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Abstract

The decomposition of organic matter is (next to photosynthesis) one of the key
biogeochemical processes responsible for the circulation of elements in nature. Despite
many studies devoted to the biomass decomposition in recent years, only few of them
concerned this matter on post-mining areas. This research attempts to fill this gap. The
aim of the research was to determine the leaf litter decomposition rate of various species
in the stands growing on reclaimed post-mining land and adjacent forest areas. It was
hypothesized that: (H1) leaf litter decomposition rate of studied tree species will differ in
similar environmental conditions, moreover (H2) it will be faster in home and mixed
stands than in Scots pine monocultures, and (H3) faster in stands of the same species
growing on exposures where higher average temperatures on the forest floor were
recorded, while lower (H4) under stands growing on post-mining rather than forest sites.
The research was conducted for five years on the external spoil heap of the Betchatéw
Lignite Mine (and adjacent forest areas), where a set of 31 experimental plots was
established.

In the course of the research it was stated that (ref. H1) leaf litter decomposition
rates differed between studied species. These differences were similar to those reported
in the existing literature, however, mass losses of particular litter types were at individual
stages of the decomposition process relatively smaller. Leaf litter decomposition rates of
all species (ref. H2) that were examined in mixed stands and Scots pine monocultures
were faster in the former. Comparing the rates of leaf litter decomposition in mixed stands
with those in home stands, no similar trends were observed for the species studied. Scots
pine stands growing on the western slope of the spoil heap (ref. H3) favoured faster leaf
litter decomposition in comparison with the same species stands on its plateau. In the
case of home stands, the influence of the exposure was not so unambiguous. Moreover, it
was noticed that in both stand types, the decomposition rates in the period from
September to June was generally faster on those exposures, where higher temperatures
on forest floor were noted. In the remaining months, reverse relations were stated.
Comparing leaf litter decomposition rates in different habitat conditions (ref. H4), we
stated that they were generally lower on spoil heap than on forest sites. Some exceptions
were noted only for litter of A. glutinosa and B. pendula under Scots pine stands, where

the relations were opposite.



Obtained results are the basis for recommendation the specified tree species and
proper forms of their admixtures for afforestation of reclaimed areas. Due to the
specificity of post-mining areas related to high variability of soil substrates, we
recommend to increase the share of the majority of the examined tree species in new
plantings. Nevertheless, taking into account both the biological and the economic purpose
of reclamation, introducing mixed tree stands should be supported as they improve the

biological and physicochemical properties of soils in degraded areas.



Streszczenie

Rozktad materii organicznej jest (obok fotosyntezy) jednym z Kkluczowych
proceséw biogeochemicznych odpowiadajacych za obieg pierwiastkéw w przyrodzie.
Pomimo wielu prac poswieconych rozktadowi biomasy w ostatnich latach, niewiele z nich
dotyczyto tego zagadnienia na terenach pokopalnianych. W niniejszych badaniach
podjeto probe wypetnienia tej luki. Celem badan byto okreslenie tempa dekompozycji
lisci drzew roéznych gatunkéw pod drzewostanami rosngcymi w warunkach
rekultywowanych gruntéw pokopalnianych oraz na przylegtych do nich terenach lesnych.
Przyjeto nastepujace hipotezy badawcze: (H1) tempo rozktadu lisci badanych gatunkéow
drzew w zblizonych warunkach $srodowiskowych bedzie zr6znicowane, co wiecej (H2)
bedzie ono szybsze w drzewostanach macierzystych oraz mieszanych anizeli
w monokulturach sosnowych, a takze (H3) w drzewostanach tych samych gatunkéw na
tych ekspozycjach, na ktérych odnotowano wyzsze $rednie temperatury na dnie lasu,
nizsze natomiast (H4) pod drzewostanami rosngcymi na gruntach pokopalnianych anizeli
na gruntach lesnych. Badania prowadzono przez pie¢ lat na zwatowisku zewnetrznym
Kopalni Wegla Brunatnego w Betchatowie (oraz na przylegtych terenach lesnych),
w uktadzie 31 poletek doswiadczalnych.

W toku realizacji badan (ad. H1) wykazano réznice w tempie dekompozycji lisci
badanych gatunkéw. Zauwazono jednak, Ze te roznice byty podobne do przedstawianych
w danych literaturowych. Ubytki mas natomiast, stwierdzone na poszczeg6lnych etapach
rozktadu, byty w niniejszych badaniach relatywnie mniejsze. LiScie wszystkich gatunkow
(ad. H2) podlegajacych badaniom w drzewostanach mieszanych oraz monokulturach
sosnowych charakteryzowaty sie szybszym rozktadem w tych pierwszych. Poréwnujac
tempa rozktadu lisci w drzewostanach mieszanych z tymi w drzewostanach
macierzystych (ad. H3), nie zaobserwowano jednakowych trendéw dla badanych
gatunkéw. Drzewostany sosnowe porastajace zachodni stok zwatowiska sprzyjaty
szybszemu rozktadowi liSci w poréwnaniu z drzewostanami tego gatunku na jego
wierzchowinie. W przypadku drzewostan6w macierzystych wptyw wystawy nie byt tak
jednoznaczny. Zauwazono jednak, ze w obu typach drzewostanéw tempo rozktadu $ciotki
byto generalnie szybsze w okresie od wrze$nia do czerwca w drzewostanach
porastajacych te wystawe, na ktérej odnotowano wyzsze temperatury. W pozostatych
miesigcach roku stwierdzono natomiast odwrotne zalezno$ci. Poréwnujac warunki

siedliskowe na zwatowisku z gruntami le§nymi stwierdzono, ze (ad. H4) liScie badanych
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gatunkow drzew rozktadaty sie w wiekszosSci przypadkéw szybciej na tych drugich.
Wyjatek stanowity liscie A. glutinosa i B. pendula, ktéore w warunkach drzewostanéw
sosnowych ulegaty widocznie szybszemu rozktadowi na zwatowisku.

Uzyskane wyniki sa podstawa rekomendacji konkretnych gatunkéw drzew oraz
form ich zmieszania przy zaktadaniu nowych nasadzen na terenach pokopalnianych. Ze
wzgledu na specyfike obszaréw poprzemystowych zwigzanych z duza zmiennoScia
substratow glebowych, zalecamy zwiekszenie udziatu wiekszosci z badanych gatunkéow
drzew w nasadzeniach rekultywowanych gruntéw. Majac na uwadze nie tylko
biologiczny, ale réwniez ekonomiczny cel rekultywacji, promowane powinny by¢
drzewostany mieszane, ktére wptywaja na poprawe witasciwosci biologicznych oraz

fizykochemicznych gleb na terenach zdegradowanych.
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1. Wstep

Rozwdj cywilizacyjny w ostatnich dwdéch stuleciach skutkowat pojawieniem sie
ogromnych obszaréw zdegradowanych terenédw przemystowych i poprzemystowych (np.
Fettweis i in. 2005; Hobbs i in. 2009). Pomimo ich punktowego wystepowania,
sumarycznie takie tereny tworzg ogromng powierzchnie. Tylko w Polsce ich areat wynosi
ponad 60000 ha (Horodecki i in. 2015). Jest to wystarczajacy powdd do zwiekszenia
zainteresowania ich ponownym uproduktywnieniem. Naturalna sukcesja na takich
terenach jest procesem stosunkowo powolnym (Macdonald i in. 2015), dlatego
najczestszym sposobem rekultywacji terenow poprzemystowych jest ich zalesienie
(Pietrzykowski i Socha 2011; Sroka i in. 2018). W wielu krajach tereny zdegradowane
podlegaja rekultywacji niezwtocznie po zaprzestaniu oddziatywania czynnikéw
degradujacych (np. eksploatacji kopalin). Takie dziatania majg na celu nie tylko poprawe
ich estetyki wizualnej (Maiti 2007), ale takze zwiekszenie ich r6znorodnosci biologicznej
(Jagodzinski i in. 2018). Jednakze przywrocenie funkcji biologicznej nie jest jedynym
powodem renaturalizacji obszaréw zdegradowanych. Liczne dziatania rekultywacyjne
podejmowane s3 z powoddéw czysto ekonomicznych i majg na celu jak najszybsze
umozliwienie nowym ekosystemom samodzielne utrzymywanie swoich funkgji, a takze
zwiekszenie (i przyspieszenie) produktywnosci (Prach i Hobbs 2008). Biologiczna
odnowa terendéw poprzemystowych jest niezwykle trudna ze wzgledu na poczatkowo
ubogie substraty glebowe, ktorych fizyczne, chemiczne i biologiczne wtasciwosci sa
znaczaco gorsze niz na terenach zblizonych do naturalnych (Indorante i in. 1981;
Helingerova i in. 2010; Shrestha i Lal 2011; Jimenez i in. 2013; Jagodzinski i in. 2014).
Polepszenie wtasciwosci substratu glebowego jest kluczowag kwestia w osiggnieciu
sukcesu rekultywacyjnego (Dutta i Agrawal 2001; Jagodzinski i Katucka 2010;
Esperschiitz i in. 2013; Katucka i Jagodzinski 2016). Dlatego czesto podejmowane s3
proby polepszenia warunkéw glebowych przed wprowadzeniem roslinnosci docelowej,
poprzez np. nawozenie, wyktadanie humusu, wprowadzenie przedplonowych roslin
motylkowych (Pietrzykowski i in. 2017). Rowniez wtasciwy doboér gatunkéw drzew
i form ich zmieszania mogg znacznie przyspieszy¢ rozwoj wierzchnich warstw gleby
(a w Slad za tym rowniez gtebszych partii) ze wzgledu na r6zng wielko$¢ produkcji $ciotki
irézne tempo jej rozktadu. Wiedza na temat tempa rozktadu $ciétki pochodzacej
z r6znych gatunkéw drzew, a takze wielkosci jej produkcji w okreslonych warunkach

siedliskowych, pozwoli na odpowiedni dob6r sktadu gatunkowego w celu zwiekszenia
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sukcesu rekultywacji (Dutta i Agrawal 2001; Horodecki i Jagodzinski 2017). Bedzie to
skutkowato szybszym osiggnieciem celu biologicznego, ale takze ekonomicznego.

Monitorowanie skuteczno$ci technik rekultywacji jest bardzo wazne dla
weryfikacji i poprawy dziatan rekultywacyjnych (Doley i Audet 2013; Mukhopadhyay i in.
2014; Pietrzykowski 2015). Na przestrzeni lat powstato wiele posrednich metod oceny
procesow renaturalizacji teren6w pokopalnianych (np. Ludwig i in. 2003; Pietrzykowski
iin. 2010, 2011), weryfikowanych na wielu pokopalnianych obiektach (np. Asensio i in.
2013; Monokrousos i in. 2014; Mukhopadhyay i in. 2014). Niemniej jednak,
zaproponowane przez wspomnianych badaczy techniki monitoringu umozliwiaja ocene
obecnego stanu substratu glebowego. Badanie szybko$ci rozktadu $ciotki, wespét
z wiedza na temat wielkosci produkcji biomasy, wielko$ci opadu materii organiczne;j
(z uwzglednieniem poszczeg6lnych jej komponentéw) moze by¢ natomiast narzedziem
do oszacowania kierunku rozwoju substratu glebowego na rekultywowanych terenach
pokopalnianych, a tym samym do opracowania wzorca rekultywacji leSnej na takich
terenach (Horodecki i Jagodzinski 2017).

Rozktad materii organicznej jest (obok fotosyntezy) jednym z kluczowych
procesow biogeochemicznych, odpowiadajacych za obieg pierwiastkow w przyrodzie
(Dilly i Munch 1996; Makkonen i in. 2012). Najwazniejszymi czynnikami wptywajacymi
na przebieg tego procesu sa warunki klimatyczne, witasciwosci fizykochemiczne
rozktadanego substratu oraz wtasciwos$ci organicznych warstw gleby ze szczeg6lnym
uwzglednieniem aktywnoSci organizmow glebowych (Berg i Staaf 1980; Aerts 1997;
Jurksiené i in. 2017). W skali globalnej klimat jest najwazniejszym czynnikiem majacym
posredni lub bezposredni wptyw na dwa pozostate (Aerts 1997). Jednakze w skali
lokalnej to chemizm rozktadanego substratu oraz aktywnos¢ mikrobiologiczna gleby staja
sie wiodace w przebiegu dekompozycji, a ich wzgledne znaczenie rézni sie w zalezno$ci
od wielu czynnikéw $rodowiskowych (np. Davey i in. 2007; Ayres i in. 2009; Prescott
2010; Urbanovaiin. 2014).

Badania dynamiki rozktadu biomasy s jedna z najszybciej rozwijajacych sie gatezi
ekologii w ostatnich latach (Austin i in. 2014; Berg 2014; Frouz i in. 2015). Jednakze
niewiele z powstatych prac w tym zakresie dotyczyto procesu dekompozycji na terenach
pokopalnianych (Horodecki i Jagodzinski 2017). Badania takie podjeli m.in. Lawrey
(1977) w Stanach Zjednoczonych oraz Dutta i Agrawal (2001) oraz Singh i in. (1999)

w Indiach. Gléwnym wnioskiem ptyngcym z cytowanych wyzej publikacji jest
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rekomendowanie gatunkéw wczesnych stadiow sukcesyjnych do rekultywacji leSnej
terenéw pokopalnianych. Takie zatozenie z pewnos$cia zaspokoitoby ekologiczny cel
rekultywacji, odsuwajac jednak na dalszy plan cel ekonomiczny. Z kolei badania
dekompozycji lisci przeprowadzone na obszarach europejskich dotycza gtownie uktadow
ekologicznych pozostawionych do naturalnej sukcesji (Frouz 2008; Esperschiitz i in.
2013; Urbanovaiin. 2014). Biorgc pod uwage obecny stan wiedzy na temat dekompozycji
materii organicznej na rekultywowanych gruntach pokopalnianych, badania w tym
zakresie powinny nadal by¢ podejmowane. Szczegbétowa wiedza na temat tempa
dekompozycji lisci, zwigzanej z tym procesem szybkosci uwalniania pierwiastkow
biogennych dostepnych dla roslin czy tempa tworzenia warstwy organicznej gleby, moze
skutkowa¢ opracowaniem szczeg6towych zalecen co do sktadu gatunkowego przysztych

zalesien konkretnych obiektéw pokopalnianych przeznaczonych do rekultywacji.
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2. Celeihipotezy

Celem rozprawy doktorskiej jest okreslenie tempa dekompozycji lisci drzew
reprezentujacych gatunki o zr6znicowanej biologii i r6znych wymaganiach ekologicznych
pod drzewostanami rosngcymi w warunkach rekultywowanych gruntéw pokopalnianych

oraz na przylegtych do nich terenach leSnych. W badaniach przyjeto nastepujace hipotezy:

(1) tempo rozktadu lisci badanych gatunkéw drzew w zbliZzonych warunkach
$Srodowiskowych bedzie zréznicowane.

