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STRESZCZENIE

2. Streszczenie

Degradacja gleb jest zjawiskiem nieuniknionym 1 stanowigcym realne zagrozenie dla
ograniczenia jej uzyteczno$ci. Gtéwnymi czynnikami przyczyniajacymi si¢ do poglebiania
tego zjawiska oraz nasilajacych si¢ w zwigzku z tym zmian klimatu sg obecnie intensywne
rolnictwo oraz przemyst. Wczesna ocena degradacji srodowiska glebowego moze zapobiec
jej dalszemu postepowaniu. Dlatego tez istnieje silna potrzeba poszukiwania nowych oraz
weryfikacji przydatnosci juz uzywanych wskaznikow do monitorowania stanu srodowiska
glebowego. Analiza mozliwosci wykorzystania parametrow mikrobiologicznych moze
odegrac istotng rol¢ zar6wno w opracowaniu zrownowazonego zarzadzania ekosystemami,
jak 1 w polityce ochrony $rodowiska glebowego, uwzgledniajgcej postepowanie z r6znymi
odpadami.

W zwigzku z tym gléwnym celem niniejszej rozprawy doktorskiej byla préba
weryfikacji przydatnosci wskaznikow mikrobiologicznych do monitorowania stanu
srodowiska glebowego, poddanego dzialaniu réznych odpaddow, pochodzacych
z dziatalnosci zarowno rolniczej, jak i przemystowej. Wykorzystano do tego celu takie
parametry jak: ogdlng liczebno$¢ bakterii oligotroficznych, kopiotroficznych oraz grzybow
strzepkowych, liczebnos¢ bakterii i grzybow celulolitycznych oraz proteolitycznych,
wzgledng zawarto$¢ DNA, stezenie dsDNA, nasilenie proceséw amonifikacji 1 nitryfikacji,
aktywnos$¢ oddechowa, aktywnos$¢ enzymow glebowych (proteazy, ureazy, dehydrogenaz,
fosfatazy kwasnej i zasadowej, arylosulfatazy, B-glukozydazy, aktywnos$¢ hydrolityczng
diooctanu fluoresceiny (FDA)), a takze wskazniki fitotoksycznosci gleby. Badane
parametry analizowano na tle wlasciwosci fizycznych, chemicznych i fizykochemicznych,
oraz warunkow srodowiskowych, takich jak opady atmosferyczne i temperatura.

Badania zostaty oparte na dwoch modelach doswiadczalnych. Materiat glebowy,
w pierwszym modelu, stanowila gleba pochodzaca z trzyletniego doswiadczenia
polowego, w ktérym poszczeg6lne poletka zostaty nawiezione podtozem popieczarkowym
oddzielnie lub taczenie z nawozeniem mineralnym NPK w dwoch dawkach lub
obornikiem. Drugi model badawczy zlokalizowany byl na glebie pochodzacej z terenu
poprzemystowego, narazonej na oddzialywanie plynnego odpadu z przemystu
chemicznego. Material glebowy pobierano w trzech punktach zlokalizowanych w rdznej
odlegtosci od zbiornika z odpadem.

Badania dotyczace oddziatywania podtoza popieczarkowego wykazaly, ze odpad ten

wplynal na ogdét pozytywnie na liczebnos¢ badanych bakterii i grzybow, a takze na
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wzgledng zawarto§¢ DNA oraz na wigkszo§¢ badanych parametréw zwigzanych
z przemianami mikrobiologicznymi wegla i azotu w glebie. Jednak wptyw ten wraz
z uplywem czasu ostabl. Natomiast w przypadku aktywnosci enzyméw zwigzanych
z przemianami fosforu i siarki oraz zawarto$ci dSDNA oddzialywanie zastosowanego
podtoza popieczarkowego bylo z reguty negatywne. Nalezy zaznaczy¢, ze efekt zmniejszyt
si¢ w kolejnych latach. Wyniki dotyczace wpltywu odpadu i obornika na nasilenie
procesow oddychania i nitryfikacji w glebie wykazaty, ze odpad popieczarkowy bardziej
niz obornik przyczynit si¢ do nasilenia emisji CO, z gleby. Natomiast stymulujacy wptyw
obornika na proces nitryfikacji, ktérego produkty moga by¢ transformowane do N,O,
utrzymywat si¢ znacznie dtuzej niz odpadu popieczarkowego.

Badania dotyczace oceny degradacji gleby cieklym odpadem wykazaly istotne
zmiany poziomu aktywnos$ci wszystkich zastosowanych parametréw w poszczegolnych
punktach poboru prob. Najbardziej czulymi okazaly si¢: ogdlna liczebno$ci bakterii
1 grzyboéw, aktywnosci fosfatazy kwasnej i zasadowej oraz aktywno$¢ hydrolityczna
fluoresceiny. Najnizszymi warto$ciami omawianych aktywno$ci oraz najwyzszg
fitotoksyczno$cig charakteryzowata si¢ gleba zlokalizowana najblizej zbiornika
z odpadem. W tym punkcie odnotowano réwniez nasilenie emisji CO; z gleby.

Uzyskane wyniki wskazuja, ze analizowane w niniejszych badaniach parametry
jakosci gleby, uzyte na tle wlasciwo$ci chemicznych, fizycznych i fizykochemicznych, sa
czutymi wskaznikami zmian zachodzacych w glebie poddanej oddzialywaniu rdznej
antropopresji. Przedstawione badania sugerujg rowniez, ze do monitorowania zmian
zachodzacych w glebie nawiezionej odpadem popieczarkowym wskazane jest laczne
stosowanie réznych metod badawczych, zarowno klasycznych, jak i nowoczesnych. Uzyte
techniki okazaty si¢ dobrym narzedziem do oceny skuteczno$ci zastosowanych zabiegow
nawozowych oraz ryzyka zwigzanego z powstawaniem gazoéw cieplarnianych w glebie
poddanej oddziatywaniu réznych odpaddéw. Ponizsze badania moga by¢ pomocne przy
ograniczeniu negatywnych skutkéw rolniczej dziatalnosci cztowieka, jak i ocenie stopnia
degradacji srodowiska glebowego spowodowanej oddziatywaniem zbiornikow z ciektymi

odpadami, a takze przy ocenie skutecznosci ich zabezpieczen.

Stowa kluczowe: wskazniki biologiczne, podtoze popieczarkowe, degradacja, odpady,

bakterie 1 grzyby glebowe, gazy cieplarniane, fitotoksyczno$¢



SUMMARY

Summary

Soil degradation is an unavoidable phenomenon and poses a real threat by limiting
soil usability. Currently, intensive agriculture and industry are the primary factors
contributing to the exacerbation of this phenomenon and the resulting increasing climate
changes. Early assessment of soil degradation can prevent its further progression.
Consequently, there is a pressing need to explore new indicators and reassess the
effectiveness of existing ones for monitoring the condition of the soil environment. The
analysis of the potential utilization of microbiological parameters can play a significant
role both in developing sustainable ecosystem management and in environmental soil
protection policies that would include the management of various types of waste.

Therefore, the main objective of this dissertation was to verify the usefulness
of microbiological indicators for monitoring the condition of the soil environment
subjected to the influence of various types of waste originating from both agricultural and
industrial activities. For this purpose, parameters were utilized such as the total abundance
of oligotrophic and copiotrophic bacteria, filamentous fungi, the abundance of cellulolytic
and proteolytic bacteria and fungi, relative DNA content, dsSDNA concentration, intensity
of ammonification and nitrification processes, respiratory activity, soil enzyme activity
(proteases, ureases, dehydrogenases, acid and alkaline phosphatases, arylsulfatases,
B-glucosidases, fluorescein diacetate hydrolytic activity - FDA), as well as soil
phytotoxicity indicators. The analyzed parameters were examined considering the physical,
chemical, and physicochemical properties, as well as environmental conditions such as
atmospheric precipitation and temperature.

The research was based on two experimental models. Soil material in the first
experimental model consisted of soil from a three-year field experiment, where individual
plots were fertilized with ash substrate separately or in combination with two doses of
NPK mineral fertilization, or with manure. The second research model was situated on soil
originating from an industrial area, exposed to the influence of liquid waste from the
chemical industry. Soil samples were collected at three points located at varying distances
from the waste reservaoir.

The research on the influence of spent mushroom substrate indicated that this waste
generally had a positive impact on the abundance of the studied bacteria and fungi, as well
as on the relative DNA content, and most of the analyzed parameters related to microbial

transformations of carbon and nitrogen in the soil. However, this impact gradually
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diminished over time. Regarding the activity of enzymes associated with phosphorus and
sulfur transformations, as well as the dsDNA content, the influence of the applied spent
mushroom substrate was generally negative. It should be noted that this effect decreased
in subsequent years. The results regarding the influence of waste and manure on the
intensity of soil respiration and nitrification processes indicated that spent mushroom
substrate contributed more than manure to the intensification of CO, emissions from the
soil. However, the stimulating effect of manure on the nitrification process, whose
products can be transformed into N,O, persisted significantly longer than that of spent
mushroom substrate.

The research concerning the assessment of soil degradation by liquid waste showed
significant changes in the level of activity of all applied parameters at individual sampling
points. The most sensitive parameters were found to be: total abundance of bacteria and
fungi, activity of acid and alkaline phosphatase and fluorescein hydrolase. The soil located
closest to the waste reservoir exhibited the lowest values of the discussed activities and the
highest phytotoxicity. At this site, an intensification of soil CO, emissions was also
recorded.

The results obtained in this study suggest that the analyzed soil quality parameters,
when considered alongside the chemical, physical, and physicochemical properties, can
serve as sensitive indicators of changes occurring in soil affected by different human
pressures. The present research also suggests that for monitoring changes occurring in soil
fertilized with spent mushroom substrate, it is advisable to employ a combination
of various research methods, both classical and modern. The techniques used proved to be
effective tools for assessing the effectiveness of the applied fertilization treatments and the
risk associated with greenhouse gas emissions in soil subjected to the influence of various
wastes. The studies presented here can be helpful in mitigating the negative effects
of human agricultural activities and assessing the degree of soil environmental degradation
caused by the influence of liquid waste reservoirs, as well as in evaluating the effectiveness

of their protection measures.

Keywords: biological indicators, spent mushroom substrate, degradation, waste, soil

bacteria and fungi, greenhouse gases, phytotoxicity.
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3. Wstep

Gleba to jeden z najwazniejszych zasobow naturalnych Ziemi. Jest podstawag
systemOow produkcji zywnosci, uprawy roslin na pasze, bltonnik oraz paliwo, a takze
odgrywa wazng role w zwalczaniu i tagodzeniu zmian klimatycznych [Trasar-Cepeda i in.,
2016; Lehmann i in., 2020]. Réwnoczes$nie srodowisko glebowe jest niezwykle wrazliwe
1 wystawione na szereg zagrozen, zarowno ze wzgledu na szybko postepujagce zmiany
klimatyczne, jak i intensywna dzialalno$¢ cztowieka [Borrelli i in., 2020; Kuzyakov
1 Zamanian, 2019]. Wszelkie procesy i dzialania powodujace pogorszenie wilasciwosci
fizycznych, chemicznych i biologicznych pedosfery okreslane sg mianem degradacji gleby.

Obecnie w dobie szybko post¢pujacej cywilizacji, degradacja gleb jest jednym
z najpowazniejszych probleméw  spoleczno-ekonomicznych i  $rodowiskowych
zagrazajacych przetrwaniu i dobrobytowi ludzkosci [Santorufo i in., 2021]. Wedlug FAO
33 % gleb na Ziemi jest juz zdegradowanych, a ponad 90% moze jej ulec do 2050 r.
Najwiekszy odsetek terenéw zagrozonych degradacja lub juz zniszczonych wystgpuje
w Europie (15,2 %), Afryce (10,7 %) oraz w Azji (10,4 %) [FAO i ITPS, 2015; IPBES,
2018].

Przyczyny degradacji gleby sa zlozone i maja r6znorodny charakter. Najczesciej
definiowana jest ona na podstawie trzech, S$ciSle ze sobg powigzanych, aspektow:
fizycznego, chemicznego oraz biologicznego. Degradacja fizyczna dotyczy m.in. erozji
wodnej 1 osuwisk. Obejmuje przemieszczenie 1/lub zmiane potozenia czastek gleby bez
zmiany ich sktadu chemicznego. Degradacja chemiczna wigze si¢ gtownie z wysoka
koncentracja soli w roztworach glebowych, z naruszeniem rownowagi jonowej gleby,
zakwaszeniem jej albo nadmierng alkalizacja. Degradacja biologiczna dotyczy
w szczegllnosci spadku ilosci 1 jakoSci materii organicznej gleby, a takze obnizenia
bior6znorodnosci organizmoéw glebowych, zaro6wno makrofauny, jak 1 mikroflory
[Keesstra in., 2018; Saljnikov i in., 2022].

Postgpujacy deficyt materii organicznej, ktéra jest jednym z podstawowych
wskaznikow jakosci gleby, zaleznym od réznych biotycznych 1 abiotycznych cech
ekosystemu, jest jednym z problemow zwigzanych z degradacja gleby [Rutkowska
i Pikuta, 2013]. Przy aktualnie poglgbiajacych si¢ zmianach warunkéw klimatycznych,
a co za tym idzie takze glebowych, zawarto$¢ materii organicznej nabiera coraz wigkszego
znaczenia nie tylko dla prawidlowego funkcjonowania ekosystemow, ale takze dla rozwoju

spoteczno-gospodarczego wielu regionow $wiata [Komatsuzaki i Ohta, 2007]. Deficytem
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materii organicznej charakteryzuja si¢ przede wszystkim gleby lekkie (piaszczyste), ze
wzgledu na stabo rozwinietg strukture agregatowa, mala zdolno$¢ do retencji wody, niski
poziom sktadnikéw odzywczych oraz stabg zdolnos¢ do ich przechowywania i wymiany
[Peake i in., 2014; Osman, 2018; Yost i Hartemink, 2019; Zhou i in., 2019; Usowicz i
Lipiec, 2021]. Szacuje si¢, ze ten rodzaj gleb zajmuje na Swiecie ok. 900 ml ha [Yost i
Hartemink, 2019]. Zjawisko to wymusza poszukiwanie sposobow poprawienia ich jakosci
1 produktywnosci. Jednym z nich jest wprowadzanie do gleb coraz wigkszych ilosci
nawozow naturalnych i organicznych [Zhou 1 in., 2019; Frac i in., 2021; Kwiatkowski 1
Harasim, 2021; Lipiec i in., 2021].

Duzy potencjat nawozowy wykazuja zwlaszcza odpady rolnicze, powstajace na
obszarach wiejskich w wyniku przetworstwa plodéw rolnych i1 dziatalnosci rolnicze;j.
Jednym z takich odpadow o charakterze organicznym jest podtoze po uprawie pieczarki
(Agaricus bisporus L.) [Hanafi i in., 2018]. Wedtug the Food and Agriculture Organization
Corporate Statistical Database, wielkos$¢ swiatowej produkcji grzybow i trufli w 2020 roku
wyniosta 42 792 893 ton, podczas gdy na przyktad w 2000 r. zaledwie 8 781 004 ton, czyli
20 % catkowitej aktualnej produkcji. Na §wiecie glownym producentem grzybow i trufli sa
zdecydowanie Chiny (40 004 574 ton w 2020 r.), natomiast w Europie (1 270 241 ton
w 2020 r.) przoduja glownie Holandia (260 000 ton — 2020 r.), Polska (182 900 ton — 2020
r.) oraz Hiszpania (166 010 ton — 2020 r.) [FAOSTAT, 2022]. Tak intensywna $wiatowa
produkcja skutkuje powstawaniem ogromnych ilo$ci zuzytego podtoza grzybowego, ktore
szacuje si¢ na okoto 60 min ton rocznie [Leong i in., 2022]. Efektywne wykorzystanie
1 utylizacja tak duzej ilosci wytworzonego corocznie materiatu jest duzym wyzwaniem dla
wspolczesnej gospodarki.

Ze wzgledu na sktad (gldéwnie wysoka zawarto§¢ materii organicznej) zle sktadowany
odpad popieczarkowy moze stanowi¢ zagrozenia dla Srodowiska, poprzez rozwoj
mikroflory patogennej 1 rozprzestrzenianie si¢ chorob grzybowych, niekontrolowang
biodegradacje odpadow przez mikroorganizmy i1 w konsekwencji emisje gazéw
cieplarnianych do atmosfery oraz wymywanie zwigzkéw biogennych do waod
powierzchniowych i gruntowych [Rinker, 2017; Leong i in., 2022].

Z powodu rosnagcych obaw o S$rodowisko, niezbedna jest odpowiednia utylizacja
1 postepowanie z nadmiernie gromadzonym podlozem popieczarkowym. Aktualne badania
jednoznacznie wskazuja, Ze rolnicze wykorzystanie jest najlepszym sposobem jego
recyklingu, w zwiazku z duzymi walorami nawozowymi [Owaid i in., 2017; Kwiatkowski

1 Harasim, 2021; Velusami i in., 2021; Prasad i in., 2022]. Podloze to jest cennym zrodiem
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substancji organicznej oraz sktadnikoéw pokarmowych tatwo dostepnych dla roslin [Owaid
iin., 2017; Zhou i in., 2019; Frac i in., 2021]. Wprowadzone do gleby poprawia szereg jej
wlasciwosci w szczegolnosci: strukture, odczyn, a takze pojemnos¢ wodng [Malinska i in.,
2018; Lipiec i in., 2021]. Odpad ten wykorzystywany jest rowniez m.in.: w bioremediacji,
do uprawy roslin w uprawach szklarniowych i polowych, w produkcji preparatow
promujacych wzrost roslin, w szkoétkach i ksztaltowaniu krajobrazu [Paula, 2017; Rinker,
2017; Corral-Bobadilla i in., 2019; Zied i in., 2020; Kwiatkowski i Harasim, 2021]. Te
sposoby zagospodarowania podiloza popieczarkowego pozwalaja rowniez rozwigzaé
posrednio problem innych odpadow, tj. tych, ktére zostaly wcze$niej uzyte do jego
skomponowania. Do przygotowania podloza do uprawy pieczarek stosuje si¢ rozne
sktadniki, takie jak: stoma, obornik drobiowy, rzadziej obornik konski, substancje
odzywcze oraz strukturotworcze — mocznik, weglany, widkno kokosowe i1 odtluszczong
srute sojowa. Jako przykrycie wykorzystuje si¢ torf niski lub przejsciowy, niezamulony lub
lekko zamulony, z réznym udziatem torfu wysokiego i dodatkow alkalizujacych —
dolomitu, wapna [Becher, 2013]. Ponadto zuzyte podloze popieczarkowe moze byé
poddawane kompostowaniu takze z uzyciem np. gnojowicy czy osadéw Sciekowych, co
dodatkowo pozwala na recykling kolejnych odpadow [Grimm i Wosten, 2018; Meng i in.,
2018]. Biorgc pod uwage duza roznorodnos¢ i zmienno$¢ poszczegdlnych podiozy
popieczarkowych zalecane jest badanie ich sktadu oraz ewentualne zbilansowanie
sktadnikow poprzez uzupehienie nawozeniem mineralnym. Wprowadzenie odpadu do
gleby m.in. w celach nawozowych wpisuje si¢ rowniez w ide¢ gospodarki o obiegu
zamknigtym. Idea ta polega na odpowiednim doborze nie tylko dziatan zwigzanych z
poszczegdlnymi etapami produkcji, ale roéwniez ponownym wykorzystaniem odpadow,
ktore powstaja w wyniku tej dziatalnosci [Zied i in., 2020].

Scisle z degradacja fizyczng i biologiczng zwiazana jest rowniez degradacja
chemiczna, ktéora wedlug Richmonda [2015] jest, zaraz po erozji, jej najbardziej
rozpowszechniong formg. Degradacja chemiczna bedaca skutkiem antropopresji moze by¢
zwigzana z niektorymi praktykami agrotechnicznymi (np. nadmierne stosowanie nawozow
mineralnych, herbicydow, insektycydow), ale przede wszystkim z intensywnym rozwojem
przemyshu, zwtaszcza rolno-spozywczego, papierniczego i celulozowego [Richmond,
2015; Gaur 1 in., 2020; Srivastava 1 in., 2023]. Jak podaja Gaur i in. [2020] przemyst
celulozowo-papierniczy nalezy do najbardziej zanieczyszczajacych gatezi przemystu na
Swiecie, generujac niebezpieczne $cieki 1 odpady na duza skale. Niekontrolowane, Zle

zlokalizowane 1 niewtasciwie zaprojektowane sktadowiska réznych rodzajow odpadow,
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takich jak state i ciekle odpady komunalne lub przemystowe, uwazane sa za powazne
potencjalne zrédla zanieczyszczen ekosystemow ladowych i wodnych [Gaur i in., 2020;
Mester i in., 2022; Srivastava i in., 2023]. Na stopien zanieczyszczenia maja wptyw, takie
czynniki jak: ilo$¢ i sktad odciekdéw, czas eksploatacji obiektu, rodzaj gleby, poziom wod
gruntowych, odleglos¢ od gruntow rolnych lub srodowiska wodnego [Mester i in., 2022].
Moga mie¢ one charakter zanieczyszczenia rozproszonego, jak i punktowego, ktéry ma
wptyw na biotyczne i abiotyczne funkcje gleby, jakos¢ upraw oraz zdrowie zwierzat i ludzi
[Richmond, 2015; Keesstra in., 2018]. Nagromadzenie w srodowisku glebowym roéznych
substancji toksycznych prowadzi miedzy innymi do naruszenia rownowagi jonowej gleby,
a takze jej zakwaszenia lub nadmiernej alkalizacji [Keesstra in., 2018; Saljnikov i in.,
2022]. Odczyn gleby determinuje losy substancji w $srodowisku glebowym, wptywa na
liczne biologiczne, chemiczne 1 fizyczne wlasciwosci gleby oraz procesy, ktore wplywaja
na aktywnos$¢ mikroorganizméw, wzrost roslin i plon biomasy [Neina, 2019]. Niektore
mikroelementy sa bardziej dostepne w warunkach kwasnych, podczas gdy inne w
warunkach zasadowych. Rozwdj silnie kwasnych gleb (ponizej 5,5 pH) moze skutkowaé
stabym wzrostem ro$lin. Natomiast gleby alkaliczne charakteryzuja si¢ zmniejszong
dostepnoscig fosforu i mikrosktadnikéw, co tez wplywa negatywnie na ro$liny [Jiang in.,
2017]. W zwigzku z tym, iz chemiczne i biologiczne procesy degradacji wchodza ze soba
w interakcje, wymagaja one doktadnego i statego monitorowania.

Degradacja gleby jest zjawiskiem nieuniknionym, stanowigcym realne zagrozenie
dla realizacji wizji 17 Celow Zrownowazonego Rozwoju Organizacji Narodow
Zjednoczonych [Keesstra in., 2018]. Dlatego nalezy dazy¢ do tagodzenia jej skutkow przy
jednoczesnym utrzymaniu wydajnosci rolnictwa i rownowagi spoteczno-ekologicznej.
Intensywny rozwdéj i chemizacja gospodarki wymuszaja szukanie nowych naturalnych
alternatyw dla poprawy jakosci stanu gleb, bez szkodliwego ingerowania w ekosystemy.

Przy wyborze sposobu zagospodarowania odpadow organicznych, w tym
generowanych w rolnictwie, nalezy wzia¢ pod uwage mozliwo$¢ emisji gazow
cieplarnianych w wyniku przemian weglowej i azotowej materii. Rolnictwo jest
podstawowym czynnikiem przyczyniajacym si¢ do ich emisji, ktorg szacuje si¢ na 10 % do
20% catkowitej antropogenicznej emisji gazoéw cieplarnianych [Allen 1 in., 2020].
Zarowno nawozy, jaki i odpady, zwlaszcza organiczne, zawieraja duze ilosci wegla
organicznego, ktoérego zasoby na gruntach rolnych odgrywaja kluczowa rolg
w zroéwnowazonym rolnictwie. To wtasnie materia organiczna, ktorej gtdéwnym zrodtem

moze by¢ podtoze popieczarkowe, wplywa na tempo mineralizacji 1 gromadzenia si¢ badz
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emisji wegla z gleby oraz na zlozone interakcje migdzy glebowymi procesami
biologicznymi i fizyko-chemicznymi a warunkami $rodowiskowymi [Rahman, 2013].
Sekwestracja glebowa wegla, czyli zwickszanie w glebie iloSci tego pierwiastka,
zmagazynowanego jako materia organiczna, moze poprawi¢ jakos¢ gleby 1 zmniejszy¢
udzial rolnictwa w emisji CO, [Minasny i in., 2017; Navarro-Pedrefio i in., 2021]. Istotne
jest, aby z wniesieniem materii organicznej do gleby wraz z odpadami, jednoczes$nie
analizowa¢ wptyw tej aplikacji na procesy glebowe i aktywnos$¢ drobnoustrojow. Biorgc
pod uwage, ze okolo 90 % CO, emitowanego z gleby jest pochodzenia
mikrobiologicznego, jest to gldéwny strumien w ramach globalnego obiegu wegla, ktory
emituje do atmosfery okoto 10 razy wiecej CO; rocznie niz spalanie paliw kopalnych
[Bond-Lamberty i Thomson, 2010; Le Que’re’i in., 2013]. Doktadniejsze zrozumienie
poszczegdlnych procesOw mikrobiologicznych zwigzanych z przemianami tlenkow azotu
w glebie, pozwoli na stosowanie lepszych praktyk zarzadzania srodowiskiem glebowym,
majacych na celu zwigkszenie efektywnosci wykorzystania tego biogenu i réwnoczesne
ograniczenie emisji gazow cieplarnianych. Wedtug IPCC [2013] gleby rolnicze sa
gléwnymi antropogenicznymi zrodlami gazow cieplarnianych 1 odpowiadaja za okoto
60 % emisji CHy, 15 % CO, i 61 % emisji N,O. Wykorzystanie odpadéw organicznych
w rolnictwie prowadzi do poprawy jakosci gleb, ale moze takze prowadzi¢ do
zanieczyszczenia atmosfery poprzez zwigkszenie emisji gazow cieplarnianych z gleby
[Jezierska-Tys i Frac, 2007]. W zwiazku z postepujacymi zmianami klimatycznymi
1 szybko rosngcym zaludnieniem Ziemi, utrzymanie jakosci gleby na wysokim poziomie,
szczegolnie na obszarach rolniczych, uznawane jest za jeden z najbardziej krytycznych
wyzwan dla spoteczenstwa XXI wieku [Santorufo i in., 2021].

Rosnace obecnie zainteresowanie zrownowazonym rozwojem oraz cheé oceny
wplywu uzytkowania gruntéw 1 praktyk zarzadzania nimi powoduje, ze jednym
z najwazniejszych celow wspotczesnej nauki, zajmujacej sie Srodowiskiem glebowym, jest
zrozumienie znaczenia jakosci gleby i jej ocena [Santorufo i in., 2021]. Pomocne, w ocenie
stanu $rodowiska glebowego poddanego rdéznego rodzaju presji czlowieka, sa rdzne
parametry mikrobiologiczne, biochemiczne oraz enzymatyczne. Moga by¢ one
wykorzystywane zarowno W przypadku pozytywnych aspektow (np. analizy: skutecznosci
rekultywacji, wzrostu zyzno$ci gleby, ograniczenia emisji gazoéw cieplarnianych), jak
I negatywnych (np. ocena stopnia zdegradowania §rodowiska glebowego czy nasilenia

emisji gazow cieplarnianych).
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Drobnoustroje glebowe to fundament wielu roznych funkcji w ekosystemach, a ich
liczebnos¢ 1 bior6znorodnos¢ sa wrazliwe na zmiany $rodowiska glebowego, dlatego tez
uznawane s3 one za wczesne wskazniki zmian jego jakosci [Nosrati i Collins, 2019;
Ananyeva i in., 2021; Qiu i in., 2021; Mencel i in., 2022; Naylor i in., 2022; Shah i in.,
2022]. Jak podaja Chen i in. [2020] jeden gram gleby zawiera do 1 miliarda bakterii i 10
milionow strzgpek grzybow. Ogromne bogactwo biologiczne gleby stanowi podstawe jej
funkcjonowania, a co za tym idzie posredniczy w zapewnieniu dobrej jakosci zywnosci,
fagodzeniu zmian klimatu, a takze magazynowaniu 1 oczyszczaniu wody oraz
zapobieganiu erozji [Wall i in., 2015; Yang i in., 2018; Chen i in., 2020; Fan i in., 2023].
Drobnoustroje sg S$cisle zwigzane z rozkladem materii organicznej, uwalnianiem
sktadnikow mineralnych, obiegiem sktadnikéw odzywczych, czy sekwestracja wegla,
przez co determinujg stabilno$¢ i odpornos$¢ ekosystemow [Ananyeva i in., 2021; Mencel
i in., 2022; Naylor i in., 2022]. Sktad i liczebnos¢ mikrobioty glebowej zalezy od wielu
réznych czynnikéw, m.in.: wlasciwosci fizykochemicznych gleby, jej rodzaju, zawartosci
sktadnikow odzywczych i materii organicznej, warunkow klimatycznych, szaty roslinnej
oraz sposobu jej uzytkowania [Geisen i in., 2019; Chen i in., 2020; Mencel i in., 2022].
Wszelkie zmiany w mikrobiocie glebowej majg istotny wpltyw na obieg skladnikow
odzywczych, wegla, azotu, a takze na emisje gazoéw cieplarnianych [Muhammad i in.,
2022; You i in., 2022]. Ze wzgledu na znaczenie réznorodno$ci mikrobiologicznej gleby
dla wielofunkcyjno$ci ekosystemow zasadne wydaje si¢ uwzglednianie jej analizy przy
badaniu wszelkich mechanizmow odpowiedzi $rodowiska glebowego na zmiany
klimatyczne, jak tez na réznorodng dziatalnos¢ cztowieka. Oba te czynniki znaczaco
wplywaja na wlasciwosci fizyczne, jaki i chemiczne gleby, a to z kolei przektada si¢ na
aktywnos¢, liczebnos¢ 1 bioréznorodnos¢ drobnoustrojow glebowych [Borrelli 1 in., 2020;
Kuzyakov i in., 2020]. Ocena ilosci oraz bioréznorodno$ci drobnoustrojéw w glebie jest
niezbg¢dna dla lepszego zrozumienia dynamiki ich populacji, a takze prowadzonych przez
nie procesOw biochemicznych. Skiad ilosciowy 1 jako$ciowy mikroorganizméw
glebowych jest uwazany za czuly wskaznik jakosci gleby, poniewaz jest to zywy sktadnik
srodowiska glebowego, ktory szybko reaguje na czynniki antropogeniczne [Hermans 1 in.,
2020; Frac i in., 2021; Jezierska-Tys i in., 2021; Joniec i in., 2021; Wyszkowska i in.,
2023].

