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1.

Wstep

Réznorodnos¢ biologiczna, w tym przede wszystkim réznorodnos¢ taksonomiczna oraz
funkcjonalna, roslin i roslinno$ci jest zalezna od abiotycznych i biotycznych warunkow
siedliskowych, ktore wptywaja rowniez na przebieg proceséw ekosystemowych m.in., tak
kluczowych jak respiracja gleby. Zagadnienia te pozostajg od dawna istotnym przedmiotem
badan nauk przyrodniczych (Prach i Walker, 2020; Rotherham, 2017). Pewne aspekty relacji
migdzy warunkami siedliskowymi, réznorodnos$cig taksonomiczng i funkcjonalng a procesami
oddychania gleby zostaly czgsciowo poznane dla niektérych ekosystemoéw naturalnych,
pOhaturalnych oraz w niektérych agrocenozach (Ayubiin., 2014; Atkiniin., 2007; Bakeri in.,
1997; Grime i in., 1988). Badania nad intensywnos$cig oddychania gleby przeprowadza si¢
w rolnictwie, na polach uprawnych, uzytkach zielonych i lasach uzytkowych (Xiao i in., 2021).

Dotychczasowy stan wiedzy wskazuje, ze warunki abiotyczne (wilgotno$¢, temperatura,
tekstura gleby, mikro- i makroelementy, pH gleby, zawarto$¢ azotu) moga wplywac na przebieg
procesu respiracji (Fenn i in., 2010; Mo 1 in., 2008; Heinemeyer i in., 2007; Bouma i Bryla,
2000;). Wilgotnos¢ gleby, temperature 1 strukture granulometryczng uwaza si¢ za czynniki
wptywajace na oddychanie gleby (Bouma i in., 1997a). Badania przeprowadzone na gruntach
rolnych wykazaly, Zze zmiany wilgotno$ci gleby moga wptywaé na tempo oddychania
w drobnoziarnistej glebie piaszczystej. W siedliskach podmoktych uwalnianie CO; z gleby jest
ograniczone. Konieczne jest jednak petne zrozumienie powigzan miedzy architekturg korzenia,
teksturg gleby, wilgocia i oddychaniem (Bouma i Bryla, 2000; Scheurwater i in., 1998; Burton
1in., 1997 Bouma i in., 1997b, a; Koizumi i in., 1991). Drobne frakcje w glebie wspomagaja
zdolnos$¢ do zatrzymywania wody. Udzial duzych frakcji w strukturze granulometrycznej
gleby, umozliwia przeptyw powietrza i wody, ich wymian¢ pomi¢dzy sferg — pedosfera (gleba)
i atmosfera. Bouma 1 Bryla (2000) badali powigzania pomig¢dzy heterotroficznym
i autotroficznym oddychaniem i uwalnianym CO> do gleby, w gradiencie wilgotnosci
oraz réznych warunkach tekstury gleby. Tekstura gleby znaczaco wpltywa na wigzanie wody
w glebie (Singer i Munns, 1991). Wykazano, ze w pewnym zakresie wartosci tempa oddychania
gleby jest w duzym stopniu zalezne od temperatury i wilgotnosci gleby (Schlentner i Van
Cleve, 1985; Singh i Gupta, 1977). Kolejnymi czynnikami, ktére moga wplywa¢ na tempo
oddychania gleby jest dostepnos¢ substratow wegla dla mikroorganizmoéow (Seto 1 Yanagiya,

1983), oraz gestos¢ korzeni roslin 1 aktywnos$¢ fauny glebowej (Ben-Asher 1 in., 1994), (Singh
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1 Shukla, 1977), witasciwosci fizyczne i1chemiczne gleby (Boudot 1 in., 1986) w tym
wspomniana wczesniej wilgotnos$¢ gleby (Lukeno 1 Billings, 1985; Moore i Knowles, 2011).
Poza wplywem czynnikéw abiotycznych badacze zwracaja uwage na istotng role
czynnikdéw biotycznych w przebiegu procesu respiracji. Rozktad zwigzkow wegla w materii
organicznej gleby (SOM) jest zwigzany m.in. ze skltadem gatunkowym roslin, sktadem
mezofauny i aktywnoscig enzymow glebowych (Sinsabaugh i Antibus, 1991). Rdznorodno$¢
sktadu gatunkowego roslin przyczynia si¢ do zwigkszenia ilosci i réznorodnosci zasobdw
pokarmowych w glebie, co stwarza oraz poszerza zakres roznorodnosci nisz dla saprofitow
(Chapman i Newman, 2010; Eisenhauer 1 in., 2010; Hooper 1 in., 2005). Zr6znicowany sktad
gatunkowy ros$lin zapewnia r6znorodng biomase, co przyspiesza rozktad materii organicznej
poprzez komplementarne wykorzystanie zasobow przez mikroorganizmy (Handa i in., 2014).
Wsrod czynnikdéw biotycznych fauna glebowa jest waznym elementem. Uwaza si¢, ze udziat
nicieni w oddychaniu gleby jest prawdopodobnie mniejszy niz 1%, mogg one jednak odgrywac
wazng role w obiegu sktadnikow odzywczych w glebie, wplywajac na wzrost bakterii
i dostepnos¢ sktadnikow odzywczych dla roslin (Eisenhauer i in., 2010; Smulczak i Tracz,
2008). Wszystkie gatunki wazonkowcow Enchytraeidae, poprzez intensywne procesy
oddychania, maja znaczacy wkiad w mineralizacj¢ materii organicznej. Enchytraeidae
stymulujg przebieg procesow mineralizacji i humifikacji, m.in. poprzez spulchnianie gleby,
rozbijanie czastek gleby, ich przemieszczanie si¢ w profilu glebowym oraz katalizowanie
aktywnos$ci mikroorganizmow. Wkitad Enchytraeidae w te procesy, a takze w ksztattowanie
prawidtowej struktury i zwiekszanie zyznosci gleb, jest czesto znacznie wigkszy niz innych
przedstawicieli makro- i mezofauny glebowej (Handa i in., 2014; Kasprzak i in., 1981).
Liczna grupa badaczy wskazuje na rol¢ sktadu taksonomicznego i funkcjonalnego
roslinno$ci spontanicznej na przebieg procesu respiracji gleby. Przez dlugi czas réznorodnos¢
roslinnosci charakteryzowana byla z wykorzystaniem analiz r6znorodnosci taksonomiczne;j
sktadu gatunkowego badanych ptatow. Ostatnio, réznorodno$¢ funkcjonalna stala sig
dodatkowym obszarem badania réznorodnosci ro$lin, ktéry pozwala na poznanie wybranych
aspektéow funkcjonowania ekosysteméw (McGill 1 in., 2006), takich jak np. produkcja
pierwotna netto (Duffy i in., 2017; Liang 1 in., 2016), sekwestracja wegla (Tilman i in., 2006)
oraz obiegu sktadnikow odzywczych (Handa i in., 2014). Jednak to, w jaki sposéb dynamika
réznorodnos$ci roslin wplywa na uwalnianie CO2, w ekosystemach jest wcigz bardzo stabo
poznane (Hillebrand i Matthiessen, 2009; Loreau i Hector, 2001). Zwiazek migdzy
roznorodno$cig gatunkowa roslinnosci a respiracjg gleby moze by¢ bezposredni lub posredni

1 dokonywa¢ poprzez czynniki glebowe (takie jak zawarto§¢ wody w glebie, temperatura,
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materia organiczna oraz sktadniki odzywcze) (Metcalfe i in., 2011). Przez dtugi czas badacze
skupiali si¢ nad ustaleniem relacji miedzy ro6znorodnoscig roslinnosci a parametrami
produktywnosci 1 iloscig biomasy. Drugim czg¢sto badanym aspektem funkcjonowania
ekosystemu jest obieg sktadnikow odzywczych w glebie (Duffy 1 in., 2017; McKee, 1970).
Zaréwno produktywnos¢, jak i1 rozktad materii organicznej sg zwigzane z parametrami procesu
oddychania gleby (Handa i in., 2014). Jednak do tej pory mniej uwagi poswigcono temu, jak
réznorodno$¢ roslin wptywa na proces oddychanie gleby.

Wymienione powyzej zalezno$ci zidentyfikowane zostaly w ekosystemach naturalnych
1 poéaturalnych. Niewiele uwagi poswigcono badaniom relacji miedzy roslinnoscig
a parametrami funkcjonowania ekosystemow w siedliskach zaburzonych. Aby uzupenié
te luke, w niniejszej pracy podjeto probe ustalenia czynnikow wptywajacych na dynamike
uwalniania CO» z podtoza mineralnego hatd pokopalnianych porosnigtych przez spontaniczng
roslinno$¢. Analiza intensywnosci emisji CO; jest kluczowa dla zrozumienia funkcjonowania
ekosystemow oraz ich reakcji na zmiany czynnikow biotycznych i abiotycznych, a takze dla
poznania wptywu réznorodnosci roslinnosci.

Dziatalno$¢ gornictwa surowcdéw mineralnych stwarza nowe wyzwania powstajagcych
ekosystemom (Btaszkowski 1 in., 2019; Katucka 1 Jagodzinski, 2016). Gérnictwo powoduje
usuwanie istniejgcej roslinnosci oraz zmiang sktadu i struktury gleby, wptywajac na warunki
hydrologiczne (Prach i Walker, 2019; Wozniak i in., 2018; Rehounkovaiin., 2016 Tropek i in.,
2012; Frouz i Jilkova, 2008; Kasprzak i in., 1981). Dzialalnos¢ cztowieka w niektorych
siedliskach 1 ekosystemach powoduje fundamentalne zmiany wykraczajace poza znane
dotychczas relacje warunkéw biogeochemicznych siedlisk. Nieznane dotychczas warunki
siedliskowe powoduja zrzeszanie si¢ gatunkéw i ksztattowanie si¢ zbiorowisk roslinnych o tzw.
non-analogous species composition. W konsekwencji, nowe, nieznane wczesniej warunki
siedliskowe, prowadza do powstania roznorodnych ptatow roslinnosci o odmiennym od
znanych sktadzie gatunkowym, co prowadzi do powstania uktadow typu Novel Ecosystem
(Zhang 1 in., 2022; Btonska i in., 2019; Rotherham, 2017; Bradford i in., 2010; Buchmann,
2000). Warunki siedliskowe mineralnych podtozy na haldach kopalnianych sg bardzo
zroznicowane pod wzgledem wilgotnosci, sktad granulometryczny podtoza 1 zasolenia,
nachylenie zboczy, wysokosci i ksztatcie zwalu. Rosliny 1 inne organizmy kolonizujg podtoze
pozbawione gleby, ktore stanowi mineralny substrat glebowy o bardzo r6znej strukturze frakcji,
wilgotnosci i innych parametrach. R6znorodnos¢ siedlisk w obrebie jednej hatdy kopalni wegla
kamiennego, jest czesto znacznie wigksza niz migdzy dwiema, lub wigksza liczba hald.

Mozaika mikrosiedlisk (np. wielko$¢ ziaren, wilgotno$¢, zasolenie) znajduje odzwierciedlenie
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w mozaice sktadu gatunkowego roslinnosci (Wozniak i in., 2021; Btonska i in. 2019; Mo i in.,
2008; Vargas i Allen, 2008; Kasprzak i in., 1981).

Przebieg proceséw naturalnych oraz funkcjonowanie uktadéow typu Novel Ecosystems jest
dotychczas stabo poznane (Doley i Audet, 2013; Hobbs i in., 2013, 2009, 2006). Wedtug tych
badaczy uktady przyrodnicze typu Novel Ecosystems powstaja na siedliskach, w ktérych doszto
do takiego zaburzenia warunkow siedliskowych (crossing of ecological threshold), ze powrot
do poprzedniego stanu nie jest juz mozliwy. W takich miejscach reguly grupowania si¢
organizmow (assembly rules) zostaly dostosowane przez dziatanie procesow naturalnych do
zaistniatych, odmiennych, czgsto ekstremalnych warunkow siedliska abiotycznego (Evers i in.,
2018; Rotherham, 2017 Dooling, 2015; Harris iin., 2006). Oddychanie gleby jest istotng
cze¢$cig funkcjonowania ekosystemu.

Miejsca eksploatacji surowcow mineralnych reprezentuja nowo powstale siedliska, ktore
znacznie roznig si¢ od warunkow siedliskowych ekosystemow naturalnych i potnaturalnych.
Niektére badania wykazaty, ze poza ros§linami réwniez zwierzeta intensywnie kolonizuja
siedliska mineralne zrzeszajac, nieanalogiczne zgrupowania gatunkowe fauny (Frouz, 2018;
Tropek 1 in., 2012; Kowarik 1 in., 2011; Harris 1 in., 2006). Zainteresowanie tym, jak
roznorodno$¢ roslinno$ci wptywa na rozne parametry funkcjonowania ekosystemu, wzrosto
w ostatnich latach (Newbold i in., 2020). Jednak do tej pory mniej uwagi poswigcono
zrozumieniu, w jaki sposob réznorodno$¢ roslinnosci moze wplywaé na przebieg procesu
oddychania glebowego. Jednakze wcigz nie jest jasne, w jaki sposdb zmiany réznorodnosci
roslinnosci wptywaja na intensywno$¢ oddychania gleby w naturalnych 1 potaturalnych

ekosystemach.

Celem pracy byto przetestowanie, w jakim zakresie znane w duzej czgsci mechanizmy
funkcjonowania ekosystemow naturalnych 1 poéhaturalnych znajduja zastosowanie
w wyjasnieniu czynnikow regulujacych przebieg 1 intensywno$¢ procesu respiracji
w ekosystemach powstalych na zwatach skaty ptonnej utworzonych po eksploatacji wegla
kamiennego. Przeprowadzona zostanie kompleksowa analiza wpltywu czynnikow biotycznych
1 abiotycznych na procesy uwalniania dwutlenku wegla w platach roslinnosci spontanicznej

wystepujacych na mineralnym podlozu nowych ekosystemow hatd skaly ptonne;.
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2.

Hipoteza i cele pracy

Badania przeprowadzone w ramach niniejszej pracy miaty na celu przetestowanie kilku
hipotez, ktére sformutowano w celu ustalenia czynnikow odpowiedzialnych, za przebieg
dynamiki uwalniania CO: z podtoza mineralnego hald pogérniczych, porosnictego przez
spontaniczng ro$linno$¢. Analiza ilo$ci uwalniania CO> jest kluczowa dla zrozumienia
funkcjonowania analizowanych ekosystemow oraz reakcji na zmiany biotycznych
1 abiotycznych warunkow siedliskowych, oraz roznych aspektow roéznorodnosci roslinnosci.
Badania przeprowadzone wramach pracy maja na celu wieloaspektowe poznanie
mechanizmow regulujacych procesy oddychania gleby, aby moéc przewidywac i zarzadzac

planowanymi zmianami np. w strukturze szaty roslinne;.

Pierwszym istotnym aspektem, ktory powinien by¢ uwzgledniony w ocenie czynnikdéw
wplywajacych na przebieg respiracji, jest analiza wptywu czynnikdéw abiotycznych na procesy
oddychania. Wérdd tych parametrow, zawarto$¢ wegla wydaje sie odgrywac kluczowa rolg, ze
wzgledu na jego znaczenie dla aktywnosci biologicznej 1 zawarto§ci materii organicznej
w glebie. Jako, ze obieg wegla jest istotg zycia i funkcjonowania wszystkich ekosystemow.
Jednakze inne czynniki abiotyczne, takie jak tekstura gleby, czy jej pH, réwniez moga wplywac

na procesy oddychania poprzez regulacj¢ dostepnosci substancji odzywczych 1 wilgotnosci.

Drugim parametrem, na ktéry nalezy zwroci¢ uwage, identyfikujac czynniki decydujace
o przebiegu procesu respiracji, sa parametry biotyczne mineralnych podtozy zwaldéw skaty
ptonnej, a wérod nich m.in., takie elementy jak wplyw fauny glebowej i aktywnosci enzymow
glebowych w procesach oddychania gleby. Obecnos$¢ i aktywnos$¢ organizméw glebowych
moga znaczaco wptywaé na tempo oddychania poprzez mineralizacj¢ materii organicznej

w trakcie procesu dekompozycji.

Trzecim krokiem jest ustalenie zwigzkéw pomie¢dzy réznymi aspektami roéznorodnosci
roslinnosci a procesami oddychania, respiracji gleby. Badania wskazuja, ze réznorodnosé¢
roslinno$¢ petni kluczowa role w regulacji ilosci wigzanego dwutlenku wegla w procesie
fotosyntezy, a nastgpnie uwalnianego dwutlenku wegla w procesie dekompozycji i oddychania
gleby lub podtoza. Typy roslinnosci charakteryzujace si¢ wieksza réznorodnos$cia i iloscia
biomasy, moga wykazywac¢ bardziej intensywny przebieg procesow oddychania. Moze to by¢

zwigzane z wigkszym zapotrzebowaniem na energi¢ potrzebng do utrzymania swojego
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metabolizmu. Ro6znorodno$¢ roslinnosci moze wptywa¢ na rdéznice w intensywnosci

oddychania gleby lub podioza, co moze wynikac z r6znic w cechach funkcjonalnych gatunkow.

Celem niniejszej pracy jest przeprowadzenie kompleksowej analizy wpltywu czynnikow
biotycznych i abiotycznych na procesy uwalniania dwutlenku wegla w ptatach roslinnosci
spontanicznej wystepujacych na mineralnym podtozu nowych ekosystemow hatd skaty

ptonnej. Wyniki pracy zostaty podzielone na trzy czesci.

W pierwszej czesci, w pracy “The Abiotic Habitat Factors and Soil Carbon Dioxide Release
under Spontaneous Vegetation in Coal Mine Heaps* gtéwnym celem byto zbadanie zaleznosci
migedzy czynnikami abiotycznymi mineralnego podloza zwatow skaly ptonnej,
a intensywnoscig uwalniania dwutlenku wegla. Skupiono si¢ na analizie pozioméw oddychania
gleby w kontekscie parametrow abiotycznych, takich jak zawarto$¢ wody, tekstura gleby, pH,
zdolnos¢ zatrzymywania wody (WHC), wymienne kationy, zawarto$¢ azotu oraz przewodno$¢
elektrolityczna. Hipoteza badawcza zaktadata, ze ilos¢ wegla w podtozu bedzie miata
najwiekszy wpltyw na poziom uwalniania dwutlenku wegla z podtoza poszczegdlnych typow
roslinnosci. Parametry abiotyczne, takie jak tekstura, zdolnos$¢ zatrzymywania wody podloza
glebowego, przewodnos¢ elektrolityczna (EC) i pH, nie beda miaty znaczacego wplywu na
intensywno$¢ przebiegu procesu uwalnianiem CO; z mineralnego podtoza zwatow skaty

ptonne;j.

W drugiej czesci, w pracy “The Soil Respiration of Coal Mine Heaps’ Novel Ecosystems
in Relation to Biomass and Biotic Parameters” celem byto zbadanie wptywu czynnikow
biotycznych podtoza na uwalnianie CO»,. Skoncentrowano si¢ na analizie, aktywnosci
enzymatycznej, obecno$ci nicieni i wazonkowcow oraz ilo§ci biomasy roslinnosci w kontekscie
réznorodno$ci gatunkowej roslinno$ci, oraz ilosci materii organicznej soil organic matter
(SOM) w mineralnym substracie glebowym. Hipoteza badawcza zaktadata, ze w typach
roslinnosci z wigkszg iloScig materii organicznej procesy respiracji podtoza beda przebiegaly
intensywniej, oraz ze typy ro$linnosci o wyzszej aktywnosci enzymatycznej i1 wigkszej
liczebnosci fauny glebowej w strefie korzeniowej charakteryzuja si¢ wigksza intensywnoscia

oddychania podtoza mineralnego.

W trzeciej czesci, w pracy “Factors driving plant diversity in the spontaneous vegetation of
the novel ecosystem of post-coal mining heaps and their relationship with soil respiration”
celem bylo zidentyfikowanie gradientow Srodowiskowych wplywajacych na réznorodnosé

roslinno$ci oraz analiza zalezno$ci miedzy réznymi miarami zrdéznicowania roslinnosci
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a parametrami oddychania podtoza glebowego. W pracy tej skoncentrowano si¢ rownolegle na
identyfikacji czynnikdw srodowiskowych, ktore ksztaltujg r6znorodno$¢ roslinnosci, zar6wno
pod wzgledem taksonomicznym, jak i funkcjonalnym, oraz zbadanie, jak te réznice wplywaja
na procesy oddychania gleby. Postawiono hipoteze, ze réznorodnos¢ sktadu gatunkowego
roslinno$ci spontanicznej wystepujacej na podlozu zwatow skaty ptonnej, ksztaltuje
intensywno$¢ oddychania podtoza w nowych ekosystemach siedlisk mineralnych terenéw
pogodrniczych. Zatozono, ze intensywno$¢ respiracji podtoza mineralnego ro6zni si¢ znacznie
migdzy ptatami reprezentujagcymi roézne typy roslinnosci 1 jest znacznie wigksze w ptatach

roslinnosci o duzym zréznicowaniu funkcjonalnym.

3. Materialy i metody

Dla kazdego z realizowanych celow zastosowano cze$ciowo odrgbne zestawy metod.
Czgs$¢ realizowanych analiz byla konieczna do wykorzystania w analizach w realizacji kilku
stawianych celéw. Bardzo istotne w realizowanych celach byla kompleksowa analiza
roznorodnosci taksonomicznej 1 funkcjonalnej szczegdélowo odnotowywanych platow
roslinnosci spontanicznej reprezentujacych wszystkie roznigce si¢ uktady gatunkowe. Na
czterech badanych obiektach zlokalizowanych na Wyzynie Slaskiej dokonano szczegoétowej
charakterystyki roznorodnych typow roslinno$ci, wykorzystujac réznorodne metody badawcze.
W celu okreslenia biomasy nadziemnej dominanta i gatunkow towarzyszacych zastosowano
techniki pomiaru masy roslinnej, umozliwiajace dokladne wyznaczenie udzialu
poszczegblnych gatunkow w strukturze badanego platu.

Analize procesoOw metabolicznych mikroorganizmow, okreslono poprzez aktywno$¢
enzymatyczng, wyrazong przez aktywno$¢ dehydrogenazy, ureazy, fosfatazy kwasnej
i zasadowej, co pozwolito na ocen¢ funkcji biologicznych gleby oraz procesow
biogeochemicznych. Analiza fauny glebowej, oparta na ilo§ciowej ocenie wazonkowcow
inicieni, stanowita kluczowy aspekt badawczy, pozwalajacy na zrozumienie dynamiki
ekosystemu glebowego oraz relacji migdzy organizmami.

Dodatkowo, przeprowadzono szczegoétowe analizy fizykochemiczne podtoza, obejmujace
m.in. pomiary pH, zawartosci sktadnikéw odzywczych, przewodnos$ci oraz tekstury gleby.
Te badania mialy na celu zrozumienie fizycznych i chemicznych wiasciwosci gleby,
kluczowych dla utrzymania réznorodnosci biologicznej oraz funkcjonowania procesow

ekologicznych.
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Metody badawcze wykorzystane w ramach niniejszej pracy stanowity kompleksowy zestaw
narzedzi analizy ekosystemu, umozliwiajacy jak najpelniejsze zrozumienie jego struktury,

funkcjonowania oraz interakcji mi¢dzy organizmami.

3.1 Charakterystyka terenu badan

Badane obickty potozone sa na Wyzynie Katowickiej - centralnej czesci Wyzyny Slaskiej
(poludniowa Polska). Region ten objety jest wptywami klimatu umiarkowanym, z rocznymi
opadami na poziomie 600-800 mm i najwyzsza $rednig temperaturg 14-16°C w lipcu. Na
Wyzynie Slaskiej dominuja wiatry zachodnie. Liczba dni z mgta waha si¢ od 30 do 100,
a zachmurzenie wynosi okoto 60-80% (Kompata-Baba i in., 2019). Ten region byl poddany
wplywom intensywnej dzialalno$ci przemystowej, urbanizacji, wptywom rolnictwa, gérnictwa
oraz hutnictwa. Wpltyw dzialalnosci czlowieka na $rodowisko naturalne i jego poszczegdlne
sktadniki jest znaczacy. Dotyczy to szczegdlnie goérnictwa mineralnego, ktére intensywnie
przeksztalcito rzezbe krajobrazu i wykluczyto duze obszary z innej dziatalnosci cztowieka, np.
uzytkowanie rolnicze i lesne. Badania terenowe przeprowadzono w siedliskach mineralnych
hald kopaln wegla kamiennego w Zabrzu, 50°1622" N, 18°44'43" E); w Katowicach
(50°11'04" N, 19°00'33" E); w Murckach (50°1121" N, 19°02'07" E); oraz w Mystowicach
(50°1028" N, 19°5'44" E) o tacznej powierzchni 170 ha. Produktem ubocznym wydobywania
wegla kamiennego sg hatdy skaty ptonnej. Obecnie material mineralny deponowany na hatdach
pochodzi w wielu kopalni z glebokosci okoto 1 km. Pod wzgledem warunkow abiotycznych,
obszary poeksploatacyjne hald charakteryzuja si¢ ograniczong dostepnoscia wody, niskimi
zasobami sktadnikéw odzywczych, wysoka temperaturg 1 wysokim zasoleniem. W poréwnaniu
do innych miejsc tego typu (np. hatdy cynkowo-otowiowe), sktadowany materiat nie zawiera

wysokich st¢zen metali cigzkich. (Kompata-Baba i in., 2019; Wozniak, 2010;).
3.2 Dane fitosocjologiczne

Charakterystyka ros$linnosci spontanicznej

Mozaika siedlisk wystepujacych na terenach hald pokopalnianych wptywa na
roznorodno$¢ gatunkowg ptatow roslinnosci, ktore tworzone sg przez gatunki reprezentujgce
siedliska Iakowe, szuwarowe, murawowe, a nawet stono-bagniste oraz ruderalne (Markowicz
i in., 2015; Wozniak, 2010). W strukturze zbiorowisk roslinnych, ktore spontanicznie

rozwingty si¢ na hatdach pogérniczych, bardzo istotna jest rola dominantow. Jak wykazaty
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wczesniejsze badania nad roznorodnoscig roslinnosci spontanicznej terendw pogorniczych,
czestymi dominantami sg trawy (m. in., np. Calamagrostis epigejos, Phragmites australis,
Poa compressa, Agrosyis stolonifera, Puccinellia distans), rosliny straczkowe (np. Melilotus
alba, Medicago lupulina, M. sativa) czy inne rosliny zielne (m. in., np. Tussilago farfara,
Centaurea stoebe, Chamaenerion palustre, Daucus carota, Chenopodium botrys), ktore
nadaja im specyficzng fizjonomie¢ (Kompata-Baba i in., 2020; Blonska i in., 2019; Wozniak
2010).

Metody badan roslinnosci

W celu okreslenia réznorodnosci roslinnosci badania prowadzono na 324 poletkach
badawczych. Poletka badawcze w ksztalcie kota miaty promien 3 m, zostaly i zlokalizowane
zostaly w obrebie jednorodnych wyrdzniajacych si¢ fizjonomiczne ptatdw roslinnosci.
Wspotrzedne geograficzne punktu centralnego kazdej powierzchni badawczej zostaty
zarejestrowane za pomoca odbiornika GPS. Na kazdej powierzchni spisano sktad gatunkowy,
a obfito$¢ jako pokrycie kazdego gatunku roslin naczyniowych oceniono wedtug 10-stopniowej
skali (<1%, 1-5%, 5-10%, 10-20%, 20-30%, 30-40%, 40-50% itd. co 10% - metoda Braun-
Blanqueta ze zmodyfikowang uszczegotowiong skalg wyceny pokrycia). Osobniki gatunkow
ro$lin, ktore pokrywaja znaczacy obszar powierzchni badawczych w poréwnaniu z resztg
ros$linnosci, zostaly zidentyfikowane jako gatunki dominujace. Zebrane dane postuzyty do
obliczenia wskaznikdw rdéznorodnosci na analizowanym obszarze hatdy pokopalniane;j.
Obliczono nastepujace wskazniki: wskaznik réznorodnosci Shannona-Wienera H, wskaznik
réwnomiernosci oraz wskaznik dominacji Simpsona (Wozniak, 2010). Biomasa zebrana zostata
niezaleznie dla gatunkow dominujacych i pozostatych gatunkow niebedacych dominantami.
Biomasa zostala zwazona bezposrednio po zebraniu, aby uzyska¢ warto$¢ §wiezej biomasy
gatunkow dominujacych 1 pozostatych gatunkéw niebedacych dominantami. Na poletku
testowym wyznaczono reprezentatywny kwadrat, tj. zawierajacy gatunek dominujacy
1 najlepiej reprezentujacy caty plat (pokrycie gatunku dominujacego i relacje iloSciowe migdzy
gatunkiem dominujacym a gatunkiem wspotwystepujacymi). Pole testowe miato bok o dlugosci

0,5 m.
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3.3 Metody analiz réznorodnosci gatunkowej

Do okreslenia réznorodno$ci gatunkowej analizowanych poletek badawczych obliczono
nastepujace wskazniki: r6znorodnosci Shannon’a-Wienera H’, rtownomierno$ci Evenness oraz

wskaznik dominacji Simpsona.

