood to
21,7264 £1,374.3 mg kg in the leaves and from 2,304 4 +585.0 to
23,752.2 22,527.9 mg kg*', respectively, in the control stand. The
average elemental content in the biomass did not exceed 8,000
mg kg, excluding the leaves. In terms of N content, the organs
showed similar tendencies in both stands: L>RIT>BrIl>B>RI>Br1>5
in the post-fire stand and L>RII>Bril>RI>B>Bri>§ in the control,
Differences hetween the biomass fractions in the stands were
not large and were statistically insignificant, except for the fine
roots and sternwood (Figure 3),

The opposite tendency was noted for P, for which differ-
ences between the stands were statistically significant, especial-
ly in the RII, RI and L biomass fractions. In the post-fire stand,
the P content ranged from 94.0 +12.4 mg kg in the § fraction 1o
2,268.3 £334.1 mg kg in the L fraction, whereas in the control
stand, it ranged from 1,329.3 #130.6 mg kg to 57.3 £4.9 mg kg*
in the § and L biomass fractions, respectively. The distribution of
P in the biomass in both stands was very similar, with a differ-
ence in the roots, and with the post-fire stand RI fraction having

Pupth
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010 5
N 40
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A40-80
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gl
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Depth |
Cl e Cu
=M _ —

- - -
10-20 -
|_
wo S

H-80 L s

mg kg

=
[ %]
-
o
=]

Fig. 2, continue
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ahigher P content than the control stand, relative to the RII frac-
tion (Figure 3).

Differences between the stands in terms of the K content
were statistically significant, except for the bark, The clearest
difference occurred in the leaves, which contained higher con-
centrations K in the post-fire stand (6,833.4 £1,395.1 mg kg™
compared to the contral {5,462.3 +284.0 mg kg"). The lowest K
content was noted in the stemwood, at 573.3 187.6 mg kg in
the posi-fire stand and 468.0 +508.8 mg kg! in the control.

The Ca content in the birch biomass in the control stand
ranged from 1,494.6+1,062.3 mg kg' in the stemwood to
9,643.5 £3,634.2 mg kg in the bark, and from 1,873.8 £+987.6 to
7.887.4 £1,079.9 mg kg in the same fractions in the post-fire
stand. The distribution of Ca in the birch organs showed some
differences between the stands. In the control stand, the order
was B>L>Brl=RII>BrlI>RI>5, whereas in the post-fire stand, it
was L=B=RII>Bril=BrI~RI>S. These differences were statistically
significant only for the RIL, B and Brl blomass fractions.

The average Mg contents in the hirches reached a maxi-
mum of 650 mg kg, excluding the leaves, with those values be-
ing comparable in both stands, fluctuating around 2,000 mg kg
The distribution of Mg in the biomass varied among the stands,

Depth
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Fig. 3. Mean = 5D elemental content in birch biomass (S—statistically significant at p<0.05 differences hetween the stands, Ma nn-Whitney U rest)

and occurred as L>R11>B>Brl>Bril>RI>S in the control stand and
L>RII=RI=Erll>5>B>Brl in the post-fire stand. Differences in the
Mg content between the stands were generally low and statisti-
cally insignificant, in maost cases,

The § content did not differ significantly between the
stands, considering all the organs. The § content in both the con-
trol and post-fire stands was highest in the leaves, amounting
to 1,1234 +164.2 and 1,069.8 +88.3 mg kg, respectively, while

149943

the lowest was in the stemwood, at: 54.7 £18.5 and 72.4 +28.2 mg
kg, respectively.

In contrast to the rest of the elements, Fe had the highest
content in the fine roots in both stands, amounting to 274.4 £95.9
mg kg in the control stand and 648.4 +270.8 mg kg™ in the post-
fire stand, In the rest of the organs, the Fe concentrations were
low compared to the roots, never exceeding 100 mg kg, Differ-
ences in the distribution of Fe in the birch organs were ohserved
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Fig. 3, continue

between the stands. In the control stand, the relative contents
were RII=B>Bri>L>RI>Brll>§, whereas in the post-fire stand they
were RII=RI>B=1>5-BRII=Brl. Statistically significant differenc-
es were observed in most parts of the biomass, excluding the
bark and leaves,

Interms of Mn, the differences in the birch biomass berween
the stands were less and only statistically significant in the coarse
roots and stemwood, In both stands, the highest elemental con-
tent was noted in the leaves (1,480.5 £303.4 mg kg in the control
stand and 1484.0 £373.2 mg kg in the posi-fire stand), while the
lowest was in the stemwood (148.5 £95.0 mg kg ") in the control
stand and in the coarse roots (210.4 +75.2 mg kg '} in the post-fire
stand. As a result of fire, there were several changes in the distri-
bution of the elements in the biomass. In the control stand, the
contents were arranged in the sequence L>B>RII>BrIl>Brl=RI=§,
and in the post-fire stand L>B>RII=5>RIT=BrI>RL

The Cu content in the birch biomass in the post-fire stand
ranged from 1.4 £0.1 mg kg in the stemwood to 6.2 +0.8 mg kgt
in the leaves, and from 1.1 +0.2 to 9.6 20.7 mg kg, respectively,
in the control stand. The distribution of Cu in the control stand
formed the order L>B>RII>BrlI>RI>Br1>5, whereas in the post-
fire stand, it was L>RII>B>BrII>BrI>RI>S. In most of the birch
organs, the differences between the stands were large and stats-
tically significant, except for in the fine and coarse roots.

Wildfire effect on nutrients distribution in birch biomass
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In terms of the Zn content, the organs showed very simi-
lar tendencies in both stands. The highest values in the post-fire
stand were recorded in the bark (179.9 £29.4 mg kg'), and in the
leaves in the control (159.4 +23.4 mg kg, In both stands, the
lowest accumulation of Zn was in the stemwood, at 49,1 +16.7 mg
kg in the post-fire stand and ar 36,3 9,1 mg kg in the contral.
A statistical comparison of the Zn content between the stands
showed significant differences in all the biomass fractions, ex-
cept for the leaves.