Waznym, obok liczebnosci i roznorodnosci, wskaznikiem aktywnosci biologicznej
gleby jest intensywno$¢ procesow biochemicznych mierzona zawarto$cig produktéw

dziatalnosci mikroorganizméw glebowych, np. jonow N-NOsz, N-NH4 czy CO;
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Aktywno$¢ oddechowa uznawana jest za dobry wyznacznik zmian zachodzacych
w $rodowisku glebowym [Joniec i in., 2015; Gyawali i1 in., 2019]. Wigkszo$¢ CO,
emitowanego z gleby jest to koncowy produkt mineralizacji oraz utleniania substancji
organicznych przez drobnoustroje bytujace w glebie, ale takze efekt procesow
oddechowych roélin oraz rozktadu zwigzkéw organicznych, wnoszonych do gleby wraz
z korzeniami [Kuzyakov, 2006]. Dlatego tez zmiany aktywnosci procesOw oddechowych
moga wskazywa¢ na zaburzenia ekologiczne oraz na duzy udzial mikroorganizméw
w metabolizmie gleby i globalnym ociepleniu. Z tego wzgledu aktywno$¢ oddechowa
zostatla uznana przez wielu innych autoréw za dobry wyznacznik szybkosci rozkladu
materii organicznej lub mikrobiologicznej biomasy [Alvarez-Martin i in., 2016; Paula i in.,
2017; Joniec i in., 2019; Elsakhawy i EI-Rahem, 2020; Joniec i in., 2021].

Mikroorganizmy glebowe uczestnicza nie tylko w przemianach wegla, ale biorg
takze udziat w cyklu biogeochemicznym, kolejnego waznego biogenu, jakim jest azot
[Barabasz i in., 2002; Barton i McLean, 2019]. Jest to jeden z najwazniejszych
pierwiastkdOw w przyrodzie o kluczowym znaczeniu dla przetrwania wszystkich zywych
organizméw. Na jego obieg sklada sie szereg rdéznych procesow, miedzy innymi
amonifikacja, denitryfikacja czy nitryfikacja. Procesy te tworzg tak zwany cykl azotowy,
odpowiadajacy za wigkszo$¢ przemian tego pierwiastka oraz odgrywaja istotng rolg w jego
losie w ekosystemach Ziemi. Amonifikacja to proces wytwarzania amoniaku z rozktadu
azotu organicznego, a nitryfikacja polega na utlenianiu amoniaku do azotynéw NO;,
a nastepnie do azotanéw NOjs [Prangnell i in., 2019]. Zdaniem Sierra i in. [2012]
nagromadzanie si¢ mineralnych form azotu w wyniku mineralizacji odpadowej materii
organicznej moze by¢ zjawiskiem niekorzystnym dla Srodowiska. Jest to zwigzane
z podatnoscia mineralnej formy azotu na tugowanie, co w konsekwencji grozi
zanieczyszczeniem wod i stratami tego pierwiastka z gleby. Z kolei nitryfikacja, jak
1 denitryfikacja sg istotnym zrodlem N,O w glebach rolniczych, ktory jest jednym
z gtownych gazow cieplarnianych, o ok. 320 razy wyzszym potencjale tworzenia efektu
cieplarnianego niz CO; [Lai i in., 2019; Yoon i in., 2019]. Ze wzgl¢du na role jakg pehnia,
powyzsze parametry, powinny by¢ one czesto wykorzystywane jako wskaznik aktywnosci
biologicznej gleby, a takze do okreslania wptywu réznych czynnikéw na stan biologiczny
srodowiska glebowego.

Istotnym narzedziem, w monitorowaniu zmian zachodzacych w $rodowisku
glebowym, jest réwniez aktywno$¢ enzymatyczna, ktora jest S$ciSle zwigzana

z mikrobiomem glebowym. Enzymy glebowe jako naturalne katalizatory wielu proceséw
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zachodzacych w $rodowisku glebowym, odgrywaja wazng rol¢ w rozkladzie materii
organicznej i obiegu skladnikoéw odzywczych, a tym samym odzwierciedlajg trendy
i charakter cykli biogeochemicznych [Gianfreda i Rao, 2014; Utobo i Tewari, 2015].
Aktywno$¢ enzymatyczna wykazuje duza czuto$¢ 1 wrazliwos$¢ na zmiany srodowiskowe.
Szybka reakcja tego parametru, wywotana ré6znymi praktykami powoduje, ze aktywnos¢
enzymatyczna uznawana jest za istotny wskaznik wykorzystywany w ocenie jakosci gleb
1 odpowiedzi drobnoustrojéw na zmiany klimatyczne [Lee 1 in., 2020; Song i in., 2021;
Fanin i in., 2022; Mencel 1 in., 2022]. Jak donoszg Alkorta i in. [2003] enzymy mog3g
reagowa¢ na roéznego rodzaju zmiany znacznie wczesniej niz inne parametry gleby. Co
wiecej, aktywno$¢ enzymatyczna wykazuje czgsto S$ciste korelacje z krytycznymi
parametrami jakos$ci gleby, takimi jak: materia organiczna, wlasciwosci fizyko-chemiczne
gleby czy biomasa i aktywno$¢ mikrobiologiczna [Song 1 in., 2017; Furtak 1 Galazka,
2019; Joniec i in., 2022; Kwiatkowska i Joniec, 2022]. Ponadto techniki oznaczania
enzymoOw sa dos¢ tanie, proste i daja wysoka powtarzalno$¢ wynikow [Utobo i Tewari,
2015].

Ze wzgledu na wazng rolg jaka peilnig mikroorganizmy glebowe w ksztattowaniu
zdrowotnosci gleb 1 kondycji roslin, wlasciwe jest laczenie badan ich aktywnos$ci oraz
liczebnosci z badaniami fitotoksycznosci danego srodowiska. Powszechnie wiadomo, ze
wplyw roznego rodzaju odpadow na $rodowisko glebowe jest zroznicowany. W glebach
zdegradowanych chemicznie wystepuja duze ilo$ci zwiazkéw toksycznych zaktocajacych
aktywnos$¢ procesow zyciowych gleby, w tym m.in. dost¢pnos¢, pobieranie 1 mobilnos¢
sktadnikéw odzywczych [Richmond, 2015]. Z kolei odpady organiczne, takie jak podtoze
popieczarkowe, na og6l pozytywnie wpltywaja na wlasciwosci gleby [Malinska i in., 2018;
Lipiec i in., 2021]. Wprowadzenie do s$rodowiska glebowego odpadowej materii
organicznej, niesie jednak ze soba pewne ryzyko zaburzenia warunkow zycia roslin.
Dlatego istotne jest monitorowanie skutkéw oddziatywania roéznych odpadow na
parametry zwigzane ze wzrostem oraz rozwojem roslin. W celu kontrolowania srodowiska
glebowego pod wspomnianym katem zaleca si¢ stosowanie biotestow, przyktadem takich
analiz jest fitotest z udzialem Lepidium sativum L. [Kucaj i in., 2019; Szymanski
i Dobrucka, 2022]. Parametry fitotoksyczne sg czesto wykorzystywane do okreSlania
wptywu réznych zwigzkow chemicznych, w tym pochodzenia odpadowego, na
kietkowanie 1 wzrost ro$lin [Alvarenga i in., 2015; Pampuro i in., 2017; Manas i de las
Heras, 2018; Clasen i de Moura Lisboa, 2019; Joniec i in., 2019; Seneviratne i in., 2019;
Godlewska i in., 2022].
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Wskazniki mikrobiologiczne, biochemiczne oraz enzymatyczne gleby, a takze
fitotoksyczno$¢ maja potencjat szybkiego reagowania na zmiany srodowiskowe. Dlatego
tez mogg stuzy¢ do oceny skutkéw oddzialywania odpaddéw pochodzenia rolniczego i
przemystowego [Joniec i in., 2022; Kwiatkowska i Joniec, 2022; Kwiatkowska i in., 2023;

Kwiatkowska i in., 2024].
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CELE | HIPOTEZY BADAWCZE

4. Cele i hipotezy badawcze

Intensywne rolnictwo oraz przemyst sg obecnie jednymi z gléwnych czynnikoéw
degradacji gleb oraz nasilajacych si¢ w zwigzku z tym zmian klimatu. Dlatego tez istnieje
silna potrzeba poszukiwania nowych oraz weryfikacji przydatnosci juz uzywanych
parametrow do monitorowania stanu $rodowiska glebowego. Analiza mozliwosci
wykorzystania parametrow mikrobiologicznych moze odegra¢ kluczowa rolg, zaréwno
W opracowaniu zrownowazonego zarzadzania ekosystemami, jak i w polityce ochrony
srodowiska glebowego, uwzgledniajacej postepowanie z réznymi odpadami. W zwiazku
z tym celem nadrzednym niniejszej rozprawy doktorskiej byta proba weryfikacji
przydatno$ci wskaznikow do monitorowania stanu Srodowiska glebowego poddanego
dziataniu réznych odpadow pochodzacych z dziatalnosci rolniczej, jak i przemystowe;.

W ramach gléwnego celu wyodrebniono nastepujace cele szczegdtowe:

e zbadanie i poréwnanie wptywu odpadu popieczarkowego oraz obornika, na
wskazniki jakosci gleby, jakimi s3: liczebnos$¢ i r6znorodno$¢ mikroorganizmow
glebowych,  aktywno$¢  biochemiczna oraz  enzymatyczna  zwigzana
z mikrobiologicznymi przemianami N, C, P, S, a takZe na fitotoksycznos¢ gleby;

e oceng liczebnosci mikroorganizméw glebowych i ich aktywnosci biochemiczne;,
a takze enzymatycznej oraz analiz¢ fitotoksyczno$ci gleby z terenow
poprzemystowych, poddanej odziatywaniu odpadu z przemystu chemicznego;

e zbadanie wpltywu mikroorganizméw glebowych na powstawanie gazow
cieplarnianych w glebie z dodatkiem r6znych odpadow.

Cel nadrzedny oraz cele szczegdbtowe badan zostaty zrealizowane w oparciu o nastepujace
hipotezy badawcze:

e odpad popieczarkowy stosowany do celow nawozowych pozytywnie wptywa na
wskazniki jako$ci gleby, w tym na biordéznorodnos$¢ i aktywno$¢ drobnoustrojow
glebowych oraz nie wywotuje fitotoksycznego dziatania na poczatkowe ectapy
wzrostu roslin;

e odpad popieczarkowy jest dobra alternatywa nawozenia dla obornika i moze by¢
stosowany co roku;

e analizowanie populacji mikroorganizmow glebowych z wykorzystaniem
jednoczesnie odpowiednio dobranych klasycznych i nowoczesnych wskaznikéw
pozwala na uzyskanie petniejszego obrazu stanu gleb nawozonych odpadem

popieczarkowym;
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podioze popieczarkowe, w przeciwienstwie do obornika, nie przyczynia si¢ do
nasilenia si¢ efektu cieplarnianego;

uzyte w badaniach wskazniki aktywno$ci drobnoustrojow  glebowych
I fitotoksycznosci sg odpowiednie do monitorowania stanu gleb zdegradowanych
chemicznie na skutek silnej alkalizaciji;

alkalizacja §rodowiska glebowego powoduje zmiany w aktywnosci drobnoustrojow
nie tylko w gornej, ale rowniez w dolnej warstwie gleby, oraz ze zmiany te

utrzymuja si¢ nawet w duzej odleglosci od emitera zanieczyszczenia.
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5. Material i metody

5.1. Model badawczy | (publikacje: P.1, P.2, P.3)

Pierwszy eksperyment polowy zostal zatozony na terenie Gospodarstwa
Doswiadczalnego w Czestawicach (Polska, wojewodztwo lubelskie, 51°18°23°N,
22°16°02”’E) nalezacego do Uniwersytetu Przyrodniczego w Lublinie. Doswiadczenie
prowadzono w uktadzie blokow losowych, w trzech powtorzeniach, a powierzchnia
pojedynczego poletka wynosita 3 m? (1,5 m x 2,0 m). Poszczegolne poletka oddzielono od
siebie $ciezkami o szeroko$ci Im. Doswiadczenie zlokalizowano na glebie ptowej
wytworzonej z lessu, nalezacej do II klasy bonitacyjnej [PSSS, 2009; WRB, 2015]. Sktad
uziarnienia gleby byt nastepujacy: frakcja 1,0 — 0,1 mm - piasek $redni (4 %), frakcja 0,1 —
0,02 mm - piasek drobny - pyt gruby (52 %), frakcja 0,02 — 0,002 mm - pyt drobny (35 %),
frakcja < 0,002 mm - it koloidalny (9 %).

Podloze popieczarkowe i obornik bydlecy stosowano przez trzy lata (jesienia)
w jednorazowej dawce 20 t ha™. Podloze popieczarkowe, uzyte w do$wiadczeniu, zostato
skomponowane na bazie: stomy zbozowej (pszenicy ozimej), torfu i obornika kurzego.
W przypadku dwoéch obiektow z tym podilozem, stosowano rdéwniez uzupetniajace
nawozenie mineralne azotem (N), fosforem (P) i potasem (K). Byto to spowodowane
wyjsciowg zasobno$cig gleby w przyswajalne skladniki pokarmowe, a takze
z hipotetycznie przyjetym szybkim uwalnianiem si¢ z tego odpadu sktadnikow
pokarmowych, a co za tym idzie z krotkotrwatym dziataniem nawozowym samego podtoza
popieczarkowego (bez nawozenia NPK). Dlatego azot wprowadzono w formie saletry
amonowej, w dawkach N1 — 50 i N2 — 100 kg ha™, fosfor w postaci superfosfatu
potréjnego granulowanego w dawkach P1 — 30 i P2 — 60 kg ha™* oraz potas, jako siarczan
potasowy w dawkach K1 — 70 i K2 — 140 kg ha'. Rosling testowa byla zycica
wielokwiatowa (Lolium multiflorum Lam.) — odmiana tetraploidalna Turtetra (Kroto),
wysiewana kazdego roku w drugiej dekadzie kwietnia w ilosci 30 kg ha™, w rozstawie
rzgdow 25 cm, na glebokos¢ 1 cm. Obiekt kontrolny stanowita gleba bez nawozenia.
Charakterystyke gleby, podloza popieczarkowego oraz obornika przedstawiono
w Tabeli 1.
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Tabela 1. Wybrane wiasciwosci gleby oraz zastosowanych odpadow [Joniec i in., 2022].

Wlasciwosci  Jednostka Gleba Podloze popieczarkowe Obornik
pHxa 1 mol KC1 7,0 6,6 7,3
TOC g kg 14,98 105,0 135,8

TN g kg 1,51 6,50 9,47
TP g kg 0,19 0,25 0,25
Ca 1660 15800 2240
K mg kg 2350 6330 11100

Mg 1390 1240 1550
Zn 86,0

Cu 16,6

Ni 2,81

Cr mg kg1 n.o. 1,84 n.o.
Cd 0,055

Pb 0,956

Hg 0,07

Skroty: TOC — wegiel organiczny ogdtem, TN — azot ogolny, TP — potas ogélny, n.o. —
nieoznaczone

Fotografia 1. Uprawa pieczarki.

Prace badawcze prowadzono w latach 2018 — 2020. Materiat glebowy pobierano za
pomocg $widra ztobigcego, z warstwy 0 — 25 cm, z wytypowanych losowo 10 miejsc
w obrgbie kazdego poletka badawczego w dwoch terminach, tj. wiosng (czerwiec)
1 jesienig (wrzesien). Pobrane probki przesiano przez sito o S$rednicy 2 mm
1 przechowywano w plastikowych workach w temperaturze 4°C, z wyjatkiem gleby do

analiz DNA, ktorg przechowywano w temperaturze -80°C.
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Schemat doswiadczenia:
1. gleba bez nawozenia — obiekt kontrolny (C)
2. gleba + podtoze popieczarkowe (SMS)
3. gleba + podtoze popieczarkowe + N1P1K1 (SMS+N1P1K1)
4. gleba + podtoze popieczarkowe + N2P2K2 (SMS+N2P2K?2)
5. gleba + obornik bydlecy (M).

5.2. Model badawczy Il (publikacja: P.4)

Material glebowy pochodzit z terenu poprzemystowego zlokalizowanego
w wojewddztwie mazowieckim (51°28'54"N, 21°27'01"E). Probki gleby pobierano
z trzech miejsc (S1, S2, S3) znajdujacych si¢ w réznych odleglo$ciach od zbiornika
z plynnym odpadem. Punkt S1 byt oddalony o 5,88 m, punkt S2 o0 22,70 m, a punkt S3
0 50,08 m. Punkty poboru nie przebiegaty wzdtuz jednej linii, co umozliwito zbadanie czy
ewentualne zanieczyszczenie gleby rozprzestrzenia si¢ w §rodowisku w jednym kierunku
czy rotacyjnie. Ciecz znajdowata si¢ w zamknigtych cysternach, umieszczonych nad
betonowym zbiornikiem, ktory pierwotnie mial by¢ wtérnym zabezpieczeniem przed
ewentualnym przesaczaniem si¢ cieczy do gleby. Ciekly odpad to pozostalo$¢ po
dziatalnoéci przemystu chemicznego zwiazanej m.in. z produkcja celulozy i klejow.
Zbiorniki ustawiono w latach siedemdziesigtych XX wieku. Charakterystyka cieklego

odpadu zostata zamieszczona w Tabeli 2.

Tabela 2. Charakterystyka odpadu, [Kwiatkowska i in., 2023].

pH Ca K Na
1 mol KClI mg kg™ mg kg™ mg kg™
odpad ~ 14 37,6 328 87000

Fotografia 2. Cysterny z ptynnym odpadem, umieszczone nad betonowym zbiornikiem.
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Probki gleby do analiz pobierano latem (lipiec) i jesienig (wrzesien) 2022 roku
z glebokosci 0 — 20 cm i 20 — 40 cm. Materiat pobierano losowo z 4 miejsc w obrgbie
kazdego z trzech punktow poboru tj.: S1, S2 i S3 oddzielnie dla poszczegolnych warstw.
Pobrang glebe przesiano przez sito o $rednicy 2 mm i przechowywano w plastikowych

workach w temperaturze 4°C.

5.3. Metody badawcze
5.3.1. Liczebno$¢ mikroorganizmoéw

W materiale glebowym metoda ptytkowa, zgodnie z procedurg opisang przez Foght
1 Aislabie [2005], oznaczono liczebnos¢: bakterii oligotroficznych na podtozu z wyciagiem
glebowym i K;HPO,, bakterii kopiotroficznych na podtozu Bunta i Roviry [1955],
grzyboéw strzepkowych na podtozu Martina [1950], grzybdéw celulolitycznych na agarze
mineralnym przykrytym krazkiem bibuty Whatmana, a takze bakterii oraz grzybow
rozktadajacych biatko na podlozu Fraziera [Rodina, 1968]. W przypadku grzybéw do
podtoza dodano antybiotyki [Martin, 1950; Gil i in., 2009]. Wyniki ww. analiz podano w
postaci jednostek tworzacych kolonie (jtk). Ponadto oznaczano liczebno$¢ bakterii
celulolitycznych za pomoca metody najbardziej prawdopodobnej liczby NPL [Foght
i Aislabie, 2005]. W przypadku tych bakterii zastosowano pozywke ptynng wg Pochon
i Tardieux [1962], a wyniki przedstawiono jako najbardziej prawdopodobng liczbg (NPL)
odczytang z tabel McCrady'ego. Hodowle bakterii prowadzono w temperaturze 28°C przez
4 dni, z wyjatkiem bakterii celulolitycznych gdzie inkubacja trwata 14 dni. Natomiast
grzyby inkubowano w temperaturze 25°C przez 3 dni (grzyby strzgpkowe 1 proteolityczne)
i 14 dni grzyby celulolityczne.

5.3.2. Analizy molekularne

Catkowite genomowe DNA zostato wyekstrahowane z analizowanych probek gleby
przy uzyciu zestawu Soil DNA Purification Kit (EurX) zgodnie z protokolem producenta.
Dla kazdej probki uzyto 100 mg gleby. Integralno$¢ uzyskanych probek DNA okreslono za
pomoca elektroforezy w 1,5 % zelu agarozowym barwionym bromkiem etydyny. Czysto$¢
probek okreslono spektrofotometrycznie przy uzyciu aparatu NanoDrop 2000 (Thermo
Scientific) obliczajac stosunki A260/A280 1 A260/A230. Stezenie analizowanych probek
DNA okreslono za pomoca oceny fluorometrycznej przy uzyciu zestawu odczynnikow
dsDNA Quantitation BR (Thermo Fisher Scientific) zgodnie z instrukcjami producenta.
W celu oznaczenia iloSciowego 4 pl wyekstrahowanej probki genomowego DNA

mieszano z 196 pl roztworu roboczego Qubit, worteksowano przez 5 sekund i inkubowano
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w temperaturze pokojowej przez 2 minuty. Przygotowane probki byly nastgpnie mierzone
fluorometrycznie przy uzyciu fluorometru Qubit 2.0 (Thermo Fisher Scientific).

Analizy ilo$ciowe materiatu genetycznego bakterii 1 grzybow w badanych probkach
gleby przeprowadzono przy uzyciu techniki ilosciowego PCR (qPCR). Jako matryce do
kazdej reakcji uzyto 80 ng catkowitego genomowego DNA. Amplifikacja specyficznych
sekwencyjnie fragmentéw genu 16S rRNA i 18S rRNA zostala wykorzystana do
ilosSciowego oznaczenia zawartosci odpowiednio bakteryjnego 1 grzybowego DNA
w probce. Do amplifikacji uzyto dwoch zestawow starterow specyficznych dla sekwencji:
515F (5'-GTGYCAGCMGCCGCGTAA-3) i 806R (5-GGACTACNVGGTWTCTAAT-
3") [Apprill i in., 2015; Parada i in., 2015] dla genu 16S rRNA oraz FungiQuant-F (5'-
GGRAAACTCACCAGGTCCAG-3') i FungiQuant-R (5-GSWCTATCCCCAKCACGA-
3") [Liu i in., 2012] dla genu 18S rRNA. Do analizy uzyto SYBR Select Master Mix
(Thermo Fisher Scientific) zgodnie z protokotem producenta. Wszystkie analizy
przeprowadzono przy uzyciu aparatu QuantStudio 3 (Thermo Fisher Scientific) wraz
z pakietem oprogramowania Thermo Fisher Connect. Kazdg probke analizowano w trzech
powtdrzeniach. Do analizy danych zastosowano wzgledny model kwantyfikacji, w ktorym
ilos¢ amplikonu w probce kontrolnej ustawiono jako 1, a zawarto$¢ amplikonow we
wszystkich innych probkach przedstawiono jako zmiang¢ w poréwnaniu z probka
kontrolng. Specyficzno$¢ reakcji amplifikacji potwierdzono dla kazdej probki za pomoca

analizy krzywej topnienia.

5.3.3. Aktywno$¢ biochemiczna

Nasilenie amonifikacji oznaczano w 25 g gleby z dodatkiem 0,1 % asparaginy jako
substratu, nastepnie po 3 dniach, stezenie jondw amonowych okreslono metoda Nesslera
[Nowosielski, 1974] i wyrazono w mg N-NH, kg™ s.m. gleby 3 d™*. Nasilenie nitryfikacji
oznaczono w probkach gleby o masie 25 g, stosujac jako substrat 0,1 % (NH4)H,PO,4. Jony
azotanowe oznaczano, po 7 dniach, metoda brucynowa [Nowosielski, 1974], a ich
zawarto$¢ wyrazono w mg N-NOs kg™ s.m. gleby 7 d*.

Aktywno$¢ oddechowa oznaczano, metoda Riihlinga i Tylera [1973] w 20 ¢
probkach gleby z dodatkiem 1 % glukozy jako substratem i wyrazono w mg C-CO, kg™
s.m. gleby 24 h™.

5.3.4. Aktywnos¢ enzymatyczna
Aktywnos$¢ proteazy oznaczano metodg Ladda i Butlera [1972] w 2 g gleby

z dodatkiem substratu, ktorym byt kazeinian sodu i wyrazono jako mg tyrozyny kg™ s.m.
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gleby h™'. Aktywnos$¢ ureazy oznaczano metodg Zantua i Bremnera [1975], w 10 g gleby
z dodatkiem mocznika jako substratu i wyrazono jako mg N-NH, kg™ s.m. gleby 18 h™'.
Aktywno$¢ dehydrogenaz oznaczano metodg Thalmanna [1968] z uzyciem chlorku 2,3,5-
trifenylotetrazoliowego (TTC) jako substratu i wyrazona jako mg TPF kg™ s.m. gleby d*.
Do oznaczenia aktywnosci fosfatazy kwasnej 1 zasadowej, wykorzystano metode Tabatabai
I Bremnera [1969]. Aktywnos$¢ obu tych enzymow oznaczano w 1 g gleby, stosujac jako
substrat p-nitrofenylofosforan. W przypadku fosfatazy kwasnej inkubacj¢ prowadzono
w buforze uniwersalnym o pH = 6,5, natomiast w przypadku fosfatazy zasadowej
w buforze uniwersalnym o pH = 11. Aktywno$¢ arylosulfatazy oznaczano metoda
Tabatabai i Bremnera [1970] w 1 g gleby z 4-nitrofenylosiarczanem potasu (PNS) jako
substratem. Aktywnos¢ B-glukozydazy oznaczono w 1 g gleby, stosujac jako substrat p-
nitrofenylo-B-D-glukozyd (PNG) [Eivazi i Tabatabai, 1988]. Aktywno$¢ zarowno fosfataz,
arylosulfatazy, jak i p-glukozydazy, zostata wyrazona jako mg PNP kg ' s.m. gleby h™.
Aktywnos$¢ hydrolityczng dioctanu fluoresceiny (FDA) oznaczono metoda Schnurera
1 Rosswalla [1982] w 1 g gleby z dodatkiem FDA jako substratu i wyrazono jako mg
fluoresceiny kg™ s.m. gleby h™".

5.3.5. Fitotoksycznos¢

W ramach oceny fitotoksycznosci gleby wykonano dwa fitotesty przy uzyciu
pieprzycy siewnej (Lepidium sativum L.), jako rosliny testowe;.

Test Masciandaro 1 in. [1997] miat na celu okreslenie wptywu catoksztattu
warunkéw powstaltych w glebie na rozwoj L. sativum, po zastosowaniu badanych
wariantow nawozenia organicznego. W tym celu na 50-cio gramowe nawazki $wiezej
gleby, umieszczone na ptytkach Petriego wysiano po 100 nasion L. sativum. Inkubacje
prowadzono przez 4 dni w temperaturze 22°C utrzymujgc stalty poziom wilgotnosci gleby
(60 % c.p.w.). Po uptywie wyznaczonego czasu zliczono liczb¢ wykietkowanych nasion
oraz oznaczono ich cigzar. W oparciu o te parametry obliczono indeks wzrostu (IW %)
zgodnie ze wzorem Masciandaro i in. [1997]:

w% =P/
P — % wykietkowanych nasion w glebie poddanej r6znym zabiegom, w stosunku do
wartosci tego parametru w glebie kontrolnej; T — $redni ciezar §wiezych kietkow L.
sativum wyrostych w glebie poddanej roznym zabiegom; C — $redni ci¢zar kietkow L.

sativum w glebie kontrolnej.
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Drugi fitotest umozliwit przeanalizowanie wplywu substancji potencjalnie
toksycznych rozpuszczonych w roztworze glebowym na kietkowanie i przyrost korzenia
L. sativum, po 2 i 4 dniach. W tym celu, na ptytkach Petriego umieszczano 20-sto
gramowe nawazki §wiezej gleby, w szeSciu powtdrzeniach, ktore przykryto sterylnymi
krazkami bibuly. Nastepnie na 3 ptytki wylozono po 90 nasion L. sativum, a na pozostate
3 ptytki po 10 nasion. Inkubacje¢ prowadzono w temp. 22°C. Po dwoéch dniach zliczono
liczbe wykietkowanych nasion na wszystkich ptytkach. Zmierzono réwniez diugosé

korzeni kietkéw po 2 oraz 4 dniach, na ptytkach, na ktorych znajdowato si¢ po 10 nasion.