Wskaznik Shannon’a Wienera, znany rowniez jako Indeks Réznorodno$ci Shannona, jest
powszechnie stosowanym wskaznikiem roznorodnosci biologicznej. Jego warto$¢ okresla
prawdopodobienstwo, ze dwa wylosowane z probki osobniki bedg nalezaly do réznych

gatunkow. Wskaznik roznorodnosci zostal obliczony zgodnie ze wzorem (Shannon i Wiener

1949)

gdzie:

S — liczba gatunkoéw

pi - udzial osobnikéw gatunku i w liczbie osobnikdéw wszystkich gatunkow / udziat
i-tego gatunku w ptacie roslinnosci

Wskaznik rownomierno$ci Evenness obliczono zgodnie ze wzorem (Mulder i in. 2004):

E max
gdzie:
H’ — warto$¢ wskaznika réznorodno$ci Shannon’a-Wienera
Hmax — maksymalna mozliwa warto$¢ wskaznika Shannon’a-Wienera, jesli kazdy

gatunek byt rownie prawdopodobny

gdzie:
S —liczba gatunkow

W celu okreslenia prawdopodobienstwa, ze dwa osobniki wybrane z danej proby
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losowo bedg naleze¢ do tego samego gatunku obliczono wskaznik Simpsona wedtug

ponizszego wzoru (Simpson 1949):

gdzie:
S — liczba gatunkoéw
pi - udziat osobnikow gatunku 1 w liczbie osobnikéw wszystkich gatunkow / udziat

i-tego gatunku w ptacie roslinnos$ci

3.4 Metody analiz réznorodnosci funkcjonalnej

Analizy réznorodnos¢ taksonomicznej skupione byly na sktadzie gatunkowym roslin,
mierzonym gldwnie na podstawie liczby 1 obfitosci gatunkdéw, oraz bogactwo gatunkowe.
Roéznorodno$¢ funkcjonalna obejmuje analizy wybranych cechach funkcjonalnych
zidentyfikowanych gatunkow roslin. Wybrane cechy reprezentuja potencjat reprodukcyjny

ros$lin, rozprzestrzenianie si¢ oraz zdolno$¢ do konkurencji. S to:

o Wysokos¢: Jest to cecha ciggla opisujgca wysokos¢ rosliny.

e Powierzchnia liscia: Ta cecha ciagla opisuje powierzchnig¢ liscia rosliny.

e Wysoko$¢ paka: Jest to cecha porzadkowa opisujaca wysoko§¢ paka rosliny.
Porzadkowe (0 —T, 0.12 - G, Hy, 0.25-H, 0.5 - Ch, 0.75 - N, 1 - M).

e Poczatek kwitnienia i Koniec kwitnienia: Te cechy ogolem opisujg okres kwitnienia
ro$liny.

e Zapylanie przez zwierzeta, Samozapylenie oraz Zapylanie przez wiatr to cechy
binarne opisujace ro6zne metody zapylania roslin.

e Srednia masa nasion: Jest to cecha ciagta opisujaca $rednia mase nasion roéliny.

e Rozmnazanie przez nasiona oraz rozmnazanie wegetatywne: To cechy binarne
opisujace rozne metody rozmnazania roslin.

® (Obecnos¢ mikoryzy: Ta cecha binarna opisuje, czy roslina posiada mikoryze.

e Anemochoria, Zoochoria, Barochoria: To cechy binarne opisujace rézne metody
rozprzestrzeniania si¢ roslin.

e Konkurencyjnos¢, Tolerancja na stres oraz Ruderalnos¢: To cechy porzadkowe

opisujace rozne aspekty ekologiczne rosliny.
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e Wartosci Ellenberga: temperatura (0-9), §wiatto (0-9), wilgotnos¢ (0-12), odczyn
gleby (0-9), azot (0-9).

e Indeksy ekologiczne Ellenberga sa wskaznikami uzywanymi do oceny cech
ekologicznych gatunkéw roslin oraz wymagan siedliskowych. (Cornelissen i inni

2003).

Aby zbada¢ 0g6lng roznorodnos¢ funkcjonalng sktadu roslin naczyniowych zanotowang na
parcelach, obliczono cztery skladowe réznorodnosci funkcjonalnej: bogactwo (FRic),
rownomierno$¢ (FEve), rozbieznos¢ (FDiv) oraz dyspersje (FDis). Wykorzystano domysing
funkcje dbFD z pakietu FD w §rodowisku R (wer. 4.2.2, R Core Team 2022, Wieden, Austria,

https://www.R-project.org). Zalozono, ze bogactwo funkcjonalne (FRic) moze by¢

interpretowane jako miara niskiego filtrowania siedliskowego. ROwnomierno$¢ funkcjonalna
(FEve), moze by¢ miarg naktadania si¢ nisz, natomiast rozbiezno$¢ funkcjonalna (FDiv), moze
stuzy¢, jako miara stopnia heterogeniczno$ci funkcjonalnej, moga by¢ traktowane jako

oszacowanie poziomu konkurencji w zbiorowisku.

3.5 Metody badan ilosci uwalnianego CO: - Respiracji

Gleba jest zasobem ograniczonym 1 niecodnawialnym. Jest to szczegolnie widoczne na
terenach miejskich 1 wigze si¢ z intensywnym rozwojem gospodarczym powodujacym
zanieczyszczenie, zaburzenie struktury, zageszczenie, erozj¢ 1 zasklepienie gleb oraz
uszczelnianie powierzchni (Minixhofer 1 Stangl, 2021; Rodriguez-Espinosa i in., 2021;
Greinert, 2011; Scalenghe 1 Ajmone-Marsan, 2009).

Oddychanie gleby, zwane rowniez respiracja, to proces aktywnej wymiany gazowej miedzy
gleba a powietrzem atmosferycznym. Gtownym produktem respiracji glebowej jest dwutlenek
wegla, powstajacy przede wszystkim w cyklu kwasow trojkarboksylowych (Blazka i Fischer,
2017). Wspodtczynnik oddechowy RQ (ang. respiratory quotient) opisuje stan fizjologiczny
biomasy drobnoustrojow glebowych (10.1); jest to stosunek uwolnionego CO>
do wykorzystanego O. Ze wzgledu na procesy zachodzace w glebie oraz roézne rodzaje
fermentacji warto$ci RQ mogg si¢ waha¢, najczestszy podawany w literaturze zakres warto$ci
wynosi 0,7 do 1,3 (Blazka 1 Fischer, 2017).

Badania respiracji podioza mineralnego badanych ptatow roslinnosci wykonano przy
uzyciu analizatora TARGAS-1 firmy PP Systems. Analizator wykonuje krétkotrwale pomiary

w uklfadzie zamknigtym z wykorzystaniem naziemnej komory oddechowej. Powierzchnia
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naziemnej komory oddechowej wynosita 78 cm?, a objetosci zamknietej 1171 cm?. Krawedz
komory pomiarowej zostata umieszczona w podtozu na glebokos$¢ okoto 1-2 cm. Szybkosé
uwalniania CO; oblicza si¢ na podstawie wzrostu ilosci CO> wewnatrz komory. Charakter
zamknietych komor powoduje, ze CO> gromadzi si¢ w sposéb ciagly, dlatego okresy pomiaru
sg skracane do minimum, aby osiaggnag¢ wykrywalny liniowy wzrost stezenia, unikajac
nadmiernego gromadzenia si¢ dwutlenku wegla wewnatrz komory w czasie. Wyniki pigciu
pomiaréw stezen CO> zostaly usrednione w ramach analizowanego poletka badawczego.
Dodatkowo podczas pomiaréw emisji CO z podtoza mineralnego réwnoczesnie wykonywano
pomiary temperatury (DT-1 termometr) oraz wilgotnosci z wykorzystaniem (HH2 Delta

T Devices).

3.6 Aktywnos$¢ enzymatyczna

Dehydrogenazy

Dehydrogenazy sg grupa enzyméw aktywnych tylko wewnatrz zywych organizméw, a po
$mierci komorek szybko nastepuje ich degradacja (Kieliszewska-Rokicka 2001). Aktywnos$¢
dehydrogenaz jest wskaznikiem systemu redox 1 miarg aktywnos$ci oddechowej
mikroorganizméw glebowych. W zwigzku z tym aktywno$¢ dehydrogenaz wskazuje na
obecnos¢ w glebie fizjologicznie aktywnych mikroorganizméw (Siwik-Ziomek i in., 2006).

Aktywno$¢ dehydrogenazy oznaczono poprzez redukcje chlorku 2,3,5-trifenylotetrazolu
(TTC) do trifenyloformazanu (TPF) przy uzyciu metody opracowanej przez Schinnera, 1996.
Do badanych probek gleby dodano 1% roztworu TTC. Cala mieszaning wymieszano,
a nastgpnie przeniesiono do komory termicznej w celu inkubacji w temperaturze 37 °C przez
okres 24 godzin. Po inkubacji formazan wyekstrahowano z gleby za pomoca acetonu.
Intensywno$¢ barwy badano za pomoca spektrofotometru DR 5000 firmy Hach Lange.
Absorbancje zmierzono przy dtugosci fali 546 nm. Stgzenie wytworzonego TPF obliczono
nast¢pnie na podstawie krzywej wzorcowej. Aktywno$¢ dehydrogenazy glebowej okreslono na
podstawie ilo$ci formazanu uzyskanego na jednostke masy gleby w jednostce czasu (Schinner,

1996).
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Ureaza

Ureaza nalezy do grupy enzymoéw klasy hydrolaz o bardzo duzej specyficznosci
substratowej. Enzym ten dziala w szerokim zakresie pH: 6-10, przy niskich wartosciach pH
bakterie odpowiedzialne za produkcj¢ ureazy nie rozwijaja si¢ (Stepniewska i Samborska,
2020). Ponadto przeprowadzone testy wykazaly, ze jest ona odporna na wysokie i niskie
temperatury. Catkowitej denaturacji ulega dopiero w temperaturze od -20°C do 105°C, dlatego
wystepuje zarowno w tundrze, jak i1 glebie saharyjskiej. W wyniku dziatania ureazy nastepuje
hydrolityczny rozktad mocznika w glebie. Mikroorganizmy wykorzystuja powstaly w reakcji
dwutlenek wegla do szybkiej syntezy substancji organicznych, a jon amonowy silnie wigze si¢
z kompleksem absorpcyjnym, co chroni glebe¢ przed utrata azotu w formie kationowej
(Stepniewska 1 Samborska, 2020).

Oznaczenie aktywnos$ci ureazy wykonano przy uzyciu zmodyfikowanej metody Zantua
(Zantua i Bremner, 1975). Do szklanych butelek nawazono po 10 g przesianej gleby, nastgpnie
do kazdej butelki dodano 1,5 ml toluenu i 10 ml 10 mM roztworu mocznika. Tak przygotowane
probki inkubowano w temperaturze 37°C przez 18 godzin. Po inkubacji do kazdej proby dodano
50 ml 0,03 M kwasu octowego 1 wytrzgsano przez 20 minut. Po przesaczeniu oznaczano N-
NH4 metoda Nesslera (2 ml przesagczu + 2 ml winianu sodowo-potasowego + 2 ml odczynnika
Nesslera + woda destylowana do 100 ml). Intensywnos¢ niebieskiego zabarwienia oznaczano
przy dtugosci fali 410 nm za pomocg spektrofotometru DR 5000 firmy Hach Lange (Jezierska-
Tys 11in., 2004).

Fosfatazy

Okreslenie “fosfatazy” uzywa si¢ w odniesieniu do szerokiej grupy enzymow, ktore
katalizujg hydrolize¢ estrow i bezwodnikéw kwasu ortofosforowego. Fosfatazy odgrywaja
istotng role w glebie, gdyz stymuluja przemiany organicznych zwigzkéw fosforu
w nieorganiczne fosforany (HPO42 i HoPO4), bezposrednio dostepne dla roélin i organizmow
glebowych. Okreslone nazwy tych enzymow wynikaja ze specyficznych substratow, lecz sa
albo hydrolazami monoestrow fosforanowych, albo hydrolazami diestrow fosforanowych.
Kwasny odczyn (pH 4-6) jest optymalny dla kwasnej fosfomonoesterazy zwanej potocznie
fosfatazg kwasng za$ alkaliczny (pH 8-10) dla alkalicznej fosfomonoesterazy, zwanej potocznie
fosfatazg alkaliczng (Bielinska 2005).

Oznaczanie aktywnosci fosfatazy kwasnej 1 fosfatazy alkalicznej oznaczono przez pomiar

p-nitrofenolu (PNP) uwalnianego przez aktywno$¢ fosfatazy po inkubacji gleby
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z buforowanym (pH 6,0 dla fosfatazy kwasnej i pH 11,0 dla fosfatazy alkalicznej) roztworem
fosforanu sodu p-nitrofenylowego (115 mM). Absorbancj¢ zmierzono za pomoca
spektrofotometru DR 5000-Hach Lange przy dlugosci fali 400 nm. Nastgpnie wykonano
krzywa kalibracyjna, do ktorej uzyto roztworu p-nitrofenolu (Bierza i1 in., 2023; Burmeier,

1995).

3.7 Fauna glebowa

Aby rosliny mogty prawidtowo rosna¢ i rozwija¢ si¢, konieczne jest poznanie warunkow
biologicznych podtoza glebowego, w wypadku badanych platéw roslinno$ci mineralnego
podioza zwaléw skaty plonnej. Jednym z czynnikow decydujacych o parametrach
biologicznych siedlisk na terenach pogorniczych, jest ilo$¢ 1 aktywno$¢ mezofauny glebowe;]
(Hanus-Fajerska i in., 2015). Gtéwnym zadaniem mezofauny jest rozdrabnianie, mineralizacja
oraz humifikowanie materii organicznej. Organizmy glebowe wplywaja na przestrzenny ruch
substancji w glebie, zarowno mineralnych, jak i organicznych, przyczyniajac si¢ tym samym
do rozprzestrzeniania si¢ mikroorganizmow, bakterii 1 grzyboéw (Radosz i in., 2019).

Na badanych 324 poletkach pobrano po trzy proby mineralnego podtoza (okoto 1,5 kg).
Pobierajac mineralne podtoze z losowych miejsc poletek uzyskano wtasciwy obraz liczebnos$ci
gatunkow fauny glebowej, czyli liczbe wystepujacych w poditozu mineralnym nicieni
1 wazonkowcoOw na konkretnym ptacie roslinnosci. Zebrany materiat przechowywano

w workach strunowych w niskiej temperaturze (6°C).

3.8 Analizy fizykochemiczne

Z 324 poletek badawczych pobrano probki podioza (kazda probka byta mieszana
z 5 losowych punktéw podloza poletka) podloza do badan fizykochemicznych suszono
w laboratorium na powietrzu do stalej masy w temperaturze pokojowej 1 przesiano
(w zalezno$ci od analizy przez oczko 2 mm lub 0,25 mm). W celu pomiaru pH mineralnego
podioza, przeprowadzono pomiary po 24 godzinach w stosunku substrat/roztwor 1:2,5,
zarowno w wodzie, jak i w 1 M roztworze KCIl, przy uzyciu elektrody szklanej. Natomiast
przewodnos¢ elektryczng (EC) podloza zmierzono w stosunku substrat/woda 1:5 (Hristov i in.,

2016).
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Zawartos¢ wegla organicznego (SOC) w glebie zostala oznaczona metodg Tiurina
zmodyfikowang przez Simakova (Hristov i in., 2016).

Azot calkowity (TN) zostat zidentyfikowany metodg Kjeldahla. Catkowity azot Kjeldahla
jest sumg organicznych zwigzkow azotowych 1 azotu amonowego (Rutherford 1 in., 2008).

Zawarto$¢ przyswajalnych form fosforu (P20Os) oszacowano zgodnie z Polskg Norma PN-
R-04023:1996 metoda Egnera-Riehma.

Stezenie dostgpnego magnezu (MgO) zostalo zmierzone metoda Schachtschabela poprzez
ekstrakcje w 0,0125 M roztworze chlorku wapnia (Staugaitis i Rutkauskiené, 2010). Wymienne
kationy (K", Na") zostaly ekstrahowane przy uzyciu 1 M octanu amonu przy pH 7,0 (Lopez-
Marcos i in., 2018). Stezenia dostgpnego magnezu i kation6w wymiennych zostaty oznaczone
za pomocg spektrometrii absorpcyjnej (Thermo Scientific ICE 3500, Thermo Fisher Scientific,
Waltham, MA, USA).

3.9 Analizy Statystyczne

3.9.1. Analiza wplywu czynnikow biotycznych w odniesieniu do respiracji gleby.

Analizy statystyczne 1 wizualizacje zostaly przeprowadzone za pomocg jezyka
i srodowiska oprogramowania R (wer. 4.2.2, R Core Team 2022, Wieden, Austria,

https://www.R-project.org). Analiz¢ skupien danych dotyczacych roslinnosci (324

powierzchnie badawcze) przeprowadzono przy uzyciu odleglosci Manhattan i metody Warda
jako metody grupowania. Miara odlegtosci zostata wybrana na podstawie rankingu testow
korelacji miedzy danymi dotyczacymi ro§linnosci a danymi dotyczacymi oddychania (cztery
powtorzenia dla sezonu wegetacyjnego). Kryterium Calinskiego-Harabasza postuzyto do
wskazania najwtasciwszej liczby grup roslinnosci. Klasyfikacje gatunkéw wskaznikowych do
odrgbnych zbiorowisk, a nast¢pnie dla dwoch 1 wigcej grup roslinnosci przeprowadzono za
pomocg statystyki wartosci wskaznikowej, wedlug zmodyfikowanej metody IndVal (De
Céceres 1 in., 2010). Istotno$¢ statystyczng tej zalezno$ci zbadano testem permutacji (999
powtorzen). Przedstawiono jedynie gatunki wskaznikowe grup stanowisk o statystycznie
istotnym IndVal.

Zastosowano posrednig analiz¢ gradientowa — Detrended Correspondence Analysis
niedendencyjng analiz¢ korespondencji (DCA) — w celu wykazania zmienno$ci gatunkowej pod
wplywem oddychania gleby ($rednia warto$¢ roczna), catkowitego pokrycia roslin, catkowitej

biomasy 1 wskaznikéw réznorodnosci biologicznej. Pasywne odwzorowanie tych zmiennych
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przeprowadzono za pomocg testu Monte Carlo z 999 permutacjami. Wzajemne korelacje
migdzy wskaznikami réznorodnosci biologicznej, biomasg i pokryciem obliczono za pomoca
macierzy korelacji rang Spearmana. Test Kruskala-Wallisa, a nast¢pnie test Conovera do
pordwnan parami, zostaly wykorzystane do sprawdzenia istotno$ci rdznic miedzy
wyroznionymi platami roslinnosci pod wzgledem wskaznikow roéznorodnosci biologicznej

1 pokrycia, biomasy i respiracji.

3.9.2. Analiza wplywu czynnikow abiotycznych w odniesieniu do respiracji gleby

Obliczono wspdiczynniki korelacji rang Spearmana oraz istotnos$ci statystycznej w celu
analizy zalezno$ci miedzy iloscig uwalnianego dwutlenku wegla z mineralnego podtoza,
a poszczegolnymi zmiennymi, czynnikami abiotycznymi. Aby ustali¢ gtowne gradienty,
zbadano zaleznosci mig¢dzy parametrami fizykochemicznymi i przeprowadzono analize
gtownych sktadowych (PCA). Przed analizg dane byly standaryzowane, aby unikng¢ wplywu
roznych zakresow 1 rozktadow zmiennych. PCA umozliwito nam wybranie najbardziej
krytycznych czynnikow odpowiedzialnych za zmienno§¢ mineralnego podtoza. Zmienne
o najwigkszym wptywie poddano analizie korelacji rang Spearmana z macierza roslinnosci.
Macierz ros$linnosci zostata obliczona na podstawie surowych danych dotyczacych roslinnosci
1 odmienno$ci Manhattan dla danych dotyczacych liczebnosci i odleglo$ci Manhattan jako
metryki dla danych dotyczacych mineralnego podtoza. Funkcja vegan::bioenv() zostata uzyta
do znalezienia najlepszego podzbioru zmiennych $rodowiskowych w celu uzyskania
maksymalnej (rangi) korelacji z czynnikiem odmienno$ci analizowanego zbiorowiska.

Zastosowano rowniez inne podejscie oparte na ordynacji zbiordw rozmytych (Fuzzy set
ordination, Boyce, 1998; Roberts, 1986) w celu znalezienia czynnikéw S$rodowiskowych
odpowiedzialnych za ksztattowanie roslinnosci. Po analizie FSO przeprowadzono
wielowymiarowg ordynacje zbioréow rozmytych (MFSO) z krokowym wyborem zmiennej za
pomoca funkcji fso:fso() 1 mfso(). FSO jest narzedziem do bezposredniej ordynacji, alternatywa
dla kanonicznej analizy korespondencji (CCA) i analizy redundancji (RDA). W przypadkach
FSO przypisywane sg wartosci czesciowego cztonkostwa (rozmyte) z zakresu od 0 do 1, co
oznacza ich stopien cztonkostwa w zbiorze (Roberts, 2008). W metodach ordynacyjnych takich
jak CCA 1 RDA, analiza redundancji jest oparta na odlegltosci db-RDA, bazujacej na
konfiguracji punktéw, jest najpierw obliczana jako analiza korespondencji CA lub PCA,
odpowiednio analiza wspotrzgdnych gtownych PCO, ktora jest nastepnie poddawana regresji
wazonej wzgledem zmiennych $rodowiskowych lub eksperymentalnych, zachowujac

dopasowane wartosci regresji jako wspotrzedne. Analiza FSO jest pierwszg technika, ktora
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bezposrednio witacza dane $rodowiskowe do obliczen konfiguracji. Podobnie, reakcje
poszczegolnych gatunkdéw na czynniki abiotyczne nie ograniczaja si¢ do okreslonej funkcji.
W naszym badaniu FSO wykonano w celu oceny zwigzku migdzy poszczegdlnymi czynnikami
srodowiskowymi, a roéznorodnoscig roslinnosci. Z kolei MFSO dostarczylo kryterium
dopasowania, ktére wyraza si¢ korelacjg miedzy odlegtosciami wszystkich poletek badawczych
w przestrzeni ordynacji skladu gatunkowego roslinno$ci, a ich pierwotnymi zmianami.
Zmienne srodowiskowe znaczaco wplywaja na sktad gatunkowy (Roberts, 2008). W przypadku
analiz FSO, jak 1 MFSO wykonano 1000 permutacji na podstawie odleglo§¢ Manhattan
w odmiennosci roslinnosci za pomoca vegan:vegdist(). W MFSO po metodzie domysinej
zastosowano procedure krokowa, w ramach ktorej warto$¢ respiracji (SRL) zostata wlaczona
do modelu ze wzglgdu na jej duze znaczenie w poczatkowych wynikach MFSO oraz w celu
znalezienia innych istotnych czynnikéw srodowiskowych, ktore wptywaja na zmiennos$¢ sktadu
gatunkowego.

Aby wskaza¢ gatunki roslin najbardziej zalezne od SRL, wybrano gatunki
z czestotliwo$cig co najmniej 15% (tj. 50 zajetych powierzchni), a nast¢pnie skorelowano je

z SRL.

3.9.3. Analiza czynnikow wplywajacych na réznorodnos¢ roslinnosci i ich zwiazek z
respiracja gleby

W celu okreslenia zaleznos$ci migdzy czynnikami Srodowiskowymi a atrybutami
funkcjonalnymi gatunku zastosowano ordynacj¢ RLQ, a nast¢pnie ulepszong metode fourth-
corner (Dray i in., 2014), poniewaz laczy ona trzy tabele macierzy danych: Tabela L
z warto$ciami liczebno$ci odnotowanymi dla gatunkéw rosnacych na badanych poletkach
badawczych, tabela R zawiera zmienne opisujgce czynniki siedliskowe, oraz Tabela Q
zawierajaca wybrane cechy poszczegolnych gatunkow. W tabeli L przedstawiono 192 gatunki
ro$lin naczyniowych wraz zich liczebnoscig na 324 badanych powierzchniach. Tabela R
zawierata zmienne Srodowiskowe, gtéwnie cechy gleby (wtasciwosci fizykochemiczne, sktad
granulometryczny, pH, obecnos¢ enzymow glebowych, SRL). Tabela Q zawierata 23 cechy
roslin dla 192 gatunkow roslin naczyniowych znalezionych w tym badaniu.

Analiza RLQ domyslna opcja, tj. standaryzowana analiza gléwnych sktadowych (PCA),
byla obliczana na macierzy zmiennych $rodowiskowych wedtug miejsc (tabela R), a takze na
macierzy cech wedtug gatunkéw (tabela Q). Na potrzeby analizy RLQ przeprowadzono analizy
statystyczne z wykorzystaniem statystyk fourth-corner (Dray 1 in., 2014). Analiz¢

przeprowadzono w celu oceny zwigzku miedzy kazda zmienng $rodowiskowa a dwiema
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pierwszymi osiami RLQ, a takze miedzy cechami i1 osiami RLQ. To narzedzie statystyczne
pozwolilo na wykorzystanie zarowno zmiennych ilo§ciowych, jak i jakosciowych. Na koniec
przeanalizowali§my dwuwymiarowe powigzania mi¢dzy zmiennymi dwoch macierzy, R i Q.
Istotnos¢ zostata przetestowana za pomocg procedury permutacji. Do tej analizy wykorzystano
fourth-corner. Aby zbada¢ ogdlng réznorodnos$¢ funkcjonalng sktadu roslin naczyniowych
odnotowang na wykresach, obliczono cztery sktadowe réznorodnos$ci funkcjonalnej: bogactwo
(FRic), rownos¢ (FEve), dywergencje (FDiv) i1 dyspersj¢ (FDis). Uzyto domyslnej funkcji
dbFD() w pakiecie FD. Zatozono, ze bogactwo funkcjonalne (FRic) moze by¢ interpretowane
jako miara niskiego filtrowania siedlisk. R6wnos¢ funkcjonalna (FEve), miara naktadania si¢
nisz 1 dywergencji funkcjonalnej (FDiv) jako stopien niejednorodnosci funkcjonalnej, moze
by¢ traktowana jako oznaki konkurencji w spotecznosci. Oprocz czynnikéw funkcjonalnych
obliczono zr6znicowanie taksonomiczne: bogactwo gatunkowe (S), indeks Shannona-Wienera
(H), rownomiernos$¢ (E) oraz wskaznik dominacji Simpsona przy uzyciu pakietow “vegan()
i abdiv()”. Do oceny zaleznosci migdzy sktadnikami FD i SRL w stosunku do réznorodnos$ci
gatunkowej zastosowano analiz¢ korespondencji DCA z projekcja pasywna (999 permutacji
testu Monte Carlo). Test korelacji rang SRL Spearmana zostat wykorzystany do sprawdzenia,

czy istniejg zaleznos$ci migdzy parametrami roznorodnosci funkcjonalne;.
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ABSTRACT

This research is focused on examining the link between the abiotic conditions of coal mine heaps (specifically, the
type of spontaneous vegetation) and their respiration rates. The hypothesis is that there is a significant correlation
between the carbon content of the soil substrate and the respiration rate of the coal mine heap among the abiotic
factors studied. The investigation was carried out on the mineral material found in coal mining heaps, which con-
sisted of Carboniferous mineral rock material. The fieldwork spanned the vegetation seasons from 2018 to 2022.
Various physicochemical parameters of the substrate samples were analyzed, including soil organic carbon con-
tent, electrical conductivity (EC), pH, total nitrogen (TN), available forms of phosphorus (P,0O,) content, available
magnesium (MgO) concentration, exchangeable cations (K*, Na*), and moisture. Soil respiration measurements
were taken using the TARGAZ -1 analyzer. The amount of carbon dioxide released at the sites studied ranged from
0.00158 to 1.21462 [g CO,/m*/h]. It was found that the carbon content and all the environmental factors tested had
a significant impact on soil respiration (p = 0.001), except total nitrogen (p = 0.893). The factors most strongly
correlated with soil respiration were potassium (K), alkaline phosphatase, and SRL (soil respiration). Of the taxa
analyzed, only the below-ground conditions provided by the vegetation communities dominated by Centaurea
stoebe showed a significant correlation with SRL. Three dominant plant species influenced the development of
below-ground conditions, leading to negative effects. On the other hand, the below-ground conditions associated
with vegetation patches dominated by Daucus carota showed the strongest negative correlation.