=

B Brl Brll L

3.4. Bioaccumulation factors

The intensity of elemental accumulation in the silver hirch
biomass was evaluated based on the BF (Figure 4). The elaments
in the different birch biomass fractions occurred in various
orders; these details are provided in Table 4. The results show
that the leaves had the highest bicaccumulation potential, with
respect to the studied elements, whereas stemwood had the
lowest. The highest BF was N in the leaves (33.01 +36.95 in the
control and 65,98 +19.01 in the post-fire stand), followed by Mn
(9.67 +2.91 and 23.17 +9.93, respectively), Cu (19,41 +6.28 and
7.11 £3.07), and Zn (5.87 £1.69 and 15.81 £5.54, In addition, Ca
(up to 10.21 +3.96 in the control and 12.44 +2.77 in the post-fire
stand) and S (up to 7.41 £+8.27 and 13.32 +2.02, respectively) were
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Fig. 4. Mean ¢ 5D of hioaccumulation factors of the studied elements (S—statistically significant at p<0.05 differences between the stands, Mann-Whit-

ney L est)

strongly accumulated in the majority of the biomass fractions.
Then, P {up to 5.19 +0.44 in the control and 10.67 21.60 in the
post-fire stand), Mg (up to 2.91 +0.56 and 7.08 +1.78, respective-
lyl, and K {up to 2.98 £0.33 and 4.07 +1.04) were strongly accu-
mulated in the leaves, considerably aceumulated in the roots
and poorly accumulated in the remaining biomass fractions. The

149943

lowest BF was typical for Fe (from 0,002 +0.001 to 0.013 £0.003 in
the control and 0.01 £0.01 to 0.22 +0.08 in the post-fire stand),
The statistical significances of the differences between the con-
trol and post-fire stands were dependent on the element. Great-
er differences were generally noted for the micronutrients as
opposed to the macronutrients,
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Table 4

Order of bloaceumulation factor in a silver birch biomass in the control and post-fire stands

Elements Control stand Post-fire stand

N L=Rl=Bril=RI=B=Bri>§ L=RIT=Bril>B=RI=Bri>5
P L=RII=RI=Bril=Bri=Ra8 L>RI=RII>Bril>Bri>E>%
K L=RIT=RI>Brii=Bri=B=5 L=RIl=Bril>RI>Arl=R=5
Ca B>L>Bri>RI[>Bril>RI>& L>B=RII*Bril=Bri=RI=5
Mg L>RII>B=Brl=Brll=Ri=§ L=RIl=RI>Brll=5=E>Brl
5 L=RII=Bril=RI>B>Bri=5 L=Bril=RII>RI=Brl=B=§
Fe Ril>B>Bri=L>RI=Bril=5 RIF=RI=B>L>5>Bril=Brl
Mn L=B>RI[>Bril>Bri=5>RIl L=BE=Bril=S=Bri=RII>RI
Cu L=B>RI[>Brl>RI=Bri=& L=RII=B=Brll=Bri=R1>5
In L=B=Ril=Brll>RI>Brl>& B>L>RI>Bril=Ri>Bri>§

RIl - second-order roots; RI - first-order roots; § — stemwood; B - bark; Brl - first-order
branches; Bril - second-order branches; L. - leaves.
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4. Discussion

Several previous studies have shown that the chemical
composition of the tree hiomass varies strongly among the or-
gans/tractions, reflecting their physiological functions and pro-
cesses. The lignified parts, such as stemwood, branches, and
roots, are poor in nutrients, whereas the leaves, seeds, and flow-
ers are nutrient-rich in many cases (Finér, 1989; Palviainen and
Finér, 2011; Ge, 2015). This observation has been confirmed in
this study,

The studies on nutrients distribution in a silver hirch bio-
mass have been poorly reported. Gaweda et al. (2014), in a de-
tailed study on young silver birch stands growing on post-arable
soils, examined the chemical composition of the biomass and its
stock per area unit, estimating that major pools of N, P, and K
were allocated to the leaves (372.70 kg ha™', 38.65 kg ha, and
121.57 kg ha”', respectively), despite their low contribution to
the total biomass of the stands. The results of this study support
that finding. However, Gaweda et al. (2014) also reported con-
siderable amounts of elements in the stemwood and branches,
with low contents in the bark. These findings are not contradic-
tory to the results presented in this paper, rather different units
of measurement were used in the studies (mg kg ' in this work
and kg ha* in the cited paper). Also, in the case of 5, Ca, and Mg
major pools were allocated to the foliage, according to Gaweda
et al. (2014), High concentrations of N, B, K, Ca, Mg, Fe, Mn, Cu
and Zn in silver birch leaves were reported by Hytonen et al,
(2014), who recorded 26,210.0, 2,390.0, 8,010.0, 5,700.0, 1,960.0,
46.0, 1,393.0, 4.5, and 87.0 mg kg! of those elements, respectively.
These results are generally very similar to those obtained in this
study. By contrast, Novak et al. (2017) reported contents of N, P,
and K in a nutrient-poor stand on Gleysols that were two times
lower than the values recorded herein.

The nutrient contents in leaves, as a major component of
the plant litterfall in temperate forests, is very important for the
functioning of forest ecosystems. It is particularly important in
nutrient-poor stands. The chemical compositions of leaves that
fall in the autumn and fresh leaves collected from the crowns
during the late spring and summer usually differ significantly
(Jonczak, 2011; Jonczak et al, 2016). This difference is due to the
retranslocation and/or relative accumulation of certain elements
before the leaves fall. In addition, leaf litterfall is poorer in the
deficient elements (particularly N and P) than fresh leaves. K is
usually less intensively retranslocated due to its higher bioavail-
ability in [orest soils, whereas Ca and Mg are not retranslocated.
Micronutrients, including Mn, Cu, and Zn, oceur in soil in low
amounts. The studied soils were very poor in those elements
{(Figure 2). This is typical of sandy soils in uncontaminated ar-
cas (Kabata-Pendias and Pendias, 1999; Kalembasa et al., 2006,
Brozek and Zwydak, 2010). The low contents of the elements in
the soils were reflected in their low contents in the birch biomass
in both stands (Figure 3). The BF (or bioconcentration factor) is
commonly used as a measure of the intensity of the accumula-
tion of various substances in fresh biomass, The intensity of that
process varies strongly among elements and plant species (Par-
zych et al,, 2017; Parzych and Jonczak, 2018; Sut-Lohmann et al.,
2020a), and it is also controlled by a complex of site conditions,
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particularly the form of the elements and the soil pH (Maiti and
Jaiswal, 2008; Zeng etal.,, 2011; Sharma and Pandey, 2014; Gomes
et al,, 2016). Birch is considered to be a hyperaccumulator of Zn
(Gallagher et al,, 2008; Dmuchowski et al., 2014). However, most
recent studies have also shown large hioaccumulations of cad-
mium (Cd), Cu, and Mn (Desai et al,, 2019), The high potential
of birch to accumulate the above-mentioned elements was also
confirmed by the present study (Figure 4). These elements were
especially strongly accumulated in the leaves and bark. Due to
their great susceptibility to trace-element accumulation from the
soil and air, leaves/needles and hark have commonly been used
as bioindicators of environmental contamination (Sut-Lohmann
et al., 2020b; Jonczak et al., 2021). Silver birch has also been used
in rhis context (Butkus and Baltrénaité, 2007; Ernst and Nelis-
sen, 2008; Supuka et al., 2008; Dadea et al., 2016; Mleczek et al.,
2017).