5.3.6. Analizy chemiczne, fizyczne i fizykochemiczne

Uzupetnieniem analiz mikrobiologicznych, biochemicznych, enzymatycznych oraz
fitotoksycznos$ci byly analizy chemiczne (wykonane w Centralnym Laboratorium
Badawczym Uniwersytetu Przyrodniczego w Lublinie) i fizykochemiczne. Ponizsze
metody zastosowano zaréwno dla probek gleby, jak 1 badanych odpadow
w poszczegbdlnych modelach badawczych. Do oznaczenia odczynu wykorzystano metode
elektrometryczng z roztworem KCI. Wilgotno$¢ oznaczano metoda wagowa. Pomiar wegla
organicznego wykonano metoda spektrometrii IR, azot catkowity oznaczano metoda
Kjeldahla, a fosfor catkowity metoda spektrofotometrii. Z kolei wapn, potas, magnez oraz
sod oznaczano metoda plomieniowej absorpcyjnej spektrometrii atomowej (FAAS).

Metale cigzkie oznaczano metoda spektroskopii absorpcji atomowej (AAS).

5.3.7. Analizy statystyczne

Wszystkie analizy przeprowadzono w trzech réwnoleglych powtoérzeniach
i przedstawiono, jako $rednig arytmetyczng z tych powtorzen. Wyniki poddano analizie
statystycznej przy uzyciu oprogramowania STATISTICA wersja 13.0 (TIBCO Software
Inc., Palo Alto, CA, USA) z modelami ANOVA i wielokrotnymi t Tukeya-testy na
poziomie istotnosci o = 0,05. Wyniki przedstawiono na wykresach shupkowych
z zaznaczonym odchyleniem standardowym. Zaleznosci migdzy analizowanymi
parametrami mikrobiologicznymi, biochemicznymi, enzymatycznymi, fitotoksyczno$cia
i parametrami fizykochemicznymi, chemicznymi oraz warunkami $rodowiskowymi
analizowano za pomocg analizy sktadowych glownych (metoda PCA) oraz korelacji
Persona na trzech poziomach istotnosci: p < 0.001, p < 0.01, p < 0.05. Wyniki analiz
korelacji przedstawiono w postaci mapy cieplnej, gdzie dla poszczegolnych przypadkow
przyjeto skale kolorow od ciemnozielonej (nizsze warto$ci) do ciemnoczerwonej (wWyzsze

wartosci), z odpowiednimi kolorami przej$ciowymi pomigdzy tymi skrajno$ciami. Analiza
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skupien postuzyta do zidentyfikowania grup obiektow wykazujacych podobienstwo pod
wzgledem: liczebnos$ci drobnoustrojow oraz aktywno$ci enzymatycznej i biochemiczne;j.
Aglomeracje witasciwosci oceniano metoda analizy skupien Warda z odlegloscia

euklidesowa.
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6. Wyniki i dyskusja
6.1. Wyniki uzyskane w publikacji P.1

Joniec J., Kwiatkowska E., Kwiatkowski C.A. Assessment of the effects of soil
fertilization with spent mushroom substrate in the context of microbial nitrogen
transformations and the potential risk of exacerbating the greenhouse effect. Agriculture,
2022, 12, 1190. https://doi.org/10.3390/agriculture12081190

W publikacji P.1 przedstawiono wyniki badan dotyczacych oceny potencjatu
podioza popieczarkowego do poprawy wskaznikow jakosci gleby, takich jak liczebnos$¢
oraz aktywno$¢ mikroorganizméw, zwigzanych z przemianami azotu. W badaniach tych
dokonano rowniez oceny wplywu zastosowanych sposobdw nawozenia (podtoze
popieczarkowe 1 obornik) na zwigkszanie si¢ efektu cieplarnianego. Materiat glebowy
pochodzit z trzyletniego do$wiadczenia polowego, zlokalizowanego na glebie ptowe;j,
gdzie poszczegolne poletka nawozono podtozem popieczarkowym lub podiozem wraz
z uzupetniajagcym nawozeniem mineralnym, a takze w wariancie z samym obornikiem
(model badawczy 1). W niniejszych badaniach stwierdzono, ze zastosowane podioze
popieczarkowe oraz obornik miaty istotny wptyw na mikrobiologiczne przemiany azotu.
Odpady te, z r6znym nat¢zeniem pobudzaty lub hamowaty poszczegdlne etapy obiegu tego
biogenu. Nasilenie zaburzenia homeostazy srodowiska glebowego moglo mie¢ réwniez

negatywny wptyw na jako$¢ powietrza.

Wyniki przedstawione w P.1 wykazaty, ze zastosowanie odpadu popieczarkowego
spowodowato na ogot pozytywne zmiany zard6wno w liczebnosci bakterii, jaki 1 grzybow
proteolitycznych. Nasilenie tych zmian rdéznilo si¢ w zaleznosci od czasu, jak
1 zastosowanego sposobu nawozenia. Najsilniejsze pobudzenie rozwoju tych grup
drobnoustrojéw odnotowano wiosng w I roku trwania do$wiadczenia, w przypadku
bakterii w wariancie z samym podtozem popieczarkowym, a grzybéw w wariancie z nizsza
dawka nawozenia mineralnego. Stymulacja bakterii 1 grzybow proteolitycznych zostata
zapewne spowodowana dostarczeniem dodatkowych skladnikow pokarmowych, w postaci
podtoza popieczarkowego. Mozna przyjaé, ze to wlasnie odpad, zastosowany takze lacznie
z NPK, jest gtownym aktywatorem tych dwoch grup drobnoustrojow. W pozostatych
latach, tj. w Il i 1l roku, pozytywny wptyw podioza popieczarkowego znacznie ostabt
zarowno w przypadku bakterii, jak i1 grzybow, ale nadal utrzymywat si¢ w obiektach

z dodatkiem nawozenia mineralnego. Jak wynika z danych literaturowych niskie dawki
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tego nawozenia maja pozytywny wplyw na wlasciwosci mikrobiologiczne oraz
agrochemiczne gleby, gdyz przyspieszaja tempo rozktadu i zwigkszaja ilos¢ glebowej
materii organicznej [Sivojiene i in., 2021; Chen i in., 2022]. Z kolei sezonowe zmiany
liczebnosci  bakterii i grzybow byly prawdopodobnie spowodowane wahaniami
temperatury 1 wilgotno$ci w warunkach polowych. O zaleznosci rozwoju drobnoustrojow
glebowych od warunkéw atmosferycznych donosza réwniez Li i in. [2018], Fan i in.
[2021] oraz Sivojiene i in. [2021].

Analiza aktywnos$ci proteazy w ciggu 3-lat trwania do$wiadczenia wykazata istotne
zmiany pod wplywem zastosowanego nawozenia odpadem popieczarkowym w réznych
wariantach. Efekt ten mial zroznicowany charakter i byt widoczny z r6znym nasileniem
w zalezno$ci od rodzaju uzytego nawozenia oraz czasu jego oddziatywania. Na aktywnos$¢
proteazy najsilniej zadziatalo zastosowanie podloza popieczarkowego w potaczeniu
z nizsza dawka nawozenia mineralnego, ale tylko w II roku trwania do$wiadczenia.
W pozostalych terminach i latach zastosowanie odpadu popieczarkowego
w poszczegbdlnych wariantach nie wywarlo istotnego wptywu na aktywnos$¢ proteazy lub
spowodowato jej inhibicje. By¢ moze jest to zwigzane tym, ze produkcja proteaz
zewnatrzkomoérkowych moze by¢ hamowana przez tatwo dostepny wegiel [Vranova,
2013]. Sposob uzytkowania i glebowa materia organiczna wptywaja na cykl azotu poprzez
modyfikacje w skladzie zbiorowisk drobnoustrojow zaangazowanych w ten cykl,
szczegblnie drobnoustrojow proteolitycznych [Lori 1 in., 2020]. Réwniez poszczegodlne
grupy drobnoustrojow moga kodowac¢ bardziej lub mniej wydajne proteazy. Odnotowane
zmiany w aktywnos$ci proteaz mogga by¢ tez spowodowane warunkami klimatycznymi, tj.
wilgotnoscia i temperatura, poniewaz ekspresja gendéw jest regulowana przez wiele
czynnikow srodowiskowych m.in. przez C, P, Ca, pH czy wilgotno$¢ [Vranova, 2013].

W  przypadku aktywno$ci ureazy zastosowanie odpadu popieczarkowego
spowodowato pobudzenie tego parametru w wigkszej liczbie obiektow 1 termindow niz
w przypadku proteazy. Najsilniej, w ciggu calego okresu badan, uwidocznilo si¢ ono
w I roku stosowania nawozenia, zwtaszcza z samym podtozem popieczarkowym. Réwniez
zastosowanie odpadu tacznie z nizsza dawka nawozenia mineralnego okazalo sie
korzystne, natomiast w przypadku obiektu z wyzszg dawka nawozenia mineralnego
odnotowano spadek tego parametru. W II 1 III roku tendencja co do aktywnos$ci ureazy
byta podobna, wszystkie zastosowane warianty z odpadem popieczarkowym wptywaty na
ogo6t stymulujaco na badany parametr. Dlatego tez mozemy przypuszczac, ze podobnie jak

w przypadku liczebnosci mikrobiologicznych, produkty transformacji popieczarkowe]
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materii organicznej oraz zmiany jakie wywotaty one w §rodowisku glebowym przyczynity
si¢ w prezentowanych badaniach do stymulacji aktywno$ci omawianego enzymu.
Pobudzenie aktywnosci ureazy pod wplywem odpadu popieczarkowego odnotowali
w swoich badaniach takze Kuziemska 1 in. [2020] oraz Ma i in. [2021]. Na uwage
zashuguje fakt, ze aktywno$¢ tego enzymu, oprocz obiektow z samym podlozem
popieczarkowym, byta na ogot istotnie wyzsza w obiektach z obornikiem w ciggu calego
okresu badan. Obserwacja ta moze wskazywa¢ na wigksze prawdopodobienstwo
zachodzenia niekorzystnego zjawiska, jakim jest strata azotu z gleby. Dzieje si¢ to na
skutek uchodzenie do atmosfery gazowych produktow reakcji katalizowanych przez ureaze
tj. amoniaku, wlasnie w obiektach z obornikiem [Grzyb i in., 2021; Klimeczyk 1 in., 2021].

Analiza danych, dotyczacych aktywnosci biochemicznej, wykazala, ze aplikacja
odpadu popieczarkowego w roznych kombinacjach, w ciggu catego okresu badan,
wplyneta na ogdét w matym stopniu na proces amonifikacji. Nalezy odnotowaé, ze
zastosowanie podloza popieczarkowego 1lacznie z uzupeliajagcym nawozeniem
mineralnym, w obu wariantach, spowodowato jedyna wyrazng stymulacj¢ tego parametru,
wiosng w II roku trwania do$wiadczenia. Na podstawie uzyskanych wynikow mozna
stwierdzi¢, ze zanik wraz z uplywem czasu stymulacji procesu amonifikacji w obiektach z
odpadem popieczarkowym jest zjawiskiem pozytywnym. Nagromadzanie si¢ mineralnych
form azotu w wyniku mineralizacji odpadowej materii organicznej moze by¢ niekorzystne
dla srodowiska [Sierra i in., 2012]. Jest to zwigzane z podatnoscig mineralnej formy azotu
na tugowanie, co w konsekwencji grozi zanieczyszczeniem wod 1 stratami tego pierwiastka
z gleby.

Podobnie jak w przypadku amonifikacji, najkorzystniejsze odzialywanie nawozenia
na nitryfikacj¢, odnotowano we wszystkich wariantach z podtozem popieczarkowym
wiosng w II roku eksperymentu. Wyrazna stymulacj¢ stwierdzono rowniez jesienia, ale
tylko w obiekcie z nawozeniem wyzsza dawka nawozu mineralnego. W przypadku
aktywnos$ci nitryfikacji dlugos¢ stosowania nawozenia wplyneta niekorzystnie na ten
parametr, ale z punktu widzenia ochrony S$rodowiska jest to zjawisko pozytywne.
Z produktow nitryfikacji, w procesach oddechowych, korzystaja drobnoustroje
odpowiadajgce za procesy denitryfikacji. Efektem tej redukcji jest m.in. N,O zaliczany do
gazow cieplarnianych [Barton 1 McLean, 2019]. Tak wiec zaré6wno nitryfikacja, jak
1 denitryfikacja sg istotnym zrodiem N,O w glebach rolniczych, a wiec im nizsza
aktywno$¢ tych procesOw tym mniejsza emisja tego gazu do atmosfery [Lai i in., 2019;

Yoon i in., 2019]. Jednocze$nie nalezy podkresli¢, ze w obiekcie z obornikiem nasilenie
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procesu nitryfikacji byto na ogot silniejsze i1 podlegato stymulacji w ciagu calego okresu
badan. Obserwacja ta potwierdza hipotezg, ze nawozenie odpadem popieczarkowym niesie
ze sobg mniejsze ryzyko poglebiania efektu cieplarnianego niz nawozenie obornikiem.
Obornik, w przeciwienstwie do podtoza popieczarkowego, nie wptynal tak wyraznie
na rozwoj bakterii i grzybow proteolitycznych. Moglo by¢ to spowodowane tym, ze
podtoze popieczarkowe charakteryzuje si¢ co prawda zroznicowana, ale wyzsza
zawarto$cig materii organicznej] w poréwnaniu z obornikiem bydlgcym lub $winskim
[Atiyeh i in., 2000; Becher i in., 2021]. Jesli chodzi o aktywno$¢ enzymatyczna,
Zastosowanie obornika wywarto na ogdét pozytywny wplyw na aktywno$é ureazy.
Najkorzystniejszy byt on wiosng w I roku, ale z biegiem czasu ostabl. Zastosowanie
obornika, podobnie jak podtoza popieczarkowego, spowodowato zroznicowany wplyw na
aktywno$¢ proteazy. Najwyzsze wartoSci W przypadku tego wariantu nawozenia
odnotowano wiosng zarowno w I, jaki i II roku trwania do$wiadczenia. W pozostatych
latach 1 sezonach uwidocznit si¢ na ogo6t brak wptywu obornika 1ub jego hamujacy wptyw
na ten parametr. Proces amonifikacji, w kombinacji z obornikiem, ksztattowat si¢ w ciggu
3 lat badan na poziomie zblizonym do kontroli. Jedynie jesienia w I roku w glebie
wzbogaconej obornikiem odnotowano niewielka istotng stymulacje tej aktywnosci.
Natomiast jak wspomniano wcze$niej obornik, w porownaniu z podiozem
popieczarkowym, wptynat silniej na nitryfikacje, powodujac jej wyrazne nasilenie

utrzymujace si¢ we wszystkich latach badan.

6.2. Wyniki uzyskane w publikacji P.2

Kwiatkowska E., Joniec J. Effects of agricultural management of spent mushroom waste
on phytotoxicity and microbiological transformations of C, P, and S in soil and their
consequences for the greenhouse effect. Int. J. Environ. Res. Public Health, 2022, 19,
12915. https://doi.org/10.3390/ijerph191912915

W publikacji P.2 przedstawiono wyniki badan dotyczacych kontynuacji oceny
wplywu podltoza popieczarkowego oraz obornika na wskazniki jako$ci gleby, takich jak
aktywno$¢ biochemiczna oraz enzymatyczna, zwigzanych z mikrobiologicznymi
przemianami tym razem C, P i S oraz z fitotoksycznoscig gleby. Zweryfikowano rowniez
tezy zakladajace: Ze podloze popieczarkowe moze sta¢ si¢ nawozowa alternatywa dla
obornika, stosowang corocznie oraz, ze rolnicze zagospodarowanie podtoza

popieczarkowego nie przyczynia si¢ do zwiekszenia si¢ efektu cieplarnianego. Do tego
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celu wykorzystano ten sam model badawczy jak w publikacji P.1. Uzyskane wyniki
wykazaly istotne zmiany parametrow zwigzanych z przemianami mikrobiologicznymi C, P
i S w glebiec pod wplywem podioza popieczarkowego. Analizowane parametry
fitotoksycznosci gleby, rowniez podlegaty istotnym zmianom, zaré6wno pod wptywem

obornika, jak i odpadu popieczarkowego.

Zastosowanie podiloza po uprawie pieczarek spowodowato istotne pobudzenie
parametrow zwigzanych z przemianami mikrobiologicznymi wegla w glebie, tj.
oddychania 1 aktywno$ci dehydrogenaz. Nasilenie aktywnosci tych parametrow,
a w szczegOlnosci procesu oddychania, mierzonego iloscig wydzielanego COg,
utrzymywato si¢ z roznym nasileniem przez caly okres badan w obiektach, gdzie odpad
zastosowano tgcznie nawozeniem mineralnym. W przypadku oddychania najwyzsze ilo$ci
wydzielanego CO; odnotowano w III roku badan. Z kolei odno$nie dehydrogenaz
najwyzsze wartosci odnotowano w I roku. Wzrost, chodz z r6znym nasileniem, aktywno$ci
oddechowej, jaki dehydrogenaz, w glebie byt zapewne spowodowany wkladem materii
organicznej wraz z podtozem popieczarkowym oraz obornikiem, stanowigcymi zrodto
substratow oddechowych dla mikroorganizmow glebowych. O stymulacji procesow
oddechowych poprzez dodatek materii organicznej do gleby donoszg rowniez inni autorzy
[Owaid i in., 2017; Zhou i in., 2019; Frac i in., 2021; Hernandez i in., 2021]. Natomiast
odnotowany, okresowo w II roku, spadek w przypadku aktywnosci dehydrogenaz byt
prawdopodobnie wywotany roztozeniem tatwiej dostepnych substancji pokarmowych.
Powyzsze obserwacje $wiadcza o tym, ze odpadowa materia zostala wiaczona
w mikrobiologiczne procesy zwigzane z obiegiem wegla. Wazng role, w przypadku tych
parametréw, odegralo podobnie jak przy liczebno$ciach drobnoustrojow proteolitycznych
przedstawionych w P.1, zastosowanie nawozenia mineralnego, ktore przyczynito si¢ do
stymulacji rozkladu materii organicznej gleby [Katai i in., 2020; Sivojiene 1 in., 2021;
Chen i in., 2022]. Dynamika zmian aktywnos$ci omawianych parametrow moglta by¢
spowodowana rowniez warunkami srodowiskowymi, o czym $§wiadczg odnotowane istotne
korelacje zarowno oddychania, jaki i dehydrogenaz, z opadami i temperaturg. Zwtaszcza
dehydrogenazy wykazuja duza wrazliwo$¢ na zmiany zwigzane z porami roku, poniewaz
pozostaja w S$cistym zwigzku z dynamika aktywnos$ci mikroorganizmow [Wolinska
1 Stepniewska, 2012].

Wplyw obornika zaréwno na proces oddychania, jaki i aktywno$¢ dehydrogenaz,

uwidocznit si¢ zdecydowanie stabiej niz w przypadku odpadu po uprawie pieczarek.
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Pobudzenie aktywnos$ci oddechowej pod wplywem tego nawozenia odnotowano tylko
jesienig w I-szym roku. W kolejnych latach odnotowano zanik stymulacji a nawet spadek
aktywnos$ci oddechowej. Natomiast w przypadku dehydrogenaz istotny wptyw obornika
odnotowano jedynie jesienig w Il roku w postaci pobudzenia tego parametru.

Uzyskane wyniki wykazaty, ze nawozowe zastosowanie odpadu popieczarkowego
przyczynito si¢ do wzrostu ilosci wydzielanego CO,. Efekt ten nasilit si¢ wraz z uptywem
czasu. Niestety obserwacje te nie potwierdzajg, postawionej hipotezy, ze taki sposob
gospodarowania odpadami nie przyczynia si¢ do nasilenia efektu cieplarnianego poprzez
zwigkszenie emisji CO; z gleby. W tym konteksécie obornik okazat si¢ bezpieczniejszym
nawozem, poniewaz nie spowodowat istotnego utrzymujacego si¢ wzrostu emisji CO».

Aktywno$¢ enzymoéw odpowiedzialnych za przemiany fosforu i siarki tj. fosfatazy
1 arylosulfatazy, podlegaly hamowaniu pod wptywem podtoza popieczarkowego. Nalezy
zaznaczy¢, ze negatywny wptyw odpadu z czasem ostabt, a nawet zanikt, ale utrzymywat
si¢ w przypadku arylosulfatazy nawet w III roku w obiektach z odpadem i nawozeniem
mineralnym w nizszej dawce. Dlatego tez mozemy przypuszczac, ze materia organiczna
wprowadzona w postaci podtoza popieczarkowego nie odegrata kluczowej roli
w przypadku tych enzymow. Jak wykazali inni autorzy, aktywno$¢ fosfatazy moze by¢
hamowana przez obecnos¢ w glebie fosforu mineralnego [Perez-de-Mora i in., 2012;
Dotaniya i in., 2019; Manzoor i in., 2022]. Rowniez w niniejszych badaniach odegrat on
istotng rol¢ o czym $wiadcza odnotowane istotne korelacje migdzy aktywnoscig fosfatazy
a zawarto$cig przyswajalnego fosforu mineralnego. Kolejnym parametrem, ktory mogt
mie¢ wpltyw na aktywnos$¢ omawianych enzymow jest azot. Analiza skupien wykazata
istotne korelacje tego czynnika zardwno z fosfataza kwasna, jak 1 arylosulfatazg.
Prawdopodobnie to wtasnie dodanie azotu, w postaci nawozenia mineralnego, zwigkszylo
dostepnos¢ siarki w glebie, a to przetozylo si¢ na zmniejszenie aktywnosci arylosulfatazy.
Do podobnych wnioskow doszli m.in. Mori 1 in. [2020], z kolei Sawicka 1 in. [2020]
odnotowali istotny wplyw nawozenia mineralnego na aktywno$¢ fosfatazy kwasnej.
Innymi czynnikami, ktore mogty przyczyni¢ si¢ do zmian w aktywnosciach omawianych
parametréw s3 zaréwno pH, jaki warunki S$rodowiskowe, a potwierdzeniem tych
obserwacji sg odnotowane istotne korelacje miedzy tymi czynnikami a omawianymi
enzymami.

Wptyw obornika, na aktywnos¢ fosfatazy kwasnej i arylosulfatazy nie byt
ukierunkowany. W I roku odnotowano w tym obiekcie spadek aktywnosci fosfatazy w obu

terminach. Natomiast w kolejnych latach istotny wptyw odnotowano jedynie w II roku
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jesienia w postaci stymulacji. Zastosowanie obornika wywotalo istotne zmiany
w aktywno$ci arylosulfatazy, ale tylko w I roku badan. Odnotowano spadek tego
parametru enzymatycznego w obu terminach.

Oceng fitotoksycznosci gleby przeprowadzono na podstawie dwoch fitotestow.
Pierwszy test, mial na celu okreslenic wpltywu catoksztattu warunkow powstatych
w glebie, po zastosowaniu badanych wariantow nawozenia organicznego, na rozwoj
L. sativum, tj. na kietkowanie nasion i mas¢ kietkow. Z kolei drugi test umozliwit
przeanalizowanie wplywu substancji potencjalnie toksycznych, rozpuszczonych
w roztworze glebowym, na poczatkowe etapy rozwoju rosliny testowej, tj. na kietkowanie
I przyrost korzenia L. sativum L., po 2 i 4 dniach. Wyniki dotyczace wptywu odpadu
popieczarkowego, zardwno na mas¢ kietkow, jaki 1 ilo§¢ wykietkowanych nasion oraz na
przyrost korzenia L. sativum L., wykazaly, Zze mial on zrdznicowany charakter
w zalezno$ci od czasu. Pozytywny wpltyw odnotowano w przypadku indeksu wzrostu,
w calym okresie badan, podczas gdy w przypadku przyrostu dlugosci korzenia
i kielkowania, jedynie w III roku badan. W poczatkowym latach przyrost korzenia,
szczegllnie mierzony po 4 dniach, byt mniejszy w obiektach z odpadem. Podobne
obserwacje dotycza wplywu obornika. Uzyskane wyniki badan dotyczace parametru
dhugosci korzenia L. sativum, mierzonego zaréwno po 2, jak i 4 dniach, wskazuja, ze
parametr ten jest najbardziej czuly na ewentualne szkodliwe zwigzki, wystepujace lub
powstate w wyniku przemian wprowadzonej wraz z podlozem popieczarkowym
1 obornikiem materii organicznej, w roztworze glebowym. Do podobnych wnioskow
w swoich badaniach doszli rowniez Godlewska 1 in. [2022]. Wplyw badanych materialow
nawozowych na ten parametr byt do$¢ zroéznicowany w zaleznosci od kombinacji i czasu
trwania do$wiadczenia. Spadek toksyczno$ci w tym przypadku mogt by¢ prawdopodobnie
zwigzany ze zmniejszonym dzialaniem czynnika toksycznego w wyniku jego degradacji
lub wyplukania. Na analizowane parametry zwigzane z fitotoksyczno$cig wplyw moze
mie¢ rowniez sktad podtoza popieczarkowego, bowiem jak donoszg Catal and Peksen
[2020] amoniak, sole, rézne metale ciezkie, zwigzki organiczne o matej masie
czasteczkowej wystepujace w zawartosci tych odpadéw moga rowniez uniemozliwiad
kietkowanie nasion 1 rozwo6j korzeni. Uzyskane wyniki wykazaly, ze -catoksztalt
zaistniatych, w analizowanej glebie po dodaniu podtoza popieczarkowego, warunkow
fizykochemicznych i chemicznych wptywa korzystnie na poczatkowy rozwdj ro$liny,
wyrazony indeksem wzrostu. Niekorzystne oddzialywanie odpadu popieczarkowego na

badane parametry fitotoksyczno$ci uwidocznito si¢ najsilniej w roztworach glebowych, co
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wskazywaloby, ze poprawa ww. warunkow glebowych niwelowata negatywny wplyw
zwigzkow zawartych w roztworze glebowym. Ale z drugiej strony jak donosza Canellas
1 Olivare [2014] rosliny uprawiane w optymalnych warunkach zywieniowych przeznaczaja
mniej energii na rosngce korzenie. Wyniki badan nad wpltywem podtoza popieczarkowego
na fitotoksyczno$¢ potwierdzity brak negatywnego wpltywu na indeks wzrostu, czyli
parametr zwigzany z kietkowaniem i1 masg kietkow. Natomiast biorgc pod uwage przyrost
korzenia, ktérego hamowanie odnotowano w I 1 II roku badan nalezy stwierdzi¢, ze

fitotoksyczno$¢ gleby ulegta okresowemu pogorszeniu.

6.3. Wyniki uzyskane w publikacji P.3

Kwiatkowska E., Joniec J., Kwiatkowski C.A., Kowalczyk K., Nowak M., Le$niowska-
Nowak J. Assessment of the impact of spent mushroom substrate on biodiversity and
activity of soil bacterial and fungal populations based on classical and modern soil

condition indicators. Int. Agrophys., 2024, 38, 139-154. https://doi.org/10.31545/
intagr/184175

Badania przedstawione w publikacji P.3 stanowig kontynuacj¢ oceny wplywu
podtoza popieczarkowego oraz obornika na Srodowisko glebowe. S3 réwniez proba
weryfikacji przydatnosci i doboru odpowiednich wskaznikow biologicznych (klasycznych
i nowoczesnych) do monitorowania stanu srodowiska glebowego i oceny skutecznosci
zastosowanych zabiegbw nawozowych. Do tego celu wykorzystano liczebnos¢
drobnoustrojéow, wzgledng zawartos¢ DNA, stgezenie dsDNA oraz aktywno$¢
enzymatyczng. Badania wykonano na tym samym modelu badawczym, co badania opisane
w publikacjach P.1 i P.2. Na podstawie uzyskanych wynikow stwierdzono, ze
zastosowanie podioza popieczarkowego miato zréznicowany wplyw na analizowane grupy
drobnoustrojéw. W przypadku wzglednej zawartosci DNA, zastosowanie odpadu zaré6wno
oddzielnie, jak i tacznie z obiema dawkami NPK, okazato si¢ korzystne, szczegdlnie w
przypadku grzybow. Najistotniejsze zmiany, analizowanych parametréw, roéwniez
aktywnoS$ci enzymatycznej, odnotowano glownie w pierwszych latach badan. Ponadto
uzyskane wyniki wskazuja, ze taczne stosowanie odpowiednio dobranych klasycznych
1 nowoczesnych wskaznikbw pozwala na uzyskanie lepszego obrazu stanu gleb

nawozonych m.in. odpadem popieczarkowym.