Keywords: soil respiration, vegetation types, novel ecosystems, abiotic factors, coal mining heaps.

INTRODUCTION

The basis of ecology explains that the compo-
sition of vegetation trees and herbaceous species,
along with the associated heterotroph species and
saprotrophic organisms, is strictly dependent on
habitat conditions. In this way, the ecosystem
process reflects the relationship between habitat
conditions. In all the ecosystem matter and ener-
gy flow functioning processes, soil respiration in-
dicates various ecosystems and vegetation (Chen
and Chen, 2019; Xiao et al., 2021). The release
of carbon dioxide is among the crucial ecosystem

functional processes. Soil respiration oxidizes or-
ganic carbon into inorganic CO, and releases en-
ergy. The CO, captured by plants is photosynthe-
sized and transformed into organic compounds.
This process is the basis of ecosystem functional
processes in all ecosystems (Baral et al., 2016;
Bark et al., 2016; Washbourne et al., 2020).
Photosynthesis and the autotrophic and het-
erotrophic carbon dioxide release are fundamen-
tal processes responsible for the carbon cycle
in ecosystems. Respiration activity is releasing
carbon as carbon dioxide from the soil’s organic
matter. Soil respiration is strictly related to the
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biochemistry of the composition of vegetation
species. The composition of plant species influ-
ences vegetation and ecosystem biomass. In the
natural and semi-natural ecosystems, it is known
that both the vegetation biomass and the physical-
chemical parameters of soil influence the carbon
dioxide release processes (Bond-Lamberty and
Thomson, 2010; Le Quéré et al., 2015). Soil car-
bon release, respiration is part of the global car-
bon cycle, releasing annually approximately ten
times more carbon dioxide from all the habitats
and ecosystems to the atmosphere than the fos-
sil fuel used for heating per year (Bond-Lamberty
and Thomson, 2010; Le Quéré et al., 2015).
Many factors influence carbon cycling and, as
a consequence, soil respiration. It is challenging
to distinguish the interactions between the fac-
tors. In the physiological processes of microbes
and plants, soil respiration is sensitive to the
most limiting or stress factors (Luo and Zhou,
2006). The soil microorganisms in the plant root
zone are attracted by the selected chemical com-
pounds, root exudates released by plant species
in response to disturbances drought, salinity, or
disturbances caused by mining (Luo and Zhou,
2006; Wolinska, 2019; Wolinska et al., 2014).
Estimating the below-ground respiration
components is complicated and remains unre-
solved (Bouma and Bryla, 2000). The soil mois-
ture, temperature, and texture are among the fac-
tors influencing soil respiration (Bouma et al.,
1997a). The study conducted in agricultural lands
found that soil moisture changes may influence
respiration rates in fine sandy soil. In the wet-
land habitats, the soil CO, release was reduced;
the more, the finer the texture, and the higher the
clay content in the soil. However, the links be-
tween the root’s architecture, soil texture, mois-
ture, and respiration must be fully understood
(Bouma and Bryla, 2000). The fine particles sup-
port the ability of water to hold well. The large
particles interconnect, allowing air and water to
exchange and move between the sphere - pedo-
sphere (soil) and atmosphere. Bouma and Bryla
(2000) tested the links between heterotrophic and
autotrophic CO, released for soils, characterized
by drying and wetting cycles in varied soil texture
conditions. The soil carbon dioxide amount has
been identified to influence the respiration rates
of the soil microbial communities (Koizumi et
al., 1991) and the respiration level of plant spe-
cies roots (Bouma et al., 1997b, a; Burton et al.,
1997; Scheurwater et al., 1998). The soil texture
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condition influences the soil water links consider-
ably (Singer and Munns, 1991); the changes in
CO, amount may also be modified along the soil
texture gradient.

In agriculture, studies compare the influence
of the soil CO, concentrations, soil water uptake,
water content, soil texture (clay, silt, sand content),
and root respiration on citrus species seedlings’
growth (Bouma et al., 1997a, 1997b; Bouma and
Bryla, 2000) The temperature, moisture, nutrient
content, and level of oxygen, are factors that con-
trol the soil respiration rates. Human activity, such
as mining, can influence the amount of soil respi-
ration by altering the parameters. The above con-
ditions can influence the rates of the soil’s global
respiration. The following should be listed: the
agricultural increase of nitrogen and phosphorus
fertilization over time and space scales.

Many abiotic factors (e.g., moisture, tempera-
ture, soil texture, micro-, macro-element, soil pH,
nitrogen deposition (Fenn et al., 2010; Radosz et
al., 2023) affect soil respiration (Heinemeyer et
al., 2007; Mo et al., 2008). Temperature influences
many aboveground and below-ground processes.
Soil respiration is a fundamental ecosystem func-
tional process (Atkin and Tjoelker, 2003; Moyano
et al.,, 2008, 2007). The temperature-respiration
models indicate the links between temperature and
soil respiration rates (Davidson and Janssens, 2006;
Zheng et al., 2009). The extreme of soil moisture
(low or high) are factors that affect strongly the soil
carbon release (Ilstedt et al., 2000; Borken et al.,
2003; Wang et al., 2003). Physico-chemical fac-
tors, such as soil pH, impact some soil respiration
parameters. The soil pH can modify the activities
of soil microorganisms and, later, the respiration of
soil organic matter and plant biomass (Ilstedt et al.,
2000; Sitaula et al., 1995). Photosynthesis indirect-
ly influences soil respiration (Zhang et al., 2013).
In many studies’ the role of abiotic habitat factors
on soil respiration is analyzed separately from the
other factors. Some parameters are synergic and do
not act independently but interact with each other,
e.g., due to feedback relations and affect soil respi-
ration (Yu et al., 2015).

The abiotic and biotic links might become
complicated when the spontaneous vegetation
patches and the ecosystems are developing on
novel ecosystem habitats (Hobbs et al., 2006),
e.g., mining post-mineral excavation sites. The
de novo established mineral sites allow research
on the relations among the individuals of the
dominant plant species and the biotic and abiotic
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mineral soil substrate characteristics along with
the colonizing best-adapted plant species indi-
viduals, richness value, and biomass amount
of the spontaneously developing vegetation. In
novel ecosystems, the biotic and biotic relation-
ships might be shaped by the effect of previous-
ly unknown relations resulting from the human
impact on the ecosystems during the so-called
Anthropocene Epoch (Zalasiewicz et al., 2016).
The post-mineral excavation places represent
the newly artificial habitats that are significantly
different from the natural and semi-natural eco-
systems in the neighborhood landscape. Some
studies have shown that the living organisms in-
tensively colonized these places through sponta-
neous succession, providing new non-analogous
species compositions of flora and fauna (Hobbs et
al., 2006; Kowarik et al., 2011; Frouz, 2018). The
varied chemical and physical conditions of post-
mineral mining habitats resulted in the develop-
ment of new unknown, non-analogous species
compositions of the spontaneous vegetation and
other organisms (Wozniak, 2010; Helingerova et
al., 2010; Keith et al., 2009). The non-analogous
species vegetation composition growing on novel
ecosystems post-mining heaps presents a mosaic
of vegetation patches that are dominated by dif-
ferent species best adapted to the range of avail-
able microhabitats (Rawlik et al., 2018a, 2018b).
The observed mosaic reflects the variety of biotic
and abiotic habitat conditions (Wozniak, 2010).
The influence of the early-successional stages
of vegetation communities on the harsh min-
eral soil habitat site conditions is not understood
(Wozniak, 2010; LamoS$ova et al., 2010; Orwin et
al., 2014). The presented research aims to analyze
the vascular plant species composition assembled
on various mineral materials of post-mining sites.

Some studies on soil respiration (Rs) and
temperature sensitivity (Q,,) concentration are
focused on humidity, soil temperature, carbon
and nitrogen, and root biomass (Arevalo et al.,
2010; Wang et al., 2018). The soil microorgan-
isms’ composition shapes most of the soil func-
tions (Xiao et al., 2021). The extreme habitat con-
ditions of the coal mine heaps of novel ecosystem
mineral material are crucial to how the abiotic
site parameters and the plant species composi-
tion of developed vegetation types impact the soil
substrate respiration parameters of the studied
ecosystem. This study aims to analyze the links
between the abiotic factors of the post-coal min-
ing heaps (spontaneous vegetation types) and the

carbon dioxide release rates of the soil substrate.
We compared the respiration levels to the studied
habitat field water content, the texture EC, pH,
the water holding capacity (WHC), basic abiotic
N,, C,, and exchangeable cations Mg, Ca, Na, K
and soil CO, release of coal mine heaps novel
ecosystems soil substratum under the recorded
spontaneous vegetation types.

In particular, we tested which abiotic habitat
conditions influence the carbon dioxide release
rates most. We hypothesized (assuming) that the
C content will influence the carbon dioxide re-
lease level most significantly. The abiotic param-
eters, like the WHC texture of the soil substratum,
EC, and pH, will not significantly impact; only
texture will significantly influence mineral soil
substrate material, as it influences moisture and
indirectly the other parameters.

MATERIAL AND METHODS

Site description

Several 324 study plots have been studied.
The stratified random sampling method was used
to select the plots for the study. The sampling
method was based on research conducted by
Wozniak, 2010, in the same habitats. The Silesian
Upland is in a temperate climate zone, transition-
ing between continental and oceanic climates.
Its weather is predominantly shaped by polar
maritime air masses originating from the Atlantic
(60% of the time) and polar-continental air mass-
es originating from Eurasia (30% of the time).

The post-coal mine has heaps of Carbonifer-
ous rock mineral material. The heaps are sites
with habitat conditions different from those
known from natural or semi-natural ones. The
new man-created landscape forms are unique
sites because they provide oligotrophic condi-
tions (very poor in nutrients, such as phospho-
rus, nitrogen, sulfur, and carbon) mineral sub-
strates; after many years of study, it has been
shown that plants and animals have colonized
them despite unfavorable conditions (Wozniak,
2010; Radosz et al., 2019). During the field re-
search, the object was analyzed: “Makoszowy”
(Zabrze, Sosnica; 50°1622" N, 18°44'43"
E); “Kostuchna” in Katowice (50°11'04" N,
19°00'33" E); “Murcki Boze Dary” in Murcki
(50°11"21" N, 19°02'07" E); and “Wesola” in
Mystowice (50°10"28" N, 19°5'44" E).
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Vegetation sampling and vegetation
diversity analysis

Land cover data were made on study plots of
inhomogeneous vegetation patches dominated by
the dominant species studied of a circular shape
of 3 m radius. Each study plot’s geographic coor-
dinates of its center point were recorded using a
GPS receiver. In each plot, the species composi-
tion was written down, and the coverage of each
vascular plant species was valued according to a
10 — grade scale (< 1%, 1-5%, 5-10%, 10-20%,
20-30%, 30-40%, 40-50%, etc. in 10% incre-
ments — Method Braun-Blanquet). The plant spe-
cies individuals that cover the most significant
area of the research plots compared to the rest
of the vegetation were identified as the dominant
species. The collected data were used to calculate
diversity indices in the analyzed area of the post-
mining heap. Based on the phytosociological
records, the following indices were calculated:
Shannon-Wiener H’s diversity index, Evenness
uniformity index, and Simpson’s dominance in-
dex (Wozniak, 2010).

Biomass sampling

In the analyzed vegetation study plots of a cir-
cular shape (3 m radius) dominated by an identified
dominant plant species (the species that covers the
most significant area within the studied plot com-
pared to the accompanying species, the vegetation
biomass was sampled. The collected plants were
stored in string bags. The samples were weighed in
the field, and data were obtained on the fresh bio-
mass of the dominant species and the other (rest)
plant species separately. A representative biomass
of 0.25 square meters was selected in the test plot,
i.e., including the dominant plant species and best
representative of the entire vegetation patch. The
test plot frame is 0.5 m of one-side length.

Respiration measurement - CO, gas analyzer

Soil respiration values were taken using the
TARGAZ-1 analyzer. Five measurements were
taken on the vegetation patches analyzed to aver-
age the results and check the level of CO, emis-
sions over the entire analyzed area. The design of
the instrument ensures calibration stability. The
soil carbon dioxide efflux level is obtained based
on increased CO, in the chamber. CO, continues
to accumulate within the closed chambers. The

242

measurement periods are reduced to obtain a de-
tectable linear concentration increase without an
excessive build-up of carbon dioxide inside the
chamber over time. During the measurement, the
soil respiration chamber covers a surface area of
78 cm? and a volume of 1171 cm?®. The edge of the
measurement chamber was placed into the heap
soil substrate to a depth of about 1-2 cm.

Laboratory analysis — physicochemical
analyses of soil substrate

The soil mineral substrate samples collected
for the abiotic physicochemical analyses were
air-dried. Later, the soil mineral substrate samples
were ground and sieved to a fraction smaller than
2 mm. Substrate mineral samples were analyzed
to assess the following physicochemical param-
eters: electrical conductivity (EC), pH, C loss of
ignition, soil organic carbon content (SOC), total
N (TN), available forms of phosphorus (P,0,)
content, available Mg (MgO) concentration, ex-
changeable cations (K", Na®) and moisture. The
mineral soil substrate samples of about 1 Kg were
taken to analyze soil abiotic physicochemical char-
acteristics data. The soil substratum mineral sam-
ples were obtained from five subsampling points
in each plot. The samples were collected at 0—15
cm profile depth at each plot sample site. The fol-
lowing have been collected and measured among
the measured soil substratum parameters: the total
soil porosity and maximum (WHC) water holding
capacity. The concentration of bioavailable Mg
(MgO) was determined using the Schachtschabel
method; 0.0125 M calcium chloride was used as
the extraction solution. Based on the Egner-Riehm
method, the bioavailable phosphorus (P,0;) con-
tent was assessed following the Polish Standard
PN-R-04023:1996. The amount of soil organic
carbon (SOC) was determined using the Tiurin
method. The total nitrogen amount was assessed
using the Kjeldahl method. pH of the substrate was
measured after 24 hours of equilibrium at a ratio of
1:2.5 substrate/solution (Bierza et al., 2023).

Data analysis

All statistical tests and visualization were
performed in R language and environment ver.
422 (R Core Team 2022) and implemented
therein packages. The Spearman rank correlation
coefficients and probability were computed to
analyze the relations between soil carbon dioxide
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release and particular abiotic mineral soil sub-
stratum variables. To explore overall relation-
ships among physicochemical soil data, biotic
variables of soil, and soil respiration, Principal
Components Analysis (PCA) was done. Before
the analysis, data were standardized to avoid im-
pacts of different ranges and distributions of the
variables. The PCA enabled us to select the most
critical factors responsible for soil variation. The
most contributing variables were subjected to
Spearman rank correlation analysis with the veg-
etation matrix. The vegetation matrix was cal-
culated based on raw vegetation data and Man-
hattan dissimilarity for abundance data (vegan:
vegdist) and Manhattan distance as a metric for
soil data. The function bioenv () was used to find
the best subset of environmental variables to ob-
tain maximum (rank) correlation with the factor
of community dissimilarity.

We also used another approach based on
fuzzy set ordination (Boyce, 1998; Roberts,
1986) to find environmental factors responsible
for shaping vegetation. The FSO was followed by
multidimensional fuzzy set ordination (MFSO)
with step-wise variable selection using fso:fso()
and mfso() functions. FSO is a direct ordination
tool, an alternative to canonical correspondence
analysis (CCA) and redundancy analysis (RDA).
In FSO cases, partial membership (fuzzy) val-
ues are assigned ranging from 0 to 1, which de-
notes their degree of membership in a set (Rob-
erts, 2008). In eigen-based ordinations methods
like CCA and RDA, distance-based redundancy
analysis db-RDA, the configuration of points is
first calculated as a correspondence analysis CA
or PCA, principal coordinates analysis PCO re-
spectively, which is then subjected to weighted
regression against environmental or experimen-
tal variables, keeping the fitted values of the re-
gression as coordinates. Thus, CCA and db-RDA
are sometimes referred to as “constrained ordi-
nations” as they constrain the values of the un-
derlying ordination to achieve what is typically
referred to as their “canonical” axes. The FSO
analysis is the first technique that directly incor-
porates the environmental data into the configu-
ration calculation. Likewise, the responses of in-
dividual species to abiotic factors are not limited
to a specific function. For example, the species’
responses can be discontinuous or nonlinear (Za-
harescu et al., 2017). Sometimes, FSO is treated
as a constrained version of polar (Bray-Curtis)
ordination. In our study, FSO was done to assess

the relationship between particular environmen-
tal factors and vegetation dissimilarity. In turn,
MFSO provided goodness of fit criterion that is
expressed by the correlation between Euclidean
distances of all samples in the ordination space
of vegetation plant species composition and
their original dissimilarities. The high value of
the correlation indicates an effective ordination.
Environmental variables significantly affect spe-
cies composition (Roberts, 2008). Both in FSO
and MFSO, 1000 iterations of permutations were
done based on Manhattan distance in the dis-
similarity of vegetation using vegan: vegdist().
In MFSO, the default method was followed by a
step-wise procedure where SRL content was in-
cluded in the model due to its high significance in
the initial results of MFSO and to find other sig-
nificant environmental factors that influence spe-
cies composition variation. To indicate the most
affected plant species by SRL, the species with at
least a frequency of 15% (i.e., 50 plots occupied)
were selected and then correlated with SRL. The
Spearman rank correlation was done with pair-
wise complete observations.

RESULTS

The preliminary analysis is focused on the
diversity of spontaneous vegetation types. The
diversity of vegetation types reflects habitat con-
ditions and enables the measured biomass vegeta-
tion/ecosystem unit to be identified clearly. The
analysis revealed different vegetation types. The
studied sites were established from Carbonifer-
ous mineral material. The fieldwork was carried
out in the 2018-2022 vegetation seasons. Dur-
ing this research, 210 plots were studied, vascu-
lar plant species were recorded, and detailed soil
substratum analysis was performed. Substrate
samples were analyzed for the following physi-
cochemical parameters: pH, electrical conductiv-
ity (EC), soil organic carbon content (SOC), total
N (TN), available forms of phosphorus (P,O,)
content, available Mg (MgO) concentration, ex-
changeable cations (K*, Na®) and moisture. Soil
respiration values were taken using the TARGAZ
-1 analyzer. Five measurements were taken on the
vegetation patches analyzed to average the results
and check the level of CO, emissions over the
entire analyzed area. The range of carbon diox-
ide released at the analyzed sites was 0.00158 -
1.21462 [g CO,/m./h] (Fig. 1).
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The four environmental factors, i.e., acid
phosphatase and pH, were positive, and the con-
tent of potassium and potworms were negatively
significantly correlated with SRL (Figure 1). Ac-
cording to PCA based on standardized variables,
the high contribution to the presented gradients

was revealed by Mg, K, Ca, pH aqua, pH KCL,
Basic phosphatase, and NT (Fig. 2). The soil res-
piration level responding to the identified gradi-
ents. Nitrogen and carbon did not influence the
intensity of soil respiration. The indirect phospho-
rus measure, the acid phosphatase, and pH (aqua)
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Figure 1. The Spearman correlation between SRL and soil variables (only significant factors are shown)

Principal Component 2

Principal Component 1

Figure 2. The principal component analysis of soil data and their relations with soil respiration SRL
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were excluded due to the correlation with other
variables. The Bioenv function revealed that the
best fitting model had 9 parameters (with max.
13 allowed): WHC, pHKCI, NT, C, Mg, MgAV,
K, and the indirect including Dehydrogenase, and
Urease, with a correlation of 0.20. The function
excluded SRL, either.

Figure 3 shows the links between vegetation
dissimilarity and values of chosen environmental
factors based on FSO. All studied abiotic factors
were recognized as significant (p = 0.001) apart
from the total nitrogen (p = 0.893). The potassium
(K) content, the indirectly available phosphorus
(essential phosphatase), and the soil respiration
level revealed the highest correlation. The cor-
relations among particular variables in FSO are
shown in tab. 1. The relation has been identified
between soil respiration level and total nitrogen,
followed by pH, and negative ones with calcium
and magnesium. In the MFSO, the relation be-
tween ordination distance and the matrix dis-
similarity of vegetation is relatively (r = 0.748,
Fig. 4). In the results of MFSO analysis, samples
of vegetation are arranged mainly through soil
respiration (especially in essential phosphatase,

potassium) and further by other environmental
factors what was confirmed by p-value (Table
2). In all cases most of samples are concentrated
at lower value of SRL (Fig 4). Some vegetation
plots present the association with higher values
along axes represented by SRL. In the case of Mg
and Ca, samples are also grouped similarly, sug-
gesting that these variables are correlated.

Both in MFSO and more robust step-wise,
MFSO soil respiration significantly improved the
model of the impact of environmental parameters
on vegetation patterns (Table 2). When SRL was
included in the model, the other significant vital
variables that explain species variation were mag-
nesium, potassium, pH and essential phosphatase,
while remaining factors (total nitrogen, calcium)
were not significant (Table 2). Mapping the dis-
tributions of the sample point from the fuzzy to-
pological space of fuzzy set ordination (FSO).
Using the Euclidean space for the distributions of
the sample points enables analysis using a broad
range of parametric statistical methods. The re-
sults obtained by Roberts (2009) show direct in-
terpretability, as each axis in an MFSO reflects a
single environmental variable and is orthogonal
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Table 1. The correlation of fuzzy set ordination between the soil substrate characteristics and the soil (substrate)
respiration parameters

Soil substrate pHKCI NT Mg K Ca phosss;ase
pHKCI -0.672142 -0.755854 -0.5754234 0.1957003 0.8574878
NT -0.672142 0.4782322 0.6274184 -0.2250911 -0.5791621
Mg -0.755854 0.478232 0.7848299 0.0708542 -0.8873671
K -0.575423 0.627418 0.7848299 0.2511016 -0.7128900
Ca 0.195700 -0.225091 0.0708542 0.2511010 0.0671225
B. phosphatase 0.857488 -0.579162 -0.8873671 -0.7128900 0.0671225
SRL 0.151741 0.169597 -0.1434519 -0.0024395 -0.1338680 0.1436176

Table 2. The results of multi-fuzzy set ordination (MFSO) and step-wise MFSO

MFSO And step-wise MFSO
Variable Cumulative_r Increment P-value Gamma Delta_cor P-value
pHKCI 0.3677557 0.36775571 0.670 1.0000000 0.07768200 0.01
NT 0.4408519 0.07309617 0.348 0.5482247 -0.14407976 0.59
Mg 0.5464880 0.10563616 0.379 0.4270644 0.22695488 0.01
Ca 0.6265471 0.08005902 0.280 0.8388148 0.04924796 0.40
K 0.6539962 0.02744911 0.837 0.1953713 0.12357905 0.01
Basic phosphatase 0.6610047 0.00700857 0.984 0.1281119 0.17304420 0.01
SRL 0.7477256 0.08672083 0.004 0.8264381 Included in the model
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Figure 5. The analysis was performed using Spearman correlation coefficient values based on complete pairwise
observations of the most frequently occurring plant species and soil carbon dioxide release values in coal mine
heaps. Red indicates — positive significant relationships, and blue indicates significant negative correlations

to all other axes by design. Among 27 taxa (26
species), only the conditions associated with the
patches of vegetation communities dominated
Centaurea stoebe were correlated with the value
of soil respiration level. The patches of vegetation
communities of three other plant species domi-
nants provide conditions that negatively impact
the release of carbon dioxide. The most robust
negative relation was provided by habitat condi-
tions developed along with the vegetation patches
dominated by Daucus carota and, to a lesser ex-
tent, Festuca arundinacea and Matricaria mari-
tima subsp-inodora (Figure 5).

DISCUSSION

This study analyses the links between the abi-
otic conditions of the mineral site material of the
coal mine heaps (spontaneous vegetation-type
patches) and the respiration rates. We have tested
the hypothesis that the soil substrate carbon con-
tent is significantly related to the coal mine heap

spontaneous vegetation respiration rate among the
studied abiotic factors. The habitats and vegeta-
tion types with higher carbon content are releas-
ing more CO,. Contrary to our expectations, soil
carbon content did not significantly influence soil
respiration intensity. There might be a few rea-
sons why the results contradict our hypothesis.
The carbon (C) cycle, together with nitrogen, is
the primary nutrient cycle in ecosystems, and it
has only sometimes been considered in detail (Cu-
sack et al., 2011; Sinsabaugh et al., 2005). Carbon,
phosphorus, and nitrogen cycles are frequently in-
terlinked in ecosystems (Fahey et al., 2013; Zarif
et al., 2020). In some ecosystems, and probably
should also be considered in mineral soil substra-
tum material of new coal mine ecosystems, the C:
N ratio in the soil (subsoil) supports the available
N uptake by plants (Eberwein et al., 2017; Zarif et
al., 2020). In our study, some of the analyzed abi-
otic habitat factors have been revealed to be sig-
nificant (p = 0.001). The exception has been stated
for total nitrogen content (p = 0.893). The content
of Potassium (K), the indirect measurement of the
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alkaline phosphatase, presented the highest cor-
relation with the soil expiration level. The total
nitrogen amount, followed by pH, presented the
highest positive correlation with soil expiration
level, while the carbon release was negatively re-
lated to magnesium and calcium.

The phosphorus content influencing the SRL

The phosphorus, particularly the available
forms of phosphorus in soil or mineral soil sub-
stratum, is, to some extent, related and linked to
the activity of the phosphatases. In our study, al-
kaline phosphatase was linked to the amount of
carbon dioxide released by the mineral soil sub-
stratum. Chemically, the phosphorus component
in soils is a low-mobility element. Plant roots
are available only from the close vicinity of the
roots and are highly pH- and temperature-depen-
dent. The P cycle can be significantly connected
with the N cycle (De Groot et al., 2001; Aber et
al., 1989). In the presented study, the base phos-
phatase activity is a proxy for the phosphorus
content parameter mineral soil substratum in the
coal mine heaps novel ecosystems. The study
showed a positive correlation between base
phosphatase activity and the amount of carbon
dioxide released.

Most of the previous studies analyzing the
soil respiration levels have paid attention to the
role of nitrogen in the first place. The phospho-
rus content has been considered as an element
that interacts with nitrogen (Guo et al., 2016;
Helfenstein et al., 2020; Zhang and Zhang,
2016; Zhang et al., 2020). The mineral inorganic
phosphorus (Pi) changes to organic phosphorus
(Po) and can take part in the soil P bioavailabil-
ity (Helfenstein et al., 2020, 2018; Rosling et al.,
2016). Some studies show phosphorus increases
litter nitrogen, limiting nitrogen mineralization
(Homeier et al., 2017; Mao et al., 2017). The
constant nitrogen uptake, e.g., the inorganic ni-
trogen from the atmosphere is reducing the soil
acidity, which can lead to the buffering effect
caused by the additional phosphorus that keeps
the soil pH at a stable level (Mao et al., 2017;
Yang et al., 2015; Zarif et al., 2020). What is a
factor that stabilizes soil respiration in develop-
ing ecosystems? This can be the possible inter-
pretation of the results obtained in our research
on mineral soil substratum respiration rate level,
measured in the habitat from under the different
spontaneous vegetation types.
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The carbon dioxide released
in the carbon life cycle

The carbon cycle through the inorganic and
organic forms and the dynamic interaction with
various nitrogen and phosphorus is the funda-
mental functional process in each ecosystem
(Cusack et al., 2011; Sinsabaugh et al., 2005). In-
cluding the base cations and soil pH impact in the
C, N, and P cycles in the biotic abiotic transition
process are good practical eco-chemical indica-
tors of soil health in a dynamic approach (Futa et
al.,2016; Matek, 2009). The soil or mineral soil
material development is dependent on the vegeta-
tion plant species composition in the ecosystem
vegetation patches mosaic (Binkley et al., 1999;
Rhoades, 1996), and likewise, the modifications
in the local and global habitat conditions may im-
pact the diversity and composition of plant spe-
cies composition in the communities (Bardgett,
2005; Zarif et al., 2020; Bolan, 1991). The addi-
tional phosphorus content significantly increased
by 60% in the soil exchangeable cations (Yang
et al., 2015). The weathering of the selected base
cations, including Ca > Na > Mg > K, can cause
the reduction of the base cation amount and some
metal ion imbalances in the mineral soil substra-
tum, as has been presented by Lucas et al. (2011).