Uzasadnienie: w jednakowych warunkach srodowiskowych o tempie rozktadu lisci
poszczegdlnych gatunkéw drzew decyduje ich chemizm oraz budowa morfologiczna
(Fioretto i in. 2005). W literaturze jako$¢ rozktadanego substratu jest czesto
definiowana stosunkiem zawartosci wegla do azotu. Im wyzszy ten stosunek, tym
jakoS¢ substratu gorsza, a rozktad wolniejszy (Melillo i in. 1982; Zhang i in. 2008).
Ponadto, koncentracja w liSciach substancji mato atrakcyjnych dla organizméw
glebowych (np. lignin, celuloz, hemiceluloz, tanin, fenoli czy kutyn) spowalnia
dekompozycje (Kraus i in. 2003), a przynajmniej w jej poczatkowych stadiach
(McClaugherty i in. 1985). Rowniez struktura lisci, gtéwnie grubos¢ blaszki liSciowej,
moze wptywac na tempo ich rozktadu (Cornelissen i in. 1999).

Majac na uwadze powyzsze twierdzenia zatozono, Ze sposrod badanych gatunkéw
drzew najwolniejszym tempem dekompozycji lisci cechowal sie bedzie Fagus
sylvatica, Quercus robur i Quercus rubra, najszybszym za$ Acer pseudoplatanus, Alnus
glutinosa, Fraxinus excelsior, Prunus serotina oraz Robinia pseudoacacia.

(2) tempo rozktadu lisci drzew bedzie szybsze w warunkach drzewostanow
macierzystych oraz mieszanych anizeli w jednogatunkowych drzewostanach sosny
Zwyczajnej.

Uzasadnienie: hipoteza przewagi domostwa (HFA, ang. home field advantage)
zaklada, ze organizmy glebowe w drzewostanie konkretnego gatunku s3a
przystosowane do rozktadu materii organicznej tego samego gatunku (Gholz i in.
2000; Vivanco i Austin 2008; Ayres i in. 2009; Freschet i in. 2012; Austin i in. 2014).
Jednakze ze wzgledu na inicjalny charakter substratu glebowego na zwatowisku

Kopalni Wegla Brunatnego w Betchatowie mozliwy jest odmienny scenariusz.
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(3) tempo dekompozycji lisci drzew w drzewostanach tych samych gatunkéw z réznych

ekspozycji (stok zachodni zwatowiska vs. wierzchowina zwatowiska) bedzie wyzsze
tam, gdzie odnotowano wyzsze Srednie temperatury na dnie lasu.
Uzasadnienie: z danych literaturowych wynika, Ze temperatura (powietrza, zalezna od
temperatury powierzchni Ziemi) jest jednym z wazniejszych czynnikow
klimatycznych wptywajacych na tempo dekompozycji (Coliteaux i in. 1995, 2002). Jej
wzrost wplywa zwykle na przyspieszenie tempa rozktadu (Moore i in. 1999;
Trofymow i in. 2002).

(4) dekompozycja lisci badanych gatunkéw drzew bedzie wolniejsza pod drzewostanami
rosngcymi na gruntach pokopalnianych anizeli na gruntach lesnych.

Uzasadnienie: z danych literaturowych wynika, ze proces rozktadu $ci6tki zachodzi
szybciej na zyznych siedliskach wzgledem siedlisk ubogich (np. Karkanis 1975;
Dziadowiec 1990; Mo i in. 2006). Inicjalne stadia odtwarzania organicznych warstw

gleby rowniez mogg wptywac na spowolnienie tego procesu (Hopkins iin. 2007).
Ze wzgledu na ztozono$¢ uktadu doswiadczalnego, w kazdej z opublikowanych

prac przyjeto dodatkowe hipotezy, odnoszace sie bezposrednio do zakresu wynikow

w nich prezentowanych.
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3. Material i metody
3.1. Terenbadan

Badania przeprowadzono na zewnetrznym zwatowisku pokopalnianym Kopalni
Wegla Brunatnego ,Betchatéw” (Géra Kamiensk; Polska Centralna; 51,1247°N,
19,2540°E). Srednia roczna temperatura powietrza dla 20-letniego okresu (1996-2015)
wynosita 8,65°C, podczas gdy Srednia roczna wielko$¢ opadow atmosferycznych dla
najblizszej stacji meteorologicznej (,L6dz-Lublinek”, 51,4319°N, 19,2353°E, 179 m
n.p.m.) - 665 mm. Sezon wegetacyjny na badanym obszarze trwa 210-220 dni (Zielony
i Kliczkowska 2012).

Goéra Kamiensk powstata w latach 1977-1993 z bardzo zréznicowanego materiatu
nadktadowego z pobliskiej kopalni odkrywkowej. Powierzchnie zwatowiska tworza
gléwnie skaly czwartorzedowe, a fitotoksyczne osady trzeciorzedowe ulokowano
najczesciej gteboko wewnatrz hatdy poza zasiegiem korzeni roslin (Gozdzik i in. 2010).
Istniejg jednak miejsca z trzeciorzedowymi substratami lezacymi w warstwie
zewnetrznej. Ich wysoka kwasowo$¢ zneutralizowano z wykorzystaniem kredy jeziornej
(pochodzacej rowniez z odkrywki) lub alkaicznym popiotem pochodzacym z pobliskiej
elektrowni. Przed zalesieniem powierzchni zwatowiska, na jego wierzchowinie wysiano
mieszanke roznych gatunkow traw i roslin motylkowych. W celu uzyznienia zastosowano
réwniez nawozy mineralne (N i K - 60 kg hal, P - 70 kg ha'1) (Pietrzykowski i Daniels
2014; Rawlik i in. 2018). Rekultywacja zwatowiska w kierunku leSnym zostata
przeprowadzona z zastosowaniem metody biodynamicznej (Wojcik i Krzaklewski 2010),
tj. grunt zostat obsadzony docelowymi gatunkami drzew ze znaczacym udziatem
gatunkow domieszkowych. Prawie cata powierzchnia zwatowiska jest pokryta lasem. Na
poczatku 2016 roku 54% powierzchni zwatowiska byto pokryte drzewostanami w wieku
26-30 lat. Najstarsze nasadzenia liczyty 31 lat (Bank Danych o Lasach 2016).
Najwiekszym wudziatem w catym obszarze zwatowiska wykazata sie brzoza
brodawkowata (Betula pendula; 27%) oraz sosna zwyczajna (Pinus sylvestris; 25%).
Robinia akacjowa (Robinia pseudoacacia) i olsza czarna (Alnus glutinosa) pokrywaty
odpowiednio 13% i 11% powierzchni zwatowiska. Dab szyputkowy (Quercus robur)
i bezszyputkowy (Q. petraea) porastatly tacznie 5,6% catkowitej jego powierzchni.

Ponadto, w celu poréwnania przebiegu dekompozycji pod drzewostanami
porastajgcymi zwatowisko z jej przebiegiem w warunkach zblizonych do naturalnych,

wyznaczono powierzchnie badawcze w bliskim sasiedztwie Goéry Kamiensk
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(maksymalnie do 7 km odlegtosci). Drzewostany porastajace te powierzchnie musiaty
spehic restrykcyjne kryteria: ten sam gatunek budujacy drzewostan, podobny wiek,
identyczna granulometria gleby, poréwnywalne Srednie wartos$ci cech biometrycznych
drzew (piersnica, wysoko$c¢), a takze zblizone zageszczenie drzew oraz pole powierzchni

przekroju pier$nicowego.

3.2. Uklad doswiadczenia

W celu zweryfikowania hipotez badawczych zatozono cztery doswiadczenia
wykorzystujac w nich metode woreczkéw $cidtkowych. Do woreczkdw z moskitiery
wykonanej z wtékna szklanego o przekroju oczek 1 mm x 1 mm wtozZono liscie ré6znych
gatunkéw drzew o znanej suchej masie. W badaniach wykorzystano liscie Acer
pseudoplatanus, Alnus glutinosa, Betula pendula, Fagus sylvatica, Fraxinus excelsior, Pinus
sylvestris, Populus nigra 'Italica’, Populus tremula, Populus x canadensis, Prunus serotina,
Quercusrobur, Quercus rubra, Robinia pseudoacacia oraz Ulmus laevis. Liscie byty zbierane
w okresie jesiennym tuz po opadzie w lasach porastajacych zwatowisko, a do jednego
z doswiadczen w lasach Nadlesnictwa Babki (RDLP Poznan).

W pierwszym doswiadczeniu wykorzystano liScie szeSciu gatunkow drzew, tj.
A. glutinosa, B. pendula, P. sylvestris, R. pseudoacacia, Q. robur i Q. rubra, ktére wytozono
pod okapem drzewostandw macierzystych (tj. tych, w ktérych je zebrano) porastajacych
tereny zwalowiska. Wytypowane gatunki tworzg na zwatowisku jednogatunkowe
drzewostany, a ich udziat w catkowitej powierzchni zwatowiska jest relatywnie duzy
(Bank Danych o Lasach 2016). Niektére z nich, jak np. A. glutinosa, R. pseudoacacia czy
Q. rubra wystepuja ponadto w formie domieszek w drzewostanach innych gatunkéw.
Doswiadczenie to trwato trzy lata i obejmowato 12 zbioréw materiatu w odstepach
trzymiesiecznych.

W drugim doswiadczeniu liscie siedmiu gatunkéw drzew, tj. A. pseudoplatanus,
A. glutinosa, F. sylvatica, P. sylvestris, P. serotina, Q. rubra oraz R. pseudoacacia wytozono
na zwatowisku w drzewostanach sosnowych. Wytypowane do tego doswiadczenia
gatunki czesto tworza na zwatowisku niewielkie drzewostany sasiadujace
z drzewostanami sosnowymi lub wystepuja w nich jako domieszki albo podszyt
(P. serotina). W tym do$wiadczeniu rowniez dokonano 12 zbioréw w ciggu trzech lat.

Kolejne doswiadczenie zatozono w drzewostanach mieszanych na zwatowisku,

w ktérych badano tempo rozktadu wszystkich wyzej wymienionych 14 gatunkéw drzew.
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To doSwiadczenie trwato pie¢ lat i obejmowato 16 zbior6w materiatu przeprowadzanych
w odstepach trzymiesiecznych.

Ostatnie do$wiadczenie miato na celu poréwnanie tempa rozktadu lisci czterech
gatunkow drzew w drzewostanach brzozowych oraz sosnowych porastajacych
zdegradowane grunty pokopalniane (zwatowisko) oraz grunty leSne. W tym
doswiadczeniu wykorzystano liscie A. glutinosa, B. pendula, P. sylvestris i Q. robur, ktore
w celu ujednolicenia materiatu pozyskano w lasach Nadle$nictwa Babki. Doswiadczenie
trwato trzy lata i obejmowato 12 zbioréow.

Wszystkie doswiadczenia przeprowadzono w drzewostanach okoto 20-25-letnich,
w ktdrych tacznie na 31 poletkach badawczych wytozono 6933 woreczki Sciétkowe. Jako
tto badan, w roku zatozenia wszystkich doswiadczen, zmierzono pier$nice wszystkich
drzew na powierzchniach doswiadczalnych oraz wysokosci co najmniej 20% z nich.
Wykonano réwniez odkrywki glebowe (gtebokos¢ 1,5 m) w celu okreslenia

charakterystyki gleb z wyszczegélnieniem wtasciwosci ich wierzchnich warstw.

3.3. Zbior danych

Zbioru materiatu roslinnego dokonywano w odstepach okoto trzymiesiecznych
(z wyjatkiem ostatniego zbioru z doswiadczenia prowadzonego w drzewostanach
mieszanych, gdzie odstep czasowy pomiedzy ostatnim i przedostatnim zbiorem wynosit
12 miesiecy). Dokonujac zbioru, bezposrednio na poletkach badawczych, kazdy woreczek
Scidtkowy zostat umieszczony w kopercie w celu unikniecia strat materiatu. Po
przewiezieniu do laboratorium, woreczki wysuszono w temperaturze 65°C do statej masy
W suszarce z wymuszonym obiegiem powietrza. Nastepnie z prébek usunieto wszelki
materiat niebedacy przedmiotem badan, ktdéry znalazt sie w woreczkach Sciétkowych
w czasie ekspozycji w terenie (np. korzenie, mchy, owady, piasek, itp.). Kazda
zaetykietowana prébka zostata nastepnie zwazona w celu okreslenia ubytku masy
wyjsciowej z doktadnoscia do 0,001 g. W prdébkach okre$lono ponadto zawartos¢
wybranych pierwiastkow (C, N, Mg, P, K i Ca) w wyjSciowym materiale $ciétkowym
stosowanym w tych badaniach. Zawarto$¢ C i N oznaczono za pomocg ECS CHNS-0 4010
Elemental Combustion System (Costech Analytical Technologies Inc., USA), natomiast
zawarto$¢ Mg, P, K i Ca zmierzono za pomocg spektrometru ICP-TOF-MS OptiMass 9500
(GBC Scientific Equipment Pty Ltd., Australia).
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Wartosci specyficznej powierzchni lisci (SLA, ang. specific leaf area; cm? g1)
Swiezego materiatu uzyskano dla badanych gatunkéw drzew na dwa sposoby.
W przypadku wiekszosci gatunkéw drzew dane pochodzily z bazy LEDA (Kleyer i in.
2008). Dodatkowo, wartosci SLA dla sze$ciu gatunkéw (A. glutinosa, B. pendula,
P. sylvestris, Q. robur, Q.rubra, R. pseudoacacia) okreslono wykorzystujac liScie pozyskane
w 2011 roku na Gorze Kamienisk podczas rownolegle prowadzonych badan zwigzanych
z alokacja biomasy w drzewostanach zwatowiska.

Podczas realizacji badan zmierzono réwniez temperature wierzchniej warstwy
gleby, wykorzystujac do tego celu rejestratory HOBO U22-001 Pro v2 i/lub HOBO U23-
001 Pro v2 (Onset Computer Corp., USA). Wzgledne nateZenie promieniowania
rozproszonego (DIFN, ang. diffusive non-interceptance) docierajgcego przez okap
drzewostanéw do dna lasu zmierzono na powierzchniach badawczych w sezonie

wegetacyjnym w 2015 roku za pomocg urzadzenia LAI-2200 (Li-Cor Inc., USA).

3.4. Analizy statystyczne

W celu okres$lenia wptywu badanych czynnikoéw (czasu, rodzaju rozktadanych lisci
a takze rodzaju drzewostanu czy siedliska) na tempo dekompozycji wykorzystano analize
wariancji (ANOVA). W przypadkach, w ktorych stwierdzono réznice pomiedzy badanymi
zmiennymi oraz gdzie ich liczba byta wieksza od dwdch, przeprowadzano dodatkowo test
posteriori Tukeya. Rzeczywisty poziom ubytku mas wytozonych probek okreslano jako
arytmetyczng $rednig dla gatunku, terminu, rodzaju drzewostanu oraz siedliska wraz
z podaniem wartoSci btedu standardowego.