The obtained results indicate that the fire from 30 years ago
may have had some effect on the content of some of the elements
in the soil, which may also be reflected in the birch biomass,
The most significant differences in macronutrient concentra-
tions in the biomass were found in P and K (Figure 3). Their total
soil pools were not reduced (Figure 2), which is probably the
result of the high threshold temperature ar which the velatiliza-
tion of P and K occurs — that is, above 774°C (DeBano, 1998), The
P concentrations in the studied soils were comparable to those
obtained by Jonczak et al. (2019) in Brunic Arenosols 21 years
after the occurrence of fire. The higher biomass content of K in
the postfire stand is probably strictly related ta its higher con-
centration in the soil. In the case of P, the intensified uptake hy
the birches may have resulted from an increase in its bioavail-
ahility through its conversion to orthophesphate, a form easily
available to plants. In addidon, the reduced amount of organic
matter that often occurs following fire may have contributed to
the release of these elements and an increase their uptake (De-
Bano, 1991). The available literature on the effects of fires on
elements, in terms of their binaccumulation in plants, is sparse
and is based on short-term effects. Far instance, Kikamigi et al.
{2013) conducted a study on the changes in elemental content in
silver birch leaves under the effect of the addition of wood ash in
peatlands in Estonia, The results showed no effect on the P and
K concentrations, Khanna et al. (1994) indicated that most of the
K in ash occurs in a water-soluble form, while P is released into
solution only in the presence of protons, This may explain their
increased content in the biomass in the post-fire stand in this
study. Also, a study on changes in the elemental content in the
biomass of savanna vegetation after fire in Congo by Laclau et
al. (2002) indicated increased P and K concentrations. Kutiel and
Naveh (1987) performed an experiment using soils from post-
fire pine forest stands to determine changes in the nutrient con-
tent of wheat and clover biomass. They found the levels of Pand
K in the plants to be significantly increased in the post-fire soils
compared to the control The findings of these authors were sup-
ported by the results in this paper. However, in another study,
DeBano and Conrad (1978) indicated a significant decrease in
the nutrient content of the plant biomass after fire,

Negative changes in the Ca and Mg contents in the soils af-
fected by wildfire were very apparent in this study (Figure. 2).
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Despite the relatively low sensitivity of those elements to heating
(the threshold temperature for Ca is 1,484°C and for Mg 1,107°C),
their loss may be a consequence of the erosion of ash and top-
soil, which particularly intensely affects elements that are not
lost by oxidation or volatilization (Raison et al,, 2009). The Ca
and Mg contents in the biomass did not show any clear indica-
tions that they were affected by fire (Figure 3). In some of the
biomass fractions, a decrease in Ca content was noted, although
Mg slightly increased after the fire. The variahle results reported
herein regarding these macronutrients have also been reflected
in the works of other authors. Laclau et al. (2002) obtained sig-
nificantly higher Ca and Mg contents in the aboveground bia-
mass one year after fire, while the concentrations in the roots
were at simllar levels. In addition, a study by Kutiel and Naveh
(1987) highlighted a significant increase in elemental concen-
trations in the biomass after fire, suggesting consistency with
the findings of the present study with respect to the increase in
Mg in the biomass after fire. Differences in the intensity of the
changes that occurred can be attributed to the different periods
of time allowed for the regeneration of the post-fire stands; the
aforementioned researchers were reporting on the short-term
effects, Calcium demonstrated a different behavior in the pres-
ent study to the observations of those other authors, but similar
to that reported by DeBano and Conrad (1978), Kikamigi et al.
(2013) published a further different observation-ash fertiliza-
tion doubled the Ca concentration in birch leaves compared to
the control, while having no affect on Mg,

In this study, there were no differences between the stands
regarding soil N (Figure 2). Also, it can be concluded that the
effect of fire on the N stocks in the biomass after 30 years was
negligible (Figure 3). A similar behavior of N was reported by Ki-
kamégi et al. (2013), who saw no effect of ash on the N content in
birch leaves, In addition, Laclau et al. (2002) reported no differ-
ences for the aboveground N. However, other researchers have
obtained contrasting results regarding the behavior of N. DeBa-
no and Conrad (1978) indicate a significant decrease (by 75%)
in N content after fire, while Kutiel and Naveh (1987) found an
increase of N in plants. For §, in the present study, there was no
effect on its content in either the soil or the biomass.

The effects of wildfire on the mieronutrient status in soils
iz poorly understood (Certini, 2005), Based on the data obtained,
it is clear that, among all the micronutrients studied, fire may
have contributed 10 an increase in the content of bivavailable
Zn, which was reflected in every sllver birch biomass fraction
(Figure 3). Birch is considered to be a hyperaccumulator of Zn
(Dmuchowski et al,, 2012; Szwalec et al, 2018). This increase
in the plant-biomass Zn content following fire has alsa been
reported by Reinhart et al, (2016). Compared with the studied
elements, with their strongest accumulations eccurring in the
leaves, it is apparent that the Fe content in the biomass was at its
highest in the roots (Figure 3). This might be an effect of the low
mobility of Fe (Parzych et al., 2016). However, an increase in the
elemental content of the roots could also be the result of biomass
contamination with fine soil particles, This is a common prob-
lem in root analysis because, even small amounts of soil mineral
particles adhering to the root surfaces can affect the analytical
results (Hunmt et al., 1999). This particularly affects elements such

Wildfire effect on nutrients distribution in birch biomass

as Fe, which have high contents in the soil, but low contents in
the plant biomass.

Differences in the Mn concentrations between the stands,
compared with Fe and Zn, were significantly lower, and affected
only the RI and § biomass fractions, in which there was a slight
increase in accumulation after fire (Figure 3). Similarly to the
micronutrients, the pool of soil Mn was lower in the post-fire
stand (Figure 2), so the increased biomass content could be the
result of the uptake of its mobilized form from deeper soil lay-
ers. De Marco et al. (2005) indicated an increase In available Fe
and Mn forms in southwestern Italy after the application of ex-
perimental fire, which may explain their higher accumulation
in the post-fire stand in this study. The organ content of Cu var-
ied between the stands (Figure 3). However, a stronger uptake
was highlighted in the control stand, even though the total Cu
content in the soil was higher (Figure 2). A similar trend was
found by Stankov Jovanovic et al. (2011) in a study on the effects
of wildfire on Cu bioavailability in Serbia.