The understanding of the mechanisms of the
mineral soil substratum carbon dioxide release
level about the abiotic factors along the feedback
relation of the plant species composition is crucial
for a range of reasons (Bouma and Bryla, 2000;
Simitnek and Suarez, 1993; Skopp et al., 1990).
Many studies conducted on soil respiration rate
assessments are performed in agriculture, crop-
land, grasslands, and managed forests (Xiao et
al., 2021). More research needs to be focused on
studying soil respiration parameters in other, e.g.,
natural ecosystems and spontaneous ecosystems
developed in, e.g., human-established habitats,
such as the post-mining mine heaps providing
specific habitat conditions of mineral soil mate-
rial. Some studies show that the carbon dioxide
released from soil declines from summer to win-
ter. Additionally, this study has presented that soil
temperature and moisture are crucial factors that
support the explanation of the results obtained.
The mean soil respiration in grassland (3.68 p_
m~ s™') and tree stands or woodlands (3.81 p_
m 2 s ") appear higher than in abandoned agricul-
tural land and cropland. In the projection values
of the variable importance from the regression
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model, it has been presented that the soil tem-
perature, pH, soil moisture, available nitrogen,
microbial biomass carbon, nitrogen, and bacterial
abundance were the crucial factors that have an
impact on the soil respiration level in the stud-
ied under different land-use types habitats (Xiao
et al., 2021). In our study, we could not include
the measurements for root respiration. There are
studies in which the importance of root respiration
has been underlined. There are assessments that
in some habitats, the roots can respire (use energy
and release carbon dioxide to an extent more than
50% of plant daily photosynthesis efficiency, the
produced biomass (Lambers et al., 2002).

The overall soil respiration includes two main
components: the respiration of the microorgan-
isms and plant roots and respiration both based
on soil organic matter, plant biomass, soil ani-
mals, and litter (Scott-Denton et al., 2006; Bond-
Lamberty et al., 2004; Hanson et al., 2000; Rode-
ghiero and Cescatti, 2006). The measurement of
both elements of total respiration is methodologi-
cally challenging. For this reason, a relatively low
number of studies have attempted to perform the
separated measurement of the two above respi-
ration components (Butler et al., 2013; Jiang et
al., 2017; Kooijman, Welschen and Lambers,
1988; Bouma, Broekhuysen and Veen, 1996).
The equipment most frequently used is the sur-
face chambers or chambers buried with carbon
dioxide sensors. Soil respiration is generally mea-
sured over a restricted area (< 1 m?). The soil has
a limited diffusivity, and carbon dioxide is more
concentrated than in the atmosphere (Phillips and
Nickerson, 2015). In the presented study, we have
used one of the most frequently and commonly
used soil respiration measurements. We have
measured the total carbon dioxide released from
the soil, including all the soil sources of carbon
dioxide released from the habitat type, reflecting
the specifics of particular vegetation types.

Soil respiration elements in managed forests

In the environmental studies, the research
ecosystems are likely to be compared with for-
ests. A study was also conducted on soil respira-
tion in two forest types (Butler et al., 2012; Yu
et al., 2015). This study revealed that respiration
of litter was the primary source of heterotrophic
respiration (88%). The heterotrophic respiration
occurred after some time, as the soil litter carbon
used by microorganisms was not immediate. The

use of carbon by the microorganisms and high
carbon amount in organic matter respiration of
litter is characterized by a hysteresis phenomenon
(Yu et al., 2015). The study of carbon dioxide re-
lease from the dead roots presented that the dead
roots provide new soil organic material for mi-
croorganisms, and in this way, the heterotrophic
respiration rate is increased (Bond-Lamberty et
al., 2004; Lee et al., 2003; Yu et al., 2015). The
other study presented that the low carbon/nitro-
gen ratio leads to the site conditions in which the
respiration and carbon dioxide release levels are
growing due to the increase of the soil microbe
organic matter decomposition (Grant et al., 2001;
Liu et al., 2011; Yang et al., 2015). Some studies
performed in tree stands and managed woodlands
have shown that soil substrate respiration can
have a linear positive correlation when compared
with the young tree stands (Chen et al., 2010;
Franzluebbers et al., 2001).

The components of soil respiration
to total soil respiration

The heterotrophic and autotrophic respira-
tion is divided into different ratios to the total soil
respiration in different ecosystem types, e.g., for-
ests. In general, root respiration reveals 10-60%
(-90%) of the overall soil carbon dioxide release
in many forest ecosystems (Kuzyakov, 2004;
Shen et al., 2011; Satomura et al., 2006). Some of
the research sites were located in a nature reserve
area with forest vegetation patches of abundant
soil organic matter and litter layer, resulting in a
high relative humidity level (Yang et al., 2015).

The study by Subke et al. (2006) indicated
that the heterotrophic part of carbon dioxide re-
leases 27-86% of total soil respiration in forest
ecosystems. The results of the study referred to
above are consistent with our assumptions. In our
study, we have assumed that the total respiration
amount will be related to the species’ biochemi-
cal, organic carbon compounds, and composition,
which is dependent on the plant species’ sponta-
neous of the herbaceous vegetation type that has
developed in response to the abiotic mineral mate-
rial of the post-coal mine heaps novel ecosystem.

The effect of texture on the abiotic
parameters on the soil respiration level
In our study, the mineral soil substrate tex-

ture characteristics are irrelevant and must be
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presented in the paper results section. Such a re-
sult was surprising because it is known that the
finest soil texture material can impact soil water-
holding capacity, influencing many other func-
tional processes, including respiration intensity.
The soil texture structure is known to be able to
impact the nitrogen cycle in the ecosystem. The
weak binding to the soil particles and nitrate
leaching can be the reason for the decrease in soil
pH and the base cations (Araujo et al., 2017).

The strong relation between the soil organic
matter content and the amount of clay in the soil
structure has been presented in most of the studies
(Jenkinson, 1990; Parton et al., 1987; Franzlueb-
bers et al., 2001; Wang et al., 2003; Miiller and
Hoper, 2004). When the first clay particles ap-
pear, the process of clay particle aggregation can
start, and the other particles can come together
(Tisdall and Oades, 1982). The clay particle ag-
gregation process can change the water holding
capacity and, as a result, the soil moisture param-
eters, influencing the input of C into the soil using
the photosynthetic plant species composition pro-
ductivity and, as a result, the soil organic matter
distribution (McLauchlan, 2006; Six et al., 2000).

The study performed in the way in which hu-
midity and temperature were controlled revealed
how the results of soil respiration rate can vary
(Giardina et al. 2001). In the study conducted by
Giardina et al. (2001), it has also been revealed
that clay participation only partially influences
the level of net N mineralization (Giardina et al.,
2001; Coté et al., 2000; Schimel, 1995; McLauch-
lan, 2006). Opposite to our expectations, no sig-
nificant relation between the mineral soil material
texture and the respiration rate parameters has
been revealed, and in our study, stones, gravel,
and sand-sized particles influenced the texture of
the mineral soil substratum material. This might
be the reason for the unexpected results.

Soil water content and soil respiration

Identifying the environmental factors that
control soil CO, release from the ecosystems is
an essential step in assessing the potential ef-
fects of environmental changes (Schlentner and
Van Cleve, 1985; Singh and Gupta, 1977). When
modeling soil respiration (e.g., how the soil car-
bon dioxide release rates are dependent on mois-
ture or temperature), the models have shown that
an exponential equation best describes the tem-
perature soil respiration relation (Borken et al.,
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1999; Kutsch et al., 2001; Rochette et al., 2013).
The precipitation amount and soil moisture are
crucial in addition to temperature in the soil res-
piration models (Savage and Davidson, 2003;
Tang et al., 2005; Tiifek¢ioglu and Kiigiik, 2004).
Some additional factors are considered in the
models, such as pH (Reth et al., 2005), land use
(Ardd and Olsson, 2003), carbon amount (Kutsch
et al., 2001; Rodeghiero and Cescatti, 2005), and
the plant traits parameters such as maximum leaf
area index (Skopp et al., 1990). In our above
study, we analyzed pH and the amount of carbon.

Effect of salinity on SRL

The mineral material of the coal mine heaps
can be frequently characterized as the habitat of
high salinity. The salty waters and salt are as-
sociated with coal excavation and the geological
layers. Soil salinity is regarded as a significant
factor in forestry and agriculture, particularly
with high evapotranspiration and low rainfall
(Bossio et al., 2007; Rengasamy, 2006. Beltran
and Manzur, 2005; Pannell and Ewing, 2006). As
Zeng et al. (2014) indicated, soil denitrification /
nitrification and, consequently also, soil respira-
tion depend on soil salinity. The stress related
to salinity and drought are conditions to which
the plants building the vegetation of natural and
semi-natural ecosystems are susceptible. Some
researchers understand that plant individuals are
unable to adapt quickly to those stresses (Jarvis,
Lane and Hijmans, 2008; Mittler, 2006). It is
less frequently studied how the adaptation pro-
cesses that can result in salt and drought adapta-
tion might differ in the biochemistry of the plant
individuals. The changes in plants’ biochemistry
influence the character of the soil organic matter
and, as a consequence, the decomposition pro-
cess, which is directly related to the release of
carbon dioxide. The salinity can be changed by
the occurrence of exchangeable cations and the
conditions that might influence the exchange.
The presence and amount of the exchangeable
cations Ca*", Mg*", Na"and K" are essential in
the soil functioning in the natural and semi-
natural ecosystems. Exchangeable cations can
become exchanged by a cation of an added salt
solution (Ramos et al., 2018). In the presented
study, the magnesium Mg, potassium K, and cal-
cium Ca content and the pH value in coal mine
mineral soil material are significantly related to
the carbon dioxide release.
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CONCLUSIONS

This study aims to analyze the links between
the abiotic conditions of the coal mine heaps
habitat variety identified as spontaneous vegeta-
tion types and the CO, respiration rates. We hy-
pothesized that the soil substrate carbon content
is significantly related to the coal mine heap res-
piration rate among the studied abiotic factors.
The vegetation types of habitats with higher car-
bon content might release more CO,. The post-
black coal mining heaps mineral material soil
substratum samples were analyzed for the follow-
ing physicochemical parameters: pH, electrical
conductivity (EC), soil organic carbon content
(SOC), total N (TN), available forms of phospho-
rus (P,O,) content, available Mg (MgO) concen-
tration, exchangeable cations (K*, Na®), and soil
substratum moisture. The results revealed that the
carbon dioxide range from the studied vegeta-
tion types varied from 0.00158-1.21462 [g CO,/
m?/h]. The FSO analysis showed that contrary to
the hypothesized expectations, the carbon content
and all the analyzed habitat factors were signifi-
cant (p =0.001), apart from the total nitrogen. Po-
tassium (K) and soil respiration levels presented
a significant correlation among the identified veg-
etation community types dominated by 26 spe-
cies, only the habitat conditions provided by the
vegetation communities dominated by Centaurea
stoebe significantly correlated with soil respira-
tion level. Three plant species dominants caused
the development of habitat conditions, resulting
in a negative impact. In contrast, below-ground
conditions associated with the vegetation patches
dominated by Daucus carota demonstrated the
strongest negative correlation.
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Abstract: The biodiversity, including the diversity of autotrophic organisms of mostly plant species,
assembled in vegetation patches and its impact on the course of ecosystem processes is still a key
subject of research in natural sciences around the world. Certain aspects of the relationship between
biodiversity and CO, release processes have been studied only in some natural and semi-natural
ecosystems (semi-natural ecosystems such as meadow or grasslands). In contrast, very little is known
about the biotic parameters related to natural processes and the functioning of novel ecosystems.
This study was performed on post-black coal mining heaps. The studied sites were established on
carboniferous mineral material. Among the considered biotic parameters, the vegetation plant species
composition, soil organic matter, soil enzymatic activity, soil fauna presence, and the plant species
biomass were studied. The aim of the research was to analyse the influence of the selected biotic
factors on the COj release from the mineral material of black coal mining heaps’ novel ecosystems.
The range of CO, release at the analysed sites was 0.00158-1.21462 [g CO, /m? /h]. The activity of soil
enzymes such as dehydrogenase, acid phosphatase, and basic phosphatase was positively correlated
with the amount of CO; released, however, there was no correlation between urease activity and
CO; emissions from the soil. In our study, a comparison of the soil organic matter developed under
the vegetation types studied and CO, release (rate) showed a dependence on vegetation type. The
amount of biomass was not linearly correlated with CO, release from the soil. The presence of soil
fauna displayed a positive effect on CO, release.

Keywords: soil respiration; biodiversity; biomass; soil organic matter; black coal mining heaps; novel
ecosystems; soil fauna; soil enzyme activity

1. Introduction

The basic process of ecosystem functioning is the flow of matter and energy. Each
ecosystem starts with the habitat colonization by autotrophic organisms and later with
a heterotrophic organisms’ food chain along with the appropriate microorganisms, and
saprophyte decomposition activity, leading to, e.g., CO, release as the side effect of the
energy acquisition [1-4]. Depending on the environmental conditions, the best adapted
plant species colonize and grow in particular microhabitat places. As a result of the
processes of the above-ground biomass development, the foundation of the biochemical
characteristics of the soil biomass, soil organic matter (SOM), is established. The biochemical
composition of the biomass and the condition of the respiration processes influence the
amount of CO; released to the atmosphere. Apart from the biochemical composition of
the biomass, the microbial ability to decompose the complex chemical carbon compounds
determines the respiration process [5-7].

The sites that are significantly transformed (or those that are established de novo) due
to human activities such as mineral resource mining, provide unusual habitat conditions
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for the organisms that are successfully colonizing such sites. The previous field study
and conceptual works revealed that extreme habitats are colonized by a non-analogous
species composition assembling spontaneously and leading to the development of a novel
ecosystem [8-11], such as the mineral post-coal mining habitats. The non-analogous
species composition assemblage is comprised of the species best adapted to the unusual,
extreme habitat conditions. The extreme habitat conditions are a trigger to push the living
organisms (primary producers, heterotrophs, and saprophytes) to evolve and adapt. The
harsh, complex system of the habitat conditions are caused by the lack of initial soils in the
sites where the novel ecosystems develop. The term soil is strictly defined in soil sciences.
In many post-mining sites, the mineral material substrate without organic matter of varied
texture or structure (referred to as the soil substrate further in the text) is colonized by
vascular plant species.

Both the untransformed ecosystems and novel ecosystems are dependent on the
biomass quality and quantity which in turn depend on the plant species’ taxonomic and
functional composition and diversity. High diversity enables complementary habitat re-
source use among competing species in species-rich ecosystems [12,13]. A larger amount
of biomass in species-rich ecosystems enhances Rs primarily by increasing root, microbial
communities’, and rhizo-microbial respiration [14]. The diversity of plant species com-
position increases the quantity and multiplicity of plant exudates-derived food resources
in the soil, providing and expanding a variety of niches for saprophytic microbes. The
diversity of plant species composition influences microenvironment variety and habitat
complexity including the soil enzyme activity [12,15,16]. Diverse plant species composi-
tion provides a litter mixture, which accelerates the decomposition of organic matter via
complementary resource use among microbes, resulting in more effective Rs [17]. The
carbon compound decomposition of the soil organic matter (SOM) is related to, e.g., the
plant species composition, mesofauna composition, and soil enzyme activity [18]. Biomass
carbon compounds are broken down quickly during decomposition, providing an energy
source for microbes [19]. Plant species composition plays a crucial role in vegetation and
ecosystem development and the regulation of soil respiration (Rs) because the autotrophs
are the prevalent synthesising organisms through which carbon enters the soil [10].

The magnitude of the soil respiratory metabolism is due to four factors: (1) CO; release
by plant roots, (2) soil fauna, (3) soil microorganisms, and (4) the chemical oxidation of
carbon compounds. The rate of the soil metabolic processes depends on a number of factors,
which includes the microclimatic conditions (temperature and humidity), the structure
of the soil and the content of organic matter—living and SOM. Soil nematodes, whether
they are hosts of bacteria, fungi, plants, omnivores or predators, affect the populations of
the organisms they feed on. Although the contribution of nematodes to soil respiration is
probably less than 1%, they can play an important role in soil nutrient cycling by influencing
bacterial growth and nutrient availability to plants [20]. All species of Enchytraeidae,
through intensive respiration processes, have a significant contribution to the mineralization
of organic matter. Enchytraeidae stimulate the course of mineralization and humification
processes, including by loosening the soil, breaking up soil particles, their movement
in the soil profile, and catalysing the activity of microorganisms. The contribution of
Enchytraeidae to these processes, and to shaping of the proper structure of and increasing
the fertility of soils, is often much greater than that of other representatives of soil macro-
and mesofauna [21].

The knowledge of the biotic factors influencing the nature of the functional respiration
processes in the coal mine heaps’ novel ecosystem is very limited and only includes limited
information on mechanisms related to aspects of the biotic parameters and respiration that
are a key part of the functioning of the ecosystem [22].

It can be hypothesized that (a.) the vegetation types with a larger amount of biomass
will respire more intensively, while the vegetation types with a smaller amount of biomass
will respire less intensively; (b.) the respiration will be less intense in less diverse vegetation
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types; and (c.) the vegetation types with higher enzyme activity and a greater presence of
soil fauna are characterized by greater respiration intensity.

The aim of this research was to analyse the influence of the selected biotic factors on
the CO; release from the mineral material of black coal mining heaps’ novel ecosystems.
Among the biotic habitat parameters, the following have been recorded and analysed:
(i.) the diversity of plant species composition of the studied vegetation types; (ii.) the
amount of SOM; (iii.) the enzyme activity; (iv.) the presence of nematodes and vases;
(v.) soil respiration measurements; and (vi.) the biomass amount recorded for the studied
vegetation types.

2. Materials and Methods
2.1. Study Site Description

The study site’s area is located in the central part of the Silesian Upland. The Silesian
Upland lies in a moderate climate zone, transitional between oceanic and continental. It
is mainly influenced by polar maritime air masses from the Atlantic (60% of days) and
polar—continental air masses from Eurasia (30% of days). This region has been subject to
intense industrial human activity, such as urbanization, agriculture, mining, smelting, open
sandpits, and quarries. The impact of human activity on the natural environment and its
individual components is significant. This is particularly true of mineral mining, which
has intensively transformed the relief of the landscape and excluded large areas of other
human activity, e.g., agricultural and forest land use, degrading the landscape’s value.
Field studies were carried out in the mineral habitats of the mine heaps of the coal mines
at “Makoszowy” (Zabrze, Sosnica; 50°16'22" N, 18°44’43" E); “Kostuchna” in Katowice
(50°11'04” N, 19°00'33" E); “Murcki Boze Dary” in Murcki (50°11’21” N, 19°02/07" E);
and “Wesota” in Mystowice (50°10'28"” N, 19°5'44" E) with a total area of 170 ha and an
altitude of approximately 310-339 m a.s.l. p.m. The by-products of the black hard coal
extraction in the coal mine heaps are carboniferous rocks—quarried at a depth of about
1 km. In terms of abiotic conditions, the post-mining heap areas are characterized by limited
water availability, low nutrient reserves, high temperature, and high salinity. Compared to
other sites of this type (e.g., zinc-lead heaps), the deposited material does not contain high
concentrations of heavy metals.

2.2. Vegetation Sample Collection

In order to determine the relationship and potential impact of species diversity on soil
carbon emissions, a number of species diversity indices were calculated for the vegetation
patches in the areas analysed and these were compared and analysed. On the basis of
phytosociological studies, the following indices were calculated: the Shannon-Wiener H’
diversity, Evenness uniformity, and Simpson’s dominance index. The Shannon-Wiener
index (H'), which takes into account evenness and species richness, was used to determine
the species diversity of the vegetation patches studied. To determine the probability that
two individuals selected at random from a given sample would belong to the same species,
Simpson’s index was calculated as provided in the next section. During the field work,
GPS devices were used, 324 plots were established on the analysed site (Figure 1), and
vegetation and soil substrate samples and data were collected.
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Figure 1. A map of the location of post-coal mine heaps in the area of the Upper Silesia (South
Poland). 1—black coal mine heaps; 2—the studied black coal mine heaps; 3—country border; 4—the
Silesia Upland border (according to Wozniak 2010); 5—minor country border; 6—lakes and rivers;

7—towns, cities.

2.3. Vegetation Diversity Analysis

This research uses the most commonly used indicators calculated on the basis of
the frequency, abundance, and population density of individual species and facilitates
the assessment of similarities and differences between vegetation patches. The analysed
indicators were selected on the basis of previous studies conducted in such areas. In order
to determine the relationship and potential impact of species diversity on CO, release, a
number of species diversity indices were calculated for vegetation patches in the analysed
area of the post-mining heap, and results were compared and analysed. On the basis
of phytosociological studies, visual estimates of the cover of individual species, using a
percentage scale, were determined. For each plot the total cover of plants and total biomass
were also determined. To measure biodiversity, the following biodiversity indices were
implemented: number of all species present—S, Shannon-Wiener index (H), Shannon
evenness (H/log(S)), evenness uniformity, and Simpson’s dominance index.

The Shannon-Wiener index (H’), was calculated according to the formula [9].

R
H' =Y pinp;
izl

R—number of species;

pi—share of individuals of species i in the cover of individuals of all species;

i—cover of this species in the vegetation patch.

The evenness index for vegetation patches occurring in the analysed area was calcu-
lated using the following formula [9]:

Hl

Hmax = 71_1
max

H'—the value of the Shannon-Wiener diversity index;
Hsx—the maximum possible value of the Shannon-Wiener index if each species was
equally probable.
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In order to determine the probability that two individuals randomly selected from a
given sample would belong to the same species, Simpson’s index was calculated according
to the following formula [9]:

01,1
Hypux = — Z —In- =1InS
i-1 5 5

S—number of species;
pi—share of individuals of species i in the cover of individuals of all species;
i—share of that species in the vegetation patch.

2.4. Soil Sample Collection

The research was conducted on 324 study plots. The sites were selected using stratified
random sampling in which the study population is divided into qualitatively different
parts, and then a certain number of units are drawn from each distinguished part (layer).

The sampling method was based on research conducted by Wozniak, 2010, in the same
type of habitats [9].

During the field work, research plots with a radius of 3 m were established. The
test plots were established in patches of vegetation comprised of various dominant plant
species that had been identified during the field work. The control plot was a section of the
heap area not covered by vegetation. Substrate was taken from each plot at 3 points, from
a depth of 0-10 cm (the root zone). After transporting the samples to the laboratory, they
were sieved through 2 mm mesh sieves and then frozen until further analysis [9].

2.5. Soil Biotic Parameters Analysis
Soil Fauna Samples

The plots were delineated on heaps with similar conditions, which was necessary due
to the different age of the heaps, size, method of dumping, nature of the surroundings,
and high variability of abiotic factors. In order to present the fullest possible range of
variability, a network of systematically delineated study plots was used [9]. Three soil
samples (approximately 1.5 kg each) were taken from the test plots. By taking soil from
different locations, a proper picture of the abundance of soil fauna species was obtained,
i.e., the average number of vascular flies occurring on the study plot. The material was
stored in string bags at low temperature (6 °C). The Nematode and Enchytraeidae numbers
and their dispersal procedure was carried out using a Tullgren apparatus. Quantitative
analysis of the biological material obtained was carried out using a Delta Optical SZH-650T
stereo microscope, Delta Optical, Mississauga, ON, Canada.

2.6. Enzyme Activity Measurement

Dehydrogenase activity was determined via the reduction of 2,3,5-triphenyltetrazolium
chloride (TTC) to triphenylformazan (TPF) using the method developed by Schinner, 1996.
The TTC solution was added to the soil samples being studied. The whole mixture was
mixed and then transferred to a thermal chamber for incubation at 37 °C for a period of
24 h. After incubation, the formazan was extracted from the soil with acetone. The colour
intensity was examined using a DR 5000 Spectrophotometer-Hach Lange, Loveland, CO,
USA. Absorbances were measured at 546 nm. The concentration of TPF produced was then
calculated based on the standard curve. Soil dehydrogenase activity was determined based
on the amount of formazan obtained per unit weight of the soil per unit time [23]. Urease
activity was determined according to the Alef and Nannipieri protocol based on incubating
soil substrate samples in urea solution. The activity of this enzyme was determined using
a spectrophotometric method that used urea as a substrate. To maintain the appropriate
pH, lemon buffer was added to the test samples. The samples were then transferred to
a thermal chamber, where they were incubated at 37 °C for a period of 3 h. After the
incubation period, the samples were filtered through a hard tissue filter, and 0.75 mL of the
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filtrate was collected, to which a solution of sodium hypochlorite and sodium phenolate
was added to induce a blue colour. The colour intensity was analysed using a DR 5000
Spectrophotometer—-Hach Lange at 580 nm. The assays of acid phosphatase and alkaline
phosphatase activity were determined by measuring the p-nitrophenol (PNP) released by
phosphatase activity after soil incubation with buffered (pH 6.0 for acid phosphatase and
pH 11.0 for alkaline phosphatase) sodium p-nitrophenyl phosphate (115 mM) solution.
Absorbances were measured using a DR 5000-Hach Lange spectrophotometer at 400 nm.
This was followed by producing a calibration curve, for which a p-nitrophenol solution
was used [24].

2.7. Biomass Samples (Cover) Collection

Field studies were conducted in 2018/2019, during one growing season. Plant samples
were collected on four post-mining waste dumps in the area of the Katowice Upland, i.e.,
the “So$nica” dump in Gliwice, the “Wesota” dump in Mystowice, and the “Murcki” and
the “Kostuchna” dumps in Katowice. Research plots were delineated in a circle shape
with a radius of 3 m, in a homogeneous vegetation patch dominated by a given dominant
species. The species that occupied the largest area within the established plot, compared
to the rest of the vegetation, was taken as the dominant species. The samples were then
packed into string bags. After collection, the samples were immediately weighed using a
field scale so that the weight of the fresh biomass of the dominant species and other plants
was obtained. In the test plot, a representative square was determined, i.e., containing the
dominant species and best representing the entire patch (the coverage of the dominant
species and quantitative responses between the dominant and co-occurring species). The
test field had a side length of 0.5 m (Figure 2).

Figure 2. Cont.
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©

Figure 2. (A) An example of a disturbed site with initial plant species assembled into vegetation
patches. (B) A patch of Calamagrostis epigejos vegetation. (C) A distant view of a colonised site (photo.
G. WozZniak).

2.8. Respiration Measurement—CO, Gas Analyzer

Respiration tests were performed using a Targaz-1 analyser. The analyser performs
short-term measurements in a closed system using a ground breathing chamber. The area
of the ground breathing chamber was 78 cm? and the closed volume was 1171 cm®. The
edge of the soil breathing chamber was pushed into the substrate to a depth of 1-2 cm. The
rate of soil CO, efflux is calculated on the basis of the CO, increase inside the chamber.
The nature of the closed chambers causes CO; to continue to accumulate, and therefore
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measurement periods are reduced to a minimum to achieve a detectable linear concen-
tration increase, avoiding an excessive build-up of CO; inside the chamber over time.
The results of five measurements of CO, concentrations have been averaged within the
research field (for a certain site). The range of CO,; release at the analysed sites was
0.00158-1.21462 [g CO,/m? /h].

2.9. Data Analysis

All statistical analyses and visualizations were carried out by means of R software (ver.
4.2.2, R Core Team 2022, Vienna, Austria, https:/ /www.R-project.org) using the chosen
libraries “vegan”, “labdsv”, “corrplot”, and “ggplot2”. Cluster analysis of vegetation
data (324 plots) was performed using Manhattan distance and the Ward method as a
grouping method. The distance measure was selected based on the ranking of correlation
tests between vegetation data and respiration data (four repetitions for vegetation season).
The Calinski-Harabasz criterion was used to indicate the most appropriate number of
vegetation groups. The classification of indicator species into separate communities and
then the merging of two or more vegetation groups was carried out using the statistics
of the indicator value, the IndVal method [25], which was modified [26]. The statistical
significance of this relationship was tested with a permutation test (999 repetitions). Only
the indicator species of site groups with a statistically significant IndVal were presented.