W celu przeprowadzenia analiz predykcyjnych, w badaniach wykorzystano wzory
empiryczne okreslajace tempo dekompozycji (stata k; rokl) oraz czas potrzebny do
osiggniecia potowicznego oraz catkowitego (przyjmowanego w literaturze jako 95%
ubytku masy wyjsciowej) poziomu rozktadu.

Stala k okreslono za pomoca wzoréow:

zaproponowanego przez Olsona (1963): k = — .

(rownanie 1), gdzie m oznacza

pozostatg mase po czasie t, im oznacza poczatkowa mase na poczatku doswiadczenia (t =
0), a In oznacza logarytm naturalny;
lub Wiedera i Langa (1982): Mt = e~*¢ (réwnanie 2), gdzie Mt oznacza pozostatg czes$¢

masy w czasie t, e - statg matematyczng, a k - tempo dekompozycji.
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Wykorzystano ponadto modele regresji nieliniowej do obliczania czasu osiggniecia

In(1-0.50)
In(e)

potowicznej utraty masy (hd): hd = ( ) . (_ik) (réwnanie 3) lub catkowitej utraty

masy (td): td = (ln(lln—(z.)%)) . (_ik) (réwnanie 4).

Dodatkowo obliczono warto$¢ limitu mineralizacji (ml) za pomoca wzoru
zaproponowanego przez Berga i Ekbohma (1991): ml = m(1 — e /™) (réwnanie 5),
gdzie ml oznacza poziom utraty masy (%), t - czas w dniach, m - maksymalng catkowita
utrate masy, a k - poczatkowe tempo dekompozycji.

Ponadto oszacowaliSmy wspoétczynnik humifikacji (LH) jako zmodyfikowana
propozycje Bergaiin. (2001): LH = 100 — ml (réwnanie 6).

Proste modele regresyjne zostaly uzyte do oszacowania zaleznoSci tempa
dekompozyciji lisci (wyrazonego statg k) od zawartosci pierwiastkéw w lisciach badz
specyficznej powierzchni ich blaszek liSciowych (SLA).

Wszystkie analizy statystyczne zostaty wykonane w programie JMP Pro 13.0.0.
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4. Gléwne wyniki pracy
4.1. Wplyw warunkow siedliskowych na tempo dekompozycji lisSci wybranych

gatunkow drzew

Publikacja 1. Site type effect on litter decomposition rates: A three-year comparison of

decomposition process between spoil heap and forest sites.

Rodzaj rozktadanego materiatu, termin zbioru, gatunek drzew budujacych
drzewostan, jako$¢ siedliska oraz wiekszo$¢ interakcji miedzy tymi czynnikami miaty
znaczacy wptyw na tempo dekompozycji lisci (Horodecki i Jagodzinski 2019). We
wszystkich wariantach drzewostanowo-siedliskowych badane gatunki utozyty sie pod
wzgledem tempa dekompozycji ich lisSci w nastepujacej kolejnosci: A. glutinosa >
B. pendula > P. sylvestris > Q. robur. R6Znice w szybkoSci utraty masy liSci pomiedzy tymi
gatunkami byty jednak widocznie nizsze na gruntach le$nych anizeli na zwatowisku,
niezaleznie od typu drzewostanu (sosnowe lub brzozowe).

Liscie badanych gatunkoéw drzew rozktadaly sie w wiekszosci przypadkow
szybciej na gruntach le$nych anizeli na terenach pokopalnianych. Wyjatek stanowity liscie
A. glutinosa i B. pendula, ktére w warunkach drzewostandéw sosnowych ulegatly widocznie
szybszemu rozktadowi na zwatowisku. Cho¢ w wiekszosci przypadkéw nie wykazano
statystycznie istotnych réznic w tempie dekompozycji lisSci wspomnianych gatunkow,
niekiedy siegaty one nawet 17%. Wyjasnienie tego nieco zaskakujgcego wyniku
znaleziono posrednio w prawdopodobnie niedostatecznym rozwoju fauny glebowej
w drzewostanach sosnowych na zwatowisku (Frouziin. 2001; Chodakiin. 2009; Pastwik
i in. 2013; Urbanowski i in. 2018). Niewyspecjalizowane grupy organizmow glebowych,
zdominowane na inicjalnych stadiach rozwoju gleb gtéwnie przez bakterie, w pierwszej
kolejnosci rozdrabniajg ,tatwiejszy” materiat roslinny (Frouz i in. 2013). LiScie
P. sylvestris i Q. robur charakteryzuja sie wieksza opornos$cia na rozktad ze wzgledu na
relatywnie wiekszg zawarto$¢ w swoich strukturach substancji spowalniajgcych
dekompozycje (Kraus i in. 2003). Przebieg ich rozktadu byt zgodny z oczekiwaniami -
szybszy na gruntach lesnych anizeli na zwatowisku.

W przypadku drzewostanéw brzozowych liscie wszystkich badanych gatunkow
drzew rozktadaty sie znaczaco szybciej (w zdecydowanej wiekszosci przypadkow istotnie

statystycznie) na gruntach lesnych anizeli na zwatowisku. Zalezno$¢ ta byta widoczna
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podczas wszystkich terminéw zbioré6w. W tych warunkach drzewostanowych
zaobserwowano, Ze im materiat roslinny byt bardziej oporny na rozktad (wyrazony np.
statg k), tym roznice w tempie rozktadu pomiedzy wariantami siedliskowymi byty
wyzsze. Ma to ogromne konsekwencje w odtwarzaniu sie wierzchnich warstw gleby na
terenach rekultywowanych poniewaz czas ,powrotu” sktadnikow odzywczych
dostepnych dla roslin jest na takich gruntach znaczaco wydtuzony. W przypadku lisci
debu szyputkowego catkowity ich rozktad w drzewostanach brzozowych na zwatowisku

moze nastgpi¢ nawet 12 lat p6Zniej anizeli na gruntach lesnych.

4.2. Wplyw gatunku tworzacego drzewostan oraz jego wystawy na rozklad lisci
réoznych gatunkéow drzew w jednogatunkowych drzewostanach na

zalesionych gruntach pokopalnianych

Publikacja 2. Tree species effects on litter decomposition in pure stands on afforested post-

mining sites.

Wyniki badan wskazaty na istotne réznice w tempie dekompozyciji lisci réznych
gatunkow drzew (Horodecki i Jagodzinski 2017). Wptyw na rozktad badanych lisci miaty:
rodzaj rozktadanego materiatu, czas, gatunek budujacy drzewostan oraz wystawa
drzewostanu. Stwierdzono rowniez istotny wptyw wiekszoSci interakcji wymienionych
czynnikéw na szybkos$¢ rozktadu. Procesy dekompozycji lisci poszczegdlnych gatunkow
uzyskane w niniejszej pracy byly raczej podobne do tych uzyskanych przez innych
autorow. Jednakze poziomy utraty masy w poszczegdlnych okresach byty zwykle
znacznie mniejsze niz te uzyskane w drzewostanach porastajacych niezdegradowane
tereny (np. Bocock i Gilbert 1957; Bocock 1964; Karkanis 1975; Lawrey 1977; Berg i Staaf
1980; Cotrufo iin. 1995; Dilly i Munch 1996; Hansen 1999; Irmler 2000; Lorenzi in. 2004;
Hobbieiin. 2006; Daveyiin. 2007; Tateno iin. 2007; Jacobiin. 2009; Slade i Riutta 2012).

W wiekszos$ci termindw zbioru liscie gatunkéw badanych w dwdéch wariantach
drzewostanowych doswiadczenia ulegaty szybszemu rozktadowi w warunkach
drzewostanéw macierzystych (a wiec tych, z ktérych pochodzit analizowany materiat)
anizeli w drzewostanach sosnowych. Wyniki te sg zgodne z hipoteza przewagi domostwa

(ang. home field advantage) wskazujacej na adaptacje grup organizméw glebowych do
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efektywniejszego rozktadu materiatu, do ktorego specyfiki zdazyty sie wyspecjalizowac
(Gholz iin. 2000; Ayres i in. 2009; Austin i in. 2014; Veen i in. 2015, 2018).

W przypadku drzewostanéw sosnowych, w ktérych badano dekompozycje lisci
sze$ciu gatunkow drzew (nie wliczajac sosny), wystawa drzewostanu miata znaczenie dla
jej przebiegu. Wykazano generalnie szybsze tempo rozktadu w drzewostanach
porastajacych zachodni stok zwatowiska w poréwnaniu z drzewostanami porastajacymi
jego wierzchowine. W przypadku drzewostandéw macierzystych wptyw wystawy nie byt
tak jednoznaczny. Analizujgc przebieg dekompozycji $ci6tki w poszczegolnych okresach
roku zauwazono, zZe zaréwno w drzewostanach macierzystych jak i sosnowych tempo jej
rozktadu bylo w wiekszosci przypadkéw szybsze od wrzeSnia do czerwca
w drzewostanach porastajacych te wystawe, na ktérej odnotowano wyzsze temperatury.

W pozostatych trzech miesigcach roku stwierdzono natomiast odwrotne zalezno$ci.

4.3. Wplyw zawartosci pierwiastkow w liSciach, specyficznej powierzchni lisci
oraz typu drzewostanu na tempo dekompozycji lisci r6znych gatunkow

drzew w warunkach zdegradowanych gruntéw pokopalnianych

Publikacja 3. Advantages of mixed tree stands in restoration of upper soil layers on

postmining sites: A five-year leaf litter decomposition experiment.

Wyniki badan wskazuja na pozytywng zalezno$¢ tempa dekompozycji lisci
(wyrazonego stalg k; rokl) od zawartosci Mg, K, Ca, N oraz sumy sktadnikéw
(Mg+P+K+Ca) w $wiezo opadtych lisciach (Horodecki i in. 2019). Podobnie wzrost
specyficznej powierzchni lisci (SLA) drzew wplywa korzystnie na zwiekszenie sie tempa
ich rozktadu. Z kolei wzrost zawartosci P oraz zwiekszanie sie proporcji C:N powoduja
obnizenie tempa rozktadu lisci. Stwierdzone zaleznosci byty w wiekszosci przypadkow
zgodne z podawanymi danymi literaturowymi uzyskanymi giéwnie na terenach
niezdegradowanych (Reich i in. 2005; Zhang i in. 2008; Berg i McClaugherty 2014;
Zukswert i Prescott 2017).

Badajac przez piec lat rozktad lisci 14 gatunkéw drzew stwierdzono istotny wptyw
gatunku lisci, czasu oraz interakcji pomiedzy tymi czynnikami na jego szybkos$¢. Wptyw
ten byt widoczny podczas wszystkich z 16 zbiorow materiatu. Na tle danych

literaturowych dotyczacych rozktadu lisci réznych gatunkéw drzew stwierdzono, ze
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niekorzystne warunki glebowe panujace na zwatowisku pokopalnianym nie wptynety
W znaczacy sposOb na rdznice w przebiegach rozktadu obserwowane pomiedzy lis¢mi
badanych gatunkéw. Niemniej jednak, ubytki mas stwierdzone w niniejszych badaniach
byty mniejsze niz przedstawiane dotychczas w literaturze (np. Lawrey 1977; Berg i Staaf
1980; Aranda i in. 1990; Cotrufo i in. 1995; Dilly i Munch 1996; Hansen 1999; Lorenz i in.
2004; Schadler i Brandl 2005; Hobbie i in. 2006; Jacob i in. 2009; Slade i Riutta 2012;
Lucisine i in. 2015). Skutkuje to wydtuzonym w poréwnaniu do gleb niezdegradowanych
czasem catkowitego rozktadu lisci, a tym samym wolniejszym powrotem do obiegu
pierwiastkéw biogennych dostepnych dla roslin.

Sposrod gatunkow, ktorych liscie byty badane pod katem tempa ich dekompozycji
w drzewostanach mieszanych oraz monokulturach sosnowych, wszystkie
charakteryzowaly sie szybszym rozktadem w tych pierwszych. Poréwnujac tempo
rozktadu lisci w drzewostanach mieszanych z tym w drzewostanach macierzystych, nie
zaobserwowano jednakowych trendéw dla wszystkich badanych gatunkéw. Liscie
B. pendula oraz Q. rubra rozktadaly sie szybciej pod okapem drzewostan6w mieszanych
(rdéznice statej k siegaly odpowiednio 41% oraz 21%). W przypadku B. pendula mogto to
by¢ spowodowane niedostatecznym rozwojem warstwy organicznej gleby, co
zaobserwowano w wiekszosci drzewostandw brzozowych na badanym zwatowisku.
LiScie Q. robur natomiast wykazaty szybszy rozktad w drzewostanach macierzystych
anizeli mieszanych. W przypadku pozostaltych gatunkoéw (P. sylvestris, A. glutinosa,
R. pseudoacacia) tempo rozkiadu ich lisci byto raczej zblizone w obydwu wariantach

drzewostanowych.
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5. WhioskKi

Wyniki uzyskane w toku realizacji badan bedacych podstawa niniejszej pracy
doktorskiej wskazaty na relatywnie powolny rozktad materii organiczne;j
w drzewostanach porastajacych tereny pokopalniane. Wzory empiryczne obrazujace
przebieg rozktadu lisci poszczegdlnych gatunkéw drzew wskazaty, ze powrot sktadnikow
odzywczych dostepnych dla roslin jest na takich terenach znaczaco wydtuzony wzgledem
wynikdw podawanych w literaturze dla terendéw niezdegradowanych. Skutkuje to
spowolnieniem procesu rozwoju wierzchnich (organicznych) warstw gleby, a wiec
elementu kluczowego dla osiggniecia sukcesu ekologicznego rekultywacji. Bezposrednie
poréwnanie szybkosci rozktadu zunifikowanego materiatu roslinnego w drzewostanach
na zwatowisku z tymi na gruntach le$nych generalnie potwierdzito te réznice. Niemniej
jednak, wyniki przytaczane w niniejszej rozprawie wskazuja, Ze mozliwe jest
przyspieszenie tego procesu poprzez szczegdétowe zaplanowanie sktadu gatunkowego
drzewostanu oraz form zmieszania nasadzen na planowanych do rekultywacji obiektach
pokopalnianych. Ze wzgledu na specyfike obszarow poprzemystowych zwigzanych z duza
zmienno$cig substratow glebowych (mozaikowatos$¢), zalecamy wprowadzenie
wiekszosci z badanych gatunkéw drzew w postaci domieszek, poniewaz ich obecnos¢
moze przynie$S¢ korzySci zar6wno w ekologicznym jak i ekonomicznym wymiarze
procesow rekultywacji.