Wyniki uzyskane w publikacji P.3 wykazaty, ze aplikacja zaréwno podtoza
popieczarkowego, jaki 1 obornika, wywotata istotne zmiany w liczebno$ciach

38


https://doi.org/10.31545/intagr/184175
https://doi.org/10.31545/intagr/184175

WYNIKI | DYSKUSJA

poszczeg6lnych grup bakterii 1 grzybow, oznaczonych metoda plytkowa. Liczebno$¢
bakterii kopiotroficznych oraz grzybow strzgpkowych, a takze drobnoustrojow
celulolitycznych podlegata istotnym zmianom w ciggu calego okresu badan. Najwyrazniej
odpad popieczarkowy wplynat na te grupy drobnoustrojow w | roku trwania
doswiadczenia, gdzie odnotowano najwigkszg stymulacj¢ ich rozwoju. Najkorzystniejsze
dla analizowanych parametréw mikrobiologicznych, w tym okresie, okazato si¢
zastosowanie podtoza popieczarkowego lgcznie z nawozeniem mineralnym, w przypadku
obu grup bakterii oraz grzybow celulolitycznych z nizszg, a grzybow strzepkowych
z wyzsza dawka NPK. Podobne obserwacje, dotyczace pobudzenia rozwoju bakterii
i grzybow, odnotowano réwniez w stosunku do liczebnosci drobnoustrojow
proteolitycznych w publikacji P.1. Zastosowanie materialdbw organicznych, w postaci
podtoza popieczarkowego spowodowalo zapewne poczatkowa stymulacje liczebnosci
analizowanych grup drobnoustrojow. Odpad ten jest bogaty w materie organiczng oraz
w rdznego rodzaju makro i mikroelementy [Becher i in., 2021; Velusami i in., 2021].
W przypadku drobnoustrojow celulolitycznych kluczowa rolg odegrata zapewne celuloza,
ktora jest elementarnym sktadnikiem zaréwno podioza popieczarkowego, jak 1 obornika
[Leong i in., 2022]. W kolejnych latach, tj. II i III roku badan, oddziatywanie odpadu
popieczarkowego na rozw6j omawianych parametrow mikrobiologicznych znacznie
ostabto, a nawet znikto. Za spowolnienie mineralizacji materii organicznej w tym
przypadku mogt by¢ odpowiedzialny m.in. weglan wapnia, ktéry jest jednym
z podstawowych komponentéw podloza popieczarkowego [Becher i in., 2021], a jak
sugeruja Medina 1 in. [2012] organiczne czasteczki wegla sa lepiej chronione przed
zniszczeniem przez aktywno$¢ mikrobiologiczna w glebach wapiennych. Reakcja
mikroorganizméw glebowych, na stosowanie rdéznego rodzaju nawozenia, jest rOwniez
do$¢ mocno zalezna od warunkéw klimatycznych, m.in. od wahan temperatury
1 wilgotnosci w warunkach polowych, a to z kolei przektada si¢ na r6zng wrazliwos¢
drobnoustrojéw na te czynniki. Zdaniem Li 1 in. [2022], bakterie wykazuja wigksza
wrazliwo$¢ na zmiany, np. opadow niz grzyby.

Zastosowanie obornika spowodowalo podobne zmiany w liczebnos$ciach
omawianych grup drobnoustrojow, jak aplikacja podtoza popieczarkowego. Réwniez w
przypadku tego odpadu najwyrazniejszg stymulacje rozwoju poszczegdlnych grup bakterii
1 grzybow odnotowano w I roku badan. W kolejnych latach efekt ten ostabt, a nawet w 1|
roku odnotowano spadek liczby analizowanych grup drobnoustrojow w stosunku do

obiektu kontrolnego.

39



WYNIKI | DYSKUSJA

W przypadku kolejnego wskaznika, jakim jest stezenia dsDNA, zaaplikowanie
podtoza popieczarkowego, szczegolnie tacznie z nawozeniem NPK, spowodowato spadek
tego parametru. Efekt ten wystgpit w I 1 II roku trwania do§wiadczenia. Pozytywny wptyw
odpadu popieczarkowego na omawiany wskaznik biologiczny odnotowano jedynie wiosng
w II roku badan, w obiekcie z samym odpadem. W ostatnim roku trwania doswiadczenia
nie odnotowano istotnych zmian w stezeniu dsDNA w poszczegdlnych wariantach.
Metody oparte na ekstrakcji dsSDNA z gleby posiadajg wiele zalet, ale niosg ze sobg
réwniez pewne watpliwosci, ktoére mogg rzutowaé na otrzymane wyniki [Li i in., 2021;
Roumani i in., 2023]. Ponadto na ilo$¢ i jako$¢ wyizolowanego dsDNA maja wplyw takze
roézne czynniki takie jak np.: rodzaj gleby, liczba mikroorganizmoéw, rodzaj uprawy, klimat
iitp. [Wolinska i in., 2013, Rincon-Florez i in., 2013; Semenov, 2021; Wydro, 2022].

W przypadku wzglednej zawartosci DNA, zarowno bakteryjnego, jak i grzybowego,
odnotowano jego wzrost pod wptywem podloza popieczarkowego zastosowanego zar6wno
oddzielnie, jak 1 I3acznie z obiema dawkami nawozenia mineralnego. Jednak
w przeciwienstwie do liczebno$ci weze$niej omawianych grup drobnoustrojow efekt ten
utrzymywat si¢ dluzej, tj. w przypadku bakterii w II 1 III roku, a w przypadku grzybow
przez wszystkie lata trwania doswiadczenia. Nalezy zaznaczy¢, ze bardziej korzystne
okazalo si¢ zastosowanie odpadu lgcznie z nawozeniem mineralnym niz samego podtoza
popieczarkowego. Najkorzystniejsze odno$nie tego parametru, jesli chodzi o grzyby,
okazato si¢ zastosowanie odpadu lacznie z nawozeniem NPK, szczegdlnie w nizszej
dawce. O stymulacji rozwoju grzybow, oznaczonych metodami molekularnymi w glebie,
pod wptywem podtoza popieczarkowego, donoszg m.in. Frac 1 in. [2021].

Oddziatywanie obornika na stgzenie dsDNA nie byto ukierunkowane
w poszczegélnych latach i terminach. Jesienia w I roku odnotowano spadek tego
parametru, z kolei wiosng w II roku oraz jesienia w III roku odnotowano jego wzrost.
W pozostatych terminach zmiany nie byly istotne. Z kolei w przypadku wzglednej
zawrtosci DNA, wprowadzenie do gleby obornika spowodowalo spadek wzglednej
zawartosci bakteryjnego DNA oraz wzrost tego parametru w przypadku grzybow. Efekt
ten utrzymywat si¢ przez caty okres badan.

Warte podkreslenia sg roznice uzyskane miedzy stezeniem dsDNA 1 wzgledng
ilosciag DNA, zaré6wno bakteryjnego, jaki i grzybowego, a w wynikami oznaczonymi
metoda plytkowa dla liczebno$ci mikroorganizmow. W przypadku bakterii roznice te
wynikaja zapewne z ograniczenia zdolno$ci wzrostu niektorych grup tych drobnoustrojow

na podlozach sztucznych [Rincon-Florez i in., 2013; Wydro, 2022]. Z kolei odno$nie
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wynikow uzyskanych dla grzybow nalezy zauwazy¢, ze ich rozwojowi towarzyszyl wzrost
wzglednej ilosci DNA, co $wiadczy o zgodnos$ci wynikdw otrzymanych metodami
konwencjonalnymi 1 nowoczesnymi. Obserwacje te mogg wskazywa¢ na konieczno$¢
Iaczenia obu tych technik w przysztosci.

Aktywno$¢ enzymatyczna, podobnie jak liczebno$¢ poszczegdlnych grup
drobnoustrojéw, wykazala istotne réznice w poszczegdlnych obiektach z zastosowanym
nawozeniem. Zmiany te nie byly jednak tak ukierunkowane jak w przypadku liczebno$ci
mikroorganizmow i1 wystgpity tylko w I 1 II roku badan. W przypadku zaréwno aktywnosci
B-glukozydazy, jaki 1 aktywnosci  hydrolitycznej  fluoresceiny  poczatkowo
najkorzystniejsze okazato si¢ zastosowanie samego odpadu popieczarkowego, a nastgpnie
odpadu z nizszag dawka NPK. Dlatego mozna przypuszczaé, ze to wilasnie produkty
transformacji popieczarkowej materii organicznej przyczynily si¢ w pierwszych latach
badan, do stymulacji omawianych enzyméw. Wrazliwos$é tych parametrow, na zmiany
wlasciwosci gleby, wynika prawdopodobnie z ich silnego zwigzku z zawartoscia i jako$cia
materii organicznej [Gajda i in., 2016; Adetunji i in., 2017; Song i in., 2017]. W kolejnych
latach jednak odnotowano spadek aktywnos$ci tych enzymoéw w kombinacji z samym
odpadem. Odwrotna tendencja wystapita w przypadku stosowania odpadu Igcznie
z wyzszg dawka NPK, gdzie odnotowano spadek aktywnosci obu enzymoéow w I roku
badan. Nalezy jednak zaznaczy¢, ze zarowno stymulacja, jak i inhibicja, aktywnosci
enzymatycznych na og6t zanikta w III roku badan. Wazng role w aktywnos$ci badanych
enzyméw, odegral zapewne odczyn gleby. O zmianach odczynu gleby pod wptywem
nawozenia mineralnego donoszg m.in. Ge i in. [2018] oraz Souza i in. [2023]. Z kolei
Adetunji 1 in. [2017], jak 1 Dotaniya i in. [2019] podaja, ze B-glukozydaza, ze wzgledu na
swojg wrazliwo$¢ na zmiany pH, moze stuzy¢ za jeden z lepszych wskaznikow jakosci
gleby. Hydroliz¢ dioctanu fluoresceiny (FDA) przeprowadza wiele rdéznych enzyméw
[Dzionek 1 in., 2018; Patle 1 in., 2018], dlatego jej podatnos¢ na wahania odczynu gleby
moze by¢ jeszcze wicksza. W przypadku kombinacji z NPK wahania aktywnosci
B-glukozydazy 1 FDA, moga wynika¢ takze z dodatkowego Zrddta azotu i1 fosforu,
W postaci nawozenia mineralnego. O stymulacji aktywnosci B-glukozydazy pod wptywem
azotu donoszg m.in. Geisseler 1 Scow [2014]. Z kolei Davies i in. [2022] podaja, ze azot
nie mial wigkszego wplywu na aktywno$¢ omawianych enzymow, ale zwracajg uwagg, ze
istotng role w ich aktywnosci mogly odegra¢ zmiany sezonowe. Rowniez w ponizszych
badaniach czynniki klimatyczne, takie jak opad atmosferyczny i temperatura, miaty istotny

wpltyw na aktywno$¢ analizowanych parametréw enzymatycznych.
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Wplyw obornika na aktywno$¢ analizowanych enzymow byt do$¢ zrdéznicowany.
W przypadku aktywnosci B-glukozydazy, nawiezienie gleby tym odpadem spowodowato
spadek jej aktywnoSci w pierwszym roku badan. Natomiast w Il roku odnotowano
stymulacje tego parametru. Aktywnos$¢ hydrolityczna fluoresceiny pod wplywem tego
nawozenia podlegata stymulacji zarowno w I, jak i II roku trwania eksperymentu. Spadek

poziomu tego parametru odnotowano jedynie jesienig w I roku badan.

6.4. Wyniki uzyskane w publikacji P.4

Kwiatkowska E., Joniec J., Kwiatkowski C.A. Involvement of soil microorganisms in C,
N and P transformations and phytotoxicity in soil from post-industrial areas treated with
chemical industry waste. Minerals, 2023, 13, 12. https://doi.org/10.3390/min13010012

W publikacji P.4 przedstawiono wyniki dotyczace oceny przydatnosci wskaznikow
mikrobiologicznych oraz fitotoksyczno$ci do monitorowania stanu gleb poddanych
odziatywaniu odpadu z przemystu chemicznego. Materiat glebowy pochodzit z terenu
poprzemystowego (model badawczy I1). Probki gleby pobrano, z gornej i dolnej warstwy
(0-20 i 20-40 cm), z trzech miejsc zlokalizowanych w réznej odleglosciach, tj. punkt S1 -
5,88 m, S2 - 22,70 m, S3 - 50,08 m, od zbiornika z ptynnym odpadem poprodukcyjnym.
Odpad ten pochodzil z przemyshu chemicznego zwigzanego, m.in. z produkcja klejow
I celulozy. Powyzsze badania wykazaty, ze wskazniki mikrobiologiczne, biochemiczne
oraz enzymatyczne gleby, a takze wskazniki fitotoksyczno$ci maja potencjal szybkiego
reagowania na zmiany S$rodowiskowe. Dlatego tez moga stluzy¢ do oceny skutkow
oddziatywania réznych odpadéw na gleby uzytkowane zarowno agrotechnicznie, jak
i poddane dziatalnoéci przemystowej. Ponadto odnotowane silne zmiany w aktywnos$ci
populacji bakterii i grzybow w glebie zlokalizowanej najblizej zbiornika z odpadem, gdzie
odczyn byt najwyzszy (pH 10) sugeruja, ze mogto tu mie¢ miejsce wyselekcjonowanie si¢
drobnoustrojow odpornych na wysokie pH. W zwigzku z czym, obserwacje te wskazuja na
potrzeb¢ kontynuowania badan pod katem tym razem bioréznorodnosci mikrobioty

1 mykobioty zasiedlajacych to miejsce.

Wyniki przedstawione w publikacji P.4 dowodza, ze zmiany wlasciwosci
chemicznych gleby, maja istotny wptyw na analizowane parametry mikrobiologiczne
w poszczegdlnych punktach poboru prob. Dane zebrane zaréwno dla bakterii
oligotroficznych, jaki 1 grzybow strzgpkowych, wykazaly podobng tendencje odnosnie

liczebno$ci obu tych grup drobnoustrojéw. Najmniejsza liczebno$¢ drobnoustrojow
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glebowych odnotowano w punkcie S1, tj. zlokalizowanym najblizej zbiornika z odpadem,
gdzie gleba charakteryzowata si¢ zasadowym odczynem, co spowodowane byto
przenikaniem cieczy ze zbiornika do gleby. Efekt ten widoczny byt w obu warstwach
gleby 1 utrzymywat si¢ przez caty okres badan. W miar¢ oddalania si¢ od zrédia
zanieczyszczenia poziom omawianego parametru podlegat istotnemu wzrostowi, co
zapewne bylo zwigzanez poprawg warunkéw chemicznych gleby (spadek pH).
Prezentowane wyniki s3 dowodem na duzg wrazliwo$¢ drobnoustrojow glebowych na
stresujgcy czynnik, ktorym w tym przypadku byt odczyn gleby. Potwierdzaja to istotne
réznice w liczebnos$ci miedzy poszczegdlnymi analizowanymi punkami na stosunkowo
matej odleglosci. Nalezy zauwazy¢, ze w przypadku obu badanych grup drobnoustrojow,
na ogdt wyzsze liczebno$ci odnotowano w gornej warstwie gleby. Zdaniem Naylor i in.
[2022] powierzchniowe warstwy gleby posiadaja wicksza porowatos¢ i intensywniejszy
przyptyw $wiezych substratow oraz skladnikoéw odzywczych, co przektada si¢ na
stosunkowo wyzsza aktywnos$¢ drobnoustrojow. Ponadto mineraty takie jak sod sa bardziej
podatne na wyplukiwanie, dlatego ich stezenie zwykle zwieksza si¢ wraz z glebokoscia. To
z kolei moze przektada¢ si¢ na pogorszenie warunkow fizykochemicznych gleby,
z ktérymi tak silnie zwigzane sa mikroorganizmy glebowe [Hermans i in., 2020; Shi i in.,
2021]. Rowniez zapewne zmiany sezonowe mialy istotny wplyw na ten analizowany
parametr, a potwierdzaja to odnotowane korelacje.

Istotne roznice odnotowano takze w przypadku nasilenia si¢ procesow oddechowych.
Najwyzsze wartosci parametr ten osiggnal latem w puntach S1 1 S2, a najnizsze w S3, czyli
miejscu najbardziej oddalonym od zbiornika. Odmiennie ksztaltowato si¢ nasilenie procesu
oddychania jesienig, wraz z oddalaniem si¢ od zbiornika z odpadem parametr ten istotnie
wzrastal, zwlaszcza warstwie 0 — 20 cm. Uzyskane wyniki wskazuja na zwigkszone
wydzielanie CO;, z gleby w punktach zlokalizowanych blizej zbiornika z odpadem.
Obserwacje te wskazuja, ze z gleby zdegradowanej emitowana jest zwigkszona ilo$¢ gazu
cieplarnianego, co moze przyczynia¢ si¢ do poglebiania si¢ efektu cieplarnianego [Lal,
2020]. Dlatego tez aktywnos$¢ oddechowa moze by¢ dobrg miarg czynnikéw stresowych,
poniewaz po pierwsze odzwierciedla wydajno$¢ drobnoustrojow, a po drugie w warunkach
stresowych wytwarzane sg wicksze ilosci CO, [Gonzalez-Quinones i in., 2011].
W analizowanych warunkach nasilenie procesu oddechowego bylo spowodowane
przedostajagcym si¢ ze zbiornika do gleby odpadem, ktoéry nie tylko spowodowat wzrost
odczynu gleby, ale rowniez przyczynil si¢ do zmian w jej strukturze. Jak donoszg Mavi

i Marschnera [2017] zwigkszenie nasycenia sodem w glebie powoduje rozproszenie
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materii organicznej i czastek ilastych, a tym samym niszczy agregaty i strukturg gleby. Co
z kolei prawdopodobnie przyczynia si¢ do uwalniania materii organicznej w nich
zgromadzone;j.

Na aktywnos$¢ badanych enzymoéw, tak jak w przypadku wczes$niej analizowanych
parametrow, najistotniejszy wplyw miaty zapewne zmiany w odczynie gleby. Swiadcza
o tym odnotowane najnizsze wartoSci wszystkich analizowanych aktywnoSci
enzymatycznych, w punkcie potozonym najblizej zbiornika z odpadem. Potwierdzajg to
wyniki m.in. analizy sktadowych gléwnych (PCA), gdzie odnotowano ujemne korelacje
odczynu gleby z analizowanymi enzymami. Dlatego tez mogt by¢ to jeden z czynnikow
ograniczajacych aktywno$¢ enzymow glebowych zwlaszcza w punkcie potozonym
najblizej zbiornika z odpadem. Na podkreslnie zastuguje takze fakt, ze aktywnos¢ fosfatzy
zasadowej ksztaltowala si¢ na znacznie wyzszym poziomie niz fosfatazy kwasnej. Jak
pokazuja niniejsze badania enzymy glebowe maja duzy potencjal szybkiego reagowania na
zmiany $rodowiskowe i dlatego moga stuzy¢ jako wskazniki zdrowia i jako$ci srodowiska
glebowego.

Przeprowadzone badania wskazuja, Ze to przedostajacy si¢ ze zbiornika do
srodowiska odpad chemiczny byl gtéwnym czynnikiem ograniczajagcym wzrost ro$lin
W prezentowanych badaniach. Swiadczy o tym zahamowanie kietkowania roéliny testowej
L. sativum w glebie pobranej najblizej zbiornika z odpadem. Bylo to zapewne
spowodowane mocng alkalizacja $rodowiska glebowego. Na uwage zastuguje rowniez
fakt, ze w miar¢ oddalania si¢ od zrdodta zanieczyszczenia poziom odczynu gleby spadt,
a to z kolei przetozylo si¢ na poprawe badanych parametréw fitotoksycznych. Odczyn
gleby byl rowniez czynnikiem ograniczajagcym zaréwno kietkowanie, jak 1 dlugosé
przyrostu korzenia L. sativum. Stymulacja parametréw zwigzanych z fitotoksycznoscia
jesienig byta zapewne spowodowana lepsza dostepnoscia podstawowego sktadnika

pokarmowego, waznego z punktu widzenia zywienia roslin, jakim jest azot.
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7. Podsumowanie i wnioski

Wyniki przedstawione w niniejszej rozprawie dowodza, ze wskazniki jakosci gleby
takie jak: liczebno$¢ i r6znorodnos¢ mikroorganizméw glebowych, nasilenie procesow
biochemicznych, aktywnos$¢ enzymatyczna, a takze wskazniki fitotoksycznosci gleby,
uzyte na tle wilasciwosci chemicznych, fizycznych i1 fizykochemicznych sg czulymi
parametrami zmian zachodzacych w glebie poddanej oddziatywaniu réznych odpadow,
pochodzacych zar6wno z dziatalno$ci rolniczej, jak 1 przemystowej. Wykorzystane metody
okazaly sie dobrym narzedziem do oceny skuteczno$ci zastosowanych zabiegow
nawozowych, a takze ryzyka zwigzanego z powstawaniem gazow cieplarnianych w glebie,
poddanej réznej antropopresji. Ponizsze badania dostarczajg wskazowek, ktore moga by¢
pomocne przy ograniczeniu negatywnych skutkow rolniczej dziatalnosci czlowieka, jak
1 ocenie stopnia degradacji $rodowiska glebowego spowodowanego oddziatywaniem

zbiornikow z ciektymi odpadami, a takze przy ocenie skutecznosci ich zabezpieczen.

Ze wzgledu na obszerny material badawczy ponizej zamieszczono uogélnione wnioski.
Bardziej szczeg6towe wnioski, nawigzujace do poruszanych, w prezentowanych badaniach

aspektow, zostaly zawarte w publikacjach wchodzacych w skiad rozprawy.

1. Zastosowanie podtoza popieczarkowego spowodowato na ogét pobudzenie
wigkszo$ci badanych parametrow zwigzanych z przemianami mikrobiologicznymi
C 1 N w glebie, ale wraz z uplywem czasu efekt ten ulegal ostabieniu. Jedynie
aktywno§¢ oddechowa podlegata nasileniu utrzymujacemu si¢, z rdzng

intensywnoscig, przez caly okres badan.

2. Aktywnos$¢ enzymow odpowiedzialnych za przemiany P i S, tj. fosfatazy kwasnej
1 arylosulfatazy, podlegaty hamowaniu pod wptywem podioza popieczarkowego.
Nalezy zaznaczy¢, ze negatywny wplyw odpadu z czasem ostabl, a nawet zanikl,
ale utrzymywal si¢ w przypadku arylosulfatazy réwniez w III roku w obiektach

z odpadem 1 nawozeniem mineralnym w nizej dawce.

3. Przeprowadzone badania wykazaly, ze korzystny wplyw nawozenia odpadem
popieczarkowym na aktywno$¢ drobnoustrojéw ma charakter krotkoterminowy

1 dotyczy pierwszych dwoch lat stosowania.

4. Wyniki badan nad wplywem zuzytego podloza popieczarkowego na
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fitotoksyczno$¢ potwierdzity brak negatywnego wplywu na indeks wzrostu.
Natomiast biorgc pod uwage przyrost korzenia, ktérego hamowanie odnotowano
w [ 1 II roku badan nalezy stwierdzi¢, ze fitotoksycznos$¢ gleby ulegla okresowemu

pogorszeniu.

Najkorzystniejsze dla analizowanych parametréw mikrobiologicznych okazato si¢
zastosowanie podloza popieczarkowego tacznie z nizszg dawka nawozenia

mineralnego.

Przedstawione badania wskazuja roéwniez, ze do monitorowania zmian
zachodzacych w glebie nawiezionej odpadem popieczarkowym wskazane jest
taczne stosowanie réznych metod badawczych, zaréwno klasycznych, jak

i nowoczesnych.

Odpad popieczarkowy w mniejszym stopniu niz obornik przyczynia si¢ do wzrostu
ilosci produktow nitryfikacji, ktére nastgpnie moga potencjalnie prowadzi¢ do
powstania gazu cieplarnianego, tj. N2O i tym samym przyczynia¢ si¢ do wzrostu

efektu cieplarnianego.

Nawozowe zastosowanie odpadu popieczarkowego przyczynilo si¢ do wzrostu
ilosci wydzielanego CO,, ktorego ilos¢ wzrastala wraz z uptywem czasu.
Obserwacje te wskazujg, ze taki sposOb gospodarowania tym odpadem moze
przyczynia¢ si¢ do nasilenia efektu cieplarnianego poprzez zwigkszenie emisji CO;

z gleby.

Wplyw obornika na emisje gazow cieplarnianych nie byl jednoznaczny.
W przypadku CO,, nie spowodowatl on istotnego utrzymujgcego si¢ wzrostu jego
emisji. Natomiast stymulujacy wplyw obornika na proces nitryfikacji, ktorego
produkty moga by¢ transformowane do N,O, utrzymywat si¢ znacznie dtuzej niz

odpadu popieczarkowego.

Zastosowane  parametry  aktywnosci  drobnoustrojéw  oraz = wskazniki
fitotoksycznosci s3 czutymi markerami zmian spowodowanych oddziatywaniem
ciektego odpadu na glebe. Sposrdd analizowanych parametrow, najczulszymi
w ocenie zmian $rodowiska glebowego, pod wptywem silnej alkalizacji, okazaty

si¢: ogolna liczebno$¢ bakterii 1 grzybdéw, aktywnos$ci fosfatazy kwasnej

46



PODSUMOWANIE | WNIOSKI

11.

12.

I zasadowej oraz aktywno$¢ hydrolityczna fluoresceiny.

Wyniki dotyczace zanieczyszczenia gleby cieklym odpadem wykazaty, ze jego
negatywne oddzialywanie na populacje mikroorganizmow glebowych nie
ogranicza si¢ jedynie do gornej warstwy gleby (0 - 20 cm), ale jest rowniez
wyraznie widoczne w jej dolnej warstwie, tj. 20 — 40 cm. Natomiast nie

odnotowano negatywnych zmian w dalszej odlegtosci od zbiornika.

Uzyskane wyniki wskazuja, ze z gleby zdegradowanej emitowana jest zwigkszona
ilos¢ CO,, co moze przyczynia¢ si¢ do poglebiania si¢ efektu cieplarnianego.
Aktywnos¢ oddechowa jest dobrg miarg czynnikéw stresowych, poniewaz po
pierwsze odzwierciedla wydajnos¢ drobnoustrojow, a po drugie w warunkach

stresowych wytwarzane sa wigksze ilosci CO».
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Abstract: The intensification of agriculture leads to worrying changes in agro-ecosystems. Research
has been conducted to bridge the gap between the desire to maintain ecological balance and harmful
interference with ecosystems. Spent mushroom substrate (SMS) can become the basis of a farming
system that improves soil quality. The aim of the study was to assess the potential of SMS in
improving the following soil quality indicators: abundance and activity of microorganisms, and to
assess the impact of SMS and manure (M) on the increase in the greenhouse effect. The plots were
fertilized with SMS, M, and SMS in combination with NPK mineral fertilization. The application
of SMS had a varied but generally positive effect on the parameters studied, particularly on the
number of proteolytic microorganisms, urease activity but also ammonification and nitrification. In
contrast, inhibition of protease activity was observed. The stimulation of most of the indicators was
recorded in the first and second years, followed by a weakening of their effect. M also positively
influenced the tested parameters, especially nitrification, where this effect lasted longer than for SMS.
This indicates that the application of manure contributes more to the formation of products from
which denitrification can potentially generate greenhouse gases.

Keywords: spent mushroom substrate (SMS); manure; soil enzyme activity; nitrification; ammonification;
proteolytic bacteria and fungi; soil; the greenhouse effect

1. Introduction

Soil is one of the most important natural resources of the Earth, non-renewable on the
human time scale. It is the basis of human food production systems, crop cultivation for
fodder, fiber, and fuel, and plays an important role in controlling and mitigating climate
change [1,2]. Currently, in the age of rapidly advancing civilization, soil degradation is one
of the most serious socio-economic and environmental problems that threaten the survival
and well-being of mankind. Due to the progressive climate change and the rapidly growing
population of the Earth, maintaining the quality of the soil at a high level, especially
in agricultural areas, is considered one of the most critical challenges for society in the
21st century [3].

One of the problems related to soil degradation is the progressive deficit of organic matter
(OM), which is one of the basic indicators of soil quality, dependent on various biotic and abiotic
characteristics of the ecosystem [4]. With the currently worsening changes in climatic conditions,
and thus also soil conditions, OM content is becoming increasingly important, not only for the
proper functioning of ecosystems, but also for the socio-economic development of many regions
of the world [5]. The deficit of organic matter is mainly observed in light (sandy) soils, due to the
poorly developed aggregate structure, low water retention capacity, low nutrient levels, and poor
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nutrient retention and exchange capacity [6-10]. It is estimated that this type of soil covers about
900 million ha in the world [9]. This phenomenon necessitates searching for methods to improve
their quality and productivity. One of these is the introduction of increasing amounts of natural
and organic fertilizers into soils [11]. Until recently, manure was the basic natural fertilizer that
maintained an appropriate level of organic carbon and humus [12]. Currently, various types of
waste are used to improve the fertility of soils, including spent mushroom substrate [10,13-19].
According to Gapiriski [20], 1 m® of the substrate contains the amount of nutrients present in
2-3 m® of fresh cattle manure. Considering the deficit of organic matter in soils and the high
fertilization value of mushroom waste, which is considered a source of humus formation, it seems
reasonable to use this waste for soil fertilization [21,22]. Spent mushroom substrate has a high
content of organic and mineral matter, thus it is rich in macro- and micro-nutrients, and above all
in easily assimilable nitrogen [10,13-19]. After introducing this waste into the soil, it improves
a number of its properties, including structure, pH, and water-holding capacity [12,20,23]. This
waste is also used, among other areas, in bioremediation, plant cultivation in greenhouse and field
crops, as a general supplement/fertilizer for soil, in the production of plant growth—promoting
formulations, as well as nurseries and landscaping [24-28]. For the preparation of the mushroom
growing substrate, various components are used, such as: straw, poultry manure, less often horse
manure, nutrients, and structure-forming substances—urea, carbonates, coconut fiber, defatted
soybean meal. Low or transitional peat, not silted or slightly silted, with a different proportion
of high peat and alkalizing additives—dolomite, defecation lime is used as a cover [29]. It
should be noted that in Agaricus bisporus L. cultivation, each 1 kg of fresh mushrooms generates
3.24 kg of fresh SMS [30]. Global mushroom and truffles production exceeded 41,736,063 tons in
2019 [31]. Meanwhile, the storage of spent mushroom substrate may have a negative impact on
the environment due the weathering and leaching processes, contributing to the deterioration of
air, soil, and water condition [27]. Introduction of waste into the soil, e.g., for fertilization purposes,
also fits in with the idea of a circular economy. This idea is based on the appropriate selection of
not only activities related to individual production stages, but also the reuse of waste generated as
a result of this activity [28].