An unconstrained ordination method—Detrended Correspondence Analysis (DCA)—
was undertaken to demonstrate the species variation under the influence of soil respiration
(the mean annual value), the total cover of plants in a plot, the total biomass, and biodiver-
sity indices. The passive projection of these variables was performed using the Monte Carlo
test with 999 permutations. The inter-correlations among biodiversity indices, biomass, and
cover were calculated using the Spearman rank correlation matrix. A Kruskal-Wallis test,
followed by a Conover test for pair-wise comparisons, was used to check the significance
of differences among distinguished vegetation patches in terms of biodiversity indices and
cover, biomass, and SRL.

3. Results

The studied vegetation patches, based on the species composition, have been arranged
into five groups (Figure 3A). The distinguished vegetation patch groups can be character-
ized as 1—Arenaria serpylifolia; 2—Phragmites australis; 3—Tussilago farfara; 4—Hieracium
pilosella; and 5—Solidago gigantea.

In total, 47 species were significant indicatory species for at least one vegetation group.
The most common indicatory species for each one of five groups are presented in Table 1.
The transitory species, i.e., indicator plants for at least two vegetation groups are shown
in Table 2. The first group has no indicator species while group no. 2 has 14 species.
The species Daucus carota, Hieracium piloselloides, and Medicago lupulina were significant
indicator species for four of the five distinguished vegetation groups (Table 2).

Table 1. The list of the vegetation types (dominant plant species) with their individual IndVal value,
calculated for the group vegetation patches, based on the distance measure selected on ranking of
correlation tests between vegetation plant species composition data and the data on respiration (four
repetitions for vegetation season).

Group IndVal Value p-Value
Group 2 Phragmites australis 0.994 0.001
Bidens frondosa 0.378 0.001
Lathyrus sylvestris 0.378 0.002
Puccinellia distans 0.365 0.006
Plantago major 0.363 0.006
Phalaris arundinacea 0.339 0.009
Urtica dioica 0.33 0.011
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Table 1. Cont.

Group IndVal Value p-Value
Chelidonium majus 0.267 0.041
Eleocharis palustris 0.267 0.033

Polygonum hydropiper 0.267 0.033
Rorippa sylvestris 0.267 0.033
Group 3 Tussilago farfara 0.969 0.001
Group 4 Hieracium pilosella 0.35 0.03
Group 5 Solidago gigantea 0.901 0.001
Tanacetum vulgare 0.661 0.001
Hypericum perforatum 0.637 0.001
Melilotus albus 0.512 0.015
Vicia hirsuta 0.48 0.001
Carex spicata 0.471 0.001
Carex hirta 0.457 0.002
Deschampsia caespitosa 0.437 0.002
Astragalus glycyphyllos 0.426 0.003
Melandrium album 0.399 0.002
Lathyrus pratensis 0.333 0.005
Linaria vulgaris 0.329 0.011
Rosa canina 0.316 0.012
Leucanthemum vulgare 0.252 0.047
Table 2. The indicator species analysis, ISA, based on species abundance and frequency.
Group Stat p-Value
Group 1+4
Arenaria serpyllifolia 0.509 0.004
Group 2+5
Poa palustris 0.515 0.001
Agrostis gigantea 0.483 0.001
Elymus repens 0.423 0.001
Group 4+5
Calamagrostis epigejos 0.923 0.001
Erigeron annuus 0.574 0.003
Achillea millefolium 0.564 0.001
Cirsium arvense 0.509 0.023
Vicia tetrasperma 0.458 0.006
Centaurea jacea 0.287 0.036
Group 1+2+4
Lotus corniculatus 0.529 0.023
Group 1+3+4
Chamaenerion palustre 0.619 0.008
Echium vulgare 0.585 0.021
Group 1+4+5
Poa compressa 0.659 0.001
Centaurea stoebe 0.603 0.015
Group 2+3+4
Pinus sylvestris 0.425 0.036
Group 2+4+5
Epilobium sp. 0.356 0.024
Group 1+2+3+4
Daucus carota 0.772 0.002
Hieracium piloselloides 0.728 0.001
Group 1+2+4+5
Medicago lupulina 0.607 0.003
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Figure 3. Cluster analysis based on Manhattan distance (A) and Ward method. The biplot of DCA
with ordination of distinguished vegetation groups (B). Explanation of abbreviations: cluster 1, Poa
compressa; cluster 2, Tussilago farfara; cluster 3, Daucus carota; cluster 4, Chamaenerion palustre; cluster 5,
Phragmites australis.

The five groups are distinctively distributed along the strongest gradients revealed
in the detrended correspondence analysis (Figure 3B). The distribution of the studied
vegetation patches, in the ordination space of the detrended correspondence analysis,
reveals the distance between cluster 2, cluster 3, and cluster 1, while the vegetation patches
grouped in the clusters 4 and 5 and part of cluster 1 are in between the middle crossing of
the main gradients (Figure 3B).

The unconstrained ordination DCA biplot of species scores along the first two DCA
axes, while the passive projection of significant explanatory variables (Figure 4A) showed
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that cover and the biomass of species are strongly correlated, mostly along the first axis,
whereas the biodiversity indices are correlated with the second axis of the DCA. The
main factors explaining the variability of the studied patches are soil respiration and H.
The vector representing the SRL index is parallel to the DCA 1 axis along which species
belonging to clusters 4 and 5 are differentiated (Table 2). The vector representing the H
index is the second most important factor differentiating the studied species, around which
the species represented by cluster 1 are clustered.
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Figure 4. The unconstrained ordination DCA biplot of species scores along the first two DCA
axes, with the passive projection of significant explanatory variables (A) and matrix correlation
(Spearman rank correlation) of the studied diversity indexes and biomass measurements’ variables (B).
E—Evenness index; H—Shannon-Wiener diversity index; S—Simpson’s index; SRL—CO, release.
*—p < 0.05, *—p < 0.01, **—p < 0.001.

Spearman analysis showed a positive correlation between the SRL respiration index
and H and E, biomass and E, and cover and E. There is a strong positive correlation
between the CO; release and the biomass of all the studied vegetation patches. However, a
strong negative correlation has been revealed by the evenness diversity index and Shannon—
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Weiner diversity index values. Additionally, the Spearman rank correlation showed a
strong correlation between the biomass measurements and the cover value (Figure 4B).

The significance of the relationship between the respiration parameters and the part
of the biotic parameters related to varied diversity measurements (diversity indexes) and
abundance measurements (cover and biomass) was the inspiration to perform a more
detailed analysis (Figure 5).
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Figure 5. The comparison of the five distinguished vegetation types in terms of the six analysed
parameters (SRL soil respiration; Biomass; Vegetation cover; S—species richness (number of species
in a patch); H—Shannon-Weiner; E—Evenness); (Kruskal-Wallis test and Conover test for multiple
comparisons). The groups with the same letters do not differ significantly at p < 0.05. Abbreviation
explanation of the vegetation type coding: 1—Arenaria serpyllifolia; 2—Phragmites australis; 3—Tussilago
farfara; 4—Hieracium pilosella; 5—Solidago gigantea.

The graph shows the results of statistical analyses in terms of the differences among
distinguished vegetation groups in terms of diversity, biomass, cover, and respiration.
These four biotic parameters are shown to be significantly higher in group 2. In terms of
the vegetation diversity indexes such as the analysed S-index, H-index and E-index, the
values are significantly higher in group 1. The group of vegetation also presenting the
largest deviation from all analysed groups, compared with the other groups, was group 5
in particular.

The significant Spearman rank correlation between the soil respiration CO; release
and biomass and urease is positive, while the correlation is negative with Enchytraeideae
(Figure 6).

The analysis of the impact of the biotic variables showed (Figure 7) that all of the
analysed vegetation groups are significantly statistically different in terms of the soil en-
zymes studied. In the quantitative index of Enchytraeidae, there were significant statistical
differences between groups 1, 2, and 4, but groups 3 and 5 are not statistically significantly
different from each other. In terms of nematode quantitative index, significant statistical dif-
ferences were shown between groups 1, 3, and 4, while groups 2 and 5 were not statistically
significantly different from each other.
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Figure 6. The graph indicates the relationships among the analysed biotic variables including the
amount of biomass, the presence of nematodes, the analysed soil enzyme activity, and soil respiration.
*—p < 0.05, **—p < 0.001.
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Figure 7. The comparison of selected biotic variables among distinguished vegetation types (Kruskal—-
Wallis test and Conover test for multiple comparisons) is provided. The groups with the same letters do
not differ significantly at p < 0.05. Abbreviation explanation of the vegetation type coding: 1—Arenaria
serpyllifolia;, 2—Phragmites australis; 3—Tussilago farfara; 4—Hieracium pilosella; 5—Solidago gigantea.
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4. Discussion

In our study, we analysed a variety of biotic habitat parameters concerning the soil
respiration rate. Among the biotic site characteristics, the diversity indexes of the vegetation
species composition of the studied vegetation types, the SOM content, the enzyme activity,
the mesofauna occurrence, and the cover percentage, along with the amount of biomass in
the recorded vegetation types, were analysed in the novel post-coal mine ecosystems. It is
known that natural or anthropogenic disturbances (e.g., logging, agriculture, urbanization,
land-use changes, mineral resource excavation) often alter the soil profile, and the habitat
conditions change in terms of carbon stocks and carbon fluxes [27]. The magnitude of
change in the soil or soil substrate CO, flux depends on the amount and quality of litter
and organic layers, disturbance by roots, or the admixture of mineral soil horizons that are
exposed to oxygen. When organic matter, which is almost pure organic carbon, is exposed
to oxygen, the organic carbon is oxidized to CO, and an adequate flux of energy is released.

4.1. The Unusual Conditions of Novel Ecosystems

Mineral extraction significantly transforms the natural landscape. Complicated habitat
conditions are the basis for the implementation of research focused on understanding
the new ecosystems, the complexity of the relationships between bacteria, plants, and
abiotic conditions, and the broadening of the limited understanding of these relationships
in natural and semi-natural ecosystems. At the same time, human industrial and mining
activities are creating entirely new challenges [2,28]. Open-pit mining and the storage of
minerals from underground mining are causing the removal of the existing vegetation and
a change in soil composition and structure, affecting hydrological conditions [21,29-33].
Human activities in some places cause fundamental changes beyond the particular bio-
geochemical thresholds of habitats. These new habitats with different plant compositions
appear to be examples of the new ecosystems [10,19,22,34,35]. Living conditions in coal
mine heaps vary significantly in terms of moisture content, grain size, and salinity, not
to mention differences in slope, elevation, and shape. The diversity of habitats within a
coal mine heap is often much greater than between two or more heaps. The mosaic of
microhabitats (e.g., grain size, moisture content, salinity) is reflected in the mosaic of plant
composition [21,36-38]. Studies of the different species composition of vegetation on the
mineral material of mining sites reveal new ecosystems that differ from the surrounding
non-industrial areas [39,40]. New ecosystem habitats offer a unique opportunity to study
the primary succession processes in broad and specific habitat conditions [7,19,34,37,41,42].

4.2. Diversity of Plant Species Composition and Soil Respiration

In natural and semi-natural non-disturbed ecosystems, the plant species composition
of the studied communities plays a crucial role in controlling soil respiration. Vegetation
plant species composition is the only way carbon enters the soil and determines the micro-
bial communities’ composition. The variety of different plant species assemblages enriches
soil autotrophic respiration by intensifying metabolic rates and fine root biomass [10]. In
our study the recorded vegetation type diversity has been grouped into five clusters based
on the similarities in plant species composition and the background soil substrate respira-
tion parameters. The identified vegetation type groups revealed significant differences. The
respiration is significantly higher in the vegetation type cluster in group 2 in comparison to
the much lower respiration rate in the vegetation type clustered in groups 1, 3, 4, and 5.

The autotrophic diversity promotes soil heterotrophic respiration due to a greater vari-
ety of nutrient and carbon resources available for soil microorganisms [43]. The structural
complexity of the vegetation can indirectly influence soil respiration by changing environ-
ments (e.g., light intensity, high cover, and shading of the lower layers), plant diversity [44],
and soil temperature variability [45]. Except for the differences in root respiration, plant
species communities’ diversity mainly influences soil respiration via the quality and quan-
tity of the plant input on the remaining biomass biochemistry and, as a result, the attraction
of the available microbes [46]. It is possible that soil microbial diversity and variety, derived
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from plant species diversity, has a crucial impact on the cycling of carbon and nutrients in
the soil in terrestrial ecosystems. Some empirical studies have revealed that a loss of micro-
bial diversity caused higher velocities of soil microbial respiration [35,39,47]. Soil microbial
diversity and community composition is closely related to the diversity of plant species
composition [48]. How above- and below-ground diversity collectively shapes seasonal
differences in soil respiration at local scales is unknown [35]. The vegetation percentage
cover, the biomass amount, and soil organic carbon (SOM) provide comparative indices.
Our respiration measurements were conducted at the same time of year (August). In late
summer, the vegetation percentage cover and the above-ground biomass is the highest in
group 2 and the lowest in group 3. The recorded differences are statistically significant.

The seasonal changes in soil respiration are also related to the seasonality of the
vegetation plant species composition in the temperate zone [49-51].

4.3. Soil Enzyme Activity and Respiration in the Studied Vegetation Types

The temperature increases could increase extracellular enzyme reaction rates and, con-
sequently, the decomposition process [14,52-55]. If warming increases decomposition, soil
microbial communities could drain soil C pools [56-59]. Soil enzyme activity is suggested
to be the indicator of soil quality, which can reflect the changes in the ecosystem’s health.
Ecosystem health can be characterized by soil enzymes closely related to crucial soil-quality
parameters such as biomass, soil organic matter, the resulting microbial activity, and soil
physical properties [60].

Theoretical models suggest that increased soil respiration results in a rapid decom-
position of the carbon pool—soil respiration typically returns to pre-warming levels [6].
Two hypotheses explaining the observed decline in respiration after warming are substrate
depletion and the thermal adaptation of soil microbial communities [56,61,62]. The sub-
strate depletion hypothesis suggests that energy-intensive enzyme production should only
begin when the substrate inhibits microbial growth and is ready for degradation [63,64].
Soil respiration reaches a steady state if unstable carbon is rapidly consumed in response
to warming, and carbon resists degradation at the same rate [15,65-67]. With enzymatic
changes, respiration will increase until the labile substrate C is depleted, and then decrease,
or return to the initial temperature, before the bacteria have switched from a labile substrate
to resistant substrate. The thermal adaptation hypothesis suggests that microbial commu-
nities will adapt to warming and change their structure to utilize non-catalytic substrates
after labile substrate depletion [68]. Heat-adapted microbial communities can maintain
enzyme production even with reduced soil respiration, allocating more C for growth [14].
Enzyme activity is likely closely related to the overall demand for C, N, and P and is not
regulated by the availability of a single target enzyme [64].

The SOM quality and biochemistry affect the energy supply for microbial growth and
therefore enzyme release. Some studies show positive correlations between enzyme activi-
ties and SOC and T to N in human-disrupted areas [69,70]. Baldrian et al. (2008) [71] found
that during spontaneous succession on heaps, established after brown coal extraction, the
presence of SOC and T to N in the topsoil layer significantly influenced enzyme activities.
In the few studies performed on the mineral material of deep post-black coal mine heaps,
results show no significant correlations between the amount of SOC in the mineral soil
substrate and dehydrogenase activity, or between SOC and the activity level of acid or
alkaline phosphatases [72]. However, some studies showed a negative correlation between
urease activity and SOC [72-74]. The SOM in the mineral soil substrate of the post-coal
mine heaps might be rich in carbon related to organic matter of recent or geogenic ori-
gin [37,75-78]. The black, hard, geogenic coal is not available to microorganisms, regardless
of its high quantity of organic carbon (loss of ignition analysis of 10-18%) [79]. The mineral
post-coal mine substrate had low carbon sources for microorganisms [76,78]. Typical for
mineral habitats, the limited amount of carbon available for microorganisms in the total
habitat pool of SOC may influence the lack of correlation between SOC and the activity
of the studied soil enzymes [72]. The results of some studies have revealed that soil pH
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influences enzyme activity and soil microbial community structure [73]. Some studies have
detected positive correlations between dehydrogenase and alkaline phosphatase activity,
soil functional diversity, and substrate pH. In our study, the activity of soil enzymes such
as dehydrogenase, acid phosphatase, and the alkaline phosphatase is positively correlated
with the amount of CO, released. There was no positive correlation between urease activity
and soil respiration.

Tests of soil respiration have shown that the respiration is seasonally specific, i.e., there
is a decrease in summer [80] or an increase in winter [81]. The soil respiration changes with
long histories of N deposition [82,83]. In forest ecosystems the herbaceous understory plants
are often make up the largest part of plant diversity in deciduous forests. In this respect
the herbaceous plants in forests can contribute significantly to total forest net primary
productivity (NPP) and consequently contribute significantly to the soil organic matter
(SOM) [84,85]. In this way the forest understory should be considered as an important
focus for understanding the effect of warming on soil C storage.

4.4. Soil Organic Matter and Respiration in the Studied Vegetation Types

The majority of the study focused on the relation between the soil organic matter
and the soil respiration process, considering the temperature and moisture conditions
influencing the process. The example of Calamagrostis epigejos protein quality and quantity
composition has shown significant differences between individuals of the same species in
response to severe habitat factors [86].

Soil organic matter (SOM) derives mainly from above and below-ground organic
matter synthesized by plants. The foundation of SOM establishment is well studied, but
it is still unknown how the litter’s biochemical structure and composition influence the
formation of new SOM and the decomposition of already existing SOM [11,84]. There are
few studies on the separation of the effect of plant litter composition on carbon transference
from different plant tissues into specific SOM fractions, and the determination of the
magnitude of the effect on already existing SOC caused by litter amendments could be very
informative. The effect of the different litter types, such as bark, leaves, twigs, and roots in
the soil rhizosphere zone, has been studied [87].

The origin and amount of organic carbon influence the presence, metabolic activity,
and functional diversity of the microbial assembly in mineral habitats, such as organic
carbon availability in poor mineral habitats in, for example, sandy soils [35].

However, it remains difficult to separate root respiration (including rhizosphere mi-
croorganisms) from microbial respiration under field conditions. To date, various in situ
approaches have been used, ranging from crude soil exposure to very specific requirements
such as changing the carbon isotopic signatures of the two components of respiration (as
a result of altering the photosynthetic pathways of vegetation or manipulating isotopic
tracers). The autotrophic portion of respiration in intact roots has been measured in the
field using root cuvettes [88,89]. A different approach has been used when the autotrophic
part of the respiration has been measured with excised roots in the laboratory [90]. In
another study the method of trenching labelling with 14C, 13C, or O has been applied [91],
inhibiting one respiratory component [92,93] has been used to separate the root from micro-
bial respiration. However, the ratio between the two respiration components is generally
quite site-specific and varies between 1:9 and 9:1 [94].

4.5. The Amount of Biomass and Respiration in the Studied Vegetation Types

The plant species composition in the vegetation patch can be assessed by estimating
the percentage cover of the whole plant community and each of the plant species separately.
Apart from the percentage cover of the vegetation, the biomass weight (dry and wet) is
measured. The biomass can be divided into the dominant plant species weight and the
weight of the rest of the non-dominant plant species. All of the biomass, and thus the
amount of carbon that accumulates in the vegetation types in each ecosystem, is established
due to the balance of photosynthesis (the whole primary production, (P), and the plants’
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(autotrophs) respiration, the energy needed for the plant growth and living processes). The
difference between these fluxes is the net primary production (Pn) [95,96].

In our study we have performed a comparison of the identified vegetation group types,
vegetation cover, and the amount of biomass in relation to the respiration parameters. The
results revealed that the vegetation biomass was the highest in vegetation group cluster 2,
and is significantly higher and different from the 1, 3, 4, and 5 vegetation group clusters.

In our study, we conducted a comparison of the identified vegetation groups, types,
vegetation cover, and the amount of biomass in relation to respiration parameters. The
amount of biomass is not linearly correlated with CO, release from the soil.

Based on the metabolic scaling theory, the hypothesis suggests that respiration should
scale with biomass [97]. According to some studies [98,99] respiration scales with whole-
plant carbon (C) or nitrogen (N) content. In this approach, the scaling is similar within and
among different species, irrespective of environmental and climatic conditions, which might
influence the normalization constant, but not the exponent. The traditional view of forest
dynamics assumed the isometric scaling of respiration with biomass set out, for example,
by Kira and Shidei (1967) [100] and Odum (1969) [101]. In the absence of significant
disturbances, if respiration increases in parallel with biomass, primary productivity (Pn)
necessarily declines because primary productivity (Pn) cannot increase indefinitely but
becomes relatively stable at canopy closure in forest ecosystems [102].

For forest ecosystems, many vegetation models simulate plant respiration considering
respiration R to be a fixed fraction of (phosphorus) P. Others more explicitly relate respira-
tion (R) to the amount of biomass, and thus only indirectly to P [96]. The calculation based
on the theoretical approach of the two above hypotheses produces quite different results.
The differences in the obtained results caused by both hypotheses (and their supposed
underlying mechanisms) have been subject to criticism [102-105].

This study was performed on the comparison of the identified vegetation group
types and vegetation cover in relation to the respiration parameters. The results revealed
that vegetation percentage cover was the highest in vegetation group cluster 5, and is
significantly higher and different from the other three vegetation group clusters. No
significant differences have been identified between the recorded vegetation cover in the
vegetation group clusters 2 and 4. In our study, we conducted a comparison of identified
vegetation groups, types, vegetation cover, and the amount of biomass in relation to
respiration parameters. The amount of biomass is not linearly correlated with CO, release
from the soil.

The vegetation percentage cover, and the biomass quantity and quality determine a
considerable CO; flux within the soil or soil substrate respiration in terrestrial ecosystems
and between the biosphere and the atmosphere [103]. Soil CO; fluxes include autotrophic
root respiration and heterotrophic microbial respiration in the soil. Information on soil CO,
fluxes and on factors that govern these fluxes are needed to constrain the ecosystem carbon
cycling and to decide whether terrestrial ecosystems are carbon sinks or sources [104,105].
Other factors, such as land-use change, can also enhance or reduce soil CO; fluxes. Changes
in precipitation (moisture) and temperature, as well as changes in habitat conditions
or management practices, will impact soil respiration fluxes and the carbon budget of
terrestrial ecosystems [18,106].

4.6. Soil Fauna and Soil Respiration in the Studied Vegetation Types

The soil fauna improves litter decomposition at the global biome and ecosystem scales
(average enhancement of 27%) [107,108]. The soil fauna is a vital element of ecosystems
because of its functional position in biogeochemical processes in accelerating the efficiency
of biomass and litter decomposition and nutrient conversion [109].

The data collected on species composition, mesofauna abundance, and biomass al-
lowed us to look for evidence of interrelationships between the biotic elements of the study
sites. Relatively strong interactions were detected between the biomass and abundance of
the studied soil organisms. The abundance of Vasomonads and nematodes on vegetated
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sites is relatively low compared to natural ecosystems. The formation of the first links of
succession on a substrate almost completely devoid of life, or on one where it has been
forming for a short time, is one of the most interesting issues of environmental biology. Suc-
cession processes can be observed, among other things, on various types of post-industrial
heaps. Research on succession has been carried out for many years. However, most of the
studies mainly concern plants. Studies on the groupings of soil fauna at different stages of
succession are rare [31].

As indicated by Nielsen et al., 2014, local nematode abundance was related to soil
characteristics, and no relationships were noted between colony richness and environmental
or climatic variables. Family composition was related to the average annual precipitation
and temperature, suggesting that weather conditions (climate) are a good indicator of
local assemblage structure. As a result, climate change could have a significant impact on
nematode assemblages, with potential impacts on ecosystem functioning [110].

Soils or soil substrate in below-ground ecosystems are composed of diverse organ-
isms including invertebrate fauna that are responsible for the global turnover of biomass
dead organic matter [1,111,112]. The soil fauna provide key ecosystem processes signifi-
cantly influencing the decomposition of organic matter and the matter and energy flow,
enabling the recycling of nutrients [40,111,113]. Some groups of soil macrofauna represent
saprophage organisms and contribute to litter decomposition, for example the litter-feeding
nematodes [110,114]. Macro- and mesofauna are mostly saprophagous whereas some meso-
fauna and some larvae are fungal and bacterial feeders [40,113]. The diversity in soil fauna
composition changes the feeding activity and alters the environmental conditions in the
topsoil and thus influences the composition and diversity of soil microorganisms [112,113].

Some of the diversity might be partly related to methodological differences [115]. Soil
temperature and soil moisture are among the most critical factors controlling the CO,
flux [18,103,106]. Soil substrate quantity and quality, and soil texture, have also been shown
to have an effect [116]. There are many studies conducted on how to model the influence
of these factors on soil respiration [18]. The variability of soil CO; fluxes and some of
the underlying processes are well known, but they still involve uncertainties that need to
be resolved.

4.7. The Environmental Novelty of the Coal Mine Heaps—Why Understanding the Novel
Ecosystems Processes Is Important

Many discussions have focused on the definition of novelty in novel ecosystems. As a
result, some concepts of the description of the novelty are presented [117].

According to some researchers, novel ecosystems represent new ecological entities, and
they should be identified and enhanced according to their own independently developed
biological, ecological, and environmental rules [34]. Following the novel ecosystems
concept and the pathways to the establishment of the best adjusted and adapted organisms,
and their relationships, will bring more benefits to the functioning of the environment
(ecosystem services and human quality of life). The establishment of novel ecosystems can
be considered better than taking the risk of losing time and financial resources to restore,
for example, post-mineral excavation sites to their previous state [117,118].

Understanding of the processes and the functioning and the nature of novel ecosystems
needs further study. Apart from the non-analogous species composition of vascular plants,
biological analyses of the biotic parameters of the mineral substrate, such as the activity
of soil enzymes, the functional diversity of bacteria, and the primary producers have
been performed. The studies of vascular plant species’ functional traits (morphological,
biochemical, or physiological) identified that the adaptations that enable them to colonize
harsh habitats are necessary [86].

Apart from studying the natural processes occurring in the post-coal mine heaps,
there are also studies presenting an alternative approach. There is a study regarding the
strategy for restoring the potential for the use of metal-leaching technologies. There are
studies focused on completely different points of view, underlining that most ore processing
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by-products can be used in production. The results of studies on bringing non-extracted
metals into the solution are presented in some studies [119]. That study does not consider
any biological processes but presents the advantages of leaching in disintegrator mills and
identifies the possibilities of implementing the techniques for resource-saving in order to
obtain economic benefits [119]. In a study by Golik et al., (2023) no environmental aspects
were considered. The biological potential of the oligotrophic habitat of the mineral material
is not mentioned in similar papers. The quantitative strength parameters of the hardening
mixture, as a result of the alternative methods, were presented [119].

On some post-industrial sites, reclamation is performed. It is crucial to understand
the mechanisms influencing the response of vegetation species composition, and soil or
soil substratum, to reclamation procedures [120]. Ren et al., (2023) in their study, used
Medicago sativa L. (alfalfa), as an indicator. In this study a total of 41 soil and 70 vegetation
sampling points were analysed. In the Ren et al. (2023) study the habitat records including
soil environmental factors (soil temperature, ST; soil water content, SWC; soil organic
carbon, SOC; total nitrogen, TN; available phosphorus, AP; available potassium, AK; bulk
density, BD; pH) and the alfalfa growth indicator (above-ground biomass, AGB) were
recorded [120].

5. Conclusions

Novel ecosystems such as those developing on post-black coal mine heaps are fulfilling
all the criteria used as the prerequisite of the novel ecosystem definition. The ecosystems
developing, based on the non-analogous spontaneous vegetation species composition, can
provide significantly different systems for functioning. Some of the relationships between
the biotic parameters and soil respiration intensity are different in comparison to those
occurring in natural and semi-natural vegetation types and their dependent ecosystems.

The diversity of vegetation species composition, measured by the use of varied indexes,
decreased with the mineral soil substrate respiration intensity.

Our results revealed that, in accordance with our expectations, the vegetation types
with a higher amount of plant biomass respire more intensively. The study has shown that
this relationship in post-coal mining novel ecosystems is positively strong and statistically
significant between the vegetation biomass and spoil substrate respiration parameters.
In the vegetation types with a lower amount of plant vegetation biomass present in the
mineral soil substratum respiration is less intense. In the studied vegetation types, the
spontaneous patches of Phragmites australis presented the highest biomass in the dominant
vegetation patches.