5. Conclusions

Based on the results of this study, it can be concluded that
different elements exhibit diverse retention and distribution in
silver birch biomass as a consequence of the long-term effect
of wildfire. Low, commonly insignificant statistical differences
were noted between the post-fire and control stands for N, S, and
Mn. For Ca and Cu, higher eoncentrations were noted in the con-
trol stand in the majority of the biomass fractions, whereas the
F, K and Zn contents were higher in the post-fire stand. The Mg
and Fe trends were organ-dependent. The highest bicaccumula-
tion intensity was typical in the leaves, except for Fe, Certain ele-
menis were alsg sirongly accumulated in the bark (Ca, Mn, Cu,
Zn) and fine roots (Fe, Cu, Znl. Stemwood was the poarest in all
the studied elements. Based on BFs, it was found that the strong-
est accumulation in each birch organ was N, followed by Mn, Zn,
Cu, 5, Ca and P. While Mg and K were accumulated mainly in the
leaves, the BF for Fe was below 0.3. This study highlighted the
importance of wildfire as a factor that influences nutrient man-
agement in forest ecosystems dominated by silver birch.
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Diugoterminowy wplyw poZaru na rozmieszczenie skladnikow pokarmowych
w biomasie brzozy brodawkowatej (Betula pendula Roth)

Slowa kluczowe Streszczenie

Brzoza brodawkowata
Poiary

Obieg sldadnikdw pokarmowych
Binakumulacja

Celem badan byla acena diugoterminowego wplywu podaru na rozmieszezenie skladnikow pokar-
mowych w biomasle brzozy brodawkowate] (Betula pendula Roth). Badaniami objeto dwa stano-
wiska (popozarowe | kontrolne) w tym samym wieku (27 lat), poloZone na terenie Madlednictwa
Clerpiszewo (Polska centralna). Stanowiska znajdowaly sie w tym samym kompleksie gleb rdza-

wych wyksetalconych z plaskéw eolicznych. Probkl gleby i brzozy pobierano w dziesieciu powtd-
rzeniach na stanowisko. Prdbki gleby pobierano z glebokosci 0-10, 10-20, 20-40 1 20-40 om 28 po-
mocg probnika rdzeniowego. Z drzew pobrano probki korzeni drobnyeh, korzeni grubyeh, drewna
pnia, kory pnia, galezi grubych, gatezi drobnyeh | lisei. Podstawowe wiasciwosci gleby oznaczono
stosujae standardowe procedury. Ponadto w probkach gleby i biomasy analizowana ogalng zawar-
tosc wegla (C), azotu (N), siarki ($), fosforu (P), potasu (K), wapnia (Ca), magnezu [Mg), zelaza (Fe),
manganu (Mn), miedzi (Cu) i cynku (Zn). Gleby byly silnie kwasdne i ubogie w badane plerwiast-
k. Zawartoie skladnikéow pokarmowych w biomasie byla silnie zréénicowana w poszezegalnych
organach. Najhardzie| zasohne w skladniki pokarmowe byly lidcie, nastepnie drobne karzenle |
drobne galezie oraz kora, Najmniejsza zawartode skiadnikéw pokarmowych stwierdzono w drew-
nie pnia. W przypadku niektorych pierwiastkow stwierdzono statystycznie istotne rognice pomie-
dzy stanowiskiem popozarowym a kontrolnym. Na stanowisku po poiarze ednotowano wisksze
koneentracje P, K | Zn w wigkszosci frakeji blomasy, a takze Mg | Mn w korzeniach i drewnie pni.
Zawartost N i Ca byla zwykle wyisza na stanowisku kontrolnym, Wplyw pozaru na akumulacie
Fe i Cu byl zrognicowany w poszezegdinych organach. Nie zostal on potwierdzony w przypadku
5. Generalnie brzoza wykazywala najwieksza intensywnoéé bioakumulacil w odniesieniu do N, a
najmniejszg w odniesieniu do Fe. Sposrad wszystkich badanych sktadnikéw pokarmowych wspol-
czynniki bloakumulacji byly zwykle najwyzsze w lisclach, a najnizsze w drewnie pnia. Moina
stwierdzié, 2e pokar jest waznym czynnikiem wplywajgcym na gospodarke skladnikami pokarmo-
wymi na stanowlskach brzozy brodawkowatej, nawer kilkadziesiat lat po jego wystapieniu.
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Abstract The influence of lignite mining on vegeta-
tion constituies a key issue due 1o the role of plants
m restoring and maintaining the ecological balance
of ecosystems, In this context, the identificaion of
its impact on the functioning of silver hirch {Berufn
pendulan Roth) as a species often colonizing disturbed
habitats takes on particular importance. Therefore,
we aimed o determine the changes in nutrient con-
tent in silver birch overgrowing a spoil heap and in
the vicinity of a fly ash settling pond and power plant.
For this purpose, plant tissues (fine and coarse roots,
stemwond, bark, coarse and fine branches, leaves) and
soil samples (010, 10-20, 2040, 2040 cm deep)
were examined. The basic soil characteristics were
determined, along with the N, P, K, Ca, Mg, §, Fe,
Mn, Cu, and Zn contents of the soil and plant sam-
ples. The soils varied in terms of soil pH and were
poor in total arganic carbon and other elements, The
plant nutrient content varied strongly across the ana-
lyzed tissues, with the leaves usually containing the
most and the stemwood the least nutrients. Statistical
analysis indicated significant differences between the
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control vs spoil heap (particularly in Mn, S, and Mg)
and the stand close to the settling pond (particularly
in Ca, Mn, P, K. and S). We found that the chemi-
cal properties of the spoil heap and fly ash originat-
ing from the lignite mining operations are likely fac-
tors influencing nutrient accumulation in silver hirch
trees.

Keywords Forest ecosystems - Environmental
pollution - Lignite mining - Nutrients - Trace
clements

1 Introduction

Lignite (brown coal) is an important fuel in the pro-
duction of electricity and heat in many European
countries. In Poland, it is extracted from several large,
opencast mines near Belchatow, Konin. Adamow,
Turdw. and Sieniawa. The amount of lignite mined in
Poland in 2017 was 61 million tons, equaling approx-
imately one-third of Germany's production. Up 1o
2021, there bad been expected reduction in lignite
mining over the next years. However, considering the
present political and economic situation in the world,
this is no longer so reliable,

Lignite mining and processing constitutes one of
the most important ecological and economic prob-
lems of the last several decades. Opencast mines
cover large arcas of strongly degraded environ-
ment, including the lithosphere, soils, hydrology,
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vegetation, and landscapes. In addition. contaminants
can be dispersed over large distances. Among such
pollutants, lignite dust is typical of mining activity,
whereas ash and several other products originate from
lignite burning (Kosztowniak et al., 2016 Pandey
et al., 2014 Vrablik et al.. 2017). These substances
are carriers of nutrients, along with potentially toxic
elements and various organic and inorganic contami-
nants. Acid mine drainage is another inherent phe-
nomenon of areas affected by lignite mining (Fyson
et al, 2006), as it affects the quality of waler reser-
voirs. For instance, in the Lausitz area (Germany),
approximately 170 lignite pit lakes have a pH range
of 2.4 to 3.4 (Fyson ¢t al., 2006), The water in the pits
15 also characterized by high concentrations of iron
(Fe) (up to 800 mg dm™), which occurs as sulfides
(mostly pyrite and marcasite) as accessory minerals
in the lignite. It should be noted that sulfides can also
be a source of trace elements.