The growing interest of mankind in sustainable development and the desire to assess
the impact of land use and management practices makes soil quality assessment one of
the most important goals of modern science [3]. The microbiological, biochemical, and
enzymatic properties of soils are considered useful indicators of soil quality, as these factors
are sensitive to both environmental stress and anthropogenic changes [32,33].

Soil microorganisms transform biogens, including nitrogen, thereby supporting bio-
geochemical cycles [34]. Therefore, the intensity of biochemical processes and the content
of products of soil microbial activity, e.g., CO,, N-NO3, N-NHy4, and N,O ions, can be
considered, in addition to the abundance, important soil biological activity indicators,
reflecting its fertility [35]. The nitrogen cycle consists of several key processes, including
ammonification, nitrification, or enzymatic processes of decomposition of organic nitro-
gen compounds for which specialized microorganisms are responsible [36]. Controlling
the course of these processes (including nitrification, ammonification, urea hydrolysis)
is also supported by the fact that the resulting gaseous products may contribute to the
exacerbation of the greenhouse effect [37,38]. It is estimated that human activities related
to agriculture emit about 60% CHy, 15% CO; and 61% N,O [39,40].

Soil enzymes are natural catalysts for many processes in the soil environment, includ-
ing: processes of decomposition and formation of soil humus, organic matter decompo-
sition, molecular nitrogen fixation, release of mineral nutrients, as well as their delivery
to plants and circulation of elements [41,42]. They react fairly quickly and sensitively to
both environmental and anthropogenic factors compared to other soil properties [43]. Of
particular importance for soil transformations are hydrolases, especially proteases and
ureases, which are involved in the soil nitrogen cycle [44]. These enzymes can be useful in
developing and applying strategies of effective nitrogen management [45].

Better understanding of soil enzyme function and activity, as well as learning about
soil biochemical properties, can lead to improved soil management and quality. Intensive
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development and chemicalization of the economy are forcing the search for new natural
alternatives to improve the quality of soils, without harmful interference with ecosystems.
Therefore, the present study was conducted to examine and compare the influence of
spent mushroom substrate and manure on the activity of microorganisms associated with
the nitrogen cycle, i.e., ammonification, nitrification, protease and urease activity, and
the number of proteolytic microorganisms. The authors made two hypotheses. One of
them assumed that the use of spent mushroom substrate would improve soil quality
indicators. The second hypothesis was that spent mushroom substrate, unlike manure,
did not contribute to the increase in the greenhouse effect. Consequently, the authors
assumed that the obtained results would be a guideline for sustainable soil management
based on the condition of the soil microbiome and enzymatic activity, and spent mushroom
substrate would find practical application in modern agriculture and become an alternative
to manure.

2. Materials and Methods
2.1. Research Area and Characteristics of Experimental Plots

The field experiment was established at the Experimental Farm in Czestawice (Poland,
Lublin Region, 51°18”23' N, 22°16”02’ E) belonging to the University of Life Sciences in
Lublin (Figure 1). The experiment was carried out in a random block design, in three
replications, and the area of a single plot was 3 m? (1.5 m x 2.0 m). The individual plots
were separated by 1 m wide paths. The experiment was located on loess soil, 2nd soil quality
class [46,47]. Soil grain size composition was as follows: fraction 1.0-0.1 mm—medium
sand (4%), fraction 0.1-0.02 mm—fine sand-coarse dust (52%), fraction 0.02-0.002 mm—fine
dust (35%), fraction < 0.002 mm—colloidal clay (9%).

EUROPE
&

0/';;':
1

Figure 1. Location of the research area against the background of Europe, Poland and Lublin Region;
red lines mark the area of Experimental Farm in Czestawice.

Spent mushroom substrate and cattle manure were applied for three years in a single
dose of 20 t ha~! in autumn. Supplementary mineral fertilization with nitrogen (N),
phosphorus (P), and potassium (K) in the plots with spent mushroom substrate was
applied in each year of the study in spring at two levels (N1P1K1 and N2P2K?2) after the
beginning of crop vegetation. Nitrogen fertilization was applied in doses of N1-50 and
N2-100 kg ha~! in the form of ammonium nitrate, phosphorus P1-30 and P2-60 kg ha™!
in the form of granulated triple superphosphate, and potassium K-70 and K2-140 kg ha~!
in the form of potassium sulfate. The adopted doses and levels of supplemental NPK
mineral fertilization were based on the initial abundance of bioavailable nutrients in the
soil and the hypothesized rapid release of nutrients from spent mushroom substrate and,
consequently, the short-term fertilization effect of spent mushroom substrate alone (without
NPK fertilization). The control plot was soil without fertilization.

The substrate used in the experiment was composed of cereal straw (winter wheat),
peat, and chicken manure. It should be noted that the substrate did not contain any
mineral additives because it was intended for ecological cultivation. Characteristics of
spent mushroom substrate and manure are presented in Table 1.
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Table 1. Properties of soil und wastes.

Property Unit Soil Spent Mushroom Substrate Manure
pHkci 1 mol KCl 7.0 6.6 7.3
TOC gkg™! 14.98 105.0 135.8
N gkg! 1.51 6.50 9.47
TP gkg! 0.19 0.25 0.25
Ca 1660 15,800 2240
K mg kg ! 2350 6330 11,100
Mg 1390 1240 1550
Zn 86.0
Cu 16.6
Ni 2.81
Cr mg kg~! n.o. 1.84 n.o.
Cd 0.055
Pb 0.956
Hg 0.07

Abbreviations: TOC—total organic carbon, TN—total nitrogen, TP—total potassium.

Experiment scheme:

—  Soil without fertilizing, control (C);

—  Soil + spent mushroom substrate (SMS);

—  Soil + spent mushroom substrate + N1P1K1 (SMS + N1P1K1);
—  Soail + spent mushroom substrate + N2P2K2 (SMS + N2P2K2);
—  Soil + manure (M).

Italian ryegrass (Lolium multiflorum Lam.), a tetraploid variety of Turtetra (Kroto), was
used as the test plant, and was sown each year in the second decade of April in the amount
of 30 kg ha~!, with a row spacing of 25 cm, at a depth of 1 cm.

2.2. Meteorological Conditions

The course of meteorological conditions during the experiment is shown in Figure 2.
They were obtained from the Meteorological Station in Czestawice, located approximately
800 m from the field experiment. The presented data show that in the first two research
years, i.e., 2018 and 2019, the annual sums of precipitation were similar and amounted
to 539.3 mm and 481.8 mm, respectively. The year 2020, on the other hand, differed
significantly from the first two years, as it had an annual rainfall of 799.7 mm. The highest
monthly rainfall over the 3-year experimental period was recorded in the sampling months,
ie., June and September 2020, at 170.3 and 128.5 mm, respectively, and the lowest in
June 2019 at 11.2 mm.

The average annual temperature in the initial year of the experiment, i.e., 2018, was
8.6 °C. It was significantly lower than the annual averages in 2019-2020, which were similar
and amounted to 11.0 and 10.1 °C. Analyzing the weather conditions in the months of soil
sampling, the highest temperature was recorded in June 2019 (22.9 °C), while the temperatures
in the other periods (June 2018, September 2018, September 2019, June 2020, September 2020)
were similar and amounted to 16.3, 14.7, 16.3, 17.9, and 15.6 °C, respectively.

2.3. Soil Sampling

The soil material was collected for a period of 3 years, twice during each growing
season, i.e., in spring (June) and autumn (September). Topsoil samples (0-25 cm) were
taken from 10 randomly selected sites from each plot using a gouging drill. Average soil
sample from each plot consisted of a mixture of 10 soil cores, 4 cm diameter each. The
samples were placed in plastic containers and stored at 4 °C to reduce any changes in
microbial populations. Before the analyses, the soil samples were sieved through a sieve
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with a 2 mm diameter. Microbiological, biochemical, and enzymatic tests in the collected
soil material were performed within two weeks.
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Figure 2. Mean monthly temperatures and rainfall in the experimental site during the experimental period.
2.4. Chemical Analyses
The microbiological and enzymatic analyses were supplemented with chemical deter-
minations. The methods below were used for both soil samples, spent mushroom waste
and manure (Table 1), and for soil samples at individual test time points (Table 2). The pH
was measured by electrometry from soil extract in KCI (10 g of soil in 25 mL of KCl). Total
N was measured by the Kjeldahl method, total organic carbon (TOC) by IR spectrometry,
and total phosphorus using spectrophotometry. Calcium, potassium, and magnesium
were determined by flame atomic absorption spectrometry (FAAS). Heavy metals were
determined only for spent mushroom substrate by atomic absorption spectroscopy (AAS).
Table 2. Selected, physico-chemical and chemical properties of the soil.
Year Season C SMS SMS + N1P1K1  SMS + N2P2K2 M
spring 7.03 7.20 6.41 5.16 7.47
2018
autumn 6.86 7.60 5.98 6.60 5.44
spring 6.42 6.75 5.88 5.84 6.20
pH 1 mol KCI 2019
autumn 6.34 6.04 6.18 5.53 6.24
spring 6.87 6.85 6.68 6.79 6.56
2020
autumn 6.25 6.13 6.33 6.64 6.50
2018 spring 14.98 19.50 17.21 12.83 13.45
autumn 13.59 14.39 14.34 11.46 12.16
spring 12.19 12.99 14.75 15.60 14.89
TOC gkg! 2019
autumn 12.02 10.63 13.25 13.28 18.18
2020 spring 15.62 16.30 14.90 15.33 17.75
autumn 13.34 12.54 13.85 14.91 14.78
spring 1.51 1.82 213 1.46 1.36
2018
autumn 1.37 1.44 1.39 1.18 1.28
spring 1.50 1.10 1.00 1.30 1.10
TN g kg™! 2019
autumn 0.96 0.97 1.30 0.84 1.00
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Table 2. Cont.
Year Season C SMS SMS + N1P1K1 SMS + N2P2K2 M
spring 1.70 1.20 0.98 1.40 1.10
2020
autumn 0.97 0.80 1.20 0.55 1.10
spring 0.19 0.21 0.21 0.17 0.22
2018
autumn 0.16 0.16 0.14 0.15 0.18
spring 0.15 0.13 0.19 0.10 0.10
TP gkg™! 2019
autumn 0.11 0.10 0.11 0.13 0.15
spring 0.10 0.15 0.12 0.16 0.15
2020
autumn 0.12 0.13 0.14 0.11 0.14

Abbreviations: TOC—total organic carbon, TN—total nitrogen, TP—total potassium. C—control soil; SMS—
soil + spent mushroom substrate, SMS + N1P1K1—soil + spent mushroom substrate + mineral fertilization
N1P1K1; SMS + N2P2K2—soil + spent mushroom substrate + mineral fertilization N2P2K2; M—soil + manure.

2.5. Microbiological Analyses

The number of bacteria and protein-decomposing fungi was determined in the soil
material, using the plate method on the Frazier gelatin substrate, following the procedure
described by Foght and Aislabie [48,49]. For fungi, antibiotics were added to the medium
in the amounts recommended by Martin [50]. Cultures were carried out for bacteria at
28 °C for 4 days, and for fungi at 25 °C for 3 days. After incubation, plate surfaces were
poured over with a thin layer of Frazier’s reagent (water solution of HCl and HgCl,—
Chempur, Piekary Slaskie, Poland) with protein denaturing properties, manifested by a
milky color of the medium. Both in the case of bacteria and fungi, only colonies surrounded
by a transparent zone were counted, which indicated proteolytic abilities. The results are
expressed in colony forming units (cfu) per gram dry weight.

2.6. Enzymatic Analyses

Protease activity was determined in 2 g soil samples incubated in 0.1 M tris (hydrox-
ymethyl) aminomethane buffer (Tris-HCl pH 8.0—Sigma-Aldrich, Wien, Austria) for 1 h
at 50 °C using sodium caseinate solution—Sigma-Aldrich, Wien, Austria, (5 mL) as a sub-
strate [51]. The level of released tyrosine was measured spectrophotometrically at 578 nm.
Urease activity was determined by the method of Zantua and Bremner [52] in 10 g soil sam-
ples using urea solution—Chempur, Piekary Slaskie, Poland, as a substrate and incubating
for 18 h at 37 °C. Ammonium ion concentration was measured spectrophotometrically at a
wavelength of 410 nm. A UV 1800 spectrophotometer (Rayleigh, Beijing, China) was used
to measure the enzyme activity.

2.7. Biochemical Analyses

Ammonification activity was determined in 25 g soil samples with 0.1% asparagine—
Sigma-Aldrich, Wien, Austria. Ammonium ions were extracted, after 3 days of incubation,
with 2 M KCl—Chempur, Piekary Slaskie, Poland, (stirred for 20 min) and their content was
determined using the Nessler method [53]. Intensification of the nitrification process was
determined in 25 g soil samples using 0.1% ammonium phosphate as a substrate—Chempur,
Piekary Slaskie, Poland. After 7 days of incubation, nitrate ions were extracted with 2 M
KClI (stirred for 20 min) and their levels were measured using the brucine method [53]. A
UV 1800 spectrophotometer (Rayleigh, Beijing, China) was used to measure the biochemi-
cal activity.

2.8. Statistical Analysis

All analyses were performed in three parallel repetitions and presented as a mean
of these repetitions. The results were statistically analyzed using STATISTICA version
13.0 software (TIBCO Software Inc., Palo Alto, CA, USA) with ANOVA models and mul-
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tiple Tukey’s t-tests at the significance level of & = 0.05. In order to check whether the
assumptions of ANOVA, including normality of the dataset and homogeneity of variance
were met, the Shapiro-Wilk and Levene tests were used, respectively, and showed that
indeed these criteria were fulfilled. The results are presented in graphs with standard
deviation indicated. The results were additionally correlated with the obtained chemical
parameters and presented in the form of a heat map. Cluster analysis was used to identify
groups of objects showing similarity in terms of: microbial abundance and enzymatic
and biochemical activity. Agglomeration of properties was assessed using Ward’s cluster
analysis method with Euclidean distance.

3. Results
3.1. Abundance of Microorganisms

The results presented in Figure 3A-C and Table 3 showed that the application of
spent mushroom substrate generally resulted in positive changes in proteolytic bacteria
abundance. The severity of these changes varied with time, as well as with the method
of fertilization.

30 30 e
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[ ]
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S E
Qv d
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Figure 3. Number of proteolytic bacteria in the soil. Legend: - C—control; L SMS—soil
+ spent mushroom substrate; - SMS + N1P1K1—soil + spent mushroom substrate + mineral
fertilization N1P1K1; SMS + N2P2K2—soil + spent mushroom substrate + mineral fertilization

N2P2K2; M—soil + manure; (A)—1st year; (B)—2nd year; (C)—3rd year. The vertical lines
indicate the standard deviation. Different letters above the columns indicate significant differences,
each year was analyzed independently of each other.

The strongest stimulation of this group of microorganisms was recorded in spring in
the first year of the experiment in combination only with spent mushroom substrate (SMS)
where its abundance was 26.1 cfu 10° kg !, compared to only 2.6 cfu in control (Figure 3A).
Stimulation of the development of proteolytic bacteria was also recorded in the remaining
plots with SMS both in the spring (SMS + N1P1K1, SMS + N2P2K2) and autumn (SMS,
SMS + N1P1K1), but at a significantly lower level. In the second year of the experiment, the
positive effect of SMS weakened (Figure 3B) and became apparent only in the spring in the
plot with a lower dose mineral fertilization (SMS + N1P1K1) and in the autumn in the plot
with mineral fertilization at a higher dose (SMS + N2P2K?2). Bacterial counts in these plots
were 9.8 and 10.9 cfu, respectively, compared to 5.1 and 5.7 cfu in the control plots. In the
last year of the experiment (Figure 3C), the impact of SMS was visible only in the autumn
in the plot where it was applied in combination with a lower dose of mineral fertilization
(SMS + N1P1K1). The abundance of proteolytic bacteria was 15.8 cfu at this plot. In the
remaining plots with the substrate (SMS, SMS + N2P2K2), the abundance was at a level
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similar to that in control (C). The application of manure throughout the study period in
most time points did not significantly affect the growth of the tested group of bacteria. Its
stimulating effect on the growth of these bacteria was observed only in the spring of the
first year (Figure 3A) and in autumn in the second year (Figure 3B). In these plots (M), 8.2
and 12.9 cfu were recorded at individual time points, respectively.

Table 3. Microbiological, enzymatic, and biochemical activity in soil (Annual averages).

Year Experimental Treatments PB PF URE PRO AM NIT
C 3.60a 112.31a 41775 g 9.45b 3529 a 8.79 ab
SMS 19.20 215.39 f 887.20 i 10.84 be 36.32 a 12.99 abc
2018 SMS + N1P1K1 10.40 gh 37714 h 508.27 h 12.63 cd 40.37 a 595a
SMS + N2P2K2 444 ab 276.58 g 156.63 a 6.76 a 41.25 ab 12.83 abc
M 6.22 be 290.16 g 41221 ¢g 12.60 cd 3745 a 21.22 bed
C 5.39 ab 110.68 a 193.39 a 11.96 be 60.98 bc 17.59 abed
SMS 4.81 ab 108.78 a 275.76 bed 12.29 cd 67.76 ¢ 65.77 h
2019 SMS + N1P1K1 8.43 def 188.25 def 251.21b 2317 g 28594 d 43.05 fg
SMS + N2P2K2 748 cd 198.65 ef 306.82 cd 1597 e 267.04 d 44.65 fg
M 8.25 de 156.62 bed 325.29 de 14.90 de 72.04c 79.29 1
C 10.07 efg 194.96 ef 311.10 cd 19.58 £ 36.72 a 3841 ef
SMS 12.11 hi 136.28 abc 362.48 ef 16.17 e 38.82a 27.15de
2020 SMS + N1P1K1 13.421 206.27 ef 382.99 fg 21.05 fg 35.89 a 36.04 ef
SMS + N2P2K2 10.26 fgh 130.27 ab 41397 g 16.21e 33.85a 22.68 cd
M 11.95 ghi 170.38 cde 397.90 fg 16.82e 30.58 a 53.64 gh

Abbreviations: C—control soil; SMS—soil + spent mushroom substrate, SMS + N1P1K1—soil spent + mushroom
substrate + mineral fertilization N1P1K1; SMS + N2P2K2—soil + spent mushroom substrate + mineral fertilization
N2P2K2; M—soil + manure. PB—proteolytic bacteria (cfu 10° kg~! d.m. of soil), PF—proteolytic fungi (cfu
10° kg~! d.m. of soil), URE—urease (mg N-NHy kg~! d.m. of soil 18 h~!), PRO—protease (mg tyrosine kg~ d.m.
of soil h~1), AM—ammonification (mg N-NHy4 1<g*1 d.m. of soil 3 d~1), NIT—nitrification (mg N-NO3 kg’1 d.m.
of soil 7 d~1). Different letters indicate significant differences at p < 0.05.

The influence of the spent mushroom substrate and manure on the development of
proteolytic fungi was generally positive, and its intensity varied significantly over the three
years (Figure 4 A—C and Table 3). Regarding the fungal abundance, the highest values
were also recorded in the first year in spring, but with the application of spent mushroom
substrate in combination with a lower dose of mineral fertilization (SMS + N1P1K1). Fungal
abundance was 416.71 cfu 10° kg ! in this facility, compared to 79.95 cfu in the control soil
(C) (Figure 4A). This year, the number of mushrooms was also increased in the remaining
plots with SMS but to a lower extent. In the second year (Figure 4B), proteolytic fungi were
favorably affected by the application of spent mushroom substrate, but in combination with
two variants of mineral fertilization (SMS + N1P1K1, SMS + N2P2K2). Fungal abundance
in spring was lower than in autumn and was 24.34 in the control (C) plot and 126.39 and
81.15 cfu, respectively, in the plots where stimulation was recorded. In contrast, in autumn,
fungal growth in the control plot (C) was 196.43 cfu, and 250.1 and 316.15 cfu, respectively,
in plots where microorganisms were stimulated. In the third year (Figure 4C), the beneficial
effect became visible only in single sites with mineral fertilization, i.e., in spring with its
higher dose addition (SMS + N2P2K2), and in autumn with a lower dose (SMS + N1P1K1).
Fungal abundance at these plots was 179.32 and 335.26 cfu, respectively. It should be
noted that a decrease in the number of these microorganisms was recorded in autumn
in the plot with only SMS and SMS together with mineral fertilization at a higher dose
(SMS + N2P2K2), which in these plots amounted to 183.2 and 81.2 cfu, respectively.



Agriculture 2022, 12, 1190

90f19

600 600 600 - >
A B C B SHS
- . g B SMS+N1P1K1
3 500 - 500 500 SMS#N2P2K2
o' 1
£ ] ¢ 400 400 -
: o e abe e
0 T b Lef g
S 30 ¥ | ol | 300 300
° X - W&
5% . b 1} of
= 200 200 200 = )
o 3 ¢ I
7] f L .
100) T 100 e 100 28 1

spring

Term

autumn

Term

autumn

autumn

spring

Term

Figure 4. Number of proteolytic fungi in the control soil and soil under different treatment strategies.

Legend: - C—control; - SMS—soil + spent mushroom substrate; - SMS + N1P1K1—soil +

spent mushroom substrate + mineral fertilization N1P1K1; SMS + N2P2K2—soil + spent mush-

room substrate + mineral fertilization N2P2K2; M—soil + manure; (A)—1st year; (B)—2nd year;
(C)—3rd year. The vertical lines indicate the standard deviation. Different letters above the columns

indicate significant differences, each year was analyzed independently of each other.

Manure also generally exerted a stimulating effect on proteolytic fungi, but slightly
lower than SMS applied in the different variants. In the first and second year, the values
for this fertilization were the highest, generally ranging from 273.13 to 304.36 cfu. In
addition, the lowest value, i.e., 40.11 cfu, was recorded in the spring of the second year.
Fungal stimulation was still evident at this site in the spring of the third year, with a count
of 166.15 cfu. Inhibition of the development of the analyzed microorganisms under the
influence of manure was recorded only in the autumn in the third year of the study. Their
number was 174.62 cfu, while in control it was 301.73.

3.2. Enzymatic Activity

The analysis of protease activity during the 3-year experiment showed significant
changes under the influence of the applied fertilization with spent mushroom substrate
in different variants and with manure (Figure 5A-C and Table 3). This effect varied
and was observed with different intensity depending on the type of fertilizer and the
time of its action. Protease activity throughout the experiment was most strongly af-
fected by the application of SMS in combination with a lower dose of mineral fertilization
(SMS + N1P1K1). The highest value for this enzyme was recorded in this plot in spring
in the second year (35.80 mg kg '), while in the control plot, it was lower and amounted
to 11.64 mg (Figure 5B). Stimulation of the discussed parameter, but weaker, was also
noted in other plots in this period (SMS, SMS + N2P2K2) and in the first year in spring in
the plot with SMS alone (Figure 5A). Protease activity in these objects was at the level of
15.56, 20.37, and 10.31 mg, respectively. In the remaining time points and years, the use
of spent mushroom substrate in individual variants did not have a significant effect on
protease activity or caused its inhibition. It should be noted that inhibition was observed at
certain time points in plots with SMS or applied together with a higher fertilization dose
(SMS + N2P2K2). The strongest decrease was recorded in the third year in spring, when
protease activity in these plots was 16.32 and 18.48 mg, respectively, while in the control
plot, it was 24.25 mg (Figure 5C).
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Figure 5. Activity of protease in the control soil and soil under different treatment strategies. Legend:
- C—control; I SMS—soil + spent mushroom substrate; L SMS + N1P1K1—soil + spent
mushroom substrate + mineral fertilization N1P1K1; SMS + N2P2K2—soil + spent mushroom

substrate + mineral fertilization N2P2K2; M—soil + manure; (A)—1st year; (B)—2nd year;
(C)—3rd year. The vertical lines indicate the standard deviation. Different letters above the columns
indicate significant differences, each year was analyzed independently of each other.

The application of manure also resulted in a differential effect on protease activity. The
highest values of this fertilization variant (M) were recorded in spring, both in the 1st and
2nd year of the experiment, they were 15.15 and 17.27 mg, respectively, while only 5.72 and
11.64 mg in the control plots. In the remaining years and seasons, no effect of manure or an
inhibitory effect on this parameter was visible.

With respect to urease activity, the use of SMS caused an increase in this parameter
in a greater number of plots and time points compared to protease (Figure 6A-C and
Table 3). It was most noticeable in the first year of fertilization, especially with SMS, and
ranged from 797.10 to 977.30 mg kg_l, while 312.07-523.42 mg in the control soil (C)
(Figure 6A). Moreover, the use of SMS together with a lower dose of mineral fertilization
(SMS + N1P1K1) turned out to be beneficial, and the activity in this plot was 573.51 mg.
In the case of the object with a higher dose of mineral fertilization (SMS + N2P2K2), a
decrease in this parameter was noted as compared to the control soil, where in the spring
in the first year, it was the lowest in the entire research period (67.68 mg). In the second
and third year, the tendency of urease activity was similar, all the applied SMS variants
(SMS, SMS + N1P1K1, SMS + N2P2K2) had a stimulating effect on the tested parameter. It
is noteworthy that the stimulating effect of SMS was more pronounced in the second year
(Figure 6B). The activity in the plots with SMS ranged from 361.00 to 485 mg, while it was
249.52 mg in control. On the other hand, in the third year, the stimulation was weaker and
the activity in the plots with SMS ranged from 478.26 to 342.61 mg, while this activity in
control (C) was 460.87 mg (Figure 6C).

In general, the use of manure during the three years of the experiment, similarly to
SMS, had a positive effect on urease activity. It exerted the most beneficial effect in the
spring of the first year, when the activity of this enzyme was 598.83 mg. At other time
points, its positive impact was weaker. The decrease in the discussed enzymatic parameter
in the plot with manure (M) was recorded only in the autumn of the first year.
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Figure 6. Activity of urease in the control soil and soil under different treatment strategies. Legend:

- C—control; - SMS—soil + spent mushroom substrate; - SMS + N1P1K1—soil + spent
mushroom substrate + mineral fertilization N1P1K1; SMS + N2P2K2—soil + spent mushroom

substrate + mineral fertilization N2P2K2; M-—soil + manure; (A)—Ist year; (B)—2nd year;
(C)—3rd year. The vertical lines indicate the standard deviation. Different letters above the columns
indicate significant differences, each year was analyzed independently of each other.

3.3. Biochemical Activity

Figure 7A—C and Table 3 show data on the effects of SMS and M in individual variants
on the ammonification process. The analysis of the data showed that SMS application
in various combinations generally had a small but nevertheless stimulating effect on this
parameter throughout the study period.
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Figure 7. Ammonification in the control soil and soil under different treatment strategies. Legend:

- C—control; - SMS—soil + spent mushroom substrate; - SMS + N1P1K1—soil + spent
mushroom substrate + mineral fertilization N1P1K1; SMS + N2P2K2—soil + spent mushroom

substrate + mineral fertilization N2P2K2; M—soil + manure; (A)—1st year; (B)—2nd year;
(C)—3rd year. The vertical lines indicate the standard deviation. Different letters above the columns
indicate significant differences, each year was analyzed independently of each other.

It should be noted that only in the spring of the second year, the application of SMS
in combination with supplemental mineral fertilization caused a clear stimulation of the
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ammonification process in both variants (SMS + N1P1K1, SMS + N2P2K?2), (Figure 7B); this
activity was 525.91 mg kg ! and 466.86 mg, respectively, and only 80.47 mg in the control
(C) soil. Stimulation of ammonification was also recorded at these plots in the first year,
but its level was significantly lower (Figure 7A).

The ammonification process in combination with manure was at a level similar to
control during the 3 years of research (Figure 7A-C) Only in the autumn of the first year,
a slight significant stimulation of this activity was recorded in the soil enriched with
manure (M).

The course of nitrification in the analyzed seasons and years of research is presented
in Figure 8A-C and Table 3. As in the case of ammonification, the most favorable effect of
waste fertilization on nitrification was recorded in the spring of the second year.
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Figure 8. Nitrification in the control soil and soil under different treatment strategies. Legend:
- C—control; | SMS—soil + spent mushroom substrate; - SMS + N1P1K1—soil + spent

mushroom substrate + mineral fertilization N1P1K1; SMS + N2P2K2—soil + spent mushroom

substrate + mineral fertilization N2P2K2; M—soil + manure; (A)—I1st year; (B)—2nd year;
(C)—3rd year. The vertical lines indicate the standard deviation. Different letters above the columns
indicate significant differences, each year was analyzed independently of each other.