The activity of soil enzymes such as dehydrogenase, acid phosphatase, and alkaline
phosphatase does not increase significantly with the amount of CO; released. Only urease
activity is increased with the mineral soil substrate respiration of coal mine heaps.

Only the number of Enchytraeidae increases with the release of CO;. In the other
soil fauna, the number of nematodes showed an increase with the release of CO, from the
mineral soil substratum of the coal mine heaps’ novel ecosystems.

The study illuminates the intricate relationships between abiotic conditions and CO,
respiration rates in coal mine heap habitats. The findings underline the necessity of
considering a multitude of environmental factors in predicting CO; release accurately.

As ecosystems continue to evolve in response to the disturbances caused by anthro-
pogenic activities, the study’s insights are crucial for informed ecological management.
Understanding the complex interplay of factors impacting CO, respiration can guide
strategies to mitigate carbon emissions and foster sustainable land management practices.
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Abstract: The subject of the paper is the analysis of the relationship between spontaneous vegetation diversity and soil
respiration in novel post-coal mine ecosystem. In the natural and semi-natural ecosystems, soil respiration process (Rs)
is a crucial ecosystem function regulating terrestrial ecosystems’ carbon cycle. Soil respiration depends on the quality
and quantity of the soil organic matter (SOM), the soil microbes’ activity, and root metabolism. The listed factors are
directly related to the composition diversity of vegetation plant species (biochemistry). For many years, soil respiration
parameters have been studied in natural and seminatural vegetation communities and ecosystems. However, there still
need to be a greater understanding of the relationship between vegetation plant species diversity and soil respiration as
a crucial ecosystem function. Plant species diversity has to be analysed through both the taxonomic diversity and the
functional diversity. These approaches reflect the composition, structure, and function of plant species communities.
We hypothesise that the diversity of the spontaneous vegetation species composition shapes the amount of soil
respiration in a post-coal mine novel ecosystem. The soil respiration differs significantly along the vegetational types
driven by habitat gradients and is significantly higher in highly functional richness and dispersion vegetation patches.
Contrary to our expectation, soil respiration was the highest in the less diverse vegetation types — both taxonomical and
functional evenness were non-significant factors. Only functional dispersion is weakly negative correlated with soil
respiration level (SRL).

Keywords: coal mining heaps, disturbed sites, functional diversity mineral habitats, non-analogous species
composition, soil respiration, spontaneous vegetation species composition, taxonomic diversity

INTRODUCTION

Soil respiration (Rs) is a crucial ecosystem function, regulating
terrestrial ecosystems’ carbon cycle (Chen and Chen, 2019). It
depends on the quality and quantity of the soil organic matter
(SOM), soil microbes’ activity, and root metabolism. The above-
ground and below-ground ecological processes are connected by
soil respiration (Wang et al., 2021). Soil respiration, as one of the
key processes in ecosystems, is related to ecosystem productivity,

soil fertility, and the regional and global carbon cycle. As the
global carbon cycle regulates climate change, soil respiration is
also relevant to climate change, carbon trading, and environ-
mental policy. In the natural and semi-natural ecosystems, soil
respiration is now a multidisciplinary issue of interest to
ecologists, soil scientists, microbiologists, agronomists, and
climate scientists. Soil is one of the largest carbon reservoirs on
Earth, storing more carbon than the atmosphere and terrestrial
vegetation combined. Therefore, the mechanism of soil respiration
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is of great importance to the Earth’s carbon balance and ultimately
to the rate of climate change. It is also important to understand to
what extent the factors influencing, and the relations driving, soil
respiration are different in novel ecosystems.

The interest in how plant diversity influences ecosystem
function (Newbold et al., 2020) has increased recently. For a long
time, many ecosystem functions have focused on productivity and
biomass quantity (McKee, 1970). The second commonly studied
aspect of ecosystem functioning is soil nutrient cycling (Duffy,
Godwin and Cardinale, 2017). Both productivity and decomposi-
tion are related to respiration parameters (Handa et al., 2014).
However, until now, less attention has been paid to understand
how plant diversity can affect soil respiration amount. The
relationship between plant species diversity and soil respiration
can be direct or indirect through soil factors (such as soil water
content, temperature, SOM parameters, and nutrients) (Metcalfe
et al., 2011).

The direct effects of plant species diversity on soil respiration
in natural and near-natural vegetation communities is still limited,
however the understanding of the relationship between plant
species diversity and ecosystem function such as soil respiration is
crucial (Loreau and Hector, 2001; Hillebrand and Matthiessen,
2009). Plant species diversity has to be analysed in a few
dimensions. Plant species diversity has to be analysed through
both the taxonomic diversity and the functional diversity perspect-
ive. The varied diversity aspects are reflected in plant species
communities’ composition, structure, function, and relations with
the associated and heterotrophic and saprophytic organisms.

However, for different species, the taxonomic diversity in
a community often exhibits different physiological-ecological and
adaptive processes, so considering taxonomic diversity alone does
not reveal the full spectrum of plant diversity and its impact on Rs
(Arnan, Cerda and Retana, 2015). An additional aspect of plant
diversity is the variety of functional traits. The functional plant
attributes are closely related to species growth, reproduction, and
competition and can better represent the direct influence of
species on ecosystem function (McGill et al., 2006). In recent
years, functional diversity has become a mainstream approach in
studying plant diversity and ecosystem function (McGill et al.,
2006). Recently, the understanding of the negative impacts of
plant diversity loss on ecosystem functions has increased,
including the understanding of net primary production (Liang
et al., 2016; Duffy, et al., 2017), carbon sequestration (Tilman,
Hill and Lehman, 2006) and nutrient cycling (Handa et al., 2014).
However, how plant diversity loss affects Rs and its components
remains uncertain. Regardless of the uncertainty in natural and
seminatural ecosystems in human-disturbed habitats, additional
factors influence crucial processes, including respiration.

Human activity have very strong impact on environment
especially when it is area which was it was heavily exploited and
destroyed as a result of his activities. Habitat transformations are
sometimes so substantial (e.g., on sites of post-mineral excava-
tion) that the emerging system resulting from natural succession
processes meets the criteria set for defining novel ecosystem
(Hobbs, Higgs and Harris, 2009). Vegetation composition also
undergoes significant changes. The abiotic and biotic parameters
are unknown from natural or seminatural systems, and the main
feature of the biotic background is non-analogous species
composition (Keith, Mackey and Lindenmayer, 2009; Morse et al.,
2014; Rotherham, 2017).

This study aims to identify the environmental gradients that
influence the diversity expressed as taxonomical and functional
vegetation community composition and, based on the identified
gradients, analyse the relationships between different measures of
vegetation diversity and soil substratum respiration parameters.

We hypothesise that the diversity of the spontaneous
vegetation species composition shapes the amount of soil
respiration in a post-coal mine novel ecosystem. The soil res-
piration differs significantly along the vegetational gradient and is
significantly higher in vegetation patches of high functional
diversity. In particular, evenness and divergence and low
functional richness and dispersion.

MATERIAL AND METHODS

STUDY AREA

The study area is in the Katowice Upland - a central part of the
Silesian Upland (southern Poland). This region is under
a temperate climate, with annual rainfall of 600-800 mm and
the highest mean temperature of 14-16°C in July. In the Silesian
Upland, western winds dominate. The number of days with mists
ranges from 30 to over 100, and cloud cover is around 60-80%.
Field studies were carried out in the mineral habitats of the spoil
heaps of the coal mines at (Zabrze, 50°16'22"N, 18°44'43"E;
altitude: 255 m); “Kostuchna” (50°11'04"N, 19°00'33"E; altitude:
324 m); Murcki (50°11'21"N, 19°02'07"E; altitude: 314 m); and
“Wesota” in Mystowice (50°1028" N, 19°5'44" E; altitude: 281 m).
The sites analysed are areas with environmental conditions that
differ from natural ones. The sites were created by human activity
during fossil fuel extraction, and the mounded material comes
from a depth of 0.5-1.0 km. These new anthropogenic forms are
unique habitats because they are depleted in nutrients such as
nitrogen, carbon, sulphur, phosphorus, etc., and are devoid of
organic matter.

CALCULATION OF SPECIES DIVERSITY

To measure biodiversity, the following biodiversity indices were
implemented: the number of all species present (S), Shannon-
Wiener index (H), Shannon evenness (H/log(S)), evenness
uniformity, and Simpson’s dominance index. The detailed
measurement procedure is described in Radosz et al. (2023).

SPONTANEOUS VEGETATION ON COAL MINE SPOIL HEAPS

The mosaic of habitats occurring on coal mine sites affects the
species diversity of vegetation patches that are created by ruderal,
grassland, meadow, psammophilous, rush, and even saltmarsh
species (Wozniak, 2010; Markowicz et al., 2015). In the structure
of plant communities that developed spontaneously on coal mine
spoil heaps, the role of dominants and co-dominants is played by
expansive, perennial grasses (e.g., Calamagrostis epigejos, Phrag-
mites australis), legumes (e.g., Melilotus alba, Medicago lupulina,
M. sativa) or other herbaceous plants (Tussilago farfara,
Centaurea stoebe, Chamaenerion palustre), which give the patches
a specific physiognomy (Blonska et al., 2019; Kompala-Baba et al.,
2020). In further stages of succession, alien species (e.g., Solidago
gigantea) can also be found in the composition of patches.
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FUNCTIONAL DIVERSITY

During the fieldwork, GPS devices were used, 324 plots were
established on the analysed site, and vegetation and soil substrate
samples and data were collected. In the test plot, a representative
square was determined to contain the dominant species and best
represent the entire patch (the coverage of the dominant species
and quantitative responses between the dominant and co-
occurring species). The test field had a side length of 0.5 m.

The taxonomy focuses on plant species composition,
measured primarily by species richness. The functional diver-
sity has been based on some selected plant species’ functional
traits. The chosen traits represent the plants’ productivity
potential, propagation, and competition ability. Height: this is
a continuous characteristic that describes the height of the plant.
Leaf area: this continuous characteristic describes the plant's leaf
area. Bud height: this is an ordinal trait that describes the height
of the plant’s bud. Ordinal (0 - T, 0.12 - G, Hyd, 0.25 - H,
0.5 - Ch, 0.75 - N, 1 - M; T = therophytes, G = geophytes,
Hyd = hydrophytes, H = hemicryptophytes, Ch = chamaephytes,
N = nanofanerophytes, M = megaphanerophytes). Beginning of
flowering and End of flowering: these total traits describe the
plant’s flowering period. Pollination by animals, Self-pollina-
tion, and Wind pollination are binary traits that describe
different plant pollination methods. Medium seed weight: this is
a continuous trait that describes the average seed weight of a plant
analysed. Propagation by seed and vegetative propagation:
these are binary traits that describe different methods of plant
propagation. Presence of mycorrhiza: this binary trait describes
whether a plant has mycorrhiza. Anemochory, Zoochory,
Barochory: these are binary traits that describe different plant-
spreading methods. Competitiveness, Stress tolerance, and
Ruderality: these are ordinal traits that describe different
ecological aspects of the plant. Ellenberg values: the Ellenberg
ecological indices are indicators used to assess plant species’
ecological characteristics and habitat requirements (Cornelissen
et al., 2003).

SUBSTRATE PHYSICOCHEMICAL ANALYSES

Soil samples weighing approximately 1 kg were taken at five
points at 0-15 cm depth at each sampling site. In addition, soil
bulk density, total soil porosity, and maximum water-holding
capacity were measured. These data will help the understanding
of the soil samples physicochemical properties during observa-
tion. The detailed measurement procedure is described in
research undertaken by Bierza et al. (2023). The substrate samples
for physicochemical analyses underwent several stages of
preparation. First, they were air-dried, ground, and sieved to
a fraction smaller than 2 mm.

The substrate samples were then analysed for several
physicochemical parameters including: pH - determines the
acidity or alkalinity of the soil; electrical conductivity (EC) -
measures the ability of the soil to conduct electricity; soil organic
carbon content (SOC) - indicates the amount of organic matter in
the soil; C loss on ignition- indicates the loss of organic carbon
during the combustion process; total nitrogen (TN) is the sum of
nitrate (NO;), nitrite (NO,)), organic nitrogen and ammonia;
content of available forms of phosphorus (P,Os) - indicates the
amount of available phosphorus; available magnesium concentra-

tion (MgO) - measures the amount of magnesium in the soil;
exchangeable cations (K", Na™, Ca®*): measures the concentration
of exchangeable cations in the soil; moisture — a percentage that
determines the water content of the soil.

SUBSTRATE RESPIRATION (RS) MEASUREMENTS

Soil respiration was measured using a portable infrared gas
analyzer (IRGA) connected to the soil respiration chamber. The
soil respiration chamber had an area of 78 cm” and a volume of
1171 cm’. The edge of the soil respiration chamber was inserted
into the soil to a depth of 1-2 cm. The detailed measurement
procedure is described by Wozniak et al. (2022).

DATA ANALYSIS

In order to determine the relationships between environmental
factors and functional attributes of the species (Tab. 1), the RLQ
ordination followed by the improved fourth-corner method (Dray
et al., 2014) was used as it links three data matrix tables: table L
with abundance values noted for species growing on a series of
plots, table R with variables describing the plots, and table Q
containing the chosen traits of particular species. Table L
contained the 192 vascular plant species with their abundance
in 324 studied plots. Table R contained the environmental
variables, mainly soil traits (physical-chemical properties, gran-
ulometric composition, pH, presence of soil enzymes, SRL).

The table Q had 23 plant traits for 192 vascular plant species
found in this study. Prior to RLQ, a default option, ie.,
standardised principal component analysis (PCA), was computed
on the matrix of environmental variables by sites (table R) as well
as for the traits-by-species matrix (table Q). For the RLQ analysis,
statistical analyses were undertaken using the fourth-corner
statistics in the form that (Dray et al., 2014) improved. The
analysis was conducted to assess the relationship between each
environmental variable and the first two axes of the RLQ and also
between the traits and the axes of the RLQ. This statistical tool
allowed both the quantitative and qualitative variables to be used.
Finally, we analysed the bivariate associations between the
variables of two matrices, R and Q. The significance was tested
using a permutation procedure. For this analysis, the fourth
corner was used. To examine the overall functional diversity of
vascular plant composition noted in the plots, four components
of functional diversity were computed: richness (FRic), evenness
(FEve), divergence (FDiv), and dispersion (FDis). The default
function dbFD in the FD package was used. It was assumed that
FRic can be interpreted as a measure of low habitat filtering.
Functional evenness (FEve), a measure of niche overlap and
functional divergence (FDiv) as a degree of functional hetero-
geneity, can be treated as signs of competition in a community.
Apart from functional factors, taxonomical diversity was
calculated: species richness (S), Shannon-Wiener index (H),
evenness (E), and Simpson dominance index using “vegan” and
“abdiv” packages. To assess the relationship between FD
components and SRL against the species diversity, detrended
correspondence analysis (DCA) with passive projection (999
permutations of Monte Carlo test) was applied. The SRL
Spearman rank correlation test was used to check whether there
are relationships among the functional diversity parameters.
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Table 1. The list of functional traits of the recorded plant species that were analysed

Name of trait Code Type
Height height continuous
Leaf area le_area continuous
Bud height BudHeight ordinal (0 - T, 0.12 - G, Hyd, 0.25 - H, 0.5 - Ch, 0.75 - N, 1 - M)
Beginning of flowering flw_early integer
End of flowering flw_late integer
Pollination by animals poll_zoo binary
Self-pollination poll_self binary
Wind pollination poll_wind binary
Medium seed weight medium seed_wght continuous
Propagation by seed seed binary
Vegetative propagation weg binary
Presence of mycorrhiza Myc binary
Anemochory Anem binary
Zoochory Zoochory binary
Barochory Barochory binary
Competitiveness Comp ordinal (1-C, 0.5-CR, CS, 0.33-CSR)
Stress Stress ordinal (1-S, 0.5-CS, SR, 0.33-CSR)
Ruderality Rude ordinal (1-R, 0.5-CR, 0.33-CSR)
Ellenberg value for light L integer (0-9)
Ellenberg value for temperature T integer (0-9)
Ellenberg value for moisture F integer (0-12)
Ellenberg value for soil reaction R integer (0-9)
Ellenberg value for nitrogen N integer (0-9)

Explanations: contribution of Raunkiaer’s forms: T = therophytes, G = geophytes, Hyd = hydrophytes, H = hemicryptophytes, Ch = chamaephytes,
N = nanofanerophytes, M = megaphanerophytes. The basic classification of CSR plant functional types: C axis of competition (ability of plants to
displace the other species under favourable environmental conditions); S axis of stress tolerance (ability to withstand long-term adverse environmental

conditions); R axis of ruderality (ability to grow faster in disturbed sites).
Source: own elaboration.

RESULTS

In order to estimate the impact of the various aspects of diversity
of the spontaneous vegetation species composition apart from the
taxonomic diversity, some functional traits have been assessed.
The list of the traits is presented in Table 1.

In both axes, RLQ explained 68% of total inertia. The
proportion of the variance that was accounted for by the RLQ
analysis was compared with the results from separate analyses of
the data for the species (L), species traits (Q), and environmental
data (R).

The first axis of the RLQ analysis accounted for 86.25% of
the variability that was explained by the first axis of the separate
environmental analysis (i.e., the ratio between the variance of the
environmental characteristics in RLQ and the variance of the
environmental characteristics in the separate analysis) — Table 2.
The variability explained by the first axis of the separate plant
trait analysis was 84.5% (Tab. 2). The eight environmental
variables and plant traits are positively correlated with the first
axis of RLQ, while 11 and 15 of the environmental and trait
variables are correlated negatively (Fig. 1).

We considered the RLQ (R =
L = species, and Q species traits) analysis as the most suitable

environmental data,

for examining relationships between among environment, species
composition, plant traits, and four functional diversity compo-

Table 2. Decomposition of RLQ analysis

Parameter RLQ axis 1 RLQ axis 2
Eigenvalue 1.52 0.48
Covariance 1.23 0.69
Correlation 0.39 0.39
Total variance 52.87 16.87
R/RLQ (%) 86.25 83.66
L/RLQ (%) 44.16 53.36
Q/RLQ (%) 84.50 71.92

Explanations: R = environmental data, L = species, and Q = species traits.
Source: own study.
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Fig. 1. The weighted correlations of environmental variables and plant
traits with the first RLQ axis: A) environmental variables, B) plant traits;
the weighted correlations of environmental variables and plant traits with
the first RLQ axis; Mg av. = magnesium available, P av. = available
phosphorus, Mg = available Mg (MgO) concentration, WHC - water
holding capacity, K, Na, Ca = exchangeable cations, TN = total nitrogen,
EC = electrical conductivity, Nemat = Nematoda, Enchy = Enchytraeidae,
Dehydro = dehydrogenase activity, Urease = urease activity; SRL = soil
respiration level, Acid.Pho = acid phosphatase, Basic.Phos = alkaline
phosphatase, Rude = ruderality, BudHeight = bud height, Barochory =
barochory, seed = propagation by seed, Zoochory = zoochory, Stress =
stress; poll_self = self-pollination, medium seed_wght = medium seed
weight, poll_zoo = pollination by animals, R = Ellenberg value for soil
reaction, L = Ellenberg value for light, T = Ellenberg value for
temperature, le_area = leaf area, Myc = presence of mycorrhiza, poll_wind
= wind pollination, height = height, weg = vegetative propagation, F =
Ellenberg value for moisture, Anem = anemochory, flw_late = end of
flowering, N = Ellenberg value for nitrogen, Comp = competitiveness,
flw_early = beginning of flowering; source: own study

nents (richness, evenness, dispersion, and divergence). The
literature suggests that high soil richness is typical for species-
rich ecosystems, so we assume that this parameter scores a high
value in sites that represent a high functional evenness (FEve) and
divergence (FDiv). The high values of these functional compo-
nents indicate high competition, which usually occurs in
communities with many species. High functional richness (FRic)
and dispersion (FDis) values represent low habitat filtering.

The analyses that present the main gradients of the collected
data show that the negative impact of some environmental
parameters, such as acidity of the soil substrate, available
phosphorus, phosphorus-dependent soil enzyme activity, cal-
cium, and sodium, and determines the gradients. The environ-
mental parameters responsible for the positive part of the
gradient are sodium, electrical conductivity, total nitrogen,
potassium, water holding capacity, available Mg (MgO) concen-
tration, C loss of ignition, and magnesium availability.

While among the analysed plant traits, presenting the
gradients and influencing it negatively, the following traits should
be listed: early flowering, traits responsible for competitiveness,
Ellenberg value for nitrogen, beginning of flowering, anemoch-
ory, Ellenberg value for moisture, vegetative propagation, height,
wind pollination, presence of mycorrhiza, leaf area, Ellenberg
value for soil reaction, Ellenberg value for light and Ellenberg
value for temperature. Lesser plant traits are correlated with the
RLQ axis shaping the gradient, including traits responsible for
stress resistance and adaptivity to conditions of the ruderal part of
the continuum, zoochory, barochory, and bud height.

Permutation tests of the fourth-corner analysis showed
associations between the first two axes of the RLQ analysis and
the environmental variables and plant traits, respectively (Fig. 2).
The positively significant environmental parameter shaping the
AxQ1 is the available Mg (MgO) concentration. In contrast, the
negatively significant environmental parameters shaping the
AxQ1 are the pH, available phosphorus, dehydrogenase activity,
and alkaline phosphatase.

Fig. 2. The fourth-corner tests between the first two RLQ axes for the
vascular plant traits (AxQ1/AxQ2) and environmental variables (A) and
fourth-corner tests between the first two RLQ axes for the environmental
variables (AxR1/AxR2) and vascular plant traits (B); positive and
significant (p < 0.05) association ns are represented by black cells and
negative significant ones by grey cells, while white cells indicate non-
significant associations; other explanations as in Fig. 1; source: own study

The positively significant environmental parameters shaping
the AxQ2 are electrical conductivity and Enchytraeidae. In
contrast, the negatively significant environmental parameters
shaping the AxQl are the C loss of ignition, water holding
capacity, and urease activity.

The ordination analysis of the plant traits that are represent-
ed by species composition of the spontaneous vegetation of post-
mining sites reveals that the manner of seed dispersion, the height
of bud location, and ruderal traits are divided by the first axis
from the species that are competitors, anemochorous and
spreading vegetatively. Concerning the ordination of the
environmental factors, electrical conductivity, available magne-
sium, and water holding capacity, together with nitrogen, carbon,
and potassium content in the soil substratum, are one part of the
ordination. The biotic functional traits parameters of competi-
tiveness, zoochory, end of flowering, wind pollination, beginning
of flowering, bud height, mycorrhiza, seed weight, height,
Ellenberg value for temperature, self-pollination, ruderality, leaf
area, and vegetative propagation is shown at the top of the chart.
The second axis separates the above plant species traits from the
parameters represented by plant species that possess the traits of
adaptation to Stress on the far down of the functional trait
distribution (Fig. 3).
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Fig. 3. The RLQ ordination, showing relationships between plant traits
(upper) and environmental factors (down) along the two first axes;
explanations as in Fig. 1; source: own study

The RLQ ordination was performed for environmental
factors. The first axis is determined by the two extremes shaped
by the available magnesium (Mg av.) and the activity of basic
phosphorus and pH (in KCI). The EC and SRL determine the
second axis. The other parameters distributed along the first axis
are the water-holding capacity, calcium, dehydrogenase activity,
and magnesium. Those parameters which lie, along the second
axis are, C loss on ignition, urease activity, Enchytraeidae,
Nematoda, and total nitrogen.

The vegetation type with the lowest number of species,
Phragmites australis, the value of soil respiration is the highest.
This result reveals that the vegetation with the higher diversity in
the coal mine heaps novel ecosystem does not present a higher
soil respiration value (Tab. 3).

The fourth-corner correlation analysis has shown that the
soil respiration value is positively correlated with vegetation

patches in which plant species composition is represented by
species characterised by vegetative spreading together with plant
species that have traits responsible for adaptation to stressed ha-
bitat conditions (Fig. 4.).

The significance of functional and taxonomic diversity is
apparent in the gradient for species composition (Fig. 5B). The
higher functional richness, divergence, and dispersion values
positively correlate with the Shannon-Wiener index and species
richness. Both taxonomical and functional evenness were non-
significant factors. Among functional components only and in the
case of functional dispersion, it is weakly negative and
significantly correlated with SRL (Fig. 5A).

The relationship between temperature and SRL is weak and
positive but significant (Fig. 6). An increase in temperature is
associated with a slight increase in SRL. The value of the
correlation coefficient (r = 0.17) confirms this weak relationship.
In addition, the p-value = 0.0018 indicates the statistical
significance of this relationship, meaning that the probability
that the observed correlation is due to chance is very low.

DISCUSSION

THE ROLE OF TAXONOMIC AND FUNCTIONAL DIVERSITY
IN ECOSYSTEM FUNCTIONING

The ecosystem development on disturbed habitats such as post-
mining mineral sites, follows the sequence of processes and
functionality established during the natural, spontaneous vegeta-
tion process. Identifying the critical factor in a disturbed
environmental situation of the structure and function affecting
the biodiversity of the vegetation of the non-analogous species
composition in general and the microbial communities is
frequently impossible due to the complexity of the various biotic
and abiotic factors (Berg and Smalla, 2009). In the presented
study, we attempt to identify the environmental gradients that
influence the diversity expressed as taxonomical and functional
vegetation community composition and, based on the identified
gradients, analyse the relationships between different measures of
vegetation diversity and soil substratum respiration parameters.

Table 3. The list of spontaneous vegetation types with the biodiversity indices (maximum, minimum, and mean) along with the value

soil respiration level (SRL) rate in the vegetation patches of the particular vegetation types

Vegetation type groups Poa compressa Tussilago farfara Daucus carota Ch‘:ZZles r;::ion Pg;‘:i’:;::s
Maximum number of species 19 18 20 16 10
Minimum number of species 8 1 7 8 3
Mean number of species +SD 13.8 +2.90 8.11 £3.62 12.6 + 3.00 11.5 £2.02 10 +5.06
Ezfe;nieas']; Shannon-Wiener diversity 1.92 +0.24 117 +0.473 1.84 +0.277 1.66 +0.262 1.06 +0.594
The mean species evenness +SD 0.73 +£0.08 0.56 +0.15 0.732 +0.0605 0.685 +0.0883 0.454 +0.187
Maximum SRL rate ((g CO,)-m >h™") 1.21462 0.82552 0.15826 0.161759091 0.97638
Minimum SRL rate ((g CO,)-m>h™") 0.00752 0.00506 0.00158 0.0086 0.271
Mean SRL rate ((g CO,)-m>h™") 0.227 0.20173 0.0526 0.1617 0.5842

Explanation: SD = standard deviation.
Source: own study.
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The taxonomic diversity analysis focuses on plant species
composition and indices that measure preliminary species
richness and abundance. These indices are primarily used in
Europe and are based on the principle that certain plant
species have specific tolerance ranges for environmental factors
such as light, temperature, moisture, soil pH, and nutrient
availability. In these studies, the well-known Ellenberg ecological
indices are the Ellenberg indicator values (EIVs), which are used
to evaluate the ecological preferences of plants along environ-
mental gradients. These values are assigned to plant species based
on their observed ecological behaviour in the field. Our study
revealed that plant species representing different functional traits

are filtered along the gradient of biotic and abiotic habitat factors.
The results showed that only some traits are significant in the
spontaneous vegetation on coal mine heap novel ecosystems
concerning soil respiration. The low habitat filtering expressed by
functional richness and dispersion was associated with relatively
high functional evenness and divergence being a proxy of
competition, which is not common. Soil respiration was
negatively correlated with low habitat filtering and competition
(not significantly, but the trend is similar). It means that under
novel ecosystem conditions, such as coal mine heaps, soil
respiration seems to be affected by many environmental and
biotic factors but the effects are of low magnitude.
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Fig. 6. The relationship between temperature and soil respiration level
(SRL); rs = 0.17, p = 0.0018; source: own study

FACTORS AFFECTING THE TAXONOMIC DIVERSITY
OF THE VEGETATION WITH REGARD TO SOIL RESPIRATION

Plant taxonomic diversity can affect soil respiration by changing
the quantity and quality of organic matter supplied to the soil.
Plant species can provide different amounts of leaves and other
organic materials that are broken down by soil microorganisms,
leading to soil respiration. Soil physicochemical properties, such
as pH, water content, and nutrient content (e.g., nitrogen and
phosphorus), can affect plant taxonomic diversity and soil
respiration. For example, soils with low pH can reduce plant
diversity and soil microbial activity, affecting soil respiration.
Changes in the taxonomic diversity of plants can affect these
interactions and, thus, soil respiration (Bierza et al., 2023). In our
study, the factors that drive the habitat gradients along which the
plant species composition and vegetation types are distributed are
identified. The main gradients of the collected data show that the
impact of environmental parameters, such as acidity of the soil
substrate, available phosphorus, phosphorus-dependent soil
enzyme activity, calcium, and sodium, determine the gradients.
The environmental parameters responsible for the positive aspect
of the gradient are sodium, electrical conductivity, total nitrogen,
potassium, water holding capacity, available Mg (MgO) concen-
tration, C content, and available magnesium. Among the analysed
plants’ traits that reflect the gradients, the following traits should
be listed: early flowering, traits responsible for competitiveness,
Ellenberg value for nitrogen habitats parameters, beginning of
flowering, anemochory, Ellenberg value for moisture, vegetative
propagation, plant height, wind pollination, the ability to
symbiosis mycorrhiza, the value of leaf area, Ellenberg value for
soil reaction acidity of the habitat conditions, Ellenberg value for
light and Ellenberg value for temperature.