The influence of lignite dust and coarse [ragments
on the soil environment and the plant—soil sysiem is
multifaceted und ambiguous. Several studies have
demonstrated that it can have a positive effect on
the soil organic carbon content and pore structure,
and can slow mineralization (Kolodziej et al., 2020;
Sekhohola et al., 2013). Some authors (e.g., Kwiat-
kowska-Malina. 2013) have also tested the ability of
humic acids exwacted from lignite to improve soil
quality. However, there is also some evidence that lig-
nite used as a soil amendment negatively influences
soil system. Frouz et al, (2005) showed that some lig-
nite mine spoils inhibit the reproduction of pot worms
(Enchyiraeus ervpriens). mainly due to their low pH
(=4} andfor high salinity. Simmler et al. (2013) found
that high doses of lignite introduced to soil reduced
the growth of ryegrass, Only a few studies have moni-
tored the effects of lignite on soil microbial processes.
Several authors (Bekele et al., 2015; Rumpel et al.,
2001; Tran et al,, 2015) have suggested that lignite
can be utilized by soil microorganisms as a carbon (C)
source, but the efficiency of this process is limited.
Qm and Leskovar (2018) proved that lignite-derived
humic substances promote plant root growth and
soil microbiota populations, which are essential for
improving plant-microbial interactions under waler-
deficit stress. Baumann et al, (2005} showed that lig-
nite can promote the relative abundance of arbuscular
mycorrhizal fungi (AMF), which form symbiotic root
associations with plants. This may be because, among

@ Springer

rhizosphere microorgunisms. the response of fungi 1o
increasing C content is clearer than that of bacteria
because fungal mycelia can accelerate the turnover
cycle of the fungal C metabolisim. while bacteria gen-
erally need much more time to turn over the C (Stad-
don et al., 2003),

Former lignite mining sites are reclaimed using
various technigues. Areas of excavation and spoil
heaps are usually leveled and afforested. Scots pine
(Pinus svivestris L.) and silver birch (Betula pencitla
Roth} have been commonly used for this purpose due
to their high tolerance of such site conditions (War-
fvinge & Swedrup, 1995), including aluminum {Al)
stress (Clegg & Gobran, [995) and centamination
(Eltrop et al., 1991; Margui et al., 2007; Ulbrichova
el al., 2005). Knowledge on the feedbacks between
soils and vegetation is crucial for the successful rec-
lamation of degraded areas. Aspects related 1o nutri-
ent cycling, including their uptake. bioaccumulation
in [resh biomass, return to the soil via litterfall, and
release during liter decomposition, are key impor-
tance. Rapid nutrient cycling is particularly important
in nutrient-poor sites, which are often represented
by degraded post-mining areas. The choice of sil-
ver birch is more suitable in this context than Scots
pine. This is mainly due to the characteristics of the
litterfall from these trees. Scots pine litter results in
a strongly acidified, nutrient-poor biomass saturated
with resins. which makes it resistant 1o decomposi-
tion (Jonczak, 2011). By contrast, silver birch litter-
fall is rich in essential nutrients and microelements
(Branditberg et al., 2004; Carnol & Bazgir, 2013;
Jonczak et al,, 2023), and the process of ils decom-
position is rapid (Hynynen et al., 2010; Shorohova
& Kaptsa, 20016), The choice of treg species in the
reclamation of degraded soils bas another important
aspect—phytoremediation, Silver birch is considered
a hyperaccumulator of zinc (Zn) (Dmuchowski et al,,
2012, Margui et al., 2007), The latest studies by Rus-
towska (2022, 2024) and Jonczak et al. (2023) have
also shown a strong accumulation of manganese (Mn)
and copper (Cu), Their highest concentrations are
typically recorded in the leaves (Jonczak et al.. 2023;
Rustowska, 2022},

Considering the importance of silver birch in the
reclamation of areas degraded by lignite mining,
and the insufficiency of our knowledge on the feed-
backs in the soil-silver birch system in such areas,
we undertook a broad study on nutrient accumulation
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in the biomass of that tree. The study covered three
stands, including a spoil heap near a mine pit, a stand
near & power plant dust settling pond. and a control
stand. We expected large differences in the contents
of the studied nutrients in the silver birch biomass
related to the location and site characteristics, Moreo-
ver, we hoped that this study would contribute (0 a
better understanding of the ecology of this species
under unfavorable conditions, and its suitability for
the reclamation of soil in degraded areas.

2 Material and Methods
2.1 Swmdy Area

The first geophysical exploration for lignite. near
Betchatow (central Poland), began during Waorld War
II' (Ratajezak & Hycnar, 2017). Continued explo-
ration resulted in lignite being found at a depth of
127 m below ground level in 1960. The thickness of
the lignite deposit was estimated at 70 m, In 1975,
after intense exploration works, the Presidium of the
Government decided to start lignite operations and to
build a thermal power plant. The lignite deposits near
Belchatow are of the tectonic type (Ratajezak & Hye-
nar, 2017}, They oceur within Mesozoic formations in
the £odZ Basin (with a W-E orientation), The length
and width of the deposits was estimated at 6.5 and
2.5 km, respectively. Based on the geology, the lignite
deposits have been divided into three areas—Szc-
zercow, Belchatdw, and Kamiensk, The first two are
currently being exploited. The boundary between
the Szezercow and Belchatow areas is represented
by the Debina salt dome, whereas the Kamierisk and
Belchatow areas are divided by the Widawka Faulr,
In general, the lithostratigraphic profile in the study
area allows the distinction of three major parts: (a)
Quaternary sediments: (b) a Cenozoic lignite series;
and (c) a Mesorzoic base. The Quaternary sediments
(35-80 m thick) are typically represented by sands,
clays, gravels, fluvioglacial sands. and organic sedi-
ments, The purent rocks identified in the Mesozoic
base are mostly limestones. In the Cenozoic lignite
series, lignite, gray fine-grained sands, clays, lake
chalks, sandstones, and marls have been identified
(Wagner & Slomka, 2000). In the Belchatow mine,
the lignite is exploited by means of multi-bucket,
wheeled excavators, the material transported using a

belt conveyor (Borez & Koziol, 2015). Various tech-
nologies are used to take out the overburden and par-
ent rocks, which are relatively resistant to crushing
(Koziot et al., 2011},

Our study was performed on three silver birch
stands, including one on a reclaimed spoil heap
formed from the overburden material, one in the
vicinity of a fly ash settling pond, and one located
approximately 8 km NE of the spoil heap and lig-
nite opencast mine, which acted as the control
(Fig. 1). Although, the stands were comparable in
age (30-34 years), they varied in terms of density and
diameter {Tahle 1),