The highest value was recorded in combination with SMS alone, i.e., 121.01 mg,
followed by the plots with mineral fertilization (SMS + N1P1K1, SMS + N2P2K2), where
the activity was 84.75 and 58.89 mg, respectively, and only 33.67 mg in the control (C)
(Figure 8B). A clear stimulation was also recorded in the autumn, but only in the plot with
fertilization with a higher dose of mineral fertilizer (SMS + N2P2K2), where the value of the
tested parameter was 30.30 mg, while only 1.50 mg in control (C). With regard to nitrification
activity, the duration of fertilization application had a negative effect on this biochemical
activity. In spring, in the third year of application of the tested waste, inhibition was
observed in all combinations with the waste (SMS—48.65 mg; SMS + N1P1K1—58.56 mg;
SMS + N2P2K2—25.18 mg) in relation to the control plot (C—69.11 mg) (Figure 8C).

Manure, as compared to spent mushroom substrate, exerted a stronger and more
significant effect on nitrification. In all years, stimulation of this process was recorded in
the plot with manure (M), most clearly visible in the second year of the study both in the
spring and autumn. The highest activity was recorded in the spring of the second year, and
it was 123.34 mg.
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4. Discussion
4.1. Abundance of Microorganisms

The amount of nitrogen available to plants in soil depends on the processes of nitrogen
immobilization and mineralization. These processes are carried out by a variety of soil
microbiota, which initiates and is responsible for virtually all processes occurring in the
soil, but its activity, abundance, and biodiversity depend on many environmental factors,
including, e.g., the availability of organic matter [54-56]. This is probably the main factor
that positively affected the number of proteolytic microorganisms, both bacteria and fungj,
in the present study. Stimulation of their development was probably caused by the supply
of additional nutrients, whose main source in this study was SMS. This was confirmed by
the significant positive correlations found between proteolytic bacteria and TOC (0.63) and
TP (0.23), and between fungi and TP (0.38) and TN (0.23) (Figure 9). We could assume that it
was SMS and SMS applied together with NPK, as the primary source of these components,
was the main activator of these two groups of microorganisms. The available literature
shows that SMS is an organic waste material rich in macro- and micronutrients, especially
nitrogen, which are readily available to plants [57,58]. The positive effect of organic waste
on microbial growth was also observed in a study by Frac et al. [14], Joniec [59] and
Joniec et al. [60].

PBE PF URE PRO AM NIT pH TOC TN TP

Figure 9. Heatmap displaying the Pearson’s correlation coefficients between soil physico-chemical,
chemical, and microbial properties. BP—proteolytic bacteria, PF—proteolytic fungi, URE—urease,
PRO—protease, AM—ammonification, NIT—nitrification, TOC—total organic carbon, TN—total
nitrogen, TP—total potassium. Significant at * p < 0.05; ** p < 0.01; *** p < 0.001, respectively.

The stimulation effect lasted longest in the plots with the addition of mineral fer-
tilizer, low doses of which were shown to have a positive effect on the microbiological
and agrochemical properties of the soil, as they accelerated the rate of decomposition
and increased the amount of soil organic matter [55,61]. Currently, some authors have
suggested that nutrients, such as nitrogen or phosphorus have a more restrictive effect
on microorganisms compared to pH [56,62]. Our study partially confirmed this because
it also showed significant correlations of microbial abundance with pH (Figure 9), but at
a significance level of p > 0.01 for bacteria and at p > 0.05 regarding fungi. The positive
correlation of fungi with phosphorus were at a higher level of significance (p > 0.001).
Cluster analysis showed that the abundance of bacteria and fungi differed in the plots
with waste applied together with NPK from the plot with waste alone and control. This
confirmed previous observations regarding the significant influence of organic matter and
p on these parameters (Figure 10A).
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Figure 10. Tree diagram—Ward’s dendogram for (A) microbial counts; (B) enzymatic activity; and (C)
biochemical activity. C—control soil; SMS—soil + spent mushroom substrate, SMS + N1P1K1—soil +
spent mushroom substrate + mineral fertilization N1P1K1; SMS + N2P2K2—soil + spent mushroom
substrate + mineral fertilization N2P2K2; M—soil + manure.

The growth of bacteria and fungi, and consequently their activity, is also largely
influenced by climatic conditions, including humidity and temperature [63]. Seasonal
changes in the abundance of bacteria and fungi can be caused by fluctuations in temperature
and humidity under field conditions (Figure 2). The stronger changes observed in bacteria
were probably due to their higher sensitivity to unfavorable conditions compared to fungi,
which showed greater resistance [63]. The increase in the number of fungi, persisting
longer and in a higher number of plots with SMS alone, compared to bacterial counts, could
suggest that fungi were better adapted to utilize this additional nutrient source. In contrast,
Wang et al. [58] found that these were bacteria, compared to fungi, that could acclimate to
new conditions resulting from the addition of spent mushroom substrate to the soil in a
shorter period of time.

Manure, unlike SMS, did not significantly affect the development of the microbial groups
throughout the experiment. This could be due to the fact that SMS was characterized by a
diversified but higher content of organic matter compared to cattle or pig manure [57,64].

4.2. Enzymatic Activity

Further indicators of soil quality, i.e., soil enzymes are closely related to the soil
microbiome. They can be of both plant and animal origin, but primarily their main source is
microorganisms [65]. Their activity is strongly associated with the biomass and structure of
microbial communities, substrate availability, the size of soil aggregates and environmental
conditions. Literature data indicate that hydrolases are strongly related to the content of
organic matter in soil, and thus directly involved in its mineralization [66]. Therefore, we
can assume that similarly as for the microbiological parameter, transformation products of
spent mushroom substrate and the changes they caused in the soil environment contributed
to the stimulation of urease activity in our study. This was also confirmed by positive
correlations of urease activity with TOC (0.65), TN (0.51), TP (0.46), and pH (0.69) (Figure 9).
The strong correlation of urease with proteolytic bacteria (0.51) might also confirm that
SMS, as the primary source of organic matter, was the main activator of this enzyme, but
might also suggest that this enzyme was of microbial origin. Stimulation of urease activity
under SMS was also observed by Kuziemska et al. [67] and Ma et al. [68]. It should be
noted that urease activity, in contrast to the plots with SMS, was significantly higher in the
plots with manure during the entire study period. This observation could indicate a higher
probability of the adverse phenomenon of nitrogen loss from the soil through the release
into the atmosphere of gaseous products of reactions catalyzed by urease, i.e., ammonia,
precisely in the plots with manure.
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The situation was opposite for protease, because according to our analysis, it was
inhibited over time in individual SMS plots. Perhaps this was related to the fact that the
production of extracellular proteases as a result of catabolic repression was inhibited by
readily available carbon [65]. Land use and soil organic matter affect the N cycle through
modifications in the composition of microbial communities involved in this cycle, especially
proteolytic microorganisms [69]. In the present study, there was a negative correlation of
protease activity with fungi (—0.35), suggesting that they were not the main producers
of these enzymes under the conditions analyzed (Figure 9). Similar observations were
noted by Graham et al. [70], who reported that bacteria rather than fungi were mainly
responsible for the release of proteases. In addition, the lack of correlation of proteases
with the abundance of proteolytic bacteria supports the thesis that abundance does not
always translate into proteolytic activity [69]. This is because individual microorganisms
may encode more or less efficient proteases. In addition, gene expression is regulated
by many environmental factors including C, P, Ca, pH, or humidity [65]. Therefore, the
recorded changes in protease activity may also be due to climatic conditions, i.e., humidity
and temperature.

Cluster analysis showed that enzyme activity differed between the control plot and the
plots with organic fertilization, i.e., SMS and M, as well as the plot with SMS in combination
with NPK, but its lower dose. This indicated that the combination with N2P2K2 was the
least favorable for these activities (Figure 10B).

4.3. Biochemical Activity

Nitrogen, as we have repeatedly pointed out, is one of the most important biogenic
elements in nature with a key role in the survival of all living organisms. Its circulation in
the environment consists of a number of different processes that are part of the so-called
nitrogen cycle, responsible for most of the element’s transformations and playing a key role
in its fate in the Earth’s ecosystems [34]. The nitrogen cycle is a whole cycle of individual
and interdependent processes, such as ammonification and nitrification. Ammonification
is the process of producing ammonia from the decomposition of organic nitrogen, while ni-
trification involves the oxidation of ammonia to nitrite NO, ~ and then to nitrate NO5* [71].
According to Sierra et al. [72], the accumulation of mineral forms of nitrogen as a result
of mineralization of waste organic matter can be an adverse environmental phenomenon.
It is related to the leaching of the mineral form of nitrogen, which, in turn, poses a risk
of water pollution and loss of this element from the soil. Therefore, the disappearance of
ammonification stimulation in time in the plots with SMS indicated the lack of such risk.
The mutual positive correlations (at the significance level of p > 0.001) between the activity
of proteases, intensity of ammonification and nitrification processes recorded in this study
indicated that the nitrogen cycle at these stages proceeded without interference (Figure 9).

The next stage of this cycle is denitrification. Both nitrification and denitrification
are important sources of N>O in agricultural soils [73,74]. Denitrification causes direct
emissions of nitrous oxide (N,O), one of the major greenhouse gases (GHGs), with about
320 times higher greenhouse-forming potential than CO; [73]. Denitrifiers are microor-
ganisms that use nitrification products in their respiratory processes. The effect of this
reduction, among others, is precisely N,O, classified as a greenhouse gas [34]. Therefore,
the disappearance of nitrification process intensification in the plots with SMS, or even
its inhibition over time, was a favorable phenomenon. At the same time, it should be
noted that the intensification of the nitrification process in the plot with manure was gen-
erally stronger and subject to stimulation throughout the study period. This observation
supports the hypothesis that fertilizing with SMS carries a lower risk of exacerbating the
greenhouse effect than fertilizing with manure. Cluster analysis showed that the process of
ammonification and nitrification was different in the plots with waste applied separately
and in combination with mineral fertilization, and yet different in the plot with manure
(Figure 10C). This confirmed the observation that the addition of manure permanently
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enhanced the process of nitrification, while the effect of spent mushroom substrate on this
parameter in the other plots disappeared.

The observed changes in the intensity of the nitrification process from season to season
may have been due to the influence of temperature and humidity. The dependence of
nitrifiers, denitrifiers, and thus the impact of N,O emissions on temperature conditions
was previously reported by Lai et al. [74].

Better understanding of these individual microbial N-oxide reduction pathways in
soil will allow for better management practices to increase N utilization efficiency and
reduce greenhouse gas emissions, as agricultural soils are the main anthropogenic sources
of greenhouse gases and are responsible for approximately 60% of CHg, 15% of CO,, and
61% of N,O emissions [39]. The use of organic waste in agriculture leads to neutralization
and improvement of soil quality, but can also lead to atmospheric pollution by increasing
greenhouse gas emissions from the soil [75].

In summation, it should be noted that the used mushroom substrate and manure
had a significant effect on microbiological nitrogen transformations. These wastes, with
varying degrees of intensity, stimulated or inhibited individual stages of the circulation
of this nutrient. The severity of disturbed soil environment homeostasis may also have
negative effects on air quality.

5. Conclusions

The spent mushroom substrate caused an increase in the number of proteolytic bacteria
and fungi at individual time points. It should be noted that this effect has weakened in
time, and even disappeared in certain variants. It lasted longest in plots with waste applied
in combination with mineral fertilization. The effect of waste on enzymatic activity was
not as unidirectional as in the case of abundance and was subject to changes over the
three years of the study. Urease activity was stimulated at most time points, mainly in
the plot with waste alone, and then with mineral fertilization. This effect intensified over
time. In contrast, protease activity was subject to inhibition with time in individual plots
with SMS. Ammonification and nitrification processes were stimulated in the plots with
SMS, but at three time points. With time, this effect weakened, and even a decrease in
the intensity of nitrification was observed. Our research showed that SMS application
resulted in an improvement of the analyzed microbiological, enzymatic, and biochemical
parameters, which translated into a higher overall fertility and quality of the soil. Thus,
the first hypothesis that the application of spent mushroom substrate would improve soil
quality indicators was confirmed.

Manure also had a generally positive effect on the parameters studied. It should
be noted that its stimulation of the nitrification process lasted longer than in the case of
SMS. This confirmed the authors’ second hypothesis, which assumed that spent mushroom
substrate, to a lesser extent, contributed to the increase in the amount of nitrification
products, which could then potentially lead to greenhouse gas formation, i.e., N,O, thereby
contributing to the increase in the greenhouse effect.
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Abstract: The huge volumes of currently generated agricultural waste pose a challenge to the economy
of the 21st century. One of the directions for their reuse may be as fertilizer. Spent mushroom substrate
(SMS) could become an alternative to manure (M). A three-year field experiment was carried out, in
which the purpose was to test and compare the effect of SMS alone, as well as in multiple variants with
mineral fertilization, and in manure with a variety of soil quality indices—such as enzymatic activity, soil
phytotoxicity, and greenhouse gas emissions, i.e., CO,. The use of SMS resulted in significant stimulation
of respiratory and dehydrogenase activity. Inhibition of acid phosphatase and arylsulfatase activity via
SMS was recorded. SMS showed varying effects on soil phytotoxicity, dependent on time. A positive
effect was noted for the growth index (GI), while inhibition of root growth was observed in the first two
years of the experiment. The effect of M on soil respiratory and dehydrogenase activity was significantly
weaker compared to SMS. Therefore, M is a safer fertilizer as it does not cause a significant persistent
increase in CO, emissions. Changes in the phytotoxicity parameters of the soil fertilized with manure,
however, showed a similar trend as in the soil fertilized with SMS.

Keywords: spent mushroom substrate; manure; phytotoxicity; soil respiration; greenhouse effect;
dehydrogenases; enzymatic activity; Lepidium sativum L.; waste; soil microorganisms

1. Introduction

The intensification of human economic and livelihood activities is associated with the
generation of huge amounts of various types of waste [1]. Therefore, the modern economy
is increasingly open to production based on technologies that allow the integration of the
broadly understood waste back into the production cycle. Among the many directions for
their reuse, fertilizer application is particularly important. Agricultural wastes generated
in rural areas as a result of crop processing and agricultural activities show a particularly
high fertilizing potential. One such waste of organic origin is spent mushroom substrate
(SMS) (Agaricus bisporus L.) [2].

According to the Food and Agriculture Organization Corporate Statistical Database,
the global production of mushrooms and truffles in 2020 was 42,792,893 tons compared, for
example, to only 8,781,004 tons in 2000, i.e., 20% of the total current production. Globally,
China is, by far, the main producer of mushrooms and truffles (40,004,574 tons in 2020),
while Europe (1,270,241 tons in 2020) is led mainly by the Netherlands (260,000 tons in
2020), Poland (182,900 tons in 2020), and Spain (166,010 tons in 2020) [3]. Such intensive
global production results in the generation of large quantities of spent mushroom substrate,
estimated at approximately 60 million tons per year [4,5]. The efficient use and disposal of
such a large volume of annually generated material is, therefore, a major challenge for the
modern economy.

Due to its composition (mainly high organic matter content), poorly stored spent mush-
room substrate can pose environmental hazards through the development of pathogenic
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microflora and the spread of fungal diseases, uncontrolled waste biodegradation by mi-
croorganisms, and the consequent emission of greenhouse gases into the atmosphere; this
is as well as the leaching of nutrients into surface and groundwater [5,6].

Due to growing environmental concerns, the proper disposal and handling of excess SMS
accumulation are essential. Current research has clearly indicated that, due to its high fertiliz-
ing value, agricultural application is the most efficient method for SMS recycling [7-10]. SMS
is a valuable source of organic matter and nutrients that is readily available to plants [8,11,12].
It is important to note that the composition of SMS varies greatly depending on location,
type of mushroom grown, and other factors [5]. It also improves a number of soil properties,
including structure, pH, and water-holding capacity [13,14]. Additionally, this method of
management indirectly solves the problem of other wastes, i.e., those previously used to
compose mushroom substrate, e.g., straw; poultry and cattle manure, waste gypsum from
electrostatic precipitators, phosphogypsum and CaCOjs [2,5]. In addition, spent mushroom
substrate can be composted with the addition of other wastes, i.e., liquid manure or sewage
sludge, which also allows for the recycling of these additional wastes [15,16]. Considering
the wide variety and variability of individual spent mushroom substrates, it is advisable to
study their composition and possibly balance the components by supplementing them with
mineral fertilization.

It is important to carry out soil toxicity tests due to the possibility of toxic compound
formation, which arises as a result of the microbiological transformation of waste organic
matter. In order to monitor the soil environment in this respect, it is recommended to use
biotests, e.g., a phytotest using Lepidium sativum L. [17,18]. L. sativum L. has been repeatedly
used as a bio-indicator to determine the effects of various chemical compounds, including
those of waste origin, on plant germination and growth [19-23].

When selecting the method of managing organic waste, including waste generated in
agriculture, one should take into account the possibility of greenhouse gas (GHG) emissions
as a result of the transformation of carbon and nitrogen matter. Agriculture is the main
sector contributing to their emissions, estimated at between 10% and 20% of the total
anthropogenic GHG emissions [24]. Both fertilizers and waste, especially organic waste,
contain large amounts of organic carbon, whose resources in farmland play a key role in
sustainable agriculture. It is the organic matter, the main source of which can be SMS,
that influences the rate of mineralization, accumulation, or emission of carbon from the
soil and the complex interactions between biological and physico-chemical soil processes
and environmental conditions [25]. Soil carbon sequestration, i.e. increasing the amount
of this element in the soil, stored as organic matter, can improve soil quality and reduce
the contribution of agriculture to CO, emissions [26,27]. However, simply adding organic
matter to the soil will not solve the problem. In addition, it is also important to assess the
impact of this application on soil processes and microbial activity. As approximately 90%
of CO; emitted from the soil is of microbial origin, it is, therefore, the main component in
the global carbon cycle, emitting about ten times more CO, per year into the atmosphere
than burning fossil fuels [28,29]. Therefore, changes in the activity of respiratory processes
may indicate ecological disturbances and also a large contribution of microorganisms
to soil metabolism and global warming. An indirect indicator of the total number and
activity of microorganisms in the soil is respiratory activity, which can be a marker of
changes occurring in this environment [30]. CO, emitted from the soil is the final product
of mineralization and the oxidation of organic substances by soil microorganisms, but also
the result of plant respiratory processes and the decomposition of organic compounds
brought into the soil with roots [31]. Therefore, respiratory activity has been recognized by
many other authors as a good determinant of the rate of organic matter decomposition or
microbial biomass [21,32-35].

Soil enzymes also play a significant role in ecosystem processes, participating in
multiple reactions that are an integral part of various biogeochemical cycles [36]. They
regulate, among others, the decomposition of organic matter and determine the availability
of nutrients in the soil; therefore, they are critical for the carbon cycle in ecosystems [37,38].
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Given that microorganisms contribute significantly to organic matter cycling and long-
term soil carbon stabilization, it is thus necessary to monitor the impact of climate change
(this includes, in particular, the greenhouse effect), on microbial communities and soil
carbon cycling rates. Enzyme activity reflects the metabolic requirements of the microbial
community and may therefore be an important indicator of microbial function in response
to climate change [39,40]. Both acid phosphatase and arylsulfatase have been used multiple
times to assess the condition of soil environments, including those fertilized with various
types of organic waste [21,34,41-43].

A number of agricultural wastes, including spent mushroom substrate, have significant
fertilizing potential. A multi-year field study was conducted as part of a series [44] to
investigate and compare the effects of spent mushroom waste and manure on soil quality
indicators, such as biochemical and enzymatic activity related to microbial transformations
of C, P, and S, as well as soil phytotoxicity. Pertaining to this research, the authors posed
the following hypotheses: (1) spent mushroom waste is a good fertilizer alternative to
manure and can be applied annually; (2) spent mushroom waste has no phytotoxic effects
on the initial stages of plant growth, i.e., germination, root growth, and sprout weight;
(3) agricultural management of SMS does not contribute to the greenhouse effect. In view
of the above assumptions, the authors assumed that the obtained results would allow for
better management of agricultural waste, including spent mushroom waste, in a manner
that ensures an increase in soil fertility in accordance with the principle of sustainable
development. The presented research may be helpful in achieving the United Nations’
Sustainable Development Goals (SDGs), such as climate action, responsible consumption
and production, and the elimination of poverty and hunger [45,46].

2. Materials and Methods
2.1. Site and Experimental Setup and Soil Sampling

The experiment with the use of spent mushroom substrate and manure was carried
out at the Czestawice Experimental Station (Lublin region, Poland, 51°18'26" N, 22°16'1” E)
(Figure 1) in a randomized block design.

Figure 1. Location of the research area: (A) location of Poland against the background of Europe;
(B) location of the Lublin region in Poland; and (C) location of the “Czestawice” farm in the Lublin region.

Experimental plots were located on a lessive soil belonging to the second quality
class [47,48]. Soil grain size composition was as follows: fraction 1.0-0.1 mm—medium sand
(4%); fraction 0.1-0.02 mm—fine sand—coarse dust (52%); fraction 0.02-0.002 mm—fine
dust (35%); and fraction <0.002 mm-—colloidal clay (9%). The plots were established in
triplicate (the area of a single plot was 3 m?) and fertilized for three years (in the fall) with
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single doses (20 t ha™1!) of spent mushroom medium SMS (moisture 67%) and composted
cattle manure M (moisture 77%). The spent mushroom medium was composed on the basis
of winter wheat straw, peat, and chicken manure. It did not contain any mineral additives,
as it was intended for organic farming. Supplemental mineral fertilization with nitrogen (N),
phosphorus (P), and potassium (K) was also applied to the sites with this substrate. This was
due to the initial abundance of assimilable nutrients in the soil and from the hypothesized
rapid release of nutrients from this waste, and thus the short-term fertilizing effect of the
spent mushroom substrate alone (without NPK fertilization). Therefore, nitrogen was
introduced in the form of ammonium nitrate at doses of N1—50 kg ha~! and N2—100 kg
ha~!, phosphorus in the form of granular triple superphosphate at doses of P1—30 kg
ha~! and P2—60 kg ha~!, and potassium as potassium sulfate at K1—70 kg ha ! and K2—
140 kg ha~1. Soil without fertilizer constituted the control object. Italian ryegrass (Lolium
multiflorum Lam.) was used as the test plant. The characteristics of the spent mushroom
substrate and manure are presented in Table 1.

Table 1. Properties of soil and wastes [44].

. . Spent Mushroom
Property Unit Soil Substrate Manure
pHkci 1 mol KCl 7.0 6.6 7.3
TOC gkg™! 14.98 105.0 135.8
TN gkg! 1.51 6.50 9.47
TP gkg! 0.19 0.25 0.25
Ca 1660 15,800 2240
K mg kg~! 2350 6330 11,100
Mg 1390 1240 1550
Zn 86.0
Cu 16.6
Ni 2.81
Cr mg kg~ No. 1.84 No.
Cd 0.055
Pb 0.956
Hg 0.07

Abbreviations: TOC—total organic carbon, TN—total nitrogen, and TP—total potassium.

Experimental scheme:

Soil without fertilizer (control object) (C);

Soil + spent mushroom substrate (SMS);

Soil + spent mushroom substrate + N1P1K1 (SMS + N1P1K1);
Soil + spent mushroom substrate + N2P2K2 (SMS + N2P2K?2);
Soil + cattle manure (M).

SAE I

Research was carried out from 2018 to 2020. Soil material was collected with a gouging
drill, from the 0-25 cm layer, from ten randomly selected sites within each test plot at two
time points, i.e., in the spring (June) and fall (September). The average soil sample from
each plot (about 4 kg) consisted of a mixture of 10 soil cores, each 4 cm in diameter. The
collected samples were sifted through a 2 mm sieve and stored in plastic bags at 4 °C.

2.2. Meteorological Conditions

Weather conditions were recorded by the Meteorological Station in Czestawice, located
~800 m from the field experiment. The total precipitation in 2018, 2019, and 2020 was 539.3,
481.8, and 799.7 mm, respectively, while the average annual air temperature was 8.6, 11.0,
and 10.1 °C, respectively. Analyzing the weather conditions in the months of soil sampling—
i.e., June and September—it was found that monthly precipitation varied considerably
and amounted to 74.8 and 54.7 in 2018, 11.2 and 33.5 in 2019, and 170.3 and 128.5 in
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2020. The highest temperature during the entire study period was observed in June 2019
(22.9 °C), while values of 16.3,17.9, 14.7, 16.3, and 15.6 were recorded at the remaining time
points—June 2018 and 2020, and September 2018, 2019, and 2020, respectively (Figure 2).
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Figure 2. Average monthly temperatures and monthly rainfall totals in the experimental area during
the research period.

2.3. Biochemical and Enzymatic Analyses

Respiratory activity was determined using the method of Riihling and Tyler [49]. Soil
samples (20 g) with 1% glucose addition were incubated for 24 h in the presence of 0.2 M
NaOH solution. After incubation, the excess unbound sodium hydroxide was titrated with
0.1 M HCl in the presence of BaCl, and phenolphthalein.

Thalmann’s [50] method was used to determine dehydrogenase activity. Further,
soil samples (5 g) with 2,3,5-triphenyltetrazolium chloride addition as the substrate were
incubated in 0.1 M tris(hydroxymethyl)aminomethane buffer (Tris-HCl pH 7.4) for 48 h at
30 °C. Enzymatic activity was determined colorimetrically (A = 485 nm) by measuring the
extinction of the TPF (triphenylformazan) produced.

The method of Tabatabai and Bremner [51] was used to determine acid phosphatase
activity. Soil samples (1 g) with p-nitrophenyl disodium phosphate (PNPNa) as a substrate
were incubated for one hour at 37 °C in a modified universal buffer (pH 6.5). For arylsul-
fatase, soil samples (1 g) were incubated for 1 h at 37 °C in the presence of p-nitrophenol
sulfate (PNS) in a modified universal buffer (pH 5.8) [52]. The activity of both enzymes
was determined spectrophotometrically at 400 nm and expressed as para-nitrophenol-mg
PNP kg~ ! dm soil h—1.

All analyses were carried out in triplicate, and activities were calculated based on dry
soil weight.

2.4. Phytotoxicity

As part of the soil phytotoxicity evaluation, two phytotests were performed using
garden cress (Lepidium sativum) as a test plant.

The test of Masciandaro et al. [53] was used for the purposes of determining the
effect of the overall conditions in the soil on the development of L. sativum, following
the application of the tested variants of organic fertilization. For this purpose, 100 seeds
of L. sativum were sown (in triplicate) on 50-gram weights of fresh soil placed in Petri
dishes (moisture content—60%WHC). Incubation was carried out for four days at 22 °C,
maintaining a constant moisture level. Subsequently, the number of germinated seeds was
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counted and their weight was determined. The growth index (GI) was calculated based on
these parameters, according to the formula of Masciandaro et al. [53]:

o T
e p (1)

P—mean % of germinated seeds in the reclaimed soil relative to the value for the control
soil; T—mean weight of fresh L. sativum sprouts in the reclaimed soil; C—mean weight of
fresh L. sativum sprouts in the control soil.

The second test analyzed the effect of potentially toxic substances dissolved in soil
solution on the sprouting and growth of L. sativum roots after 2 and 4 days. For this purpose,
fresh soil weights (20 g) (moisture content—60%WHC) were placed on Petri dishes covered
with sterile disks of blotting paper in six replicates. Following this, 90 L. sativum seeds
were placed on 3 plates, and 10 seeds on the remaining 3 plates. Incubation was carried out
at 22 °C. The number of germinated seeds on all plates was counted after two days. The
length of sprout roots was also measured after two and four days on plates containing ten
seeds each.

2.5. Chemical Analyses

Chemical analyses complemented biochemical, enzymatic, and phytotoxicity tests
(Tables 1 and 2). The pH was determined from the soil extract in KCl (10 g of soil in
25 mL of KCl) using an electrometric method. Organic carbon (TOC) was determined by
IR spectrometry. The Kjeldahl method was used to determine total nitrogen (TN), and
total phosphorus (TP) was determined by spectrophotometry. Flame atomic absorption
spectrometry (FAAS) was used to determine calcium, potassium, and magnesium. All of
the above methods were applied to soil, as well as spent mushroom substrate and manure
samples. In addition, heavy metals in the spent mushroom substrate were determined
using atomic absorption spectroscopy (AAS).

Table 2. Selected physico-chemical and chemical properties of the soil [44].

Year Season C SMS SMS + N1P1K1 SMS + N2P2K2 M
2018 spring 7.03 7.20 6.41 5.16 7.47
autumn 6.86 7.60 5.98 6.60 5.44
spring 6.42 6.75 5.88 5.84 6.20
) leK a 2019 autumn 6.34 6.04 6.18 553 6.24
mo 2020 spring 6.87 6.85 6.68 6.79 6.56
autumn 6.25 6.13 6.33 6.64 6.50
2018 spring 14.98 19.50 17.21 12.83 13.45
autumn 13.59 14.39 14.34 11.46 12.16
spring 12.19 12.99 14.75 15.60 14.89
Tl? < 2019 autumn 12.02 10.63 13.25 13.28 18.18
858 2020 spring 15.62 16.30 14.90 1533 17.75
autumn 13.34 12.54 13.85 14.91 14.78
2018 spring 1.51 1.82 2.13 1.46 1.36
autumn 1.37 1.44 1.39 118 1.28
spring 1.50 1.10 1.00 1.30 1.10
{N,l 2019 autumn 0.96 0.97 1.30 0.84 1.00
858 2020 spring 1.70 1.20 0.98 1.40 1.10

autumn 0.97 0.80 1.20 0.55 1.10
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Table 2. Cont.