Based on the primary producers’ species composition, the
vegetation communities and ecosystems are shaped by intense ha-
bitat conditions selection and adaptation processes dependent on
the evolutionary, historical, and environmental processes
(Purschke et al., 2013; Stevens and Tello, 2014). Much research
on the impact of plant species diversity on total soil respiration

(Rs) has been focused, most frequently on taxonomic diversity
(Craine, Wedin and Reich, 2001). The fact that species richness
can regulate Rs through changes in productivity showed a positive
relationship between species richness and Rs (Craine, Wedin and
Reich, 2001). In our study, vegetation patches were divided
into five groups based on species composition: 1 — Poa compressa,
2 - Tussilago farfara, 3 - Daucus carota, 4 - Chamaenerion
palustre, and 5 — Phragmites australis. The collected data indicate
that the most significant group in terms of the number of species
is group number 5. Group number 3 showed the highest
maximum respiration value, which may indicate its high
metabolic activity. Group number 2 showed the minimum
number of species (1) and the minimum value for respiration,
which may indicate its limited diversity and metabolic activity.

In grassland, Rs was related to species-specific changes
(species composition). The changes in species richness were less
important in influencing the Rs (Johnson et al., 2008). These
differences in results might be connected with the fact that the
influence of different species on Rs is the same regardless of the
traits of the calculated taxonomic diversity, without linking the
different set of traits that particular species composition represents
and might influence the value of Rs (Diaz and Cabido, 2001).

The uncertainty between the soil respiration and diversity
parameters in varied vegetation types, grasslands, forests, and
others might be connected with the dual origin of the total soil
respiration. The components of total respiration Rs are plants’
autotrophic respiration (Ra), which generates energy for water
and nutrient acquisition, survival, and growth, and in contrast,
heterotrophic respiration (Rh) from the activity of soil micro-
organisms that regulates nutrient cycling (Ryan and Law, 2005).
Recently, there have been some significant advances in our
understanding of the negative impacts of plant diversity loss on
ecosystem functions, including net primary production (Liang
et al., 2016; Duffy, Godwin and Cardinale, 2017), carbon
sequestration (Tilman, Hill and Lehman, 2006) and nutrient
cycling (Handa et al., 2014). However, how plant diversity loss
affects Rs and its components remains uncertain (Chen and Chen,
2019). Our study focused on the total amount of respiration in the
plots that represent the wide spectrum of the identified vegetation
types. The range of CO, emissions at the analysed sites ranged
from 0.00158 to 1.21462 (g CO,)-m >h™".

Studies suggest that the biomass created due to primary
production increases with plant species diversity and trait
heterogeneity due to complementary resource utilisation among
constituent species in species-rich ecosystems (Hooper et al.,
2005; Chen and Chen, 2018). Increased litter inputs in species-
rich ecosystems may lead to the accumulation of soil carbon and
nitrogen pools (Fornara, Tilman and Hobbie, 2009; Lange et al.,
2015), which can increase microbial respiration (Hector et al.,
2000; Hooper et al., 2005; Eisenhauer et al., 2013).

FACTORS AFFECTING THE VEGETATION COMMUNITIES’
FUNCTIONAL DIVERSITY REGARDING SOIL RESPIRATION

The relationship between vegetation functional diversity and soil
respiration is multifaceted, involving intricate interactions
between plant traits, nutrient cycling, microbial communities,
and environmental conditions. Understanding these relationships
is crucial for predicting how ecosystems may respond to changes
in biodiversity and environmental factors, including those
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associated with climate change and land-use practices. In natural
and seminatural habitats, the vegetation and ecosystem diversity
factors are explained by two concepts. The mass ratio hypothesis
and niche complementarity hypothesis are used to consider the
changes in vegetation plant species composition and ecosystem
diversity, mostly about plant functional trait composition (Liu
et al., 2022). The mass ratio hypothesis suggests that the
characteristics of dominant species have a greater impact on
ecosystem processes. In contrast, the niche complementarity
hypothesis suggests that diverse communities can use resources
more efficiently. In studying the spontaneous development of
vegetation of novel ecosystems, the applicability of the above
concepts and hypothesis needs to be tested.

Research suggests that the soil water content in the habitat
and species richness influence Rs. As indicated by Ren et al. (2022),
changes in soil microbial community structure and diversity, as
well as soil carbon properties, respond to different vegetation types
at different soil water levels. Soil water content and species richness
also influenced Rs. In our study, the water holding capacity has
been assessed in all study plots. The analysis showed that in the
mineral habitats of post-mining areas, these parameters are
responsible for the positive part of the gradient.

One of the possible aspects of the plant species’ functional
diversity is identified using the Ellenberg ecological indices. By
using Ellenberg ecological indices, a better understanding of the
ecological requirements and the environmental conditions of
a particular habitat of the plant species composition is possible.
This information can be valuable for conservation efforts, land
management, and ecological restoration projects. In recent years,
functional diversity has become a common approach in studying
plant diversity and ecosystem function (McGill et al., 2006). Only
temperature, soil reaction, light, and moisture in our study
revealed some correlations in the Ellenberg ecological indices in
the studied plots.

Among other functional traits, the leaf functional traits, such
as leaf nitrogen content and specific leaf area (SLA), are closely
related to ecosystem respiration and soil properties (Srivastava
et al., 2012; Long De et al., 2019). The functional diversity based on
functional traits may be more helpful in explaining Rs. It can
provide information on those difficult-to-measure functional traits
that may be closely associated with Rs (Cadotte et al., 2009; Stevens
and Tello, 2018). There is a high degree of variability in the
relationship between different dimensions of biodiversity and
environmental factors. These factors may have ecosystem functions
with opposing effects (Devictor et al., 2010; Bagousse-Pinguet Le
et al., 2019). However, in studies based on real-world problems, the
regression parameters vary across spatial locations (Wang et al,
2021). Our study analysed the nitrogen content in soil substrate as
a parameter of soil respiration. Our study revealed that fewer plant
traits are shaping the gradient, including traits responsible for
stress resistance and adaptivity to conditions of the ruderal part of
the continuum, zoochory, barochory, and bud height.

The ordination analysis of the plant traits that are represented
by species composition of the spontaneous vegetation of post-
mining sites reveals that the manner of seed dispersion, the height
of bud location, and ruderal traits are divided by the first axis from
the species that are competitors, anemochories and spread
vegetatively. Concerning the ordination of the environmental
factors, electrical conductivity, available magnesium, water holding
capacity, nitrogen carbon, and potassium content in soil

substratum are one part of the ordination. In conclusion, the
ordination analysis of plant traits and environmental factors in
post-mining areas shows complex relationships, which may have
important implications for succession and regeneration processes.

The fourth-corner correlation analysis has shown that the
soil respiration value is positively correlated with vegetation
patches rich in species characterised by high plants that spread
mostly vegetatively and plant species traits responsible for
adaptivity to stress.

THE ENVIRONMENTAL BIOTIC AND ABIOTIC FACTORS
AFFECTING SOIL RESPIRATION
IN POST-MINING NOVEL ECOSYSTEMS

Using the spatial heterogeneity of natural environmental
gradients to explore the response of plant diversity and ecosystem
function to environmental change has become a fruitful approach
in ecosystem ecology (Prager et al., 2021). Desert ecosystem
biodiversity monitoring provides insight and comprehensive data
on habitat conditions, vegetation, and plant community composi-
tion; in the extreme desert ecosystem, the biodiversity recordings
enable the analysis of the relationships between plant diversity
taxonomic, functional, soil properties, and Rs along a severe
environmental gradient. The study of the functioning of
ecosystems existing in extreme environments, e.g., post-mining
sites, and desert ecosystems can enhance the understanding of the
mechanisms by which Rs responds to relevant drivers, and may be
helpful to the understanding and management of future climate
change (Wang et al., 2022).

The diversity of plant composition determines the quality and
quantity of the release of particular chemical substances that can
recruit particular groups of microorganisms that are useful against,
e.g., diseases and insect herbivory (Rudrappa et al., 2008). Releasing
plant-derived metabolites that provide a carbon source attracts
various microorganisms (Bais et al., 2006; Borymski et al., 2018).
Plant diversity and the diversity of living organisms and their
varieties (biodiversity) are the main factors driving many
ecosystem functions, including the global ecosystem (Chapman
and Newman, 2010; Jarzyna and Jetz, 2018; Chen and Chen, 2019).
For crucial ecosystem functions like soil respiration, the relation
between the individuals of plant species and the diversity and
abundance of microorganisms in particular habitats is fundamental
(Eisenhauer et al., 2013; Hooper et al., 2005). The presence or
absence of one species in a community composition might have
more significant functional implications for ecosystems than for
another species, even though the species richness in both cases will
be the same. However, the two species affect the assemblage
functional diversity (FD) differently (Cadotte, Carscadden and
Mirotchnick, 2011). The different species’ functional attributes are
crucial for understanding the dynamic processes behind the
temporal and spatial species occurrence and, consequently,
vegetation community assembly (Belmaker and Jetz, 2011).

CONCLUSIONS

The plant species and functional diversity of the spontaneous
vegetation developing spontaneously on the mineral material of
the coal mine novel ecosystem reflects the habitat’s variety of
biotic and abiotic conditions.
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The gradient in species composition explains the functional
and taxonomical diversity. The higher functional richness,
divergence, and dispersion values positively correlate with the
taxonomical diversity expressed by the Shannon-Wiener index
and species richness. Both taxonomical and functional evenness
were non-significant factors. A weak negative and significant
correlation with soil respiration level (SRL) has been identified
among functional components only in the case of functional
dispersion.

Contrary to our expectation, soil respiration was the highest
in the less diverse vegetation types. Among functional compo-
nents, only functional dispersion (a proxy of low habitat
filtering) is weakly negatively and significantly correlated with
SRL. However, all functional diversity indices are correlated,
which indicates that conditions driving community assembly
on coal mine heaps act differently than on near-natural and
natural ecosystems. Thus, SRL seems dependent on many abiotic
and biotic factors in novel ecosystems and requires further
research.
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5.

Dyskusja

Okreslenie, jakie czynniki siedliskowe 1 srodowiskowe, regulujg ilos¢ uwalnianego CO>
w wyniku oddychania gleby lub podtoza jest przedmiotem badan w wielu typach ekosystemow.
Ilo$¢ uwalnianego CO2> w wyniku oddychanie gleby stanowi % dwutlenku wegla 1 przewyzsza
iloscig wszystkie inne zrodta dwutlenku wegla dostajace si¢ do atmosfery (Raich i Schlesinger,
1992). Kazdego roku przez glebe przenika prawie 10% atmosferycznego dwutlenku wegla
(Raich i Potter, 1995).

5.1. Czynniki abiotyczne wplywajace na proces respiracji w mineralnych podlozach
platow spontanicznej roslinnosci na zwalach skaly plonnej

Wiedza na temat czynnikéw wpltywajacych na procesy oddychania w uktadach typu Novel
Ecosystems nowopowstalych ekosystemach, w platach roslinnosci wystepujacych na podtozu
mineralnym hatd wegla kamiennego, jest bardzo ograniczona i obejmuje jedynie sporadyczne,
niezwigzane informacje. Konieczne jest poznanie mechanizmdéw, wyjasniajagcych role
parametréw siedliskowych na proces oddychania gleby lub podtoza, ktore wyjasnitby ten
kluczowy element funkcjonowania ekosystemu m.in. na siedliskach zaburzonych (Buchmann,
2000).

Powigzania parametréw siedliskowych mogg si¢ sta¢ bardziej skomplikowane, gdy
spontaniczne platy roslinnosci i ekosystemy rozwijaja si¢ na nowych siedliskach (Hobbs i in.,
2013) np. w miejscach wydobycia surowcow mineralnych. Powstate de novo siedliska
mineralne, pozwalajag na badanie zalezno$ci migedzy kolonizujgcymi je gatunkami roslin,
a czynnikami siedliskowymi. Mozliwe jest obserwowanie 1 badanie najlepiej przystosowanych
osobnikow gatunkéw ro$lin, oraz okreslenie ilo$ci biomasy roslinno$ci rozwijajacej si¢
spontanicznie. W nowych ekosystemach relacje biotyczne i abiotyczne mogg by¢ ksztattowane
przez efekt nieznanych wczesniej relacji wynikajacych z wptywu cztowieka na ekosystemy
w epoce Antropocenu (Zalasiewicz i in., 2016).

Pierwszym etapem badan byla analiza powigzan mig¢dzy warunkami abiotycznymi
a intensywnoscig oddychania podloza. Wigkszo$¢ badan analizuje oddzielnie rolg abiotycznych
czynnikéw $rodowiskowych w oddychaniu glebowym. Jednakze te czynniki nie dzialaja
niezaleznie, mogg oddzialywac¢ ze sobg i wzajemnie wptywac¢ na oddychanie gleby (Yu i in.,
2015). W prezentowanych badaniach przetestowano, ktdry z parametrow abiotycznych ma
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najwickszy wplyw na ilo$¢ uwalnianego CO> z podloza mineralnego. Oczekiwano,
ze zawarto$¢ C bedzie miata najbardziej istotny wplyw na ilo$¢ uwalnianego CO; z podioza
mineralnego badanych ptatow roslinnosci. Podczas gdy inne parametry abiotyczne, takie jak
granulometria, pojemno$¢ wodna (WHC), pH, przewodnos¢ (EC), nie bytly oczekiwane jako
istotne czynniki wptywajace na ilos¢ uwalnianego CO> w badanych typach roslinnosci. Wbrew
naszym oczekiwaniom zawarto$¢ wegla w glebie nie wplywala istotnie na intensywno$¢
oddychania gleby. Moze by¢ kilka powodéw, dla ktérych wyniki nie sa zgodne z zalozong
hipoteza. Obieg wegla (C) wraz z azotem jest gldwnym elementem sktadnikow odzywczych
w ekosystemach (Cusack i in., 2011; Sinsabaugh i in., 2005). Obieg wegla, fosforu i azotu sg
czesto powigzane z sobg w ekosystemach (Zarif' i in., 2020; Fahey i in., 2013;). W niektérych
ekosystemach, co prawdopodobnie powinno by¢ rowniez brane pod uwage w podiozu
mineralnym jako materiale podtoza nowych ekosystemow zwaldéw pogédrniczych, stosunek C:N
w glebie wspiera pobieranie dostgpnego N przez rosliny (Zarif 1 in., 2020; Eberwein 1 in.,
2017). Tak wiec roznice w stosunku C:N w badanych podtozach maga mie¢ znaczenie.

W prezentowanych badaniach aktywno$¢ fosfatazy zasadowej jest wskaznikiem proxy dla
parametru zawartos$ci fosforu. Przedstawione wyniki wykazaty dodatnig korelacje mig¢dzy
aktywnos$cig fosfatazy zasadowej a iloscig uwalnianego dwutlenku wegla. Wiekszos¢
wczesniejszych badan analizujacych poziom oddychania gleby zwracata uwage przede
wszystkim na rolg azotu. Zawarto$¢ fosforu zostala uznana za parametr oddzialujacy wraz
z zawartoscig azotu (Helfenstein i1 in., 2020; Zhang i in., 2020; Zhang i Zhang, 2016;).
Mineralny fosfor nieorganiczny (Pi) zmienia si¢ w fosfor organiczny (Po) i moze bra¢ udziat
w biodostepnosci fosforu w glebie (Helfenstein i in., 2020, 2018; Rosling i in., 2016). Niektore
badania pokazuja, ze fosfor zwigksza ilo§¢ azotu w $cidtce, ograniczajac mineralizacj¢ azotu
(Homeier 1 in., 2017; Mao 1 in., 2017). State pobieranie azotu, np. azotu nieorganicznego
z atmosfery, zmniejsza kwasowo$¢ gleby, co moze prowadzi¢ do efektu buforowania
spowodowanego zwigkszong zawartos$cig fosforu, ktory utrzymuje pH gleby na stabilnym
poziomie (Zarif i in., 2020 ; Mao i in., 2017; Yang i in., 2015;). Zadna z tych zaleznoéci nie
byta testowana w mineralnych podtozach zwatéw skaty ptonne;.

Jednym z czynnikdéw abiotycznych jest zasolenie podtoza mineralnego. Zasolenie gleby jest
uwazane za istotny czynnik w le$nictwie 1 rolnictwie, szczegoOlnie przy wysokiej
ewapotranspiracji i niskich opadach (Bossio i in., 2007; Pannell i Ewing, 2006; Rengasamy,
2006; Beltran 1 Manzur, 2005). Jak wskazano, denitryfikacja/nitryfikacja gleby,
a w konsekwencji rowniez oddychanie gleby zalezag od zasolenia gleby. Stres zwigzany

z zasoleniem 1 suszg to warunki, na ktore podatne sg rosliny budujace wegetacje ekosystemow
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naturalnych i1 potaturalnych. Niektorzy badacze rozumieja, ze osobniki roslin nie sg w stanie
szybko przystosowac si¢ do warunkow stresowych (Jarvis i in., 2008; Mittler, 2006). Rzadziej
bada si¢, w jaki sposob procesy adaptacyjne, ktére moga prowadzi¢ do przystosowania
do zasolenia 1 suszy, moga r6zni¢ si¢ ze wzgledu przebieg procesow eko-fizjologiczych oraz
w biochemii osobnikow roslin. Zmiany w strukturze biochemii roslin wptywaja na charakter
materii organicznej gleby, a w konsekwencji na proces rozkladu, ktory jest bezposrednio
zwigzany z uwalnianiem dwutlenku wegla. Zasolenie moze ulec zmianie w zwigzku
z wystepowaniem kationow wymiennych i warunkow, ktére mogg wptywac na ich wymiane.
Obecnosé i ilosé kationdéw wymiennych Ca**, Mg?*, Na* i K™ wptywa na funkcjonowanie gleby
w ekosystemach naturalnych i potnaturalnych (Ramos i in., 2018). W prezentowanych
badaniach uzyskane wyniki wykazaty, Ze inaczej niz zaktadano, zawarto$¢ magnezu Mg, potasu
K i wapnia Ca oraz warto$¢ pH w mineralnym materiale badanych ptatow roslinnosci sg istotnie
zwigzane z iloscig uwalnianego z badanego podioza dwutlenku wegla. Wartos¢ pH,
wykazywata najwyzsza dodatnig korelacj¢ z poziomem respiracji gleby, podczas gdy

uwalnianie dwutlenku wegla byto ujemnie zwigzane z ilo$cig magnezu i wapnia.

5.2. Uwarunkowania biotyczne procesow respiracji w mineralnych podlozach platow
spontanicznej roslinno$ci na zwalach skaly plonnej

Nowe ekosystemy, ktore rozwijaja si¢ z mozaiki platow spontanicznej roslinnosci na
zwatowiskach skaty ptonnej, spetniajg kryteria stosowane w odniesieniu do definicji nowych
ekosystemoéw (Novel Ecosystem) — ich biomasa bazuje na non-analogous nieanalogicznym,
spontanicznym sktadzie gatunkowym ro$linnos$ci, ktory moze powodowac znaczaco roézny
przebieg proceséOw funkcjonowania nowo powstajacych ekosystemow. Niektore zalezno$ci
migdzy parametrami biotycznymi a intensywnoscig oddychania mineralnego podtoza rdznig si¢
od tych wystepujacych w naturalnych i1 poiaturalnych typach ro§linnosci oraz zaleznych od
nich nowopowstajacych ekosystemach. W niezburzonych ekosystemach, sktad gatunkowy
badanych zbiorowisk a w konsekwencji ilo$¢ i jako§¢ biomasy, odgrywa kluczowa role
w kontrolowaniu oddychania gleby (Zhang 1 in., 2022; Allen i in., 2010; Jiang i in., 2008;).
Réznorodnos¢ mikroorganizmow glebowych 1 skiad ich zbiorowisk sg $cisle zwigzane
z roznorodnoscia sktadu gatunkowego roslin (Waldrop i Zak, 2006).

Jednym =z wazniejszych parametrow biotycznych uwazanych za istotny dla
ilosci uwalnianego dwutlenku wegla jest i1lo$¢ 1 jako$¢ powstajacej w zbiorowisku roslinnym
1 ekosystemie biomasy. Cata biomasa, a tym samym ilo$¢ organicznego wegla, ktora gromadzi

si¢ w réznorodnych typach roslinnosci w kazdym ekosystemie, powstaje dzigki rownowadze
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fotosyntezy (cala produkcja pierwotna (P) 1 oddychania roslin (autotrofow), energia potrzebna
do wzrostu roslin i1 procesow zyciowych). Roznica migdzy tymi strumieniami to produkcja
pierwotna netto (Pn) (Collalti i in., 2020; Chapin i in., 2006). Opierajac si¢ na teorii skalowania
metabolicznego, hipoteza sugeruje, ze oddychanie powinno skalowac si¢ wraz z biomasg (West
1 in., 1999). Wedlug niektorych badan (Reich i1 in. 2008; 2006) mozna skalowac¢ ilo$¢
uwalnianego CO; przy znanych zawarto$ciach wegla (C) lub azotu (N) w calej roslinie. W tym
podejsciu skalowanie jest podobne w obregbie 1 migdzy réznymi gatunkami, niezaleznie od
warunkow srodowiskowych 1 klimatycznych. Tradycyjny poglad na dynamike lasu zaktadat
izometryczne skalowanie oddychania biomasg okreslone np. przez Kirg 1 in. 1967 oraz Oduma
1969 (Odum, 1969; Kira i Shidei, 1967). W przypadku braku znaczacych zaklocen, jesli
oddychanie wzrasta rownolegle z biomasa, produktywno$¢ pierwotna (Pn) nieuchronnie spada,
poniewaz produktywno$¢ pierwotna (Pn) nie moze rosnag¢ w nieskonczonos$¢, ale staje sie
wzglednie stabilna po zamknigciu koron drzew w ekosystemach lesnych (O’Connor i in., 2007).
Nasze wyniki pokazaty, Ze zgodnie z naszymi oczekiwaniami typy roslinnosci o wigkszej ilosci
biomasy roslinnej oddychaja intensywniej. Badania wykazaly, ze ta zalezno$¢ w nowych
ekosystemach po wydobyciu wegla jest dodatnio silna 1 statystycznie istotna miedzy

parametrami oddychania biomasy roslinnej i podtoza mineralnego.

Hipoteza badawcza zaktadala, Ze w typach roslinnosci z wigksza ilo$cig materii organicznej
procesy respiracji podtoza beda przebiegaty intensywniej, oraz ze typy roslinnosci o wyzszej
aktywnos$ci enzymatycznej i wigkszej liczebnosci fauny glebowej w strefie korzeniowej

charakteryzuja si¢ wigksza intensywnoscia oddychania podtoza mineralnego.

Sugeruje si¢, ze aktywnos$¢ enzymow glebowych jest wskaznikiem jakosci gleby, ktory
moze odzwierciedla¢ zmiany w funkcjonowaniu ekosystemu. Kondycje ekosystemu mozna
scharakteryzowa¢ za pomocg enzymoOw glebowych S$ci§le zwigzanych z kluczowymi
parametrami jako$ci gleby, takimi jak biomasa, materia organiczna gleby i1 wiasciwosci
fizyczne gleby (Sharma 1 in., 2022). Aktywno$¢ enzymow glebowych, takich jak
dehydrogenaza, kwasna fosfataza i zasadowa fosfataza w naszych badaniach byla dodatnio
skorelowana z ilo$cig uwalnianego COz, jednak nie bylo korelacji migdzy aktywnos$cig ureazy
a ilo$cig uwalnianego COx.

Zebrane dane dotyczace, liczebnosci mezofauny i biomasy pozwolily nam poszukaé
dowodéw na wzajemne powigzania mig¢dzy elementami biotycznymi badanych ptatow
ro§linnosci. Stwierdzono relacje pomiedzy iloScia biomasy a liczebnoscia badanych

organizmoéw glebowych, wazonkowcoéw i nicieni. Powstawanie pierwszych relacji w toku
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sukcesji pierwotnej na podtozu mineralnym, jest jednym z najciekawszych zagadnien biologii
srodowiskowej. Badania nad zgrupowaniami fauny glebowej na réznych etapach sukcesji na

terenach po goérniczych sa rzadkie (Tropek i in., 2012).

5.3. Wplyw roznorodnosci taksonomicznej i funkcjonalnej spontanicznej roslinnosci
rozwijajacej si¢ na zwalach skaly plonnej na ilo$§¢ uwalnianego CO:
z mineralnego podloza

Zroéznicowane warunki chemiczne 1 fizyczne mineralnych podtozy siedlisk pogdrniczych
spowodowaly powstanie nowych, nieznanych, nieanalogicznych uktadow gatunkowych
roslinnosci spontanicznej i zwigzanych z nimi organizmoéw (Helingerova i in., 2010; WoZniak,
2010; Keith 1 in., 2009). Nieanalogiczny sktad gatunkowy roslinnosci porastajacej nowe
ekosystemy poeksploatacyjne przedstawia mozaike ptatow roslinnosci, ktore sg zdominowane
przez rozne gatunki najlepiej przystosowane do dostepnych mikrosiedlisk (Rawlik i in., 2018).
Obserwowana mozaika odzwierciedla réznorodno$¢ biotycznych i abiotycznych warunkow
siedliskowych (Wozniak, 2010). Znamienne jest, ze wystepuje rowniez zaleznos¢ odwrotna,
polegajaca na wptywie zbiorowisk roslinnych wczesnych stadiow sukcesyjnych na warunki
siedliskowe gleb mineralnych i zaleznosci te sa stabo poznane (Orwin i in., 2014; LamosSova
iin., 2010).

Wplyw réznorodnosci gatunkowej roslin na respiracje, oddychanie gleby w srodowiskach
naturalnych 1 potaturalnych s3 nadal ograniczone. Zrozumienie zwigzku migdzy
réznorodno$cig gatunkowg roslin a parametrami funkcjonowania ekosystemow, takim jak
oddychanie gleby i determinujacymi je czynnikami, jest kluczowe (Hillebrand i Matthiessen,
2009; Loreau 1 Hector, 2001). R6znorodno$¢ gatunkowa roslin musi by¢ analizowana w kilku
aspektach - zarowno pod katem réznorodnosci taksonomicznej, jak 1 funkcjonalnej roslinnosci,
determinujacych je warunki siedliskowe oraz wptyw obu tych czynnikoéw na przebieg procesu
respiracji gleby lub podtoza.