Pomimo ekologicznych przystosowan B. pendula do rozwoju na ubogich
siedliskach, skutkujgcych mozliwoscia wzglednie szybkiego dostarczenia surowca
drzewnego, wiasciwosci rekultywacyjne tego gatunku sa niewystarczajace. Ze wzgledu na
niedostateczny rozwoj organicznych warstw gleby pod okapem drzewostanow
brzozowych, spowodowany stosunkowo niewielka masa opadu organicznego oraz
powolnym jej rozktadem, rekomenduje sie ograniczenie powierzchni monokultur
brzozowych na rekultywowanych terenach. Brzoza brodawkowata powinna jednak by¢
wprowadzana na takie tereny w formie zmieszania kepowego lub drobnokepowego.
AZzurowo$¢ koron drzew tego gatunku moze wptywac na wieksza dostepno$¢ Swiatta na
dnie lasu oraz zwiekszenie temperatury $ciétki, co z kolei (w sgsiedztwie gatunkéw
produkujacych wieksze ilosci $ciotki, wplywajac na utrzymanie odpowiedniego
uwilgotnienia) moze przyspieszy¢ tempo mineralizacji materii organicznej. W kontekscie
niewatpliwych zalet P. sylvestris w hodowli i uzytkowaniu lasu, réwniez powierzchnia

monokultur tego gatunku powinna zosta¢ ograniczona juz w momencie planowania
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nasadzen na rekultywowanych obiektach. Wprawdzie produkcja materii organicznej i jej
coroczny opad (Jagodzinski i in. 2018) s3 dla tego gatunku wieksze niz w przypadku
B. pendula, jednakze tempo jej mineralizacji jest jednym z najwolniejszych stwierdzonych
w toku niniejszych badan. Ponadto wtasciwosci $ciétki sosnowej nie sprzyjaja rozwojowi
organizmow glebowych (Meentemeyer i Berg 1986; Smolander i Kitunen 2002; Chodak
iin. 2009; Pastwik i in. 2013; Urbanowski i in. 2018). Podobnie gatunki, ktorych liscie
cechuja sie powolnym rozktadem (F. sylvatica, Q. robur) powinny by¢ wprowadzane do
drzewostanéw na terenach zdegradowanych na przyktad w formie domieszek
jednostkowych, pasowych czy grupowych. Znaczna ilo$¢ corocznego opadu ich lisci
(Reich i in. 2005) skutkuje wzglednie duza akumulacja zhumifikowanej materii
organicznej na dnie lasu, co moze stanowi¢ niezbedny rezerwuar sktadnikéw odzywczych
mozliwy do wykorzystania po osiggnieciu przez rozwijajace sie zgrupowania fauny
glebowej odpowiedniej specjalizacji w mineralizacji trudno rozktadalnego materiatu. Co
wiecej, wprowadzenie wymienionych gatunkéw do pierwszego pokolenia nasadzen
zapewni odpowiednig dostepno$¢ propagul w przysztosci, kiedy wystarczajaco
rozwiniete organiczne warstwy gleby beda w stanie wspiera¢ ich kietkowanie.
Podobnymi wtaSciwos$ciami opadiej materii organicznej (wielko$¢ opadu, tempo
dekompozycji) cechuja sie gatunki obce, bedace obiektem badan w opisywanych
publikacjach - R. pseudoacacia i Q. rubra. Co wiecej, robinia poprzez zwiazki symbiotyczne
z organizmami wigzgcymi azot atmosferyczny (Boring i Swank 1984) znaczaco wptywa
na uzyznienie ubogich substratow glebowych. Ponadto, ze wzgledu na produkcje
watpliwego jakoSciowo surowca wielkowymiarowego (duze krzywizny), a takze
ogromng site odroslowg sprawiajaca wiele trudno$ci z zahamowaniem
rozprzestrzeniania sie tego gatunku, nie zaleca sie promowania robinii w le$nictwie
w Polsce. Podobnie dab czerwony - jego wprowadzanie w lasach Europy jest niezalecane
ze wzgledu na antagonistyczny wptyw na odnowienie naturalne innych gatunkow
(Chmura 2004; Woziwoda i in. 2014, 2019). Takie same wnioski nalezy wyciaggna¢ dla
P. serotina. Pomimo wysokiego tempa rozktadu lisci tego gatunku, powodujacego szybszy
powrdét do obiegu sktadnikéw pokarmowych dostepnych dla ro$lin, propagowanie tego
gatunku moze stanowic¢ zagrozenie, poniewaz jego zdolnosci do przeksztatcania siedlisk
zwiekszajg prawdopodobienstwo przede wszystkim wtasnego sukcesu ekologicznego

(Jagodzinski i in. 2015; Prescott i Zukswert 2016; Aerts i in. 2017).
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Wyniki badan wskazuja, ze gatunkami, ktérych udzial w skiadzie gatunkowym
drzewostanoéw na rekultywowanych gruntach nalezy zwiekszy¢, sa A. pseudoplatanus,
A. glutinosa, F. excelsior oraz U. laevis. Wprowadzanie dwoch ostatnich powinno odbywac¢
sie w formie miejscowej lub grupowej uwzgledniajac ryzyko hodowlane zwigzane z ich
podatnoscia na choroby grzybowe, przez ktére zysk ekonomiczny zwigzany z produkcja
wartosciowego surowca drzewnego moze by¢ watpliwy. Jawor oraz olsza powinny by¢
promowane w nowych nasadzeniach gtéwnie ze wzgledu na ich zdolnos$ci uzyzniajace
glebe. Wysokie stezenie wapnia w lisSciach tego pierwszego powoduje zwiekszenie
obecno$ci dzdzownic wptywajacych bardzo korzystnie na poprawe witasciwosci
fizykochemicznych gleb (Reich i in. 2005; Hobbie i in. 2006; Mueller i in. 2016). Z kolei
olsza, tworzaca zwigzki symbiotyczne z bakteriami wigzacymi azot atmosferyczny
(Claessens i in. 2010), wprowadza poprzez szybka mineralizacje liSci znaczne ilosci tego
pierwiastka do obiegu. Nalezy jednak pamieta¢, Zze gatunek ten jest dos¢ wymagajacy
w odniesieniu do warunkow siedliskowych (np. Jaworski 2011; Jagodzinski i in. 2016).
Dlatego nalezy wprowadza¢ go w miejscach o ciezszych podlozach glebowych
zapewniajacych lepsze zaopatrzenie w wode.

Liscie trzech gatunkéw topol (P. nigra 'ltalica', P. tremula, P. x canadensis)
wykazuja rdézne tempo dekompozycji. Ich wprowadzanie do drzewostandw na
rekultywowanych gruntach nie jest jednak rekomendowane ze wzgledu na produkcje
matowarto$Sciowego w pordéwnaniu z pozostatymi badanymi gatunkami surowca
drzewnego. Jednakze ze wzgledu na ich wtasciwosci fitoremediacyjne (np. Stobrawa
i Lorenc-Plucinska 2008; Guerra i in. 2011; Szuba i Lorenc-Plucinnska 2018) nalezy
rozwazy¢ ich sadzenie w miejscach, gdzie substrat glebowy charakteryzuje sie wysoka
toksycznoscia.

Podsumowujgc uzyskane wyniki, majac na uwadze nie tylko biologiczny, ale
réwniez ekonomiczny cel rekultywacji, rekomenduje sie zaktadanie na gruntach
pokopalnianych przede wszystkim drzewostan6éw mieszanych. Obecne w nich wybrane
gatunki drzew (patrz wyzej) moga znaczaco wpltyng¢ na poprawe witasciwosci
biologicznych oraz fizykochemicznych gleb, przyspieszajac czas konieczny do osiggniecia
przez nowe ekosystemy zdolnosci samostanowienia. Ponadto, wprowadzanie
drzewostanéw mieszanych powoduje rozproszenie ryzyka hodowlanego zwigzanego
z wymaganiami siedliskowymi réznych gatunkéw drzew w konteks$cie duzej zmiennosci

substratéw glebowych na terenach pokopalnianych.
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Abstract: Research Highlights: Direct comparison of leaf litter decomposition rates between harsh soil
conditions of degraded lands and adjacent “closer to natural” forest areas has not been done before.
Background and Objectives: We aimed to fill this knowledge gap by determining the differences in
amounts of carbon and nitrogen released by species-specific litter depending on decomposition
rates in various stand and habitat conditions, which enables selection of the most ecologically and
economically appropriate (for fast soil organic layer development) tree species for afforestation of
reclaimed lands. Materials and Methods: The study was conducted on the external spoil heap of the
“Betchatow” lignite mine (Central Poland) and adjacent forests. In December 2013, we established
a litterbag experiment beneath the canopies of birch and pine stands. We used litter of Alnus
glutinosa (Gaertn.), Betula pendula (Roth), Pinus sylvestris (L.), and Quercus robur (L.) collected ex situ,
which we installed (after oven-drying) beneath the canopies of eight stands. The experiment lasted
for three years (with sampling of three-month intervals). Results: Harsh soil conditions of degraded
lands are unfavorable for litter mineralization. It was found that 23%-74% of decomposed materials
were mineralized in spoil heap stands, whereas in forest stands these amounts ranged from 35%-
83%. Litter of Q. robur in birch stands on the spoil heap is predicted to take 12 years longer for total
decomposition than in forest stands of the same species. This hinders organic carbon turnover and
could result in elongation of the time for full biological and economic reclamation of degraded
lands. On the other hand, decomposition of relatively fast decomposable litter (A. glutinosa and B.
pendula) in pine stands on the spoil heap was faster than in pine stands in forest sites (17% and 13%
faster, respectively). We did not observe this trend for decomposition of more recalcitrant litter types
of P. sylvestris and Q. robur. Conclusions: The results show the value of selective choice of tree species
for afforestation of post-mining areas to accelerate the development of technogenic soil substrates.
We recommend introducing all tree species studied in the cluster form of admixtures as all of them
could bring some profits in ecological and economical reclamation.

Keywords: decomposition rate; litterbags; site type; stand type; spoil heap; soil development

1. Introduction

Novel terrestrial ecosystems are often influenced by harsh initial soil conditions which may
result in uncertainty about their sustainability or at least hamper their successional development
[1,2]. Their appearance nowadays is very frequent due to high human impacts on the environment
[3]. In many countries, degraded lands resulting from industrial activity in a broad sense are subject
to re-naturalization after exploitation stops, which results in improvement of their visual aesthetics
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[4] as well as their biodiversity (e.g., [5]). However, restoration of biological function is not the only
reason to restore degraded areas. Numerous reclamation actions are undertaken to shorten the time
for crossing a threshold to self-sustenance of autogenic succession or/and habitat productivity for
economic reasons [6]. Scientists and practitioners agree that soil substrate development plays a
crucial role in attaining both aims [7-10]. Nevertheless, our recent knowledge allows well informed
efforts to carry out reclamation projects, primarily with reference to the first assumption [11].
Artificial fertilization, spreading previously collected topsoil and/or introducing appropriate plant
species may directly or indirectly influence soil development ([12-15], but see [16]). Moreover, even
specified modes of admixtures can increase autogenic repair of the soil [17,18].

Techniques of reclamation and monitoring their effectiveness are highly important to verify and
improve reclamation efforts [11,19,20]. A very common method of reclamation is afforestation [21,22].
However, relatively long time periods are needed to evaluate this method. Nevertheless, many
indirect efforts for monitoring reclamation processes have been developed. For instance, Ludwig et
al. [23] proposed a traditional measurement of vegetation community development and also two
original landscape surface indicators as a post-mining habitat complexity index. Pietrzykowski et al.
[24,25], in turn suggested assessment of particular parameters of upper mineral soil layers of
reclaimed areas. The knowledge of this is relatively broad and comes from many post-mining projects
(e.g., [20,26,27]). It gives us information about the current state of soil substrate. Assessing the rate of
litter decomposition goes one step further—taken together with knowledge about biomass
production (as an outcome the Ludwig’s et al. [23] proposal), annual litterfall (as an outcome of
biomass production) and elemental contents of litter fall, can provide a tool to estimate the pattern of
reconstruction of the organic soil layer in the near future, or at least the direction of its development
or retrogression [17].

Despite the commonness of studies on decomposition rates in recent years [28,29], only rarely
were these studies conducted on post-mining sites [17]. Nevertheless, some studies are available. For
instance, Lawrey [30] used litterbags to determine leaf litter decay rate of three tree species on an
abandoned surface coal mine in the USA. Dutta and Agrawal [7] examined five exotic tree species on
mine spoils in India, in terms of their litterfall and nutrient input via decomposition. Horodecki and
Jagodzinski [17] and Horodecki et al. [31] conducted similar research with a set of temperate species
litter on a spoil heap in Poland. There were also a few studies conducted on post-mining spoil heaps
concerning decomposition processes on sites left for natural succession [8,32,33]. Comparison of all
of these results to those from “closer to natural” sites, could indicate the development of ecosystems
on degraded lands. These indirect comparisons show general differences in decomposition rates
between different habitats. Nevertheless, they can lead to some inaccuracies, because general
conditions prevailing during the studies compared can never be the same.

The aim of our study was to determine the rates of leaf litter decay of four tree species (Alnus
glutinosa (Gaertn.), Betula pendula (Roth), Pinus sylvestris (L.), and Quercus robur (L.) and to compare
them between two different stand and habitat conditions —forests of the spoil heap and nearby closer
to natural forests area. Additionally, we have determined the differences in amounts of carbon and
nitrogen release by species-specific litter depending on decomposition rates in various stand and
habitat conditions. When planning the experimental design, we hypothesized that the decomposition
rates will be higher in forest sites than on the spoil heap for litter of all tree species investigated (H1).
Moreover, we assumed that differences found will be lower for A. glutinosa and B. pendula (these
litters are relatively easily decomposed) than for P. sylvestris and Q. robur (these litters are relatively
recalcitrant) (H2). We also assumed that the rate of humification (resulting from the dynamics of litter
accumulation) will be higher in the stands growing on the spoil heap than on the forest site, and
beneath pine stands compared to birch stands (H3). Additionally, we stated that organic carbon (C)
turnover will be slower beneath pine than birch canopies due to both relatively slower litter
decomposition rate and slower C concentration decrease with ongoing decomposition in pine stands
(H4). Direct comparison of decomposition rates in two different but nearby habitats will advance
knowledge of decomposition and provide a better understanding of patterns of initial soil
development on degraded lands.
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2. Materials and Methods

2.1. Study Site

The study was conducted on the external spoil heap of the “Betchatéw” lignite mine (Mount
Kamiensk; Central Poland; 51.1247° N, 19.2540° E) and adjacent forests (approximately 6.5 km north).
The average annual air temperature for a 20-year period (1996-2015) was 8.65 °C, whereas the average
annual precipitation was 665 mm (Institute of Meteorology and Water Management report, 2016) for
the nearest meteorological station (51.4319° N, 19.2353° E, 179 m a.s.1.). The growing season lasts 210-
220 days [34].

Mount Kamienisk was created during the years 1977-1993 using material originating from
nearby open pit overburden. The raw rock used was very diversified —mostly quaternary but, to a
lesser extent, also tertiary strata [35,36]. Phytotoxic tertiary deposits were usually located inside the
heap beyond the range of plant roots but those lying in the outer layers were neutralized with lake
chalk or alkaline ash [35]. Before afforestation, the plateau of the heap was fertilized with N (60 kg
ha™), K (60 kg ha™), and P (70 kg ha™) and also sown with mixed grass species and legumes [37].
Target tree species with a significant share of admixtures were planted during afforestation [38]. B.
pendula and P. sylvestris stands occur most often on the spoil heap (27% and 25% of all afforested area,
respectively; [17]). A. glutinosa and Q. robur (together with Q. petraea) stands covered 11% and 5.6%
of total forest area of the spoil heap, respectively. Comparable stands in forest habitats grow in the
nearby vicinity of Mount Kamienisk (approximately 6.5 km north). To enable comparison with stands
on the spoil heap, they had to meet restricted criteria: same species, similar age, identical soil
granulometry, and comparable stand structure (Table Al).