Year Season C SMS SMS + N1P1K1 SMS + N2P2K2 M
018 spring 0.19 0.21 0.21 0.17 0.22
autumn 0.16 0.16 0.14 0.15 0.18
spring 0.15 0.13 0.19 0.10 0.10
Ep,l 2019 autumn 0.11 0.10 0.11 0.13 0.15
858 2020 spring 0.10 0.15 0.12 0.16 0.15
autumn 0.12 0.13 0.14 0.11 0.14

Abbreviations: TOC—total organic carbon, TN—total nitrogen, and TP—total potassium. C—control soil,
SMS—soil + spent mushroom substrate, SMS + N1P1K1—soil + spent mushroom substrate + mineral fertilization
N1P1K1, SMS + N2P2K2—soil + spent mushroom substrate + mineral fertilization N2P2K2, and M—soil + manure.

2.6. Statistical Analysis

Descriptive statistics involved calculating the arithmetic means of three replicates
obtained for a given sample, along with the standard deviation. The results were presented
in the form of bar graphs. Statistical evaluation of result variability was carried out using
a two-factor analysis of variance, where each year was analyzed separately. The basic
ANOVA assumptions, including normality of the dataset and homogeneity of variance,
were checked with the Shapiro-Wilk and Levene tests. The significance of differences
between means was verified using Tukey’s post hoc test. Significance was assumed at
«=0.05. The relationships between the analyzed biochemical, enzymatic, phytotoxic, and
physicochemical parameters and environmental conditions were analyzed via principal
component analysis (PCA). These relationships were also analyzed at the level of experi-
mental combinations using Pearson correlations at three levels of significance: p < 0.001,
p <0.01, and p < 0.05; in addition, the results were presented as heat maps. All statistical
analyses were performed using the Statistica 13.1 package (TIBCO Software Inc.; Palo Alto,
CA, USA).

3. Results

The data presented in Figure 3 and Table 3 show that the application of spent mush-
room substrate and manure significantly affected soil respiration. During the three years of
the experiment, this activity was stimulated in the spent mushroom substrate sites (SMS,
SMS + N1P1K1, and SMS + N2P2K2), and its intensity varied from site to site and changed
with time. Respiration reached the highest values in the third year in the sites with NPK
fertilization—i.e., SMS + N1P1K1 and SMS + N2P2K2 (234.08-240.72 mg)—while the lowest
values were recorded in the second year in the site with spent mushroom substrate alone,
i.e.,, SMS (34.78 mg). The introduction of waste into the soil separately and in combination
with NPK at both doses resulted in the stimulation of respiration, which over time was
limited to the sites where SMS was introduced together with NPK (SMS + N1P1K1 and
SMS + N2P2K2). The highest stimulation of this parameter was recorded at these sites in
the spring of the first year and in the spring and fall of the third year. In contrast, the impact
of SMS alone was not as directional over time. In the second year, a decrease and then a
subsequent increase in respiration were recorded under its influence, and in the third year,
its effect disappeared.

The effect of manure on respiration was significantly less apparent than that of the
spent mushroom substrate. Stimulation of this process was recorded in the manure sites
only in the first year and occurred more strongly in the fall, where its value was 98.74 mg
compared to 68.95 mg in the control (C). In subsequent years, there was a loss of stimulation
and even a decrease in respiratory activity.
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Figure 3. Respiratory activity in control soil and soil under different treatment strategies. (A) 1st
year; (B) 2nd year; and (C) 3rd year. C—control soil; SMS—soil + spent mushroom substrate; SMS +
N1P1K1—soil + spent mushroom substrate + mineral fertilization N1P1K1; SMS + N2P2K2—soil +
spent mushroom substrate + mineral fertilization N2P2K2; and M—soil + manure. The vertical lines
indicate the standard deviation. Different letters above the columns indicate significant differences at
p <0.05, and each year was analyzed independent of each other.

Table 3. Biochemical, enzymatic activity and soil phytotoxicity parameters (annual averages).

Years Experimental RES DEH AcP ARS GI GERM RL2 RL4
Treatments
C 67.28a  489abc  36.60b 6395i  100.00ab 9933 g 1.99 f 374g
SMS 8058cd  11.601i 3858b  60.43h 92.86a 99.00g  170de  292de
2018 SMS+NIP1IK1 ~ 14384h  923gh  3425b  27.44c 93.75a 99.17g  1.62de  2.83cde
SMS + N2P2K2  11140f  3.77a 2435a  2358a  17686e  99.00g 157d 298 def
M 89.65d  488ab  23.60a  3128d  14586d  9850g  150cd  1.99ab
C 80.75cd  531bc  4876c  4258ef  100.00ab  88.00de  1.18ab  3.13efg
SMS 7776bc  394a 4893c  4551g  22027f  8842ef  130bc  2.50bcd
2019 SMS + N1P1K1 ~ 101.64e  4.64ab  4392¢c  2650bc  14420d  87.00cde  1.15ab  2.09 ab
SMS + N2P2K2  100.92e  4.37ab  57.06de  24.65ab  11694abc 9058 f 1.00 a 1.65a
M 7038ab  6.0lcd  5559d  4023e  18152e  8883ef  130bc 224 abc
C 12185g  672de  6198ef  4672g  10000ab  8500bc  1.59d  2.55bcde
SMS 12163g  7.80ef  6214ef  4206ef 13431cd  8350b  152cd  255bcde
2020 SMS + N1P1K1 ~ 234.88 i 9.66 h 67.60g  41.06e  14580d  8550bc  1.87ef 3.55 fg
SMS+N2P2K2  237.801 877fgh  65.00fg  4456fg  92.83a  8575bcd  184ef  3.03 def
M 11622fg  825fg  64.69fg  4656g 122.13bcd  80.25a 1.99 f 3.04 def

Abbreviations: C—control soil; SMS—soil + spent mushroom substrate; SMS + N1P1K1 soil + spent mushroom
substrate + mineral fertilization N1P1K1; SMS + N2P2K2—soil + spent mushroom substrate + mineral fertilization
N2P2K2; M—soil + manure; RES—respiration of soil (mg CO, kg~! d.m. of soil d~!); DEH—dehydrogenases
(mg TPF kg~! d.m. of soil d~!); AcP—acid phosphatase (mg PNP kg~! d.m. of soil h~1); ARS—arylsulfatase
(mg PNP kg~! d.m. of soil h™1); GI—growth index L. sativum (%); GERM—germination of L. sativum (the number
of seeds germinated); RL2—root length of L. sativum after two days (cm); and RL4—root length of L. sativum after
four days (cm). Different letters indicate significant differences at p < 0.05.

Figure 4 and Table 3 show data concerning dehydrogenase activity. The introduction
of a spent mushroom substrate in various combinations and manure into the soil caused
significant changes in the activity of these enzymes. As with respiration, this parameter was
also generally subject to stimulation under the influence of the spent mushroom substrate.
This effect also lasted the longest at sites where spent mushroom substrate was introduced
in combination with NPK (SMS + N1P1K1, SMS + N2P2K2). The dynamics of changes over
time were similar to that recorded for respiration. The highest stimulation was recorded in
the first year of the study, where the value of enzymatic activity in the spring at the SMS
only site was 16.37 mg, in the fall 6.84 mg, while only 8.41 mg and 1.38 mg in the control
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(C), respectively. The positive effect of SMS disappeared in the second year of the study,
and there was even a decrease recorded in dehydrogenase activity in the spring. However,
in the third year of SMS application, its stimulating effect occurred again in the sites with
mineral fertilization (SMS + N1P1K1 and SMS + N2P2K2).

Manure, as in the case of respiration, had a significantly weaker effect on dehydro-
genase activity than the spent mushroom substrate. Its significant impact was recorded
only in autumn in the second year in the form of an increase in this parameter. The enzyme
activity value in the manure site (M) was 5.20 mg at this time point, while in control (C), it
was 3.18 mg.

Figure 5 and Table 3 present data regarding acid phosphatase activity. The results
showed that the impact of SMS was not directional and exhibited varying intensity through-
out the study period. During the first two years of the experiment, it caused a decrease,
an increase, or no significant effect on the discussed enzymatic activity at individual time
points, depending on the variant in which the spent mushroom substrate was applied.
The use of SMS alone had an effect only in the first time point in the form of phosphatase
activity stimulation. The introduction of SMS in combination with NPK fertilization (SMS +
N1P1K1 and SMS + N2P2K?2), on the other hand, caused a decrease in activity at this time
point. This effect apparently occurred in the fall in the facility with a higher NPK dose (SMS
+ N2P2K2). The activity at this site was 27.99 mg, while it was 41.00 mg in control (C). The
negative effect of SMS at this site disappeared over time, and stimulation of phosphatase
activity was already observed in the second year. The value of this parameter at this site
(SMS+N2P2K2) was 66.36 mg, while it was 56.76 mg in the control (C). The impact of the
waste at all sites completely disappeared in the third year of the study.
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Figure 4. Activity of dehydrogenases in control soil and soil under different treatment strategies.
(A)—1st year; (B)—2nd year; (C)—3rd year. C—control soil; SMS—soil + spent mushroom substrate;
SMS + N1P1K1—soil + spent mushroom substrate + mineral fertilization N1P1K1; SMS + N2P2K2—
soil + spent mushroom substrate + mineral fertilization N2P2K2; M—soil + manure. The vertical lines
indicate the standard deviation. Different letters above the columns indicate significant differences at
p < 0.05, and each year was analyzed independent of each other.

The effect of manure was also not directional. In the first year, there was a decrease
in phosphatase activity at this site (M) and at both time points. In the following years, a
significant impact was recorded only in the second year in the fall in the form of stimulation.
It should be noted that phosphatase activity reached the highest value of 67.24 mg in this
time point compared to 56.76 mg in the control.
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Figure 5. Acid phosphatase activity in control soil and soil under different treatment strategies.
(A)—T1st year; (B)—2nd year; (C)—3rd year. C—control soil; SMS—soil + spent mushroom substrate;
SMS + N1P1K1—soil + spent mushroom substrate + mineral fertilization N1P1K1; SMS + N2P2K2—
soil + spent mushroom substrate + mineral fertilization N2P2K2; M—soil + manure. The vertical lines
indicate the standard deviation. Different letters above the columns indicate significant differences at
p < 0.05, and each year was analyzed independent of each other.

The effect of spent mushroom substrate and manure on arylsulfatase activity, as
opposed to phosphatase, was directional (Figure 6, Table 3). The activity of arylsulfatase
was subject to significant inhibition persisting in the spent mushroom substrate with
varying intensity throughout the study period. In the first year, spent mushroom substrate,
introduced both separately and together with both NPK doses (SMS, SMS + N1P1K1,
and SMS + N2P2K?2), caused a decrease in arylsulfatase activity. It should be noted that
inhibition was the strongest during this year, and the value of this parameter in the SMS
and N1P1K1 site was only 7.38 mg, while in the control (C) it was 56.56 mg. The negative
effect of waste also persisted in the second year in the sites with NPK fertilization (SMS +
N1P1K1 and SMS + N2P2K?2) and in the third year in the site with SMS and N1P1K1. The
only positive effect that was noted for spent mushroom substrate (SMS) was in the fall in
the second year of the study.
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Figure 6. Arylsulfatase activity in control soil and soil under different treatment strategies.
(A)—1st year; (B)—2nd year; (C)—3rd year. C—control soil; SMS—soil + spent mushroom substrate;
SMS + N1P1K1—soil + spent mushroom substrate + mineral fertilization N1P1K1; SMS + N2P2K2—
soil + spent mushroom substrate + mineral fertilization N2P2K2; M—soil + manure. The vertical lines
indicate the standard deviation. Different letters above the columns indicate significant differences at
p < 0.05, and each year was analyzed independent of each other.
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The application of manure induced significant changes in arylsulfatase activity, but
only in the first year of the study. There was a decrease in this parameter in both spring
and fall. In the fall, the activity of this enzyme was the lowest of all the time points for this
site (M) and was 20.81 mg compared to 74.33 mg in the control.

Figure 7 and Table 3 present the growth index (GI) data of the test plant. Data analysis
showed that the introduction of SMS and manure into the soil resulted in an increase in
this parameter. Initially, this effect became apparent only in sites where SMS was applied
in combination with N2P2K2 fertilization.

In time, i.e., in the second year, the stimulation of this parameter intensified and, in the
fall, it was already visible in all sites with waste. The highest stimulation that was recorded
was for SMS alone, and the values recorded were 121.67% and 118.17%. In the third year of
the study, the recorded stimulation weakened and was evident in fewer sites.

The effect of manure on the GI persisted over three years in the form of stimulation of
this parameter. This effect was strongest in the second year and amounted to 96% and 66%.
It was weaker in the third year and finally disappeared.
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Figure 7. Growth index Lepidium sativum in soil under different treatment strategies. (A)—1st year;
(B)—2nd year; (C)—3rd year. C—control soil; SMS—soil + spent mushroom substrate;
SMS + N1P1K1—soil + spent mushroom substrate + mineral fertilization N1P1K1; SMS + N2P2K2—
soil + spent mushroom substrate + mineral fertilization N2P2K2; M—soil + manure. The vertical lines
indicate the standard deviation. Different letters above the columns indicate significant differences at
p < 0.05, and each year was analyzed independent of each other.

The results concerning seed germination of the test plant are shown in Figure 8
and Table 3. The application of spent mushroom substrate in different variants had no
significant effect on this parameter during the first two years of the experiment. In the
third year, the germination process differed between individual time points. In the spring,
germination was inhibited in all sites with SMS. Inhibition became most apparent when
spent mushroom waste was applied alone. The number of germinated seeds in this site was
79 compared to 93 in the control. In autumn, however, the process of seed germination was
stimulated. The strongest increase in the number of germinated seeds was also observed
in the site with waste alone and with waste applied in combination with N1P1K1, which
amounted to 88 and 86 seeds, respectively, compared to 77 seeds in the control.

The effect of manure also occurred only with time and was not uniform. In the second
year of the study, there was a significant stimulation of seed germination in the fall, with
the number of seeds reaching 85 compared to 82 in the control. In contrast, the negative
effect of manure on this process became apparent in the third year at both time points.
There was also a decrease in the number of germinated seeds (from 94 and 77 in the control
soil to 89 and 72 in the soil with manure).
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Figure 8. Lepidium sativum seed germination in the control soil and soil under different treatment
strategies. (A)—1st year; (B)—2nd year; (C)—3rd year. C—control soil; SMS—soil + spent mush-
room substrate; SMS + N1P1K1—soil + spent mushroom substrate + mineral fertilization N1P1K1;
SMS + N2P2K2—soil + spent mushroom substrate + mineral fertilization N2P2K2; M—soil + ma-
nure. The vertical lines indicate the standard deviation. Different letters above the columns indicate
significant differences at p < 0.05, and each year was analyzed independent of each other.

The data shown in Figures 9 and 10, as well as Table 3, refer to the increase in root
length of the test plant measured after 2 and 4 days, respectively. The results showed that
the applied waste and manure significantly affected the growth of the roots of the test
plant seedlings. These changes developed with varying intensity over the three years of
the study. However, in the case of root growth measured after four days, these alterations
occurred in a greater number of sites.

6 6 8
A = C
BL ___Isms
[ sms+N1P1K1
5 5 I sws+N2P2K2 | 5
[ M
4 4 4

Root length of L. sativum after 2 days

spring autumn spring autumn . spring autumn

TERM TERM TERM
Figure 9. Increase in root length of Lepidium sativum in control soil and soil in different treat-
ment strategies after two days. (A)—1st year; (B)—2nd year; (C)—3rd year. C—control soil;
SMS—soil + spent mushroom substrate; SMS + N1P1K1—soil + spent mushroom substrate + min-
eral fertilization N1P1K1; SMS + N2P2K2—soil + spent mushroom substrate + mineral fertilization
N2P2K2; M—soil + manure. The vertical lines indicate the standard deviation. Different letters above
the columns indicate significant differences at p < 0.05, and each year was analyzed independent of
each other.

In the first year, there was a decrease in root growth (when compared to the control),
both after two and four days. After two days, the lowest root growth that was recorded
in the fall was at the site with SMS and N2P2K2, and after four days in the spring it was
at the site with SMS and N1P1K1. In the second year of the study, the negative impact of
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SMS on root growth after two days almost disappeared and persisted only in the site with
N2P2K2. However, the inhibition was still present when the measurement was taken after
four days. It was particularly pronounced in the spring because it occurred in all sites with
SMS, while in the autumn it was present only in the site with SMS and N2P2K2. In the
third year of the study, the negative effect of spent mushroom substrate on root growth
after 2 and 4 days disappeared and occurred only in a single site with SMS alone. In the
other combinations and time points, the parameters studied were subject to stimulation.
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Figure 10. Increase in root length of Lepidium sativum in control soil and soil in different treat-
ment strategies after four days. (A)—Ist year; (B)—2nd year; (C)—3rd year. C—control soil;
SMS—soil + spent mushroom substrate; SMS + N1P1K1—soil + spent mushroom substrate + min-
eral fertilization N1P1K1; SMS + N2P2K2—soil + spent mushroom substrate + mineral fertilization
N2P2K2; M—soil + manure. The vertical lines indicate the standard deviation. Different letters above
the columns indicate significant differences at p < 0.05, and each year was analyzed independent of
each other.

The effect of manure on root length growth after two and four days also showed some
dynamics. Initially, inhibition of these parameters relative to controls was observed in the
first two years, particularly when measured after four days. In the third year, as in the case
of the spent mushroom substrate, the parameter was stimulated in the spring (after 2 and
4 days), and no effect was noted in the fall.

4. Discussion

Soil respiration is a particularly important parameter in assessing the condition and
quality of the soil, and thus the fertilizer value of various types of organic waste, since
it reflects the full range of its biological activity. CO, released in this process is derived
mainly from the decomposition of organic matter by soil microorganisms (SOM) [31]. The
rate of organic carbon mineralization depends on, among others, temperature, humidity,
salinity, pH, and soil aeration, as these factors are closely related to the living conditions of
soil microorganisms [54]. However, as the available literature shows, carbon mineralization
is primarily related to organic matter [55]. Therefore, the stimulation—albeit with varying
degrees of intensity—of respiratory activity observed in the current study was likely due to
the input of organic matter along with spent mushroom substrate and manure, i.e., sources
of respiratory substrates for soil microorganisms. Stimulation of respiratory processes by
the addition of organic matter to the soil has also been reported by other authors [8,11,12,56].
The initial increase in respiratory activity in soil may have been due to the decomposition
of readily available compounds brought in with spent mushroom substrate. On the other
hand, the decrease in the activity of the analyzed parameter (which is noted later) could be
the result of the depletion of these compounds or the induction phase of microbial enzymes.
Additionally, it could also be the result of uptake and storage of carbon by microorganisms,
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without its utilization for cell structure repair or growth [57]. However, in the third year of
the present study, significant stimulation of respiratory activity in all variants was observed,
including the control soil, which could suggest that environmental conditions could have
affected this analyzed parameter. This was confirmed by a cluster analysis which showed a
positive correlation between respiration and precipitation and a negative correlation with
temperature (Figure 11).

With regard to temperature, negative correlations were recorded only in the variants
with SMS alone and manure (Figure 12). Perhaps the key role in the other variants was
played by the applied supplemental mineral fertilization, which helped stimulate the
decomposition of soil organic matter. The available literature shows that low doses of
this type of fertilization have a beneficial effect on the microbiological and agrochemical
properties of the soil, as they accelerate decomposition and increase the amount of soil
organic matter [58-60]. Hernandez et al. [56] point out that combined organic and mineral
fertilization is a good substitute for mineral nitrogen fertilization. For precipitation, positive
correlations in all variants were recorded and, in combinations with different mineral
fertilization variants, they were at a significance level of p < 0.001, similar to manure, while
in the variant with SMS alone, they were at a fairly high level of p < 0.01 (Figure 12).

1.0+
0.5+
RES
ARS
rainfal Gl
0.0} e —

temperature

PC 2: 25.95%

-1.0 0.5 0.0 0.5 1.0
PC 1: 28.14%

Figure 11. Principal component analysis (PCA) for the results of analyzed parameters in the soil-
loading plot. RES—respiration of soil, DEH—dehydrogenases, ARS—arylsulfatase, AcP—acid
phosphatase, GI—growth index of L. sativum, GERM—germination of L. sativum, RL2—root length of
L. sativum after two days, RL4—root length of L. sativum after four days, TOC—total organic carbon,
TN—total nitrogen, and TP—total potassium.

Reports of other authors have confirmed the current observations, as they have also
recognized the relationship of soil fertilization with spent mushroom substrate and weather
conditions [61]. This may be due to the ability of the spent mushroom substrate to retain water
in the soil which, in turn, results in the better reaction of crops to periodic drought conditions.
This is a compelling argument that can give SMS an advantage over other fertilizers in terms
of its impact on yield and crop quality. Other physicochemical and chemical parameters did
not play a significant role in the respiratory activity analyzed in the current study. Positive
correlations were found with pH only in the case of variants with mineral fertilization at a
significance level of p < 0.001 (SMMS+N1P1K1) and with TOC at p < 0.05 (SMS+N2P2K2)
(Figure 13). The effects of organic waste on respiratory activity were also analyzed with
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varying results, in studies, among others, by Joniec [21], Alvarez-Martin et al. [32], Elsakhawy
and El-Rahem [33], Joniec et al. [34], and Paula et al. [35].

SMS+N1P1K1 M c SMS+N1PIK1 M =g
SMS SMS+N2P2K2 SMs SMS+N2P2K2 =y
Rainfal Temperature .07

Figure 12. Heat map displaying the Pearson correlation coefficients between environmental factors
(rainfall and temperature); biochemical and enzymatic activity; and phytotoxic parameters; as
well as physicochemical and chemical properties at the combination level. Significance noted at
*p <0.05; ** p <0.01; and *** p < 0.001, respectively. RL4—root length of L. sativum after four days,
RL2—root length of L. sativum after two days, GERM—germination of L. sativum, GI—growth index
of L. sativum, AcP—acid phosphatase, ARS—arylsulfatase, DEH—dehydrogenases, RES—respiration
of soil, C—control soil; SMS—soil + spent mushroom substrate; SMS + N1P1K1—soil + spent
mushroom substrate + mineral fertilization N1P1K1; SMS + N2P2K2—soil + spent mushroom
substrate + mineral fertilization N2P2K2; M—soil + manure.

Microbial respiration is also related to the activity of dehydrogenases, whose deter-
mination allows controlling changes in the population of soil microorganisms, which is
an important parameter of soil quality. Soil enzymes are biological catalysts for many
biochemical processes in the soil environment, including those related to the emission of
greenhouse gases CO, and N,O [62]. They are also suitable markers of soil fertility as they
are involved in the cycle of the most important nutrients [63,64]. It is well known that
dehydrogenase activity in soil depends on organic carbon content. Therefore, as in the case
of biochemical activity, it can be assumed that these were the transformation products of
spent mushroom substrate organic matter and the changes they induced in the soil envi-
ronment that contributed to the stimulation of dehydrogenase activity in the current study.
This was confirmed by a cluster analysis that showed positive correlations of the analyzed
enzyme with TOC, TN, TP, and pH (Figure 11). At the same time, it should be noted that the
correlations with TOC of the variants with SMS were at the significance level of p < 0.001,
and for manure only at p < 0.05 (Figure 13). As in the case of respiration, the initial increase
in dehydrogenase activity was probably caused by the introduction of readily degradable
nutrients into the soil along with SMS, which resulted in improved conditions for many
microbial groups, and this translated into the stimulation of dehydrogenases. The improve-
ment of these conditions was also evidenced by the recorded significant correlations of the
enzymes with pH in all variants with SMS at p < 0.01 (SMS + N1P1K1) and p < 0.05 (SMS
and SMS + N2P2K?2). For manure, the recorded significance of the results was also at the
level of p < 0.05 (Figure 13). In contrast, the later decrease in the activity of these enzymes
was probably caused by the breakdown of more readily available nutrients. The dynamics
of changes in the activity of dehydrogenases, similarly to biochemical activity, could also
have been caused by environmental conditions, as evidenced by positive correlations with
precipitation and temperature (Figures 11 and 12). Dehydrogenases are fairly sensitive to
changes associated with seasons because they are closely associated with the dynamics
of microbial activity [65]. The effect of spent mushroom substrate medium on dehydro-
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genase activity was studied by, among others, Meng et al. [16], Alvarez-Martin et al. [32],
Elsakhawy and El-Rahem [33], and Gong et al. [66].

pH TOC
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Figure 13. Heat map displaying the Pearson correlation coefficients between chemical and physico-
chemical properties; biochemical and enzymatic activity; and phytotoxic parameters at the com-
bination level. Significance noted at * p < 0.05; ** p < 0.01; and *** p < 0.001, respectively.
TOC—total organic carbon, TN—total nitrogen, TP—total potassium, RL4—root length of L. sativum
after four days, RL2—root length of L. sativum after two days, GERM—germination of L. sativum,
Gl—growth index of L. sativum, AcP—acid phosphatase, ARS—arylsulfatase, DEH—dehydrogenases,
RES—respiration of soil, C—control soil; SMS—soil + spent mushroom substrate; SMS + N1P1K1—
soil + spent mushroom substrate + mineral fertilization N1P1K1; SMS + N2P2K2—soil + spent
mushroom substrate + mineral fertilization N2P2K2; M—soil + manure.

Other enzymes involved in the circulation of major nutrients are acid phosphatase
and arylsulfatase, which are associated with phosphorus and sulfur metabolism. They
catalyze transformations of various substrates, releasing available inorganic forms of
phosphate and sulfate, which serve as key energy sources for plants and soil organisms.
They are also sensitive indicators of agriculture-induced changes in soil properties due
to their strong association with soil organic matter content and quality [67,68]. Cluster
analysis showed a positive correlation of acid phosphatase and arylsulfatase with TOC,
but in the combined variants, significant results were recorded only for phosphatase
(Figures 11 and 13). In addition, the activity of the discussed enzymes was generally
inhibited by the wastes applied, although their negative effect weakened over time and even
disappeared; however, for arylsulfatase, it persisted even in the third year (SMS+N1P1K1).



Int. |. Environ. Res. Public Health 2022, 19, 12915 17 of 22

Therefore, we could surmise that organic matter introduced in the form of spent mushroom
substrate and manure did not play a key role in the activity of these enzymes. Hence, it
disproves the first hypothesis regarding the fertilizing qualities of the spent mushroom
substrate. As demonstrated by other authors, phosphatase activity may inhibit the presence
of mineral phosphorus in the soil [68-70]. It was likely that this factor also played a
key role in the present study, as evidenced by the recorded negative correlations between
phosphatase activity and the content of bioavailable mineral phosphorus (Figures 11 and 13).
TN was another parameter that could influence the activity of the discussed enzymes.
Cluster analysis showed negative correlations of this factor with both acid phosphatase
and arylsulfatase (Figure 11). For the first enzyme, negative correlations with TN were
recorded in all variants with the spent mushroom substrate, while with SMS alone, they
were at p < 0.01, and with mineral fertilization they were at p < 0.05 (Figure 13). For
arylsulfatase, negative correlations at the p < 0.05 level were recorded only in combinations
with mineral fertilization (Figure 13). Likely it was the addition of nitrogen in the form of
mineral fertilization that increased the availability of sulfur in the soil, and this translated
into a decrease in the activity of arylsulfatase. Similar conclusions were reached, among
others, by Mori et al. [71], while Sawicka et al. [72] noted a significant effect of mineral
fertilization on the activity of acid phosphatase. Another possible cause for alterations in
the activity of the analyzed hydrolases was the change in the soil pH. This assumption
was confirmed by the observed positive correlations between the analyzed enzymes, but
it was much stronger in the case of arylsulfatase (Figures 11 and 13); these differences
were probably due to the various sensitivity of these enzymes to this same chemical
parameter [68]. The activity of these enzymes could also be influenced by environmental
conditions, as evidenced by positive correlations with rainfall and negative correlations
with temperature (Figures 11 and 12). Both hydrolases are frequently utilized to assess the
condition of soil environments, including those fertilized with various types of organic
waste [21,34,41-43,73].