2.2 Soil and Biomass Sampling and Analysis

Silver birch trees and the soils were sampled once
in June 2022. Biomass samples were collected from
10 average trees per stand, and included second-
order roots, first-order roots, stemwood. and bark at
a height =130 cm, and first-order branches, second-
order branches, and leaves from the central part of
the erown, The biomass samples were dried at 65 °C,
then milled into powder, and analyzed. The iolal
organic C (TOC), ttal nitrogen (N) and total sulfur
(5) were determined by dry combustion (Vario Mac-
roCube, Elementar, Germany), while the contents of
phosphorus (P), potassium (K), calcium (Ca), mag-
nesium (Mg), Fe, Mn, Cu, and Zn were obtained by
inductively coupled-plasma atomic-emission spec-
rometry {(Avie 200, Perkin Elmer, USA) alter sample
digestion in 65% nitric acid (HNO,) using a micro-
wave digestion oven (Ethos Up, Milestone, ltaly).
The soil samples were collected from close to
each tree from depths of 010, 10-20, 20-40, and
40-80 em wsing a 3 cm-diameter corer. One core
was laken from the central part of the stand for the
purposes of describing and classifying the soil. The
soil samples were air-dried and passed through a
2.0 mm-mesh sieve. The<2.0-mm fraction was
used for the physical properties analyses, Addition-
ally, part of the homogenized sample was milled
into powder for chemical analysis. The particle size
distribution was determined using the mixed pipete
and sieve method. The Polish Soil Science Soci-
ety (PTG) classification of textural fractions and
groups was applied (PTG, 2009), The soil pH was
determined using the potentiometric method (Met-
tler Toledo SevenDirect SD23 equipped with an
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Fig. 1 Location of studied «lands

Table 1 Basic characteristics of the stands

Control
[ ]

Stand name Coodinates Soil Reference Group (WRE, 2022) A Density DBH
(years) itrees ha™) {fem)
Heap 51212591 N Spolic Technoscl 30 1,100 17.6+37
19420393 E {Arenic, Euirie, Ochric)
Settler 51279218 N Albic Podzol RlH] 1,206 15.8+4.7
19.264586 B {Arenic, Eumric)
Control 51297694 N Drystric Brunie 34 1.600 ILT+1.8

19443804 E Arenosol

WRE ~World relerence base; DEH Diameter al breast height

InLab ExpertPro ISM electrode, Switzerland) in a
soil:water proportion of 1:10. The total C (TC), N,
and S contents were determined by dry combustion
(Vario MacroCube, Elementar, Germany). The total
morganic € (TIC) was analyzed using the volumet-
ric Scheibler method, and the TOC was calculated
as TC = TIC, Approximately 0.3 g of soil sample
was digested in 7.5 ml of 38% hydrochloric acid

‘a Springer

(HC1) and 2.5 ml of 65% HNO.. The solution was
transferred into a 50-ml falcon tube, topped up with
deionized water to 50 ml, and then filtered (through
a hard paper filter). The contents of P. K, Ca. Mg,
Fe, Mn. Cu. and Zn were determined by inductively
coupled—plasma  optical emission spectroscopy.
Only high-quality, pure per-analysis reagents were
used for biomass and soil sample digestion.
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2.3 Statistical Analysis

Statistical evaluation of the results included obtaining
the mean values and standard deviations for the bio-
miss and soil sumples. The statistical significances of
the differences between the mean values were tested
using the Kruskal-Wallis test. Principal component
analysis (PCA) was applied to identify major sources
of variability in the studied datasets,

3 Resulis
3.1 Basic Characteristics of the Soils

The studied soils represented three reference groups,
according to the WRB 2022 (International Union of
Soil Sciences, 2022) classification, that developed
under the various impacts of natural and anthropo-
genic factors. These were a semi-natural Dystric
Brunic Arenosol, representing the conwol location,
an Albic Podzol (Arenic, Eutric), located in the vicin-
ity of the setling pond, characterized by a natural or
close-to-natural sequence of genetic horizons, albeit
threatened by contamination from the settling pond,
and a Spolic Technosol (Arenic, Eutric, Ochiric),
developed from the overburden material thar com-
prised the spoil heap. The soils were characterized by
a sandy texture, with the content of the sand fraction

ranging from 91.5 w 99.6% (Table 2). The pH val-
ues varied among the stands and with depth (Fig. 2),
being stongly acidic or acidic at the settling pond and
control locations, showing low variability with depth.
The observed pH values are typical of the sandy soils
of Poland under forest vegetation. The soil of the spoil
heap was acidic at the top, but with the pH strongly
increasing with depth. This tendency indicates the
leaching of basic cations and carbonates from the sur-
face layers of anthropogenic materials. This process
is typical under percolative water regimes, which can
be additionally accelerated by forest vegetation. The
studied soils were generally poor in TOC, despite the
observed differences among the stands (Fig, 2).

3.2 Soil Nutrient Content

Although having comparable textural characteris-
tics, soil nutrient content was significantly different
among the three sites (Table 3, Fig. 3). On the heap
stand, soils were deficient in N and P, while being
much more abundant in K, Ca, and Mg when com-
pared to the settler and control locations. The dif-
ferences were also apparent in the micronutrients.
Generally, the contents of 8, Mn, Zn, and Cu were
low (close 10 natural). considering the proximity
of the sources of pollution (opencast mine, settler,
power plant).

Table 2 Particle size

oG of the arsdiad Soil horizon Depth (cm) Sand (%) Silt (%) Clay (%) Textural group
sl Heap
AC (10 4.8 i3 19 Sand
{3 10=23 928 4.4 2.7 Sand
a2 23-50 958 23 1.9 Sund
3 S0-Ri 92.9 4.2 24 Saml
C4 80150 up.3 2.2 1.6 Sand
Settler
A (=10 b7l 2.2 07 Sand
E 10-20 079 LB (0.4 Sand
Blis 203t} 977 L4 0.9 Sand
BhsC 450 UR.8 0.2 1.0 Sand
s 30-150 99.6 0.3 0.1 Sand
Conirol
Ap 0-20 91.5 T.0 1.5 Sand
Bw 20-37 UG8 L7 1.4 Sand
= 37-150 9R.6 0.7 0.6 Sand
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Fig. 2 pH and TOC content in the studied soils (the same leners indicate no statistically significant differences between the stands at

a significance level of p<0.05 based on the Kruskal-Wallis test)

Tahle 3 Soil mean = standerd deviation {$D) nuirieni contents
{mg kg™") in the stucdied stands, and statistical significance of
differences helween the stands (the same letters indicate no sta-
tistically significant differences between the stands af o signifi-
cance level of p< 0,05 based on the Kruskal-Wallis test)

Heap Settler Control
N B34+6149" 273.5+956% 244.1+408"
P 04,1 4239 14764487 251842500
K 1L3906+2095" B764+6700  12121=1198°
Ca LE122+729.1" 40D14+105.1° 424.6436.6°
Mg 7036 230.7° 1677 +9.2 597.5 + 167.5"
5 T4 5+74 8504215 7044111

Fe 36419+ 1L0187" 14214 +289.9" 49541 +1,658.3°

Mo 5504170 428467 1772356
Cu 23+06" 084030 1.g+0;5"
¥n 11.2+28" 5709 164 +2.0¢

3.3 Nutrient Content in Silver Birch Biomass

The nutrient distribution in the silver birch biomass
varied strongly among the tissues and stands (Fig. 4),
The highest concentrations were mainly noted in
the leaves and the lowest in the stemwood, The only
exceptions Lo this tendency were Fe and Mn. The
trends for these nutrients were not fully clear, how-
ever large differences were noted hetween the stands.
Also, relatively high contents of Ca, Cu, and Zn were
recorded in the bark, branches, and roots. In the roots,
there were also high concentrations of Fe. Based on
the mean values of the tissues, the N contents were
the highest among all the major nutrients in the sil-
ver birch biomass (2,337.5-24.786.3 mg kg')
followed by Ca (7202-164184 mg kg,

@ Springer

K (325.1-7.892.0 mg kg, Mg
(164.3-2,899.2 mg kg, and P
(68.9-1,651.1 mz ko). Micronutrients occurred
in amounts of 7.3-2341.3 mg kg Mn
54.7-1,246.5 mg kg™' 8, 10.8-1,114.4 mg kg! Fe,
18.0-179.3 mg kg™' Zn, and 2.8-9.7 mg kg ' Cu.