2.2. Experimental Details

Eight stands—four on the spoil heap and four in forest habitat—were selected for study. These
included two B. pendula and two P. sylvestris stands on each of the two habitat types. Within these
stands we measured all diameters at breast height (i.e., 1.3 m, henceforth DBH) and height (H) for at
least 18% of trees. The soil surface layers were analyzed based on soil pit excavation (1.5 m deep) in
the center of each study site. Soil characteristics are displayed in Table A2.

We also measured upper soil layer temperature (around 3 cm beneath the mineral soil surface)
at one hour intervals using HOBO data-loggers (HOBO U22-001 Water Temperature Pro v2 and/or
HOBO U23-001 Pro v2 Temperature/Relative Humidity) for each plot (Figure Al).

To characterize light availability on the forest floor, during 2015 (April-October) we measured
canopy light absorption (characterized by diffuse non-interceptance—DIFN; Figure A2) using an
LAI-2200 plant canopy analyzer (Li-Cor Inc., Lincoln, NE, USA).

At the beginning of December 2013, we established the litterbag experiment beneath the
canopies of selected stands. Freshly shed leaves of the four most common native tree species on the
spoil heap (i.e., A. glutinosa, B. pendula, P. sylvestris, Q. robur) were collected from the ground in the
Babki Forest District and dried in the laboratory. This made the plant material unified for both types
of tree stands and both types of sites. Leaf samples with precisely determined weight (4.60-7.19g)
were installed in litterbags (15 x 15 cm) made from 1 mm wide mesh fiberglass netting. Every litterbag
(1536 in total) was exactly labeled and installed in the field at the beginning of December 2013.
Material collections (12) were done at three-month intervals, with a total research period of three
years. After each interval, four litterbags (4) of each species (4) were harvested from each sample plot
(8). Collected samples were dried for at least 72 h (at 65 °C), after which any intrusive material
(vegetation, insects, sand, etc.) was removed manually using tweezers. Samples were then weighed
with an accuracy of 0.001 g, to determine leaf mass loss for each litterbag.

Using an ECS CHNS-O 4010 Elemental Combustion System (Costech Analytical Technologies
Inc., Valencia, CA, USA), we determined C and N contents in samples of initial material and after 3,
6, 12, 24, and 36 months of exposure in the field.

2.3. Statistical Analyses
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The influences of leaf litter type, collection time, stand type, and site type on mass loss were
tested via analysis of variance (ANOVA). To visualize real mass losses during all collection periods
we used cubic splines with lambda levels of 0.1. To visualize changes in C and N contents during
decomposition courses we used quadratic models with 95% confidence intervals for the predicted
values.

We also calculated decomposition rates after Olson [39] as (Equation 1)

e

where m is remaining mass at interval ¢, im is initial mass at time ¢ = 0, and In is natural logarithm.
The k value was estimated from values of remaining mass for each species x stand type x site type
using non-linear regression. Non-linear regression models were further used for inversional
calculation of half decay time (hd) (Equation 2)

@™

o~

hd = In(1 — 0.50) ( 1 ) )
- In(e) x —k @)
and total decay time (assumed as 95% of initial mass loss; td) (Equation 3)
ed = In(1 — 0.95) » ( 1 ) 3
B In(e) —k ®)

Additionally, we evaluated limit values (LV) after Berg and Ekbohm [40] (Equation 4)
ml=m(1— ekt/m) 4)
where ml is the accumulated mass loss (%), ¢ is time in days, m is maximum accumulated mass loss,
and k is the initial decomposition rate. We also estimated litter-to-humus (LH) factors by modifying
the simple relationships described by Berg et al. [41] to (Equation 5)
LH =100 —-LV (5)

All analyses were performed in JMP Pro 13.0.0 (http://www .jmp.com; SAS Institute Inc. Cary,
NC, USA).

3. Results

3.1. Decomposition

Testing statistical relationships, we found significant influences of leaf litter type, collection time,
stand type, site type, and most of the interactions between these factors, on decomposition rates of
the species studied in the experiment (Table 1).

Table 1. Effect of leaf litter type (LITTER), collection time (TIME), stand type (STAND), site type
(SITE), and their interactions on decomposition rates as a result of analysis of variance (ANOVA).
DF —degrees of freedom.

Source DF Sum of Squares F Ratio Prob >F
TIME 11 197,834.63 501.8998 <0.0001
LITTER 3 115,072.35 1070.4271 <0.0001
TIME x LITTER 33 3685.83 3.1169  <0.0001
SITE 1 17,644.88 4924091 <0.0001
TIME x SITE 11 1276.65 3.2388  0.0002
LITTER x SITE 3 7632.87 71.0026  <0.0001
TIME x LITTER x SITE 33 2378.31 2.0112 0.0006
STAND 1 16,147.70 450.6278  <0.0001
TIME x STAND 11 3450.82 8.7546  <0.0001

LITTER x STAND 3 5066.24 471272 <0.0001
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TIME x LITTER x STAND 33 1446.44 1.2232 0.1808
SITE x STAND 1 13,541.15 377.8877 <0.0001

TIME x SITE x STAND 11 833.87 2.1155 0.0168
LITTER x SITE x STAND 3 454.71 4.2298 0.0055
TIME x LITTER x SITE x STAND 33 1082.21 0.9152 0.6068

For all litter types tested beneath the birch canopies, we recorded visibly faster decomposition
on forest sites than on the spoil heap during all collection periods (Figure 1). For leaf litter of P.
sylvestris and Q. robur, differences were statistically significant at every collection time, whereas for
B.pendula and A. glutinosa only for nine and six of them, respectively (Table A3). Leaves of A. glutinosa
decomposed the fastest among all investigated tree species. They lost 84.98% (+3.50), 91.21% (+1.63),
and 91.86% (+2.46) of initial mass in forest sites after one, two, and three years of exposure,
respectively. Analogous mass losses on the spoil heap site were 68.54% (+2.69), 87.97% (+1.91), and
85.64% (£1.75), respectively. Leaves of B. pendula lost 70.88% (+4.89), 78.04% (+2.63), and 83.64%
(#2.20) of initial mass after one, two, and three years of the experiment under parent canopies of forest
sites, whereas on the spoil heap site analogous values were 52.40% (+2.70), 74.06% (+2.56), and 77.74%
(£1.34). Mass losses of P. sylvestris needles after analogous periods were 50.50% (+4.17), 66.21% (3.78),
and 78.47% (+3.42) on forest sites, and 24.67% (+0.59), 40.76% (+6.03), and 44.26% (+2.84) on the spoil
heap site. Decomposition of Q. robur leaves were relatively the slowest. However, the differences in
mass losses between site types were the highest: 51.74% (+6.02) on forest site vs. 13.61% (+0.63) on the
spoil heap after one year, 66.03 (+3.39) vs. 36.79% (+5.55) after two years and 76.43% (+3.90) vs. 40.61%
(£6.56) after three years.

Figure 1. Decomposition rates of particular tree species leaf litter in birch and pine stands growing on
two different site types—post-mining external spoil heap (SH) or forest sites (F). Decay lines were
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smoothed by cubic splines with lambda of 0.1. The markers on the graph show mean values (+SE) of
mass loss of particular tree species at particular collection times.

Differences in species-specific litter decomposition rates between site types were even more
pronounced when presented as k constants (year™) calculated based on the whole experimental
period (Figure 2). K values for litter decay under birch canopies were 41% (for A. glutinosa), 47% (B.
pendula), 176% (P. sylvestris), and 215% (Q. robur) higher on forest than on spoil heap sites. These
differences, together with empirical decay rates (k year™) reflect much different periods needed for
specific leaf litter types in specific site conditions to reach the half and the total decay levels (Figure
3). Leaf litter of A. glutinosa will decompose to the half level of initial mass on the spoil heap 72 days
later than on forest sites. Foliage of B. pendula, P. sylvestris and Q. robur will reach this level 117, 727,
and 1012 days later on the spoil heap than on forest sites, respectively. The same litter types will be
completely decomposed on the spoil heap 312, 505, 3141, and 4375 days later than on forest sites,
respectively. Different k constants resulted also in different mineralization and humification levels
on both site types. Under birch canopies, about 9% (A. glutinosa), 11% (B. pendula), 30% (P. sylvestris),
and 32% (Q. robur) more of litterfall mass will be mineralized on forest sites than on the spoil heap

(Figure 4).

Figure 2. Decomposition rates (k constants) of litter of four species decomposed in birch and pine
stands growing on two different site types—post-mining external spoil heap (SH) or forest sites (F).
Abbreviations: AlGl— Alnus glutinosa; BePe— Betula pendula; PiSy— Pinus sylvestris; QuRo— Quercus
robur.
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Figure 3. Total (bars) and half (black line) decomposition levels reached by specific leaf litter in
specific stand-site conditions. Abbreviations: AlGl—Alnus glutinosa; BePe—Betula pendula; PiSy —
Pinus sylvestris; QuRo— Quercus robur; SH—post-mining external spoil heap site, F—forest site.
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Figure 4. Limit values (LV; full) and litter-to-humus factors (LH; striped) of particular tree species leaf
litter in specific stand-site conditions. Abbreviations: AlIGl—Alnus glutinosa, BePe— Betula pendula,
PiSy — Pinus sylvestris, QuRo— Quercus robur, SH—post-mining external spoil heap site, F—forest site.

Beneath Scots pine canopies, decomposition courses of particular tree species litter proceeded
similarly between the two site types (Figure 1). We did not find statistically significant differences in
litter decomposition rates of B. pendula between forest and spoil heap sites at any of the collection
periods. For A. glutinosa, P. sylvestris, and Q. robur we found such differences at one (at 1st collection
period), three (3rd, 6th, 12th), or four (2nd, 7th, 11th and 12th) collection periods, respectively.
Reversely, the losses of initial masses of A. glutinosa and B. pendula leaves in Scots pine stands were
higher on the spoil heap than on forest sites (Figure 1). After one, two, and three years of exposure
on the forest site, litter of A. glutinosa decomposed 56.11% (+3.96), 71.22% (+3.19), and 69.37% (+2.36)
of initial mass, respectively. Its mass losses on the spoil heap reached 65.22% (+3.85), 68.46% (+2.64),
and 75.09% (+3.47) after analogous periods, respectively. Litter of B. pendula lost 47.76% (+3.29),
55.60% (+2.27), and 64.03% (+2.39) of initial mass after one, two, and three years of exposure on the
forest site, and 49.11% (+1.90), 56.06% (+3.07), and 63.70% (+3.31) on the spoil heap after analogous
periods. Litter of P. sylvestris lost 41.33% (+1.63), 53.71% (+2.38), and 66.29% (+3.00) on the forest site
and 37.44% (+2.05), 45.82% (+4.49), and 55.23% (+2.66) on the spoil heap after one, two, and three
years, respectively. The slowest rates at analogous stages of the decomposition process were reflected
by leaf litter of Q. robur—in forest stands it lost 26.59% (+2.98), 43.18% (+4.59), and 53.70% (+3.44) of
initial mass, whereas in the spoil heap stands these values were 21.06% (+3.45), 31.66% (+3.63), and
39.58% (+4.72).

The differences in k constants showed increased similarity in decomposition courses between
site types in Scots pine stands compared to birch stands. For A. glutinosa and B. pendula leaves,
decomposition rates were 17% and 13% higher on the spoil heap, respectively, which resulted in
attainment of halved initial mass in a period about two months shorter than on the forest site (Figure
2, Figure 3). Moreover, litters of the mentioned tree species will attain the total decay level 242 and
291 days earlier on spoil heap than on forest sites, respectively. For litter of P. sylvestris and Q, robur,
k constants were higher on forest than on spoil heap sites—at levels of 18% and 48%, respectively
(Figure 2). The half decay level of leaf litter of the mentioned tree species will be reached 123 and 420
days later on spoil heap than on forest sites, respectively. Their total mass loss will be reached 531
and 1814 days later on spoil heap than on forest sites (Figure 3). As a consequence of higher
decomposition rates of A. glutinosa and B. pendula leaves on spoil heap than on forest sites, around
5% and 4% more of their litter, respectively, will be mineralized in spoil heap site conditions. For
litter of P. sylvestris and Q. robur higher mineralization levels will be attained on the forest site (by 5%
and 9%, respectively).

3.2. N and C Concentrations

Each of the litter types investigated initially had identical N and C concentrations in all stand
and site types. For B. pendula, P. sylvestris, and Q. robur litters N concentration changes over time had
similar trends (Figure 5). In all mentioned litter types N content increased faster on forest sites (here
faster in birch than pine stands) than on spoil heap (here faster in pine than birch stands) during the
decomposition process. For A. glutinosa, these relationships between N concentration courses were
more intertwined.

The C contents at particular decay stages in various stand and site types differed between litters
of the tree species examined (Figure 6). However, they were generally lower on spoil heap
(independently on stand type) than in forest stands.
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Figure 5. Effects of decomposition level on nitrogen concentration (N; %) of particular tree species
leaf litter in birch and pine stands growing in two different site types—post-mining external spoil
heap (SH) or forest sites (F). Visualization is based on quadratic models with 95% confidence intervals
for the predicted values. The markers on the graph show mean values of nitrogen concentrations of
particular tree species at particular decomposition stages.



Forests 2019, 10, 353 10 of 21

Figure 6. Effects of decomposition level on carbon concentration (C; %) of particular tree species leaf
litter in birch and pine stands growing in two different site types—post-mining external spoil heap
(SH) or forest sites (F). Visualization is based on quadratic models with 95% confidence intervals for
the predicted values. The markers on the graph show mean values of carbon concentrations of
particular tree species at particular decomposition stages.

4. Discussion

Ecological restoration of degraded lands aims, first of all, towards habitat and ecosystem
reconstruction [42]. However, recently, efforts have also been made to improve productivity
functions of such ecosystems [6,43]. Soil improvement is a crucial element of mentioned efforts
affecting both of the aims [44]. The differences in litter decomposition rates between two habitats and
their consequences in improvement of upper soil layers were studied in our research. Soil properties
are relatively easy to measure; however, this only gives us information about the present state of soil
development. Our analyses of leaf litter decomposition rates, and empirical calculations based on
those, contribute new information about patterns of development of upper soil layers. As far as we
know, similar indirect comparisons of decomposition rates obtained on post-mining spoil heap and
forest sites were not previously done.