Réznorodnos¢ funkcjonalna wskazuje na roézne procesy fizjologiczno-ekologiczne
1 adaptacyjne. Uwzglednianie tylko réznorodnosci taksonomicznej nie ujawnia pelnego
spektrum zmienno$ci roslin i jej wptywu na respiracje gleby (Arnan i in., 2015). Dodatkowym
aspektem réznorodno$ci roslin jest roznorodnos¢ cech funkcjonalnych. Funkcjonalne cechy
roslin sg Scisle zwigzane ze wzrostem gatunkow, reprodukcja i konkurencja i moga lepiej
odzwierciedla¢ bezposredni wplyw gatunkéw na funkcjonowanie ekosystemu (McGill 1 in.,
2006). W ostatnich latach réznorodno$¢ funkcjonalna stata si¢ gtownym nurtem w badaniach

nad r6znorodnoscig roslin i ich funkcjami w ekosystemie (McGill i in., 2006).
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W celu oszacowania wptywu roznych aspektow rdéznorodnosci sktadu gatunkowego
ro§linnos$ci spontanicznej poza rdéznorodnos$cig taksonomiczng oceniono niektore cechy
funkcjonalne. Wérdd analizowanych cech ro$lin nalezy wymieni¢: wczesne kwitnienie, cechy
odpowiedzialne za konkurencyjnos¢, wartos¢ wskaznikow Ellenberga dla parametréw siedlisk
azotowych, anemochori¢, wysoko$¢ roslin, zapylanie przez wiatr, zdolno$¢ do symbiozy
mikoryzowej, wielko§¢ powierzchni liSci. Zwigzek migdzy réznorodnoscia funkcjonalng
roslinnosci a oddychaniem gleby jest wieloaspektowy i obejmuje skomplikowane interakcje
migdzy cechami roslin, obiegiem skiadnikéw odzywczych, zbiorowiskami drobnoustrojow
1 warunkami $rodowiskowymi. Zrozumienie tych zaleznosci ma kluczowe znaczenie dla
przewidywania, w jaki sposob ekosystemy moga reagowa¢ na zmiany w réznorodnosci

biologicznej i czynniki srodowiskowe (Liu i in., 2022).
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6. Podsumowanie i wnioski

W pracy postawiono kilka hipotezy badawczych, ktore byly weryfikowane w trakcie
prowadzonych badan i analiz. Hipoteza badawcza dotyczaca okreslenia zaleznosci miedzy
abiotycznymi warunkami podtoza mineralnego w platach spontanicznej roslinnos$ci
wystepujacej na zwatach skaty a iloscig uwalnianego CO, zaktadata, ze ilos¢ wegla w podtozu
bedzie ma najwigkszy wplyw na poziom uwalniania dwutlenku wegla z powierzchni, ktorg
porastaty analizowane typy roslinnosci. Zatozono, ze parametry abiotyczne, takie jak: sktad
granulometryczny, pojemno$¢ wodna, przewodno$¢ elektrolityczna oraz pH, nie beda miaty
znaczacego wplywu na intensywno$¢ przebiegu procesu uwalnianiem CO; z mineralnego
podioza zwatdéw skaty plonnej. Wbrew oczekiwaniom, intensywnos$¢ respiracji mineralnego
podtoza zwaldow skaly plonnej nie jest zwigzane wylacznie z zawartoscig wegla. Wszystkie
analizowane czynniki siedliskowe wplywaly istotnie statystycznie na badany proces, poza
zawartoscig azotu ogolnego. Poziomy potasu (K) ioddychania gleby wykazaly istotng
korelacje. Warunki abiotyczne wystepujace w platach roslinnosci zdominowanych przez
Daucus carota, wptywaly istotnie powodujac silng ujemng korelacj¢ miedzy abiotycznymi

parametrami mineralnego podtoza a respiracja podtoza.

Kolejny etap analiz dotyczyt okreslenia zalezno$ci migdzy biotycznymi warunkami podioza
mineralnego w ptatach spontanicznej roslinno$ci wystepujacej na zwatach skaty a ilosciag
uwalnianego CO>. W tej czesci skoncentrowano si¢ na analizie aktywno$ci enzymatycznej,
obecnosci przedstawicieli fauny glebowej nicieni i wazonkowcdéw (liczebnos$ci) oraz ilosci
biomasy roslinnosci w konteks$cie roznorodnosci gatunkowej oraz ilosci materii organicznej
(SOM) w mineralnym substracie glebowym. Hipoteza badawcza zakladata, ze w typach
roslinnosci z wigkszg ilo$cig materii organicznej procesy respiracji podtoza beda przebiegaty
intensywniej oraz ze typy roslinnosci o wyzszej aktywnosci enzymatycznej i liczniejszej
obecnosci fauny glebowej w strefie korzeniowej charakteryzuja si¢ wickszg intensywnos$cig
oddychania podtoza mineralnego. Uzyskane wyniki pokazaly, ze zgodnie z naszymi
oczekiwaniami typy roslinnosci o wigkszej ilosci biomasy roslinnej oddychajg intensywnie;j.
Aktywno$¢ enzymoéw glebowych, takich jak dehydrogenaza, kwasna fosfataza i zasadowa
fosfataza w prezentowanych badaniach byla dodatnio skorelowana z ilo$cig uwalnianego COz,
jednak nie byto korelacji miedzy aktywnos$cig ureazy a iloscig uwalnianego CO> z mineralnego

podioza zwatow.
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W trzeciej cze$ci pracy celem byto zidentyfikowanie gradientow $rodowiskowych
wptywajacych na réznorodno$¢ ro§linnosci oraz analiza zalezno$ci migdzy réznymi miarami
réznorodno$ci roslinnosci a parametrami oddychania mineralnego podiloza glebowego.
Skoncentrowano si¢ na identyfikacji czynnikow S$rodowiskowych, ktore ksztaltujg
roznorodno$¢ roslinnosci, zardwno pod wzgledem taksonomicznym, jak i funkcjonalnym, oraz
ustalenie, jak te réznice wptywaja na procesy oddychania gleby. Postawiono hipoteze, ze
réznorodno$¢ sktadu gatunkowego roslinno$ci spontanicznej wystepujacej na podtozu zwaldéw
skaty ptonnej, ksztattuje intensywnos¢ oddychania podtoza w nowych ekosystemach siedlisk
mineralnych terenow pogorniczych. Im wigksza réznorodno$¢ taksonomiczna w danym ptacie
roslinnosci, tym intensywniejsza respiracja. Oddychanie podloza rézni si¢ znacznie migdzy
typami roslinnosci i jest wicksze w ptatach roslinno$ci o duzym zréznicowaniu funkcjonalnym.
Wbrew oczekiwaniom oddychanie gleby bylo najwyzsze w mniej zréznicowanych
taksonomicznie typach roslinnosci. Wsrod komponentow funkcjonalnych tylko dyspersja
funkcjonalna (wskaznik niskiego filtrowania siedlisk) jest stabo ujemnie i istotnie skorelowana
z respiracjg podioza mineralnego zwaldw. Jednak wszystkie wskazniki réznorodnos$ci
funkcjonalnej sg skorelowane, co wskazuje, ze warunki sprzyjajace zrzeszaniu si¢ zbiorowisk
roslinnych na mineralnym podiozu na hatdach skaly ptonnej w sposob odmienny niz

w ekosystemach poinaturalnych i naturalnym.

W zwiazku z tym wykazano, Ze respiracja jest zalezny od wielu czynnikdéw abiotycznych

1 biotycznych w badanych ptatach roslinnosci nowych ekosysteméw 1 wymaga dalszych badan.

Postawione w pracy hipotezy zostaly sfalsyfikowane. Wskazuje to, ze przebieg
badanych procesow: relacji miedzy czynnikami biotycznymi i abiotycznymi,
roznorodnoscia zbiorowisk roslinnych spontanicznie rozwijajacych si¢ na mineralnym
podlozu zwalow skaly plonnej a procesami uwalniania dwutlenku wegla, w nowo
powstajacych ekosystemach (Novel ecosystems), jest odmienny, niz w ekosystemach

naturalnych i pélnaturalnych.

Podsumowujac, przeprowadzone badania dostarczyly dodatkowej wiedzy
o zaleznosciach migdzy elementami biotycznymi 1 abiotycznymi, ro6znorodno$cia
spontanicznej ro$linnosci a ilo$cig uwalnianego CO: z podloza poszczegolnych ptatow
ros$linnosci w nowo powstajacych ekosystemach na hatdach skaty ptonnej. Do tej pory nie
prowadzono wieloaspektowych analiz z uwzglednieniem czynnikoOw abiotycznych oraz

biotycznych na terenach hatd pokopalnianych. Informacje zawarte w niniejszej pracy sg istotne,
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ze wzgledéw poznawczych oraz praktycznych. Moga korzysta¢ z nich praktycy zajmujacy si¢
ochrong $rodowiska i zarzadzaniem terenami pogérniczymi oraz zaburzonymi. Wnioski
ptynace z tych badan, moga by¢ kluczowe dla opracowania strategii zarzadzania srodowiskiem
naturalnym oraz ochrony biordznorodnosci, uwzgledniajac wptyw roéznych czynnikéw na

procesy biogeochemiczne w glebie.
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7. Streszczenie

Réznorodnos¢ biologiczna, w tym przede wszystkim réznorodnos¢ taksonomiczna oraz
funkcjonalna ro$lin 1 jej wplyw na przebieg proceséw ekosystemowych i1 funkcjonowania
ekosystemow, pozostaje od dawna kluczowym przedmiotem badan nauk przyrodniczych na
catym $wiecie. Pewne aspekty relacji miedzy réznorodnoscia taksonomiczng i funkcjonalng
a procesami oddychania gleby zostaty poznane tylko w niektorych ekosystemach naturalnych,
potaturalnych oraz agrocenozach. Dziatalno$¢ cztowieka w coraz wigkszym stopniu wplywa
na S$rodowisko naturalne, istnieje pilna potrzeba zrozumienia, w jaki sposoéb zmiany

te wpltywaja m.in., na oddychanie gleby, a tym samym na globalny obieg wegla.

Wielu badaczy uwaza, ze nowo powstate siedliska bedace efektem ubocznym eksploatacji
surowcoOw mineralnych stwarzaja niepowtarzalng okazj¢ do badania proceséw sukcesji
pierwotnej w szerokim zakresie réznorodnych warunkow siedliskowych. Specyficzne
biotyczne 1 abiotyczne warunki siedliskowe prowadza do zrzeszania si¢ tzw. non-analogous
species composition zbiorowisk roslinnych o nieznanym dotad sktadzie gatunkowym
i prowadza do powstania ekosystemow nazywanych Novel Ecosystems (sensu Hobbs i in.,
2013; Keith 1 in. 2009). Wedlug wielu badaczy nowe ekosystemy reprezentuja odmienne
niewystepujace wezesniej jednostki ekologiczne i powinny by¢ identyfikowane i poznawane
zgodnie z wlasnymi, niezaleznie opracowanymi zasadami badania proceséw biologicznych,

i srodowiskowych.

Gornictwo, eksploatacja surowcOw mineralnych znaczaco przeksztatca krajobraz naturalny.
Skomplikowane warunki siedliskowe obszaréw pogorniczych stanowig unikatowy uktad
eksperymentalny, ktory pozwala w wielkiej skali prowadzi¢ badania spontanicznych proceséw
przyrodniczych. Stwarza to podstawe do realizacji studiow nad zrozumieniem funkcjonowania
Novel Ecosystems (nowych ekosystemow), ztozonosci relacji miedzy mikroorganizmami,
roslinami oraz warunkami abiotycznymi i biotycznymi. Badania prowadzone w uktadach typu
Novel Ecosystems pozwola na poszerzenie rozumienia zalezno$ci w ekosystemach naturalnych

1 potaturalnych.

Celem pracy jest przeprowadzenie kompleksowej analizy wplywu czynnikow
biotycznych i abiotycznych na przebieg proces6w uwalniania dwutlenku wegla w ptatach

ros$linno$ci spontanicznej wystepujacych na mineralnym podtozu nowych ekosystemow

90 |Strona



rozwijajacych na hatdach skaly ptonnej, ktére powstatych w zwiazku z eksploatacjg wegla

kamiennego.

W ramach niniejszej pracy przeprowadzono kompleksowa analize wptywu warunkéw
abiotycznych 1 biotycznych, réznorodnosci taksonomicznej i funkcjonalnej, spontanicznej
roslinnosci na ilo§¢ uwalnianego CO> z mineralnego podioza zwatow skaty ptonnej w nowo
powstajacych ekosystemach, wykorzystujac réznorodne metody badawcze. W celu okreslenia
biomasy nadziemnej dominanta i gatunkow towarzyszacych zastosowano techniki pomiaru
masy roslinnej, umozliwiajace doktadne wyznaczenie udzialu poszczegolnych gatunkow
w strukturze zbiorowisk roslinnych 1 ekosystemu. Analize¢ proceséw metabolicznych
mikroorganizmow  glebowych wspieraly pomiary respiracji podloza mineralnego,
umozliwiajac ocen¢ aktywnos$ci metabolicznej. Dodatkowo okre§lono aktywnos$¢
enzymatyczng, wyrazong przez aktywno$¢ dehydrogenazy, ureazy, fosfatazy kwasnej
i zasadowej, co pozwolito na ocen¢ funkcji biologicznych gleby oraz procesow
biogeochemicznych. Analiza fauny glebowej, oparta na ilosciowej ocenie obecno$ci
wazonkowcoOw 1 nicieni, stanowila kluczowy aspekt badawczy, pozwalajacy na zrozumienie
dynamiki ekosystemu glebowego oraz relacji migdzy organizmami. Przeprowadzono
szczegdtowe analizy fizykochemiczne podtoza, obejmujace m.in. pomiary pH, zawartosci
sktadnikéw odzywczych oraz tekstury gleby. Te badania miaty na celu zrozumienie fizycznych
i chemicznych wlasciwo$ci mineralnego podloza gleby, kluczowych dla utrzymania
roznorodnos$ci biologicznej oraz funkcjonowania procesow ekologicznych. Metody badawcze
wykorzystane w ramach niniejszej pracy stanowily kompleksowy zestaw narzedzi analizy
ekosystemu, umozliwiajacy jak najpetniejsze zrozumienie jego struktury, funkcjonowania oraz
interakcji migdzy organizmami. Otrzymane wyniki moga znaczaco przyczyni¢ si¢ do rozwoju
wiedzy przyrodniczej oraz mie¢ praktyczne implikacje dla ochrony i zarzadzania srodowiskiem

naturalnym.

W pierwszej czgsci rozprawy celem bylo zbadanie zalezno$ci miedzy czynnikami
abiotycznymi mineralnego podloza zwaldéw skaly plonneja intensywnosciag uwalniania
dwutlenku wegla. Skupiono si¢ na analizie poziomow oddychania gleby w kontekscie
parametrow abiotycznych, takich jak zawarto§¢ wody, tekstura gleby, pH, zdolnos¢
zatrzymywania wody (WHC), wymienne kationy, zawarto$¢ azotu oraz przewodnos$c
elektrolityczna (EC). Poréwnano te parametry z uwalnianiem CO; z hald kopalnianych
w ekosystemach typu Novel Ecosystem w strefie korzeniowej platdow spontanicznych typow
roslinnos$ci. Wbrew oczekiwaniom intensywno$¢ respiracji mineralnego podtoza zwatow skaty
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ptonnej nie jest zwigzane wylacznie z zawartoscig wegla. Wszystkie analizowane czynniki

siedliskowe byly istotne statystycznie, poza zawartos$cig azotu ogdlnego.

W kolejnym etapie badajac zaleznosci mig¢dzy czynnikami biotycznymi mineralnego
podioza zwatow skaly ptonnej a intensywnos$cig uwalniania dwutlenku wegla, skoncentrowano
si¢ na analizie aktywnos$ci enzymatycznej, obecnos$ci nicieni 1 wazonkowcow (liczebnosci) oraz
iloSci biomasy roslinnosci w kontekscie réznorodnosci gatunkowej, oraz ilosci materii
organicznej (SOM soil organic matter) w mineralnym podtozu glebowym. Hipoteza badawcza
zaktadata, ze w typach roslinnosci z wigksza iloScig materii organicznej procesy respiracji
podioza beda przebiegaly intensywniej, oraz ze typy roslinnosci o wyzszej aktywnosci
enzymatycznej i liczniejszej obecnos$ci fauny glebowej w strefie korzeniowej charakteryzuja
si¢ wigkszg intensywnos$cia oddychania podloza mineralnego. Nasze wyniki pokazaty, ze
podioze ptatow roslinnosci o wigkszej ilosci biomasy wykazujg wyzsze wartosci respiracji,
oddychaja intensywniej. Badania wykazaty, ze ta zalezno$¢ w platach spontanicznej
roslinnosci, tworzacych nowo powstajace ekosystemy na siedliskach mineralnych zwatow
skaty ptonnej powstajacych po wydobyciu wegla kamiennego, jest dodatnio silna
1 statystycznie istotna miedzy parametrami oddychania podioza mineralnego i ilo$cig biomasy
roslinnej. Aktywno$¢ enzymow glebowych, takich jak dehydrogenaza, kwasna fosfataza
1 zasadowa fosfataza w naszych badaniach byta dodatnio skorelowana z ilo$cig uwalnianego

CO», jednak nie byto korelacji migdzy aktywnoS$cia ureazy a emisjag CO2 z gleby.

W trzeciej czg¢sci pracy celem bylo okreslenie zaleznosci miedzy roéznorodnosciag
spontanicznej roslinnos$ci a intensywnoscig procesu respiracji mineralnego podtoza zwatow
skaly ptonnej. Na podstawie wiedzy dostgpnej z badan roslinnosci w ekosystemach naturalnych
1 ponaturalnych, przyjeto hipotezg, ktora zaktada, ze im wigksza réznorodnos¢ w danym placie
roslinno$ci, tym intensywniejsza respiracja. W pracy w pierwszej kolejnosci zidentyfikowano
gradienty $rodowiskowe wplywajace na roéznorodno$¢ badanej roslinnosci zarowno pod
wzgledem taksonomicznym, jak i funkcjonalnym. Nastepnie przeanalizowano zalezno$ci
mi¢dzy réznymi miarami zréznicowania ro$linnoscia parametrami oddychania podioza
glebowego. Ustalono, ze intensywno$¢ oddychanie podtoza mineralnego rozni si¢
w poszczegdlnych typach roslinnosci. Wbrew naszym oczekiwaniom oddychanie, uwalnianie
CO2 z podloza mineralnego, byto najwyzsze w mniej zréznicowanych typach roslinnosci.
Wsrod komponentow funkcjonalnych tylko dyspersja funkcjonalna (wskaznik niskiego
filtrowania siedlisk) jest stabo ujemnie i istotnie skorelowana z respiracja (SRL). Jednak
wszystkie wskazniki roznorodnosci funkcjonalnej sg skorelowane, co wskazuje, ze warunki
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sprzyjajace zrzeszaniu si¢ zbiorowisk roslinnych na mineralnym podiozu na hatdach skaty
ptonnej w sposob odmienny niz w ekosystemach poétnaturalnych i naturalnym. W zwigzku
z tym wykazano, ze respiracja jest zalezny od wielu czynnikéw abiotycznych i biotycznych

w nowych ekosystemach i wymaga dalszych badan.

Poznanie 1 zrozumienie funkcjonowania uktadéw typu Novel Ecosystems nowych
ekosystemow oraz procesOw prowadzacych do wspotwystepowania najlepiej przystosowanych
organizmo6w, oraz ich wzajemne relacje, umozliwi wykorzystanie tej wiedzy do wspomagania
regeneracji funkcjonowania s$rodowiska (ustugi ekosystemowe 1 jako$¢ zycia ludzi).
Wspomaganie powstawania uktadéw typu nowych ekosysteméw mozna uznaé za lepszy
sposob zarzadzania terenami pogdrniczymi, niz podejmowanie ryzyka utraty czasu i §rodkéw
finansowych na przywrocenie np. hatd pokopalnianych do stanu poprzedniego.

Zrozumienie zalezno$ci pomigdzy réznymi czynnikami abiotycznymi i biotycznymi oraz
procesem oddychania gleby jest kluczowe dla oceny wplywu zmian $rodowiska na
funkcjonowanie ekosystemow glebowych. Poniewaz dziatalno$¢ cztowieka w coraz wickszym
stopniu wptywa na $rodowisko naturalne, istnieje pilna potrzeba zrozumienia, w jaki sposob
zmiany te wptywaja na oddychanie gleby, a tym samym na globalny obieg wegla.

Podsumowujac, przeprowadzone badania przynosza nowa wiedzg dotyczaca
uwarunkowan zréznicowania roslinno$ci oraz oddziatywan migdzy elementami biotycznymi
1 abiotycznymi na siedliskach mineralnych hatd pogoérniczych. Do tej pory nie prowadzono
szerokich analiz z uwzgl¢dnieniem czynnikow abiotycznych oraz biotycznych na pogorniczych
podiozach mineralnych. Wnioski ptynace z tych badan, moga by¢ kluczowe dla opracowania
strategii zarzadzania S$rodowiskiem przyrodniczym oraz ochrony biordéznorodnosci,
uwzgledniajac wpltyw réznych czynnikéw na procesy respiracji przebiegajace w podtozach

mineralnych.

Postawione w pracy hipotezy zostaly sfalsyfikowane. Wskazuje to, ze przebieg
badanych procesow: relacji miedzy czynnikami biotycznymi i abiotycznymi,
roznorodnoscia zbiorowisk roslinnych spontanicznie rozwijajacych si¢ na mineralnym
podlozu zwalow skaly plonnej a procesami uwalniania dwutlenku wegla, w nowo
powstajacych ekosystemach (Novel ecosystems), jest odmienny, niz w ekosystemach

naturalnych i pélnaturalnych.

Stowa kluczowe: respiracja gleby, hatdy pokopalniane, czynniki biotyczne, czynniki

abiotyczne, roznorodnos$¢ taksonomiczna, réznorodnos¢ funkcjonalna, nowe ekosystemy.
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8. Summary

Biodiversity, especially the taxonomic and functional diversity of plants and its
influence on ecosystem processes, has long been a significant research subject in the natural
sciences worldwide. Certain aspects of the relationship between taxonomic and functional
diversity and soil respiration processes have been understood only in some natural semi-natural
ecosystems and agrocenoses. Human activities increasingly affect the environment, and there
is an urgent need to understand how these changes affect soil respiration and, thus, the global
carbon cycle. Many researchers believe that newly created habitats that are a by-product of
mineral exploitation provide a unique opportunity to study primary succession processes in
a wide range of specific habitat conditions. Specific biotic and abiotic habitat conditions lead
to the association of so-called non-analogous plant communities of previously unknown species
composition and the formation of novel ecosystems (Hobbs et al., 2013). According to many
researchers, novel ecosystems represent distinct ecological units that have not existed before.
They should be identified and studied according to their independently developed principles for

studying biological and ecological processes.

Mining, the exploitation of mineral resources, significantly alters the natural landscape.
The complex habitat conditions of post-mining areas provide a unique experimental system for
large-scale studies of spontaneous natural processes. This provides a basis for conducting
studies to understand the functioning of Novel Ecosystems and the complexity of the
relationship between microorganisms, plants, and abiotic and biotic conditions. Studies
conducted in Novel Ecosystem type systems will advance understanding relationships in natural

and semi-natural ecosystems.

This study aims to comprehensively analyze the role of biotic and abiotic factors on the
processes of carbon dioxide release in patches of spontaneous vegetation occurring on the
mineral substrate of new ecosystems developing on waste rock heaps created in connection

with coal mining.

This paper conducted a comprehensive analysis of the influence of abiotic and biotic
conditions, taxonomic and functional diversity, and spontaneous vegetation on the amount of
CO2 released from the mineral substrate of waste rock piles in newly formed ecosystems, using
various research methods. Plant biomass measurement techniques were used to determine the
aboveground biomass of the dominant and associated species, allowing accurate determination

of the contribution of individual species to the plant community and ecosystem structure. The
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analysis of the metabolic processes of soil microorganisms was supported by measurements of
the respiration of the mineral substrate, enabling the assessment of metabolic activity. In
addition, enzymatic activity, expressed by dehydrogenase, urease, acid phosphatase, and
alkaline phosphatase activities, was determined, allowing the assessment of soil biological
functions and biogeochemical processes. Analysis of the soil fauna, based on quantitative
assessment of the presence of vascular nematodes and nematodes, was a key research aspect
for understanding the dynamics of the soil ecosystem and the relationships between organisms.
Detailed physicochemical analyses of the soil were conducted, including pH, nutrient content,
and soil texture measurements. These studies aimed to understand the physical and chemical
properties of the soil's mineral substrate, which is crucial to maintaining biodiversity and
functioning ecological processes. The research methods used within the framework of this work
provided a comprehensive set of tools for ecosystem analysis, enabling the most possible
understanding of its structure, functioning, and interactions between organisms. The results can
significantly contribute to developing natural science knowledge and have practical

environmental protection and management implications.

In the first part, the main objective was to study the relationship between the abiotic
factors of the mineral bed of waste rock piles and the intensity of carbon dioxide release. The
focus was on analyzing soil respiration levels in abiotic parameters such as water content, soil
texture, pH, water holding capacity (WHC), exchangeable cations, nitrogen content, and
electrolytic conductivity (EC). These parameters were compared with CO» release from mine
dumps in Novel Ecosystems in the root zone of patches of spontaneous vegetation types.
Contrary to expectations, the respiration intensity of the mineral substrate of the waste rock
piles is not exclusively related to carbon content. All habitat factors analyzed were statistically
significant, except for total nitrogen content. The substrate's potassium (K) content and the
intensity of soil respiration showed a significant correlation in the plant community patches

studied.

In the next stage, investigating the relationship between the biotic factors of the mineral
substrate of the waste rock piles and the intensity of carbon dioxide release, the focus was on
the analysis of enzymatic activity, the presence of nematodes and vascular nematodes
(abundance) and the amount of vegetation biomass in the context of species diversity and the
amount of organic matter (SOM) in the mineral soil substrate. The research hypothesis was that
in vegetation types with higher amounts of organic matter, substrate respiration processes

would be more intense and that vegetation types with higher enzymatic activity and a more
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significant presence of soil fauna in the root zone would be characterized by higher intensity of
mineral substrate respiration. Our results showed that the substrate of vegetation patches with
more biomass shows higher respiration values, respiring more intensively. The study showed
that this relationship in patches of spontaneous vegetation, forming newly formed ecosystems
on the mineral habitats of waste rock piles formed after coal mining, is positively strong and
statistically significant between the respiration parameters of the mineral substrate and the
amount of plant biomass. The activity of soil enzymes such as dehydrogenase, acid
phosphatase, and alkaline phosphatase in our study was positively correlated with the amount

of COx released. Still, there was no correlation between urease activity and soil CO; emissions.

In the third part of the study, the goal was to determine the relationship between the
diversity of spontaneous vegetation and the intensity of the respiration process of the mineral
bed of the waste rock dump. Based on the knowledge available from studies of vegetation in
natural and semi-natural ecosystems, a hypothesis was adopted that the greater the diversity in
a given vegetation patch, the more intense the respiration. The paper first identifies the
environmental gradients affecting the diversity of the studied vegetation both taxonomically
and functionally. Next, the relationships between various measures of vegetation diversity and
soil substrate respiration parameters were analyzed. It was found that the intensity of the
respiration of the mineral substrate differs between vegetation types. Contrary to our
expectations, soil respiration was highest in the less diverse vegetation types. Among the
functional components, only functional dispersion (an indicator of low habitat filtering) is
weakly negatively and significantly correlated with respiration (SRL). However, all indicators
of functional diversity are correlated, indicating that the conditions that promote the association
of plant communities on mineral substrate in waste rock dumps act differently than in semi-
natural and natural ecosystems. Therefore, respiration depends on several abiotic and biotic

factors in new ecosystems and requires further research.

Knowing and understanding the functioning of Novel Ecosystems type systems and the
processes leading to the co-evolution of the best-adapted organisms and their interrelationships
will enable this knowledge to be used to support the regeneration of environmental functioning
(ecosystem services and human quality of life). Supporting the emergence of New Ecosystems
type systems can be considered a better way to manage post-mining areas than taking the risk
of losing time and financial resources to restore, for example, post-mining heaps to their

previous state.
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Understanding the relationship between various abiotic and biotic factors and the soil
respiration process is crucial to assessing the impact of environmental changes on the
functioning of soil ecosystems. As human activities increasingly affect the environment, there
is an urgent need to understand how these changes affect soil respiration and, thus, the global

carbon cycle.

In conclusion, the research brings new knowledge on the determinants of vegetation
diversity and the interactions between biotic and abiotic elements in mineral habitats of post-
mining heaps. There has yet to be an extensive analysis considering abiotic and biotic factors
on post-mining mineral sites. Conclusions from these studies can be crucial for developing
strategies for managing the natural environment and protecting biodiversity, taking into account

the influence of various factors on the respiration processes in mineral substrates.

The hypotheses posed in the study were falsified. This indicates that the course of the
studied processes: the relationship between biotic and abiotic factors, the diversity of plant
communities spontaneously developing on the mineral substrate of waste rock heaps, and the
processes of carbon dioxide release in newly emerging ecosystems (Novel ecosystems), is

different than in natural and semi-natural ecosystems.

Keywords: soil respiration, coal mine heaps, biotic factors, abiotic factors, taxonomic

diversity, functional diversity, new ecosystems.
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