3.4 Principal Component Analysis (PCA)

A PCA analysis, based on the major seil characteris-
tics and nutrient content of the soils and silver birch
biomass, allowed us to idemify the major sources of
variability in. and the mterrelalionships between, the
studied variables in a silver birch-soil system (Fig, 3).
An analysis ol the contributions of the variables in
the model revealed no dominant role by any of them,
highlighting the complicated namre of the studied
system. However, the correlation matrix of the vari-
ables indicated strong feedbacks between the soil
characteristics and nutrient contents in the silver birch
biomass., These were both positive and negative cor-
relations. Based on the projection of the cases on the
plane of [actors, separate clusters for each study plot
are clearly visible. suggesting differences between
them. considering the variables used for the analysis
(Fig. 6),

4 Discussion

Site conditions, affected by anthropopressure, are
often subject to strong fuctuations, which can be
reflected in the plant nutrient status. For silver birch,
this has been illustrated by several authors (e.g..
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aliig. 4 Mean+ 8D nutrients content in birch hiomass (the

same leliers indicate no statistcally significant differences
between the stunds al o significance level of p <05 based
on the Kruskal-Wallis test), RIl—second-order toots, Rl—
first-order roots, S—stemwood, B—bark at a height =130 em,
Brl—first-order branches, Bril—second-order branches, and
L—Ileaves

Dauvgaviete et al., 2015; Hytonen et al., 2014 Kfibek
et al., 202%; Pajak et al.. 2016; Sitko et al., 2022). In
the present study, the influence of the lignite opera-
tions was confirmed by the PCA analysis (Fig. 6),
which elearly showed differemt effects on the nutri-
ent composition in the silver hirch tissues from each
stand. This highlights the complex character of this
process, in which the nutrient availability for plants
is controlled by certain factors, particularly soil pH
(Barrow & Hartemink. 2023). As we found. the soil
nutrient profiles of the investigated stands were nol
homogencous (Fig, 2). While we expected the soils
of the seuling pond and spoil heap locations w be
acidic, as is typical of Podzols and Arenosols (Brozek
& Zwydak, 2010, we found the soil of the heap to
be alkaline in the deeper lavers. This contrasts with
the reports by Pajak et al. (2023) and Wojcik et al.
(2012), who noted a strongly acidic reaction at this
site, whereas it corresponds with the ohservations of
Pajak and Krzaklewski (2006). A varying pH in the
overburden was observed by Gruszezyriski (2015)
and Pudetko and Chodak (2020). Such discrepan-
cies are common, being an effect of the heterogene-
ity of the deposited material (Wéjeik & Krzaklewski,
2009). As mentioned, soil pH determines nutrient
uptake and its accumulation in the plant bipmass,
along with the nutrient concentralion in the substrate
(Cataldo & Wildung, 1978), and the plant’s require-
ments for a given nutrient (Clark, 1983). Considering
the environmental factors, either directly or indirectly
shaped by anthropization. the influence of pH on the
nutritional status of plants can be highly differenti-
ated, depending also on the type of the nutrient.
Nitrogen and I are deminant limiting nutrients in
plant growth, influencing productivity and the over-
all functioning of terrestrial ccosystems (Perring
et al,, 2008), especially those associated with indus-
trial/post-industrial sites, which are often extremely
poor in biogenic elements (Pajuk et al., 2023; Pie-
trevkowski et al., 2013), as was also noted in this
study (Fig. 3). The soil N and P contents were con-
siderably lower than in the control (Fig. ), as well as

in other nutrient-poor, sandy soils under silver birch
stands (Rustowska, 2022, 2024), This explains the
limited accumulation of P in the birch biomass in the
settler location. The comparable biomass P contents
in the heap and control locations were probably influ-
enced by a higher soil reaction increasing its uptake.
In contrast o P, the N content in the birch biomass
was not reduced i any stand in the mining zone, and
was generally similar (o the reports by other authors
for various sites (Jonczak et al., 2023: Kuzneisova
et al., 2010; Rustowska, 2022, 2024; Uri et al., 2007).
This might be explained by the symbiotic interaction
of the birch roots with AMF facilitating N uptake
from the soil (Smith & Smith, 201 1), promoted by
their abundance due to the lignite (Baumann et al.,
2005). Moreover, an increase in N content in the
aboveground plant tissues, particularly the leaves
(Fig. 3}, might have been caused by the emission of N
oxides (NOx) from the openpit mining (Huertas et al.,
2012,

In terms of K, significantly lower contents were
recorded in the birch trees growing near the ash
settler pond and power plant in relation to the con-
trol (Fig. 3). This is possibly due to the typically
small amounts of K that occur in Podzols (Brozek &
Zwydak, 2010) (in this study, the K was lower than
in the Arenosol of the control stand), as well as the
lignite fly ash from the Belchatow power plant (Bak
etal, 2023; Urarowicz et al., 2018).

The fly ash from the Belchatow lignite mine is
characterized by a high Ca contemt (Giergiceny &
Michniewicz. 1991: Peukert et al., 1986), As reported
by Hycnar et al. (2017) and Uzarowicz et al_ (2018),
this is due to the presence of significant amounts of
CaCO;-rich lake chalk in the combusted coal (Hyc-
mar et al., 2007). What is more, the combustion lig-
mite rich in Ca can lead to the formation of other
Ca mincral phases. such as gehlenite (Ca,ALSIO,),
ye'elimite  [Cu,Al(SO,)|, anhydrite (CaSO,),
and lime (Ca0}, which have all been found in the
Belchatdw fly ash (Bak et al., 2023), Also. the soil
of the heap stand contained higher contents of Ca
than the control stand, which, as reported by Pajak
and Krzeklewski (20061, is due 1o the presence of
CaCO, in these formations. Based on the above, the
in¢reased Ca content in the birch biomass growing in
the vicinity of the mine was nat surprising (Fig. 3),
The Ca content was considerably higher than in
birches in urban arcas (Modrzewska et al., 2016), and

@ Springer
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also higher than in silver birch growing on post-min-
ing spoil heaps formed from waste rock from the coal
mine in Katowice (Sitko et al., 2022), The increased
accumulation recorded in this study was probably
influenced by the higher pH of the overburden materi-
als (5.840.4-8.1 £0.7) compared to that recorded by
Sitko et al. (2022) (3.68 +0.06).