Our previous papers (Horodecki and Jagodzinski [17] and Horodecki et al. [31]) examined litter
decomposition rates of 14 tree species on post-mining sites. Direct comparison of our results here
with those obtained in previous papers should be done with special care because the decomposition
processes have not been parallel in time. Nevertheless, contrasting our results from previous papers
with results obtained by other authors from many disturbed and undisturbed habitats, in general,
yielded similar conclusions to those of this paper, supporting the hypothesis that relatively harsh soil
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conditions on degraded lands play crucial roles in the course of litter decomposition (see the
mentioned papers and literature cited therein). Moreover, according to the fact that, in the present
experiment, we have used unified plant material, collected from the same stands, our direct
comparisons give unbiased results. Due to the unification of study materials, we have inherently
omitted the impacts of habitat conditions on structural form of leaves, and consequently differences
in their decomposability [45,46], which could explain the differences if home material was used
[47,48]. Environmental influence on decomposition rates could be visible in another way, i.e., by the
state of development of soil faunal communities. Activities of microorganisms are (next to climate
and structure and chemistry of litter) one of the main factors influencing decomposition [49,50]. They
are dependent on soil organic layer development, its temperature and moisture. Based on previously
conducted research we can state that after a short period of the reclamation (succession) process (in
the case of “Befchatow” lignite mine about 30 years), assemblages of microorganisms in such stands
and soil conditions are inherently lower compared to more developed “older” soils [51-54].

Results of this experiment confirmed our first hypothesis only partially. Indeed, decomposition
rates were generally higher on forest than on spoil heap sites, with the exception of the somewhat
surprising case of A. glutinosa and B. pendula litters examined in pine stands, where the decomposition
trends were reversed (Figure 1). Even though the differences (between forest and spoil heap sites) in
decomposition rates of these two litter types in pine stands were statistically insignificant in 96% of
cases (Table A3), these relationships were quite unexpected. Any efforts to explain it by the
differences in stand structures failed because this unexpected trend concerned only half of the litter
types investigated in the same stand conditions (litter of P. sylvestris and Q. robur decayed in
predictable trends). The differences in light availability between site types are also useless in this case
because in general, various light conditions did not affect upper soil layer temperatures in pine stands
in the experiment (see Figure A1, Figure A2). If the temperatures had been related to light (which did
not occur in our experiment), then this could be interpreted as one of the factors affecting the
differences in activity of soil organism communities in both site types [55,56]. The explanation of
faster decomposition of A. glutinosa and B. pendula litters in pine stands on spoil heap than on forest
sites could likely be connected with their susceptibility to decomposition (palatability for
decomposers; [45,46]), which is higher than litters of P. sylvestris and Q. robur in homogeneous stand
conditions [31]. Because of the relatively short period of soil development on the spoil heap
investigated, soil organism communities are in very initial successional stages (see previous
paragraph), which is even more visible in coniferous stands [57]. Decomposer specialists are likely
not yet well developed and the web of soil organisms is dominated by bacteria. Therefore, in turn,
decomposer generalists are primarily “focused” on the destruction of relatively easily decomposable
organic material [51]. It is widely known that due to their chemical composition, first of all relatively
high concentrations of hardly-decomposable cellulose and tannins or waxes (in our study litters of
Q. robur and P. sylvestris), some litter types are more recalcitrant for decomposition than others [58].

Additionally, some authors concluded that birch litter displays some kind of resistance to
environmental conditions, having similar decomposition rates in various habitats. For instance, Gao
et al. [59] found that litter of B. platyphylla decomposed at the same rate in mixed and aspen stands
(opposite to other litter types tested —oak and aspen). Conclusions based on our previous papers
[17,31] contrast with Gao et al. [59]—the differences in decomposition rates (displayed as a k
constants) between home and mixed stands were the highest for B. pendula litter (and relatively low
for A. glutinosa, P. sylvestris, and Q. robur). However, we need to bear in mind (which we underlined
in the cited papers [17,31]) that stand structures of home stands of B. pendula and the associated
features of the upper soil layers were unfavorable for rapid decay of organic matter.

Due to the unexpected results for litter decomposition of A. glutinosa and B. pendula in pine
stands, our second hypothesis was also only partially confirmed. Beneath the birch canopies, the
differences in decomposition rates of P. sylvestris and Q. robur litters in two different site types were
visibly higher than decomposition rates of A. glutinosa and B. pendula litters (Figure 1, Figure 2, Table
A3). Under pine stands, these differences were also higher for two recalcitrant litter types (in 10 and
8 collection periods for Q. robur and P. sylvestris, respectively). However, the reversed (compared to
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expected) trends in litter decomposition courses for the two remaining litter types in pine stands (see
previous paragraph) deny our second hypothesis in the stand conditions mentioned.

Our third hypothesis was also only partially confirmed. Decomposition rates and essentially
their courses in time enabled us to calculate the amount of litter that was mineralized and the
remaining share accumulated on the forest floor as slowly degradable humus—humification rate
[60,61]. Relatively higher shares of mineralization of most litters examined under birch than pine
canopies is likely connected with the humus type created in the two stand conditions (see Table A2),
which supports faster decomposition, especially in reference to relatively easy-decomposable
material [62,63]. The soil environment created by pine litter is relatively more unfavorable for fast
mineralization. Its acidic reaction hinders development of the soil fauna community [64], especially
the abundance of earthworms which accelerate mineralization [56,65]. The relatively low share of
mineralization of P. sylvestris and Q. robur litters in birch stands on the spoil heap was likely
connected with low soil organic layer development in these stands (cf. [17]). Additionally, the lowest
limit values obtained in our research on spoil heap were even smaller than the lowest given in other
publications. For instance, Berg [60] stated that calculated limit values ranged so far between c. 42
and 100% decomposition.

High initial concentration of nitrogen in litter accelerates initial stages of the decomposition
process [66,67]. However, later on, its influence is more complicated and should be examined
together with concentrations of other, mainly insoluble substances [61,66]. As we used unified litters
in all stand and site conditions, the nitrogen and carbon concentrations were initially identical.
However, during ongoing decomposition their concentrations differentiated at various rates in
disparate stand and site conditions. Nevertheless, it is likely not connected with initial N
concentration in decomposed litter, but more likely with total N contents in surrounding soil
environments, which are higher in birch than pine stands (Table A2). Decomposition rate increases
with increasing nitrogen concentration, which is especially visible in disturbed forest [68]. Litters of
three tree species (B. pendula, P. sylvestris, and Q. robur) released organic carbon faster in birch than
pine stands in both investigated sites (see Figure 6). The only exception was linked with A. glutinosa
litter, which released carbon during the decomposition processes faster in pine than birch stands on
the forest site. All relationships between C concentration lines in various stands and site conditions
(Figure 6) correspond (here positively) with analogous lines for N contents (Figure 5), which indicates
that C release depended on N contents in soil rather than in decomposing litter.

5. Conclusions

Our results based on direct comparison of decomposition rates of four litter types in pine and
birch stands growing on forest and spoil heap sites, generally showed that harsh soil conditions (of
the latter) were unfavorable for fast organic matter mineralization. In some cases (birch stands on the
spoil heap), organic soil layers were poorly developed, hindering organic carbon turnover and
elongating the time for full biological and economic reclamation of degraded lands. On the other
hand, pine stands on the spoil heap supported fast litter decomposition more than pine stands on the
forest site, in reference to relatively fast decomposable litter (A. glutinosa and B. pendula). This, in turn,
showed the value of selective choice of tree species for afforestation of post-mining areas to accelerate
the development of technogenic soil substrates. We are aware of the various habitat requirements of
the species studied. However, due to the specificity of post-industrial areas related to the high
variation of soil substrates, we recommend introducing all tree species studied in the cluster form of
admixtures as all of them could bring some benefits in ecological and economical reclamation. Due
to fast litter decomposition and atmospheric N fixing, A. glutinosa enriches upper soil layers. B.
pendula due to transpicuous tree crown could increase soil temperatures affecting activity of soil
microorganisms. Q. robur increases upper soil layer thickness. P. sylvestris, in turn, as a beneficiary of
other tree species presence and due to its fast growing rate plays a crucial role in the economic aim
of reclamation.
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Appendix A

Microhabitat Conditions

The average upper soil layer temperatures under the birch canopy were higher on the forest site
during all autumns and winters as well as during spring 2015 (Figure Al). Almost all recorded
differences between site types (excluding spring and autumn 2015) were statistically significant.
During summers and the two remaining springs (2014 and 2016), forest floors were warmer in birch
stands growing on the spoil heap. In most seasons examined (excluding spring 2016) these differences
were statistically significant. Under the pine stands, the differences in average soil temperatures were
not as noticeable as in birch stands—they were statistically significant in only four of 12 cases. Forest
floor in autumn 2014 and winters of 2015 and 2016 were warmer in forest stands, but warmer in
autumn 2015 in spoil heap stands (Figure Al).

Figure Al. The average temperatures (°C, +SE) of upper soil layers in birch and pine stands growing
on two different site types—post-mining external spoil heap (red) or forest sites (blue). Measurement
periods were appropriate to decomposition time intervals.
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Canopy light absorption did not differ statistically significantly between pine stands on both site
types at any of the recording months; however, the size effect is visible and shows higher DIFN
(diffuse non-interceptance) values in spoil heap than in forest stands during whole growing season
(Figure A2). Similar trends were noted beneath birch stands; however, in this case, the differences in
DIFN values were statistically significant in almost all recording months (except April). In general,
light availability on forest floors of birch stands were much higher than in pine stands (except June
at forest sites). Absolute differences in that parameter were much higher on spoil heap than on forest
sites (on average 73% vs. 186%).

Figure A2. The average canopy openness index (diffuse non-interceptance; DIFN) measured during
the 2015 growing season (+SE) in birch and pine stands growing in two different site types—post-
mining external spoil heap (red) or forest sites (blue).



Forests 2019, 10, 353 15 of 21

Table Al. Basic characteristics of sample plots. Abbreviations: BePe— Betula pendula; PiSy — Pinus sylvestris; SH—spoil heap; F—forest sites; CL—clay loam; S—sand; SL—
sandy loam; BA—basal area at breast height; DBH—diameter at breast height; H—tree height; SE—standard error.

Plot Coordinates Plot Area Stand Site Year of Soil Stand Average DBH Average H (m)* BA (m? Stocking Density (individuals
Number (m?) Type Type Measurements Texture Age (cm)* +SE +SE ha)*, ** ha)*, **
512207, 2011 22 8.87 (0.30) 9.21 (0.21) 8.54 (98.31) 1274 (74.76)
6 19.4339 6045 Bee 2015 clay loam —— ¢ 10.14 (0.36) 1061 (026)  11.45(98.22) 1290 (62.40)
; 51.2208, 045 2011 day loam 22 8.96 (0.34) 9.09 (0.22) 7.4 (95.55) 1075 (69.15)
19.4339 s 2015 26 10.73 (0.39) 1126 (025)  10.35 (95.24) 1059 (57.66)
5 512105, 900 2011 and 18 5.49 (0.07) 486(0.04) 1276 (99.83) 5022 (99.12)
19.4384 Pisy 2015 22 6.52 (0.09) 6.58 (0.05) 18.18 (99.80) 5022 (98.69)
1 51.2117, 810 2011 <ond 17 6.81 (0.11) 6.05 (0.05) 20.61 (99.96) 5123 (99.28)
19.4265 2015 21 7.92 (0.13) 8.05 (0.06) 27.50 (99.94) 5049 (99.27)
105 512744, 61652 2012 sandy 20 10.40 (0.21) 13.66 (011) 1579 (99.95) 1779 (92.00)
19.4324 Bepe 2015 loam 23 10.76 (0.28) 14.83(0.23)  17.57 (98.95) 1794 (73.42)
106 51.2747, 150 2012 day loam 20 10.10 (0.20) 1344 (0.12)  18.32(99.99) 2200 (95.19)
19.4326 2015 23 10.45 (0.29) 1493 (0.25)  20.05 (99.46) 2178 (72.06)
F 23.41

07 ?91733283 750 2012 nd 21 8.02 (0.15) 8.90 (0.08) (100.00) 4200 (99.68)
PiSy 2015 24 8.99 (0.17) 1021 (0.08) 2876 (99.64) 4093 (81.65)
108 51.1746, 750 2012 <ond 21 8.46 (0.16) 9.16 (0.08) 21.22 (99.81) 3467 (99.24)
19.4321 2015 24 9.30 (0.19) 10.09 (0.11) 2612 (99.22) 3467 (54.74)

* including only the main tree species in the stand. ** in the brackets, the share of BA/stocking density of the main tree species in the stand in total BA/stocking
density is given.

Table A2. Basic characteristics of organic soil layers of sample plots. Abbreviations: BePe— Betula pendula; PiSy — Pinus sylvestris; SH—spoil heap; F—forest sites;
V—thickness; Corg—organic carbon; Ntot—nitrogen; Hum—humus content, Ca, Mg, K, Na contents (cmol(+)/kg); FPMD—fresh protomoder; FPM—fresh
protomor; FMD — fresh moder; FMM — fresh modermor; FM —fresh mor.

Plot Stand Site Humus v Corg.  Niot Hum pH
Number Type Type Type (ecm) (%) (%) CN (%)  H0 Ca Ms K Na
6 Fl];M 1 2820 1.07 30.65 48.62 6.10 147300 1.5600  0.6600 0.0300
BePe
FP]
7 SH DM 1 3283 136 2809 56.59 6.12 14.0100 25100  0.9800 0.0200
15 PiS FPM 1 3843 0.88 52.05 6626 5.01 11.8420 1.0250  0.4390 0.0200
16 Y FPM 2 4620 096 5621 79.65 493 92460  1.4910  1.1225 0.0300
105 BePe FMD 3 3417 133 3620 5891 555 13.6667 3.4367 25633 0.0300
106 F FMD 2 3723 129 3798 6419 557 13.8100 3.3850  2.2650 0.0300
107 PiSy FMM 4 45.09 1.30 4194 7774 468 10.1025 1.2125  1.7075 0.0375




Forests 2019, 10, 353

108

FM 6

32.64 1.07 37.03 56.27

4.37  6.7410

0.8805  0.7256

0.0420

16 of 21

Table A3. Average mass loss (%, +SE) of particular tree species leaf litter at every collection time in two different site and stand types. ANOVA was performed to

examine the influence of site type on leaf litter decomposition rates for every litter type at every collection time. Abbreviations: SH—spoil heap; F—forest sites.