The Mg contents in some of the birch tssues var-
ied from the control only at the heap location (Fig. 3),
which differed in the soil reaction (Fig, 2). As con-
firmed by PCA analysis (Fig. 4), the increased uptake
of Mg is positively correlated with soil pH, this being
a significant factor determining the availability of this
nutrient to plants (Hailes et al,, 1997}, which explains
the observed trend.

Sulfur is typically accumulated by plants from
the soil in the form of sulfates, although it can be
also absorbed from the air as § dioxide {80,) (Lin-
zon et al., 1979) and hydrogen sulfide (H,8). released
during the pyrolysis of lignite (Zhang & Yani, 2011},
The presence of § in these forms is particularly com-
mon in industrial areas through its emission by sev-
eral activities. such as smelting, combustion, and
mining (Gordon & Gorham, 1963; Katz et al., 1939;
Linzon, 1958, 1965), thus contributing to the elevated
contents of this nutrient in plants, Frazer (1933) high-
lighted that some coniferous plants growing on indus-
trial sites exhibited significantly higher levels of §
compared 0 their counterparts growing in non-pol-
luted areas. Also. Katz et al. (1939) observed that the
S concentrations in coniferous foliage were the high-
est near a lead smelter, gradually decreasing with dis-
tance from this, A similar tendency was noted in our
study, with the S contents in the silver hirch tissues
being usually significantly higher in both the heap
and gettler stands than in the control (Fig. 4.

The large-scale mining and burning of coal often
poses 4 risk of soil contamination by trace elements
{Dang et al., 2002: Rout et al., 2013), However, stud-
ies condueted at the Belchatdw lignite mine site have
indicated that both the combustion waste and the
overburden heap do not show elevaed concentra-
tions of these (Hyenar et al,, 2017; Stolecki, 2005),
We can confirm these reports—ihe contents of Cu
and Zn in the soils of the studied stands were low
and, according to legal regulations (Regulation of the
Minister of the Environment of | Seplember 2016
on the Method of the Contamination Assessment of
the Earth Surface), they did not exceed permissibic

@ Springer

norms. Therefore, the impact of lignite mining activi-
ties on the accumulation of these micronutrients by
silver birch was negligible (Fig. 4), and their contents
did not differ from those presented by Rustowska
(2022) from Arenosol stands. Contrastingly to Cu and
Zn, Mn exhibited significant differences between the
heap and the settler stands vs the control stand in all
tissues, showing a considerable decrease in concen-
tration in the stands thut experienced anthropogenic
impacts (Fig. 4). The accumulation of Mn is primar-
ily dependent on soil pH. which is the most effective
in acudic soils (Kabata-Pendias & Pendias, 1999),
Reimann et al. (2007) revealed that hirches will accu-
mulate Mn in their leaves up to 4,888 mg kg™ in soils
with low pH. This explains the higher content of Mn
n the birches growing in the control stand. At the set-
tler location, the Mn content was considerably lower
than at the control stand, despite the acidic reaction
of the soil. This seems 1o be related to the extremely
low Mn contents in the soils of the settler and heap
stands. which had much lower concentrations than
in other soils under silver birch stands reported in
the literature (Jonczak et al.. 2023; Rustowska, 2022;
Sitko et al., 2022), Deliciency in Mn is prevalem
ameng plants that thrive in soils originating from par-
ent materials with low Mn contents, as well as n soils
that have undergone extensive leaching (Ivanov et al..
2(122). The other explanation of the observed differ-
ences between the stands can be the impact of stand
density. As presented in the work of Machava and
Barna (2005). Mn content in in the foliage of domi-
nant beech was the highest on plots with the highest
density, which is in line with our study. Positive cor-
relation of the amount of accumulated nutrients in
different parts of Scots pine with stand density indi-
cated also Wegiel et al, (2001 5).

According to Hyenar et al. (2017, fly ash from the
Belchatow power plant contains a number of mineral
forms of Fe. including hematite (Fe,O,). magnetite
(FeaOy), wilstite (Fe(), goethite (FeO(OH)), lepi-
docrocite (FeO(OH)), and pyrrhotite (FeS), indicat-
ing the possible capture of this nutrient from dust by
hirch, and an increase in the Fe content of the sites
close Lo the settling pond and power plant. However,
we found no such rend (Fig. 3), the statistical analy-
sis showing significam differences between the heap
and control stands. but the trend being unclear.

The distribution of nutrients accumulated in trees
is dependent on the specific nutrient demands and
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functions of each organ (Martins et al,, 2019; Miller,
1995; Tromp, 1983). In addition, in deciduous trees,
this is controlled by the retranslocation process,
which is an important strategy for preserving the loss
of nutrients from senescent leaves (Jonczak et al..
2023; Scalon et al., 2017), This tissue usually con-
tains the highest content of nutrients, followed by the
branches, bark, or roots, while stemwood has the low-
est (Alifragis et al., 2001; Sharma & Sharma, 2013;
Vos et al.. 2023), In this study. the distribution of the
majority of the nutrients showed a similar pattern (see
Supplementary material), which was also consistent
with the findings reported for silver birch by Nowvilk
et al. (2017) and Rustowska (2022, 20124),

5 Conclusions

Based on the obtained data, our hypothesis that the
site characteristics in the lignite mining zone would
be reflected in the nutritional status of the silver birch
stands seemis to have been confirmed for the majority
of nutrients. However, depending on the nutrient and
the site conditions, the effect was diverse. Statistical
analysis demonstrated that silver birch growing on
the heap comprising overburden material deposited
during lignite mining had increased contents of, par-
ticularly, S, followed by Fe and Mg, while the birches
growing in the vicinity of the fly ash settling pond
and power plant showed a capacity 1o retain mainly
Ca and S in the majority of their tissues. We found
lower accumulations of some nutrients, especially
Mn, which was considerably decreased in both of the
polluted stands compared to the control. Additionally,
P and K accumulation in the zone under the impact
of fly ash was reduced in relation to the undisturbed
forest stand. In the case of Fe, although significant
differences were present in some cases, the tendency
was not clear. The impact of lignite mining opera-
tions on the accumulation of Cu and Zn was negli-
gible. The distribution of nutrients was typical for
tree species. with the leaves being the most abundam
tissue (except for Fe), while the stemwood was the
poorest. Overall, the resulls of this study, in tandem
with the anthropogenically altered nature of the site,
indicate the complexity of the issue of nutrient accu-
mulation in silver birch trees growing in the investi-
gated area, i which soil-related parameters and the
nutrient composition of the fly ash seem 1o have play

important roles. Our findings expanded knowledge in
the field of silver birch ecology of the areas affected
by lignitc opencast mining, and they have the poten-
tial o be applied 1o the effective reclamation and res-
toration of degraded areas,
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