Alnus glutinosa

Betula pendula

Pinus sylvestris

Quercus robur

birch stands

pine stands

birch stands

pine stands

birch stands pine stands

birch stands

pine stands

Collection time (months)

F
3

28.77 (1.18)

12.97 (1.12)

23.84 (1.61)

14.33 (0.90)

134 (2.17)

6.23 (0.68)

3.66 (0.59)

1.55 (0.46)

SH

11.89 (0.99)

18.38 (0.93)

14.07 (0.38)

15.71 (0.82)

4.98 (0.30)

7.17 (0.77)

0.44 (0.30)

2.03 (0.63)

ANOVA

<0.0001

0.0023

<0.0001

0.2790

0.0010

0.3591

0.0071

0.4176

F
6

47 84 (5.43)

34.93 (1.79)

34.16 (2.13)

29.42 (1.19)

2533 (2.3)

21.58 (2.21)

7.63 (1.66)

7.55 (0.67)

SH

43.82 (4.19)

40.78 (2.73)

25.77 (1.47)

33.23 (2.19)

829 (0.73)

16.61 (1.40)

3.36 (0.46)

5.15 (0.49)

ANOVA

0.5959

0.0943

0.0051

0.1441

<0.0001

0.0874

0.0007

0.0118

F

68.18 (3.28)

46.40 (2.70)

57.96 (3.06)

36.97 (1.12)

40.73 (2.08)

32.77 (1.15)

27.3 (3.04)

18.15 (1.27)

9SH

57.51 (1.67)

51.06 (2.49)

37.72 (2.48)

37.19 (1.26)

18.38 (1.20)

2658 (2.07)

9.24 (1.01)

14.25 (2.34)

ANOVA

0.0089

0.2246

0.0002

0.9004

<0.0001

0.0206

<0.0001

0.1238

F
12

84.98 (3.50)

56.11 (3.96)

70.88 (4.89)

4776 (3.29)

50.50 (4.17)

4133 (1.63)

51.74 (6.02)

2659 (2.98)

SH

68.54 (2.69)

65.22 (3.85)

52.40 (2.70)

49.11 (1.90)

24.67 (0.59)

37.44 (2.05)

13.61 (0.63)

21.06 (3.45)

ANOVA

0.0021

0.1293

0.0049

0.7447

<0.0001

0.1627

<0.0001

0.2096

F

83.71 (4.16)

60.53 (2.95)

77.11 (2.71)

49.35 (1.05)

58.53 (2.27)

4156 (0.77)

53.81 (5.67)

32.09 (4.82)

15 SH

78.14 (2.02)

65.66 (3.77)

59.65 (3.58)

49.19 (1.57)

26.88 (1.93)

37.79 (1.65)

19.01 (0.92)

23.22 (4.05)

ANOVA

0.1881

0.2991

0.0015

0.9320

<0.0001

0.0558

<0.0001

0.1631

F
18

87.66 (2.68)

64.23 (1.84)

82.38 (4.2)

51.64 (2.25)

66.46 (4.21)

45.11 (2.29)

58.95 (5.98)

31.80 (6.19)

SH

78.63 (1.76)

68.26 (2.43)

68.49 (2.91)

53.84 (3.38)

27.69 (1.15)

37.85 (1.27)

29.28 (4.82)

23.57 (4.94)

ANOVA

0.0108

0.2014

0.0167

0.6046

<0.0001

0.0145

0.0024

0.2807

F

93.08 (1.63)

67.48 (2.02)

86.25 (3.03)

53.25 (2.65)

65.76 (3.54)

45.90 (1.71)

64.40 (4.22)

41.96 (3.42)

21 SH

81.24 (2.46)

76.70 (4.14)

77.60 (1.88)

64.19 (5.76)

39.29 (7.82)

39.99 (2.41)

26.60 (1.88)

27.42 (3.82)

ANOVA

0.001

0.0584

0.0278

0.1020

0.0179

0.0651

<0.0001

0.0117

F
24

91.21 (1.63)

71.22 (3.19)

78.04 (2.63)

55.60 (2.27)

66.21 (3.78)

53.71 (2.38)

66.03 (3.39)

43.18 (4.59)

SH

87.97 (1.91)

68.46 (2.64)

74.06 (2.56)

56.06 (3.07)

40.76 (6.03)

45.82 (4.49)

36.79 (5.55)

31.66 (3.63)

ANOVA

0.2167

0.4931

0.2826

0.8945

0.0040

0.1549

0.0005

0.0666

F
27

90.86 (2.49)

73.61 (2.60)

83.54 (4.99)

53.38 (1.14)

68.81 (2.98)

50.79 (2.12)

72.95 (3.60)

49.89 (5.39)

SH

86.37 (1.74)

73.96 (4.69)

81.21 (3.18)

65.56 (6.12)

36.35 (1.15)

49.88 (5.46)

33.29 (3.58)

46.27 (8.75)

ANOVA

0.1158

0.7914

0.4891

0.0828

<0.0001

0.9572

<0.0001

0.7405
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F
30

90.10 (2.85)

80.43 (2.88)

87.54 (2.02)

66.05 (3.08)

78.67 (3.65)

56.19 (2.98)

72.44 (3.95)

53.88 (4.65)

SH

85.59 (1.58)

78.70 (3.88)

77.18 (2.95)

65.11 (4.48)

42.42 (3.19)

53.98 (3.94)

35.94 (4.68)

4349 (5.77)

ANOVA

0.1296

0.7918

0.0120

0.9147

<0.0001

0.6730

<0.0001

0.1784

F

92.71 (1.54)

70.89 (3.05)

88.66 (1.95)

60.57 (2.73)

77.87 (3.61)

57.03 (3.65)

74.92 (2.16)

58.84 (3.71)

33 SH

84.09 (1.28)

76.57 (3.16)

81.22 (2.00)

69.66 (5.27)

38.36 (1.13)

53.19 (4.36)

27.48 (1.67)

34.25 (4.85)

ANOVA

0.0013

0.2216

0.0180

0.1363

<0.0001

0.5305

<0.0001

0.0013

F
36

91.86 (2.46)

69.37 (2.36)

83.64 (2.20)

64.03 (2.39)

78.47 (3.42)

66.29 (3.00)

76.43 (3.90)

53.70 (3.44)

SH

85.64 (1.75)

75.09 (3.47)

77.74 (1.34)

63.70 (3.31)

44.26 (2.84)

55.23 (2.66)

40.61 (6.56)

39.58 (4.72)

ANOVA

0.4901

0.1763

0.7832

0.9527

<0.0001

0.0162

0.0004

0.0300

17 of 21
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Supporting information

Appendix S1
The raw rock used during spoil heap formation was very diversified — mostly quaternary
but in part toxic tertiary strata (Gozdzik et al., 2010; Pietrzykowski, 2010). Before
afforestation the plateau of the heap was fertilized with N (60 kg ha™'), K (60 kg ha!) and
P (70 kg ha') and also sown with mixed grass species and legumes (Pietrzykowski &
Daniels, 2014). The biodynamic method (Wojcik & Krzaklewski, 2010) was used for
afforestation (i.e. target tree species with a significant share of admixtures were planted).
The majority of its area is covered by monocultures (silver birch and Scots pine are most
common; Horodecki & Jagodzinski, 2017; Rawlik et al., 2018). However, the oldest
stands consist of mixed forest, growing on the northern part of the spoil heap. The
composition of mixed stands in Mount Kamiensk is very diversified. Our sample plots
consisted of 13 tree and shrub species (Table S1). Tree species used in decomposition
experiment grew within the sample plots (six of them) or in their close vicinity (eight of
tree species studied). At the end of the decomposition experiment (2016), the age of trees
within the stands was 24 years. The number of forest subunits on Mount Kamiensk was
155. Robinia pseudoacacia was found in 78 of them, with Betula pendula in 135, Larix
decidua in 51, Pinus sylvestris in 116, and Pinus nigra in 2 subunits. Composition of any
four among all mentioned tree species occurred in 35 subunits. Stands composed of three
of them occurred in parts of 71 subunits, whereas two of them grew together in 136
subunits.

In 2011 we established three sample plots on the lignite mine spoil heap (Table
S1). For each stand we measured all diameters at breast height (DBH) and heights for at

least 75% of trees from the main canopy and 10% from the undergrowth trees with DBH



26 > 4cm. Based on this data we calculated basal area and stocking density for both layers
27  in each stand. We also analysed soil surface layers based on soil pit excavations (1.5 m
28  deep). The stands included in the study grow on sandy soil shallowly laid on sandy-loam
29  soil on the plateau of the spoil heap. Sample plots have a slight northwest-facing slope.
30 Average organic layer thickness was 2 cm (£0).
31
32  Table S1
33 Basic characteristics of sample plots (in 2015). Abbreviations: BePe — Betula pendula, CaAr — Caragana
34 arborescens, CrMo — Crataegus monogyna, EuEu — Euonymus europaeus, LaDe — Larix decidua, PiNi —
35 Pinus nigra, PiSy — Pinus sylvestris, PrSe — Prunus serotina, QuRo — Quercus robur, QuRu — Quercus
36 rubra, RoPs — Robinia pseudoacacia, SaNi — Sambucus nigra, SoAu — Sorbus aucuparia, BA — basal area
37 at breast height, DBH — diameter at breast height, H — tree height, SE — standard error.
38
PIOtarllr:chln o P](OI;?; ca s Tre'e Forest layer S(;(e)rils(il‘g/g BA (m? ha'!) t(])at?l lselll;erf ]131 Mean DBH | Mean H (m,
coordinates pecies (ind. ha!) (%) (cm, +SE) +SE)
RoPs 7.7216 28.61 15.86 (0.77) | 15.10(0.25)
LaDe 7.2225 26.77 21.58 (1.66) | 16.41(0.43)
BePe canopy 993 6.6971 24.82 17.93 (0.86) | 16.13 (0.29)
PiSy 5.2049 19.29 19.21 (1.35) | 15.20 (0.68)
PiNi 0.1373 0.51 11.10 (-) 13.72 (-)
PrSe 2.3066 72.91 2.65(0.24) | 5.19(0.30)
51.131260N’ S0s77 SoAu 0.3080 9.74 3.71 (0.40) | 7.36 (0.59)
16.3501°E EuEu 0.1915 6.05 3.13(0.44) | 6.46(0.73)
RoPs 0.1684 532 1.42(0.28) | 3.37(0.48)
LaDe understorey 3093 0.0908 2.87 5.17(0.48) | 9.51(0.52)
CaAr 0.0319 1.01 2.11(0.95) | 4.73 (1.73)
QuRu 0.0272 0.86 2.78 (0.44) | 6.16 (0.75)
PiSy 0.0247 0.78 3.33(0.18) | 7.11(0.28)
BePe 0.0145 0.46 2.50 (0.50) | 5.67(0.92)
RoPs 6.8177 29.68 16.09 (0.74) | 13.96 (0.30)
BePe 5.8698 25.55 15.73 (0.78) | 14.98 (0.47)
PiNi canopy 1064 5.1725 22.51 14.86 (0.60) | 12.78 (0.28)
LaDe 3.0782 13.40 19.60 (2.05) | 16.22 (0.89)
5 PiSy 2.0359 8.86 20.03 (0.60) | 13.68 (1.05)
51.1325°N, 620.43 PrSe 3.5916 80.20 3.85(0.43) | 4.97(0.41)
19.2501°E SoAu 0.4517 10.09 4.82(0.59) | 6.51(0.58)
EuEu 0.2019 4.51 3.13(0.35) | 4.62(0.44)
RoPs understorey 2803 0.1134 2.53 126 (0.17) | 2.29 (0.20)
PiNi 0.0790 1.76 7.90 (-) 9.69 ()
LaDe 0.0126 0.28 3.15(9) 4.67 ()




CaAr 0.0117 0.26 175 (1.25) | 2.98 (1.49)
QuRu 0.0102 0.23 1.83 (0.83) | 2.97 (1.04)
SaNi 0.0033 0.07 0.48 (0.02) | 1.48 (0.01)
BePe 0.0032 0.07 0.75(0.14) | 1.71(0.13)
BePe 11.5922 40.90 17.18 (0.61) | 16.49 (0.28)
PiNi canopy 1233 9.3915 33.14 15.42 (0.58) | 1255 (0.19)
LaDe 7.3584 25.96 18.22 (1.14) | 15.54 (0.42)
SoAu 1.2951 54.17 3.95(0.33) | 5.63(0.35)
PiNi 0.6772 28.33 8.41(0.73) | 10.00 (0.74)
3 BePe 0.2902 12.14 5.59 (1.81) | 7.89 (2.32)
51.1324°N, | 600.00 LaDe 0.0946 3.96 8.50 (-) 11.35(-)
192501°E QuRo 0.0122 0.51 3.05 () 4.65 (-)
understorey 1317
RoPs 0.0111 0.47 0.80 (0.15) | 1.80(0.17)
QuRu 0.0082 0.34 2.50 (-) 3.89 ()
CrMo 0.0008 0.04 0.80 (-) 1.75 ()
CaAr 0.0008 0.03 0.38 (0.08) | 1.42(0.04)
SaNi 0.0003 0.01 0.50 (-) 1.49 (-)
39
40 Methods S1
41 Particular soil characteristics were obtained as follows:
42 - Corg (%) — organic carbon content determined using the Tiurin method (in
43 accordance with the PN-ISO 14235:2003 standard);
44 - Niot (%) — total nitrogen content determined using the modified Kjeldahl method
45 (in accordance with the PN:ISO 11261:2002 standard);
46 - C:N — Corg to Ny ratio;
47 - O horizon thickness (cm) determined as a mean of a few measurements in the
48 soil excavation pit;
49 - Detritus content (%) in organic (O) horizon;
50 - pH H20 — measured in 1:5 soil suspension in H>O obtained by the
51 potentiometric method in distilled water (in accordance with the ISO
52 10390:2005 standard);



53

54

55

56

57

58

59

60

61

62

63

64

65

66
67
68
69
70
71
72
73

- Mg, Ca, K, Al (cmol” kg'!) — content of particular alkaline or acid cations in the
extract of IM ammonium acetate, pH 7.0 obtained by atomic adsorption;
- TEB (cmol* kg!) — total amount of exchangeable bases — summarized content of

alkaline cations in the extract of 1M ammonium acetate, pH 7.0 obtained by

atomic adsorption;

- P (mgkg") - soluble phosphorus obtained by the Olsen method in 0.5M

NaHCOs pH 8.5 (in accordance with the PN-ISO 11263:2002);

- Mn, Fe, Cu (mg kg'') — micronutrients contents soluble in 0.005M DTPA at pH

7.30 by atomic absorption (Lindsay & Norvell, 1978).

Additionally we measured organic layer soil temperature at one hour intervals
using HOBO data-loggers installed around 3 cm beneath soil surface (HOBO U22-001

Water Temperature Pro v2 and HOBO U23-001 Pro v2 Temperature/Relative Humidity).

Table S2

Average quarterly temperatures (°C, £SE) of upper soil layers of mixed, home and Scots pine stands on the
spoil heap. Measuring periods are appropriate to decomposition time intervals. Abbreviations: MIX —
mixed stands, Home — parent species stands, Scots pine — Scots pine stands, AlGl — Alnus glutinosa, BePe
— Betula pendula, PiSy — Pinus sylvestris, QuRo — Quercus robur, QuRu — Quercus rubra, RoPs — Robinia

pseudoacacia.

Temperature (°C, £SE)

Recording period MIX Home S:ﬁig:e
AIGI | BePe | QuRo | QuRu | RoPs PiSy

22122011 025032012 | 005 | 00| 0.18) | 014)| (0 | 021|007
260320 005072012 [ 155 | D18 1230 25 230 [ 11se
06-07-2012 0 01-10-2012 (105.6955) (106.1002) (107.21; (106.2501) 1?51 (106.i123) (106.122())
0210201210 11012013 | 00 | 510 | 0160|0151 () | @06)| (.19
oz worosaons| 068 061 00| 868 1] 0% 1 oo
03-04-2013 10 08-07-2013 (101.1501) (102.'100% (1(32092) (102.2277) 1%55 (102.34552) (101.1571)
07203 w 1510203 | 125 T ISET] 6 [ T TS o
16-10-2013 to 14-01-2014 | 5.35 | 5.55 | 5.18 | 5.63 | 6.37 | 5.63 5.54




74

007 [(0.15)[(022)[(024)] () [(0.05)] (0.21)
15-01-2014 to 15-04-2014 (3232) (3:?3) (313% ((3)::%) 4(35 (g:gzll) (3241‘2)
16-04-2014 to 15-07-2014 (103.6176) (1(3;97) (l(ifég) (103.'1705) lif)m (103.?175) (151151)
16-07-2014 to 14-10-2014 (105.5‘59) (105.6671) (106.'1578) (106.1(115) 1%())5 (105.3515) (105-i615)
15-10-2014 to 13-01-2015 (3132) (gfg) (g:g;) (g:;‘) 4(.9)0 (gﬁg% (3133)
14-01-2015 to 14-04-2015 ((2):(9)47‘) S I N N ((2):??)
15-04-2015 to 10-07-2015 (102_6883) S R B I (102..1423)
11-07-2015 to 09-10-2015 (106_6576) e (106.i305)
10-10-2015 to 07-10-2016 (g:g;) - - - - - (335)
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Table S3

Macronutrient contents (%; +=SE) in freshly fallen leaves. ANOVA was performed to examine the differences in macronutrient contents in leaf litter among tree species studied.
The post-hoc Tukey HSD test was used to determine statistically significant differences among the particular tree species studied; different letters indicate statistically significant
differences. Mg, P, K and Ca contents in fresh fallen leaves were determined based on 6-48 samples, while N and C contents based on 2-16 samples per tree/shrub species.

Tree species

Macronutrients content in fresh fallen leaves (%, £SE)

Mg P K Ca Mg+P+K+Ca N C
0.227 0.058 0.975 2.893 4.153 1.101 44315
Acer pseudoplatanus | 511y 4 | 0 007y % | 0.103)] * 0035 * | 0.114) | ? |0.126)] © [0351)] %F
s ahinosa | 0192 | o] 0:053 [ [ 0365 [ [ 1966 [ [ 2576 [ [ 2153 [ [47416[
8 (0.004) (0.002) (0.021) (0.040) (0.051) (0.043) (0.418)
0311 0.101 0.299 2.328 3.039 0.648 47311
Betulapendula | 506)] ® | 0.010)| P | 0.019)| & [0.056)] 4 | 0.062) | 4 |0.055)] " | (0.763)| 204
) 0.157 0.119 0.653 1.994 2.923 0.744 44508
Fagus sylvatica 1 005y | € | (0/002) | 2% 0.009) | P° | (0.022) | %F| (0.035) | ¢ | (0.012)| 8" | 0.551| ©def
) ) 0.203 0.039 0413 3.143 3.798 1121 44178
Fraxinus excelsior (0.002) cde (0.001) ef ©0.011) cdef (0.060) ab (0.053) be 0.017) de (2.257) cdef
Pimis svivesiris | 0078 0.028 [ [ 0235 0.950 1291 [ [ 0516 [, [49557 ]
s plvestris 1 .00n | & | 0.001) 0.006)| £ 0.012)] & | (0.013) (0.018) (0.199)
0168 0.115 0516 2.494 3.294 2.521 45274
Populus * canadensis (0.002) e (0.002) abc (0.006) cde 0.012) cd 0.012) cd (0.025) a (0.295) bedef
 Tom 0.141 0.338 2.934 3584 1.615 46.504
Populus nigra 'Ttalica (0.001) de (0.002) a (0.002) defg (0.020) abc 0.022) bed (0.088) cd (0.897) abcde
0.246 0.052 0.486 3.178 3.962 0.535 44.109
Populus tremula | o 6oy © | 0.002) | 9 | 0:012)| ©%€ | 0.068)| 2® | (0.055) | 2P° | (0.027) | & | (0.819)| °def
» N 0455 [ [ 00al [ _T0808 [ "[3401 [ [ 4704 [ [ 0875 [ - [43201|
runus serotind -  027) (0.001) (0.061) (0.197) (0.244) (0.059) (0.489)
Ouercus robur 0.173 0.115 [ 10498 1587 [ [ 2373 1.040 46.248[
uercus robu 0.009)| € |(0.015)|*°°|0.012)| *° |(0.052) 0.066) | € [(0.102)] © [(0.434)| ¢
Ouercus rubr 0.155 0.090 | 10581 1.645 [ [ 2471 0771 | o [46416],
wercusTubra 1 006) | ¢ |0.014)| ¢ | 0.011)| © |(0.064) 0.05) | € [0.106)] “® | (1.945)] *°°°
Robinia vsendoacacial 0101 | ¢ [ 0:054 [~ 7T 0.540 [~ 3176 [ 773869 [, T 1872 [ [45.952]
ap acacial .003) (0.002) (0.018) (0.054) (0.065) (0.062) (0.355)
; 0235 0.129 0917 2.502 3783 0.956 41307
Ulmus laevis ©.002)| 4 | 0.006)| 2 | 0.016)| 2 |0.026)| 4 | (0:033) | * | (0.035)| ¢f |0.889)
ANOVA P>F <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001




Table S4
Average mass loss (%, +SE) of particular tree species leaf litter at every collection time in mixed stands. ANOVA was performed to examine the influence of litter type for
every collection time (1) or collection time for every tree species (2) on leaf litter decomposition rates. The post-hoc Tukey’s HSD test results are shown by letters; different
letters indicate statistically significant differences. Lower case letters reflect differences between tree species leaf litter decomposition rates for every collection period, while
capital letters reflect differences between collection periods of decomposition for every tree species leaf litter. Abbreviations: AcPs — Acer pseudoplatanus, AlGl — Alnus
glutinosa, BePe — Betula pendula, FaSy — Fagus sylvatica, FrEX — Fraxinus excelsior, PiSy — Pinus sylvestris, PoCa — Populus x canadensis, PoNi — Populus nigra 'Italica’,
PoTr — Populus tremula, PrSe — Prunus serotina, QuRo — Quercus robur, QuRu — Quercus rubra, RoPs — Robinia pseudoacacia, UlLa — Ulmus laevis.

Litter type QuRo RoPs PiSy FaSy PoNi QuRu BePe PoCa FrEx AlGI UlLa AcPs PrSe PoTr AN?VA
1.91(0.57) | 11.45(0.86) | 7.3(0.69) | 4.41(0.73) | 5.29(0.72) | 3.87 (0.41) | 8.35(0.85) | 9.02(0.55) | 12.26 (0.91) | 9.4(0.7) |14.03(1.34) | 9.15(0.61) | 17.09 (1.11) | 6.63 (0.6)

} h GH be FG def1 fgh GH efg I gh G cde G cdH bel cdI ab G cd G aE defg J 00001
2.29(0.92) | 10.81 (2.04) | 14.47 (1.72) | 3.22(0.86) | 12.4 (1.87) | 8.75 (1.94) | 17.31 (1.38) | 16.32 (1.65) | 25.39 (2.05) | 23.19 (1.93) | 15.7 (3.53) | 19.02 (1.86) | 37.14 (2.65) | 18.13 (2.3)

¢ gH def G cde HI fg H cde HI efg FG bede FG bede H abH bc H cde G bed G aD bede 1IJ 00001
6.42(2.21) | 18.59 (4.6) | 21.84 (2.3) | 10.37 (2.34) | 24.05 (3.93) | 20.09 (2.76) | 31.41 (4.89) | 39.43 (6.74) | 48.05 (3.11) | 51.78 (3.48) | 31.56 (4.39) | 37.18 (1.89) | 58.11 (4.17) | 27.21 (2.27)

’ fFGH ef EFG def GH fFGH def GH def EF bede EF abed G abc G ab G cde F abede F aC de HI “o0001
8.93 (1.07) | 31.9(3.62) |29.84(1.58) | 12.05 (2.11) | 33.53 (3.88) | 27.67 (4.61) | 43.09 (4.22) | 46.31 (2.38) | 66.51 (2.51) | 66.51 (4.55) | 54.62 (5.66) | 48.79 (3.73) | 68.15 (2.84) | 41.91 (1.87)

" h EFGH def DE ef FG gh FGH def EFG fgE cdef DE cde FG ab EF aEF abc E bed F aC cdef GH 00001

;T\ s 12.44 (2.02) | 28.16 (2.34) | 30.51 (2.49) | 17.89 (2) |28.62(2.28) | 28.25 (3.44) | 44.07 (3.73) | 43.53 (2.61) | 57.61 (3.33) [ 59.92 (1.67) | 49.18 (4.79) | 46.43 (2.41) | 66.69 (5.6) | 42.09 (4.3) 0,001

é g EFGH efg DEF def FG fg EFG efg FGH efg E bede DE cde FG abc FG ab FG be EF bed F aC cde GH
E " 20.08 (3.87) | 47.29 (7.25) | 38.92 (2.12) | 26.87 (3.63) | 43.64 (2.9) | 39.91 (5.62) | 54.08 (4.02) | 57.55 (3.91) | 70.32 (2.91) | 76.75 (5.13) | 65.88 (4.82) | 69.19 (3.76) | 84.88 (4.52) | 59.75 (3.86) “0.0001
H g DEFG cdef CD efg EF fg DEF defg DEF efg DE cde CD cde EF abc E ab DE bed DE abc E aB bede FG

E 27.13 (3.08) | 54.13 (3.46) | 49.06 (3.04) | 34.17 (7.15) | 53.33 (2.59) | 58.52 (5.78) | 68.03 (4.57) | 73.58 (2.84) | 82.08 (1.96) | 87.47 (1.66) | 82.35 3.11) | 75 (2.6) | 91.66 (1.73) | 76.52 (5.54)

S 2 h CDEF efg BC fg DE gh CDE efg CDE def CD cde BC bed DE abc D ab CD abc CD bed DE aAB abcd EF 00001
34.48 (4.78) | 48.12 (3.3) | 54.11 (3.83) | 39.03 (5.83) | 53.24 (4.96) | 56.48 (7.13) | 68.35 (4.82) | 70.78 (3.46) | 88.14 (1.18) | 85.77 (1.95) | 83.44 (4.36) | 73.88 (4.17) | 92.85 (1.78) | 78.71 (5.19)

» fBCDE ef CD def CD fCDE def CDE def CD cde BC cd DE ab ABCD abc CD abe C bed DE aAB abc DE “o0001
43.44 (5.43) | 56.85 (4.45) | 57.43 (2.2) | 46.32(4.42) | 61.1(4.44) | 55.56 (5.01) | 74.87 (2.9) | 75.11 (2.85) | 85.57 (1.61) | 88.39 (1.88) | 86.8 (3.81) | 83.03 (4.23) | 91.14 (1.84) | 80.96 (4.71)

* d ABCD cd ABC dCcb dBCD cd BCD dCb be AB be DE ab CD ab BCD ab BC ab CD a AB ab CDE o000t
44.2 (6.62) | 54.91 (2.25)| 60.86 (2.4) | 46.89 (4.68) | 60.54 (4.83) | 60.31 (4.93) | 80.24 (3.55) | 78.9(3.28) | 89.6(1.3) | 90.31(1.9) | 91.26 (1.97) | 87.83 (1.68) | 95.35 (1.04) | 86.35 (2.98)

. d ABCD dBC d BCD d BCD dBCD d BCD bec AB c¢CD abc ABCD | abc ABC ab ABC abc BC aAB abc BCDE o000t
41.5(6.77) | 64.12 (4.61) | 61.25(4) |57.03 (5.55) | 67.39 (3.74) | 58.92 (4.09) | 80.22 (2.38) | 79.11 (3.23) | 87.93 (1.22) | 90.96 (1.49) | 93.11 (1.67) | 87.98 (1.56) | 94.1 (1.06) | 83.79 (3.81)

* eBCD cd ABC de BCD de ABC cd ABC de CD bc AB be BCD ab BCD ab ABC a ABC ab BC aAB ab BCDE 00001
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55.62 (6.01) | 75.69 (3.99) | 68.05 (3.32) | 57.03 (6.24) | 73.53 (3.24) | 72.33 3.8) | 82.8(2.3) | 89.3 (3.07) | 90.51 (1.15) | 92.27 (0.69) | 92.63 (2.38) | 94.45 (0.93) | 95.08 (1.38) | 93.89 (1.82)

¥ de ABC cd A de ABC e ABC cde AB cde ABC bc AB ab ABC ab ABC ab ABC ab ABC aAB aAB a ABC “o0001
60.03 (4.81) | 66.24 (4.05) | 67.12 (2.54) | 56.01 (6.87) | 70.66 (4.85) | 71.96 (4.68) | 82.04 (2.8) | 92.31 (1.56) | 93.29 (0.93) | 94.39 (1.03) | 92.85 (1.19) | 91.59 (1.58) | 97.18 (0.57) | 93.16 (1.87)

“ d AB d ABC d ABC d ABC cd ABC cd ABC bc AB ab A ab AB a ABC ab ABC ab ABC aA ab ABCD 00001
55.53(8.94) | 65.83 (3.5) | 72.16 (3.23) | 63.54 (5.92) | 75.09 (2.96) | 74.7 (3.22) | 87.03 (1.76) | 92.77 (1.09) | 90.49 (1.24) | 93.8(0.75) | 96.52 (0.62) | 96.06 (0.6) | 96.5 (0.83) | 95.12 (1.2)

. e ABC de ABC de AB de AB cd AB cd ABC bc A ab ABC ab ABC ab ABC aAB ab A aA ab AB “o000
70.58 (7.84) | 71.78 (5.95) | 76.43 (2.18) | 69.93 (4) | 77.55(4.17) | 80.63 (3.77) | 88.2(1.99) | 91.61 (1.99) | 94.27 (1.13) | 97.23 (0.6) | 97.46 (1.08) | 96.44 (0.54) | 97.88 (0.7) | 95.44 (0.98)

o eA e AB de A e AB de AB cde AB bed A abc AB ab A aA aA ab A aA ab AB “o0001
70.17 (7.52) | 71.18 (4.08) | 72.48 (3.28) | 74.84 (4.48) | 80.77 (3.81) | 81.46 (3.73) | 84.51 (3.07) [ 91.11 (2.33) | 94.13 (0.48) | 95.8 (0.71) | 96.21 (1.09) | 96.48 (0.67) | 96.96 (1.22) | 97.46 (0.78)

s dA d AB d AB dA cd A bed A bed A abc ABC ab AB aAB aAB aA aA aA “o000t

ANOVA 2| <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
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