Spent mushroom substrate introduced into soil generally has a positive effect on the
physical, chemical, and microbiological properties of the soil environment. However, the
introduction of waste organic matter into the soil also carries a certain risk of disturbing
the living conditions of plants. Therefore, it is important to monitor the effects of uncon-
ventional organic fertilizers, such as spent mushroom substrate, on parameters related to
plant growth and development. The conducted research shows that the organic matter and
mineral compounds that were introduced with spent mushroom substrate and manure
contributed to the stimulation of L. sativum growth in the initial period. This was likely
caused by better availability of valuable nutrients, important from the point of view of plant
nutrition, and a better aggregate structure of the soil. On the other hand, the decrease in
the activity of this parameter observed later could be related to the activation of previously
unavailable pollutants as a result of organic matter mineralization. Joniec et al. [21] reached
similar conclusions in their study. Transformations of organic carbon in the soil influenced
not only GI, but also the germination of L. sativum, as evidenced by the observed negative
correlations with soil respiration and in the case of GI with dehydrogenase (Figure 11).
In turn, with regard to the increment in the root length, cluster analysis showed positive
correlations of this parameter with both biochemical and enzymatic activity, but only after
two days (Figure 11). The ecotoxicological parameters related to plant growth were also
likely influenced by the transformation of other nutrients, which was confirmed by the
reported negative correlations of GI with arylsulfatase and in the germination with acid
phosphatase (Figure 11). Chemical parameters such as TN and TP also played an impor-
tant role, especially with respect to germination and root growth. This was confirmed by
significantly positive correlations of germination with TN for all the experimental variants
at the significance level of p < 0.001 and p < 0.01 and for the root growth (after two days)
at the level of p < 0.05 (Figure 13). TP also played an important role in these parameters,
as demonstrated by correlations at the level of p < 0.001 and p < 0.01 for virtually all
combinations (Figure 13). The influence of these elements on the growth of L. sativum was
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also reported by Mohamed et al. [74]. The results of the current study concerning L. sativum
root length, measured after two and four days, indicated that this parameter was most
sensitive to potentially harmful compounds occurring or resulting from changes in organic
matter introduced with SMS and M in soil solution. Similar conclusions were also reached
by Godlewska et al. [20]. The influence of the tested fertilizing materials on this parame-
ter was fairly varied and depended on the combination and duration of the experiment.
The decrease in toxicity, in this case, could probably be related to a reduced effect of the
toxic agent as a result of its degradation or leaching. The analyzed parameters related to
phytotoxicity may also be influenced by SMS composition because, as reported by Catal
and Peksen [73], ammonia, salts, various heavy metals, or low molecular weight organic
compounds present in SMS may also prevent seed germination and root development.
The data presented in Table 1 indicate that a certain pool of heavy metals was brought in
together with the spent mushroom substrate each year in the discussed experiment. The
obtained results showed that the overall physicochemical and chemical conditions in the
analyzed soil after the addition of spent mushroom substrate positively influenced the
initial development of the plants. The adverse effects of SMS on the studied parameters
were most apparent in soil solutions, which would indicate that improving the aforemen-
tioned soil conditions eliminated the negative impact of compounds present in the soil
solution. On the other hand, Canellas and Olivare [75] reported that plants grown under
optimal nutritional conditions spent less energy on growing roots. The results obtained in
this study, therefore, are difficult to relate to the data of other authors due to the scarcity
of reports concerning the effect of spent mushroom substrate on such parameters as the
growth index, germination, and root length increment in L. sativum [73], strictly speaking.

5. Conclusions

The use of spent mushroom substrate significantly increased the parameters related to
microbiological soil carbon transformations, i.e., respiration and dehydrogenase activity.
The intensity of the respiration process, measured by the amount of CO, and the activity of
dehydrogenases, was maintained with varying intensity throughout the research period in
sites where waste was applied jointly with mineral fertilization. For respiration, the highest
CO; release was recorded in the third year of the study. These observations indicate that
waste matter has been incorporated into the microbial processes involved in the carbon
cycle. This study partially confirms that spent mushroom substrate is a good fertilizer
for increasing soil microbial activity and that it can be applied every year. On the other
hand, the activity of enzymes responsible for phosphorus and sulfur metabolism, i.e.,
phosphatase and arylsulfatase, was inhibited by a spent mushroom substrate. It should
be noted that the negative effect of waste weakened and even disappeared over time,
but it persisted in the case of arylsulfatase also in the third year in the sites with waste
and N1P1K1 fertilization. Therefore, the hypothesis concerning the fertilization values
of a spent mushroom substrate, which can be applied every year, was rejected, in part,
concerning its influence on the transformation of phosphorus, especially sulfur.

The obtained results showed that the fertilizing application of spent mushroom sub-
strate contributed to an increase in the amount of released CO,, which increased over time.
Unfortunately, these observations do not confirm that such a method of waste management
does not contribute to the exacerbation of the greenhouse effect by increasing CO, emis-
sions from the soil. In this context, manure proved to be a safer fertilizer as it did not cause
a significant persistent increase in CO, emissions.

The results of the effect of spent mushroom substrate on parameters related to the
initial stage of the test plant development showed that its nature varied depending on the
time period. A positive effect was noted for GI and root growth, but only in the third year
of the study. In the initial year, root growth was lower in the sites with a spent mushroom
substrate. Similar observations apply to the impact of manure. The results of the research
on the impact of a spent mushroom substrate on phytotoxicity confirmed that the growth
index was not negatively affected. On the other hand, considering the root growth, whose
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inhibition was recorded in the first and second years of the study, it should be concluded
that soil phytotoxicity deteriorated periodically.

It should be emphasized that one of the goals of sustainable development is to preserve
or increase soil fertility, while also reducing GHG emissions from the agricultural sector.
The obtained results may be helpful in making decisions on the fertilization of mushroom
waste in light of the principles of sustainable development.
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Abstract. In the present study, biological indicators were used
to assess the impact of applying spent mushroom substrate and manure
on the soil environment. The use of spent mushroom substrate had
a varied effect on the microorganisms. Stimulation was recorded in the
abundance of copiotrophic bacteria and fungi, but only in the first year
of the study. In the case of cellulolytic bacteria, this effect was visible
only in single plots. Similar observations were also noted regarding the
relative DNA content (in relation to the control), which increased for
both bacteria and fungi after applying spent mushroom substrate. In
the soil fertilized with spent mushroom substrate, a decrease in DNA
concentration was observed, but only in the first and second year.
For enzymatic activity, the use of spent mushroom substrate alone
proved to be more favorable, but this effect was again observed only
in the first year of the study. The application of manure caused similar
changes as observed with the use of spent mushroom substrate. These
observations indicate a similar impact of spent mushroom substrate
and manure on the parameters tested. The research presented suggests
the use of both classical methods and methods based on the analysis
of DNA extracted from soil to study the impact of spent mushroom
substrate on the activity of soil microbial populations.

Keywords: biological indicators, soil enzymes, spent mush-
room substrate, bacteria and fungi, biodiversity, DNA

1. INTRODUCTION

The soil environment is a rich and complex ecosystem
characterized by immense biodiversity. There are 10,000
different species of organisms per 1 m* of soil, among which

*Corresponding author e-mail: jolanta.joniec@up.lublin.pl
**This work was financially supported by the University of Life
Sciences in Lublin (RKM/S/21/2020).

bacteria are the most numerous and diverse (Orgiazzi et
al., 2016; Delgado-Baquerizo et al., 2018). As reported by
Chen et al. (2020), one gram of soil contains up to 1 billion
bacteria and 10 million fungal hyphae. The composition
and abundance of soil microbiota depend on various fac-
tors, including the physicochemical properties of the soil,
its type, nutrient and organic matter content, climatic con-
ditions, vegetation cover, and land use practices (Geisen et
al., 2019; Chen et al., 2020; Mencel et al., 2022).

The immense biological richness of the soil serves as
the foundation for its functioning, and consequently, it plays
a crucial role in providing food of good quality, mitigating
climate change through carbon sequestration, as well as accu-
mulating and purifying water and preventing erosion (Wall
et al., 2015; Yang et al., 2018; Chen et al., 2020; Fan et al.,
2023). Soil biodiversity is of great importance to life. Despite
this, it is threatened and destroyed by various human activities
worldwide (Yang et al., 2018; Geisen et al., 2019). Therefore,
monitoring of soil quality, and consequently, finding appro-
priate and sensitive indicators, is of crucial importance for
a better and more accurate understanding of the impact of land
management on the soil ecosystem. Currently, determining
the state of the soil environment is based mainly on physi-
cal, chemical and hydrological indicators, but the biological
functions of the soil and its biodiversity are also increasingly

© 2024 Institute of Agrophysics, Polish Academy of Sciences


https://orcid.org/0000-0001-6362-8522
https://orcid.org/0000-0001-5759-8320
https://orcid.org/0000-0002-9334-099X
https://orcid.org/0000-0002-9166-2530
https://orcid.org/0000-0003-4910-5690
https://creativecommons.org/licenses/by/4.0/

140

appreciated. As reported by Costantini and Mocali (2022),
the European Commission has recommended the inclusion
of soil biodiversity as one of the six indicators of soil health.
Moreover, the Food and Agriculture Organization (FAO) has
identified soil biological activity as one of the indicators that
should be applied (FAO, 2020).

Assessing the quantity and quality of microorganisms
in the soil is essential to better understand the dynamics of
their populations and the related biochemical and enzymatic
processes. The quantitative and qualitative composition of
soil microorganisms is considered a sensitive indicator of
soil quality because it represents a living component of the
soil environment that responds rapidly to anthropogenic fac-
tors (Hermans ef al., 2020; Frac et al., 2021; Jezierska-Tys
et al.,2021b; Joniec et al., 2021; Wyszkowska et al., 2023).

Many different methods are used to quantify the abun-
dance of soil microorganisms, but finding the most optimal
one is still a matter of debate. Determining the population of
microorganisms using the plate count method and expressing
it as colony-forming units (CFU), while providing valuable
information about viable cells, is considered by some to not
fully reflect the actual state of soil microorganism populations
(Wydro, 2022). Currently, intensive development of molecu-
lar techniques such as PCR, sequencing and metagenomics is
observed. Methods based on DNA extraction from soil have
many advantages and seem to be more reliable, but they also
raise some concerns (Rincon-Florez et al., 2013; Sidstedt et
al., 2020; Semenov, 2021; Wydro, 2022). One of the risks is
that DNA isolated from the soil environment may originate
from sources other than bacterial cells, such as plant residues,
fungi, algae, or protozoa (Taylor et al., 2002). Moreover,
these techniques do not allow distinction DNA of living bac-
teria from DNA of dead cells (Li et al., 2021; Roumani et
al., 2023). In addition, soil microbiologists still have doubts
concerning the weight of the soil sample that should be col-
lected for DNA analysis to ensure the most reliable results
(Semenov, 2021). Soil is also a complex matrix, characterized
by a diverse and variable composition, presence of inhibitors,
and a large amount of organic substances that can inhibit
DNA polymerase activity and affect hybridization protocols
(Sidstedt et al., 2020; Wydro, 2022). Therefore, aspects such
as the complexity of analysis, research experience and facili-
ties, as well as associated costs, are not without significance
when selecting an appropriate molecular method (Rincon-
Florez et al., 2013). It is widely believed that molecular
techniques provide a more accurate picture of microbial com-
munities, as the ability of microorganisms to grow on artificial
media is limited (Rincon-Florez ef al., 2013; Wydro, 2022).
However, as reported by Bonnet ez al. (2019) and Rodrigues
et al. (2022), after a period of stagnation in the development
of plate count techniques, this field is currently experienc-
ing a resurgence. At present, emerging new culture media
and cultivation conditions increasingly resemble the natural
environment of microorganisms. Culture media remain an
important tool for isolating microorganisms, despite being
abandoned by a significant number of researchers (Bonnet
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et al., 2019). The choice of one technique over another is
individual and depends on the researcher’s hypothesis and
resources. Therefore, combining different methods increases
the possibility of obtaining better results and more informa-
tion (Rincon-Florez et al., 2013). The studies conducted by
Joniec (2019) and Wolinska et al. (2013) demonstrate the
usefulness of the combined application of these parameters as
indicators of the activity of living microorganisms in the soil.
The positive correlations observed by the authors between
DNA concentration and microbial abundance, respiratory
activity, and dehydrogenase activity indicate the dominance
of intracellular DNA in the soil. As research shows, com-
bining both techniques for determining the quantitative and
qualitative composition of soil microorganisms is still quite
common (Joniec, 2019; Li et al., 2021; Chaudhary et al.,
2022; Pu et al., 2022; Wyszkowska et al., 2023).

Enzymatic activity is also an important tool in tracking
changes in the soil environment. Soil enzymes are responsible
for many processes occurring in the soil environment and there-
fore play a crucial role in the decomposition of organic matter
and nutrient cycling, thus reflecting trends and the character of
biogeochemical cycles (Gianfreda and Rao, 2014; Utobo and
Tewari, 2015). This parameter exhibits high sensitivity and
responsiveness to environmental changes. This rapid reaction,
induced by various agricultural practices, makes enzymatic
activity an effective means of assessing soil quality and a sig-
nificant indicator of microbial response to climate changes
(Lee et al., 2020; Song et al., 2021; Fanin et al., 2022; Mencel
et al., 2022). As reported by Alkorta ef al. (2003), enzymes
can respond to various types of changes much earlier (within
months to 1 to 2 years) than other soil properties. Furthermore,
enzymatic activity often exhibits strong correlations with
critical soil quality parameters, such as organic matter, phys-
ico-chemical properties of the soil, biomass, and microbial
activity (Song et al., 2017; Furtak and Gatazka, 2019; Joniec
et al., 2022; Kwiatkowska and Joniec, 2022). In addition,
assays determining enzymatic activity are relatively inexpen-
sive, simple and provide high reproducibility of results (Utobo
and Tewari, 2015). Both B-glucosidase and fluorescein diace-
tate hydrolysis (FDA) have been widely used for assessing the
condition of the soil environment (Kracmarova et al., 2020;
Joniec et al., 2021; Song et al., 2021; Chaudhary et al., 2022;
Davies et al., 2022; Wyszkowska et al., 2022, Kwiatkowska et
al., 2023). The cited authors confirmed the sensitivity of enzy-
matic activity to various factors such as fertilization, waste
management or environmental conditions.

The analysis of microbiological parameters is crucial for
the development of sustainable ecosystem management and
soil environmental policies. Monitoring not only the imme-
diate responses of microorganisms but also seasonal changes
in their populations caused by various human activities, can
help achieve the goals of sustainable ecosystem management
and environmental protection. This allows for the assessment
of soil environmental balance over an extended period. This
knowledge can also help mitigate the negative impact of
various agricultural practices on climate change (Jezierska et
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al.,2021a; Lynch et al., 2021; Holka et al., 2022). Therefore,
in this study, microbiological and enzymatic activity param-
eters, along with DNA analysis, were used to assess the
impact of the application of spent mushroom substrate
(SMS) and manure (M) on the soil environment. An attempt
was also made to verify the usefulness of these indicators for
monitoring the condition of the soil environment and evalu-
ating the effectiveness of the applied fertilization practices.
These studies are part of a comprehensive research project,
lasting several years, aimed at assessing the trend, intensity
and persistence of changes in soil microbial activity (Joniec
et al., 2022; Kwiatkowska and Joniec, 2022). The research
will improve existing knowledge regarding the selection of
appropriate microbiological indicators for soil monitoring in
the coming years. Pertaining to this assumptions, the authors
have formulated the following hypotheses: (I) the application
of spent mushroom substrate for fertilization positively influ-
ences soil microbial biodiversity and activity; (II) analyzing
soil microbial populations using a combination of appro-
priately selected classical and modern indicators allows for
a more comprehensive assessment of soil health.

2. MATERIALS AND METHODS
2.1. Study sites

The experiment was located at the Experimental Farm
in Czestawice (Poland, Lubelskic Region, 51°18'23"N,
22°16'02"E) of the University of Life Sciences in Lublin.
The experiment was set up using a randomized block design
with three replications, where individual plots measuring
1.5 m x 2.0 m were fertilized with spent mushroom sub-
strate or manure (Table 1). Spent mushroom substrate and
cattle manure were applied for three years in a single dose
of 20 t ha! in autumn (before autumn ploughing was carried
out to cover the fertilizers with the soil — the first 10 days of
October). They were applied separately or in combination
with supplementary NPK fertilization at two different doses

Table 1. Properties of soil und wastes (Joniec et al., 2022)

Spent mushroom

Property Unit Soil substrate Manure
pHka 1 mol KCl1 7.0 6.6 7.3
TOC gkg 14.98 105.0 135.8
N gkg! 1.51 6.50 9.47
TP gkg! 0.19 0.25 0.25
Ca mgkg' 1660 15800 2240
K 2350 6330 11100
Mg 1390 1240 1550
Zn mg kg™’ n.o. 86.0 n.o.
Cu 16.6
Ni 2.81
Cr 1.84
Cd 0.055
Pb 0.956
Hg 0.07

TOC —total organic carbon, TN —total nitrogen, TP —total potassium.
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Table 2. Selected, physico-chemical and chemical properties of
the soil (Joniec et al., 2022)

SMS+  SMS+

Year Season C SMS NIPIKI N2P2K2 M
2018 spring  7.03 7.20 6.41 5.16 7.47
autumn 6.86 7.60 598 6.60 5.44
pH 2019 spring 642 6.75 5.88 5.84 6.20
1 mol KCl1 autumn 6.34 6.04 6.18 5.53 6.24
2020 spring 6.87 6.85 6.68 6.79 6.56
autumn 6.25 6.13  6.33 6.64 6.50
2018 spring 1498 19.50 17.21 12.83 13.45
autumn 13.59 1439 1434 1146 12.16
TOC 2019 spring 12.19 12.99 14.75 15.60 14.89
gkg™ autumn 12.02 10.63 13.25 13.28 18.18
2020 spring 15.62 16.30 14.90 1533 17.75
autumn 13.34 12.54 13.85 1491 14.78
2018 spring .51 1.82 213 1.46 1.36
autumn 137 144 139 1.18 1.28
TN 2019 spring 1.50 1.10 1.00 1.30 1.10
g kg™ autumn 096 097 130 0.84 1.00
2020 spring 1.70 1.20 0.98 1.40 1.10
autumn 097 0.80 1.20 0.55 1.10
2018 spring  0.19 021 0.21 0.17 0.22
autumn 0.16 0.16 0.14 0.15 0.18
TP 2019 spring  0.15 0.13  0.19 0.10 0.10
gkg'! autumn 0.11 0.10  0.11 0.13 0.15
spring 0.10 0.15 0.12 0.16 0.15
2020 aywymn 012 013 014 011  0.14

TOC — total organic carbon, TN — total nitrogen, TP — total potas-
sium. C — control soil; SMS — soil + spent mushroom substrate,
SMS+NI1P1K1 — soil + spent mushroom substrate + mineral fertili-
zation N1P1K1; SMS+N2P2K2 — soil + spent mushroom substrate
+ mineral fertilization N2P2K2; M — soil + manure.

(N1P1K1 and N2P2K?2). Nitrogen fertilization was applied
in doses of N1-50 and N2-100 kg ha' in the form of ammo-
nium nitrate, phosphorus P1-30 and P2-60 kg ha™' in the form
of granulated triple superphosphate, and potassium K1-70
and K2-140 kg ha™' in the form of potassium sulfate. Italian
ryegrass (Lolium multiflorum Lam.), a tetraploid variety of
Turtetra (Kroto), was used as the test plant, and was sown each
year in the second decade of April in the amount of 30 kg ha ',
with a row spacing of 25 cm, at a depth of 1 cm. A three-
year field experiment was established on luvisol soil formed
from loess, belonging to the 2nd valuation class (PSSS, 2009;
WRB, 2022). Soil grain size composition was as follows: frac-
tion 1.0-0.1 mm — medium sand (4%), fraction 0.1-0.02 mm
— fine sand-coarse dust (52%), fraction 0.02-0.002 mm — fine
dust (35%), fraction <0.002 mm — colloidal clay (9%).
Experimental scheme:
1. Soil without fertilization (control object) (C),
2. Soil + spent mushroom substrate (SMS),
3. Soil + spent mushroom substrate + N1P1K1
(SMS+N1P1K1),
4. Soil + spent mushroom substrate + N2P2K2
(SMS+N2P2K?2),
5. Soil + cattle manure (M).
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2.2. Soil sampling

Soil samples were collected from the 0-25 cm layer
over a period of 3 years, twice during each growing season,
i.e., in spring (June) and autumn (September), randomly
from 10 locations within each research plot. Soil material
from individual plots was a mixture of 10 soil cores with
a diameter of 4 cm each. All samples were sieved through
a 2 mm mesh before analysis. The samples were stored in
plastic bags at 4°C, except for the soil samples for DNA
analysis, which were stored at —80°C.

Selected soil properties (pH, TOC, TN, TP) were deter-
mined on the same dates as other microbiological activities
are listed in Table 2 (Joniec ef al., 2022).

2.3. Meteorological conditions

The total precipitation during the field experiment, i.e.,
from 2018 to 2020, varied and amounted to 539.3, 481.8,
and 799.7 mm, respectively. The average annual air tem-
perature was 8.6, 11.0, and 10.1°C for the same respective
years. The meteorological conditions during the months of
soil sample collection in June and September were as follows:
monthly precipitation and average monthly temperature were
74.8 mm and 16.3°C, and 54.7 mm and 14.7°C, respective-
ly, in 2018; 11.2 mm and 22.9°C, and 33.5 mm and 16.3°C,
respectively, in 2019; 170.3 mm and 17.9°C, and 128.5 mm
and 15.6°C, respectively, in 2020. Detailed meteorological
data have been published in previous studies (Joniec et al.,
2022; Kwiatkowska and Joniec, 2022).

2.4. Microbiological analyses

The abundance of individual groups of microorganisms
in the soil material was determined using the plate count
method (Foght and Aislabie, 2005) on the following media:
copiotrophic bacteria — Bunt and Rovira medium (1955),
filamentous fungi — Martin medium (1950), and cellulolytic
fungi — mineral agar covered with a Whatman filter paper
disk. For the fungal analysis, antibiotics (streptomycin,
chloramphenicol) were added to the medium (Martin, 1950;
Gil et al., 2009). The results of the aforementioned analyses
are expressed as colony-forming units (CFU). Additionally,
the abundance of cellulolytic bacteria was determined using
the most probable number (MPN) method, as described
by Foght and Aislabie (2005). For these bacteria, a liquid
medium described by Pochon and Tardieux (1962) was
used, and the results are presented as the most probable
number (MPN) read from the McCrady tables. Bacteria
were cultured at 28°C for 4 days (copiotrophic bacteria)
and 14 days (cellulolytic bacteria), while fungi were cul-
tured at 25°C for 3 days (filamentous fungi) and 14 days
(cellulolytic fungi).

2.5. Molecular analyses

Total genomic DNA was extracted from analyzed soil
samples using Soil DNA Purification Kit (EurX) according
to the manufacturer’s protocol. For each sample, 100 mg
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of fresh soil has been used. The integrity of the obtained
DNA samples was determined through of electrophoresis in
1.5% agarose gel stained with ethidium bromide. The purity
of samples was determined spectrophotometrically using
a NanoDrop 2000 (Thermo Scientific) by calculating A260/
A280 and A260/A230 ratios. The concentration of analyzed
DNA samples was determined using of fluorometric assess-
ment using a dsDNA Quantitation BR reagent kit (Thermo
Fisher Scientific) according to the manufacturer’s instruc-
tions. For quantitation 4 pl of extracted genomic DNA sample
was mixed with 196 ul of Qubit working solution, vortexed
for 5 s, and incubated at room temperature for 2 min. The
prepared samples were then measured fluorometrically using
the Qubit 2.0 fluorometer (Thermo Fisher Scientific).

Quantitative analyses of bacterial and fungal genetic
material in examined soil samples were performed using the
quantitative PCR (qPCR) technique. As a template 80 ng of
total genomic DNAhas beenused for eachreaction. The ampli-
fication of the sequence-specific fragments of the 16S rRNA
gene and 18S rRNA gene was used for the quantification of
bacterial and fungal DNA content in the sample, respective-
ly. For amplification two sets of sequence-specific primers
were used: 515F (5’-GTGYCAGCMGCCGCGGTAA-3")
and 806R (5’-GGACTACNVGGGTWTCTAAT-3’) (Apprill
et al., 2015; Parada et al., 2015) for 16S rRNA gene, and
FungiQuant-F  (5’-GGRAAACTCACCAGGTCCAG-3")
and FungiQuant-R (5’-GSWCTATCCCCAKCACGA-3’)
(Liu et al., 2012) for 18S rRNA gene. For analysis, SYBR
Select Master Mix (Thermo Fisher Scientific) has been used
according to the manufacturer’s protocol. All analyses were
performed using QuantStudio 3 (Thermo Fisher Scientific)
apparatus together with the Thermo Fisher Connect software
suite. Each sample was analyzed in three replications. For
data analysis, a relative quantification model has been used,
where the number of amplicon in control sample was set
as 1, and the content of amplicons in all other samples was
presented as a change compared to the control sample. The
specificity of the amplification reaction was confirmed for
each sample by means of melt curve analysis.

2.6. Enzymatic analyses

The activity of B-glucosidase was determined in 1 g
soil samples, incubated in a modified universal buffer
with a pH of 6.0 for 1 h at 37°C, using p-nitrophenyl-f-
D-glucopyranoside (PNG) as the substrate (Eivazi and
Tabatabai, 1988). The activity of this enzyme was deter-
mined spectrophotometrically at 400 nm and expressed as
mg PNP kg ' d.m. soil h™".

The level of hydrolysis of fluorescein diacetate (FDA)
was determined using the method described by Schnurer
and Rosswall (1982) in 1 g soil samples with FDA addition
as the substrate. Incubation was conducted in the pres-
ence of 60 mM sodium phosphate buffer (pH = 7.6) for
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2 h at a temperature of 25°C. The activity of this enzyme
was determined spectrophotometrically at 490 nm and
expressed as mg of fluorescein per kg ' soil d.m. h™".

2.7. Statistical analysis

Statistical analyses were carried out using the Statistica
13.1 software package (TIBCO Software Inc.; Palo Alto,
CA, USA). The results were statistically analyzed using
analysis of variance (ANOVA) and Tukey’s test at a signifi-
cance level of o = 0.05. Each year was analyzed separately.
Additionally, Pearson’s correlation analysis was used to
determine the relationships between microbiological and
enzymatic parameters, and the physical, chemical, and
environmental conditions, at three levels of significance:
p<0.001, p<0.01, p<0.05. The results were presented in the
form of a heat map.

3. RESULTS

The data presented in Figs 1-4 and Table 3 revealed sig-
nificant changes in the abundance of individual bacterial
and fungal groups as a result of the applied fertilization.

The abundance of bacteria with high nutritional require-
ments fluctuated significantly throughout the study period
(Fig. 1, Table 3). The most noticeable impact of the spent
mushroom substrate occurred in the first year of the study,
where a clear stimulation of their development was observed.
The highest number of these bacteria was found in the treat-
ment where spent mushroom substrate was applied together
with mineral fertilizer at a lower dose (SMS+N1P1K1). The
combined application of spent mushroom substrate with
a higher dose of mineral fertilizer (SMS+N2P2K?2) proved
to be unfavorable for the growth of these bacteria. This led
to a decline in their development in the autumn compared
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to the unfertilized control treatment (C). In the second and
third year of the study, the impact of spent mushroom sub-
strate on the growth of copiotrophic bacteria weakened and
even disappeared. The positive impact of the spent mush-
room substrate on copiotrophic bacteria persisted only in
specific treatments during the spring season: in the second
year, this effect was observed in the treatment where the
spent mushroom substrate was combined with a lower dose
of NPK fertilizer (SMS+N1P1K1) and in the third year, in
the treatment with spent mushroom substrate (SMS) alone.
In the autumn of the second year of the study, a signifi-
cant decrease in the number of copiotrophic bacteria was
observed in the treatments with the addition of waste alone
(SMS), and in the third year in all treatments with waste
(SMS, SMS+NI1P1K1, SMS+N2P2K?2).

Fertilization of the soil with manure (M) also increased
the development of bacteria with high nutritional require-
ments, which was particularly evident in the first year of the
study. In subsequent years, this effect weakened and was
only observed in single seasons. In the autumn of the third
year of the study, manure caused a decrease in the growth of
these microorganisms compared to the control treatment (C).

Similar changes over the 3 years of the study were
observed in the population of filamentous fungi under the
influence of the spent mushroom substrate (Fig. 2, Table 3).
The effect of spent mushroom substrate on this parameter
was most evident in the first year of the study. In both spring
and autumn, fungal growth was found to be stimulated in
all treatments with the addition of spent mushroom sub-
strate (SMS, SMS+N1P1K1, SMS+N2P2K?2). The highest
number of filamentous fungi was recorded in the treatment
with spent mushroom substrate combined with a higher
dose of mineral fertilizer (SMS+N2P2K2), followed by the
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Fig. 1. Number of copiotrophic bacteria in the control soil and soil under different treatment strategies: a) 1st year, b) 2nd year, c) 3rd
year. The vertical lines indicate the standard deviation. Different letters above the columns indicate significant differences at p<0.05,
each year was analyzed independent of each other. C — control soil; SMS — soil and spent mushroom substrate, SMS+N1P1K1 — soil,
spent mushroom substrate and mineral fertilization N1P1K1; SMS+N2P2K2 — soil, spent mushroom substrate and mineral fertilization

N2P2K2; M — soil and manure.
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Table 3. Microbiological and enzymatic activity in soil (annual averages)

Years  Experimental treatments ~ CopB FF CB CF dsDNA B-GLU FDA
C 1.240b 16.11a 0.48 11.06 a 17081 g 78.63 d 107.21 ¢
SMS 3.65¢ 54.77b 0.25 75.60 ] 16022 g 82.25d 138.58 ¢
2018 SMS+NI1PIKI 6.11¢g 152.48 f 0.51 59.34gh 9249 ef 7794cd  11546¢
SMS+N2P2K2 0.90 a 226.28 h 0.14 45.18 ¢ 83.60 ¢ 56.12 a 7391 a
M 490 f 139.75 ef 1.34 40.70d 112.77 £ 64.37b 109.55 ¢
C 1.04 ab 79.53 cd 26.56 33.20 ¢ 28.15 ab 7146 ¢ 98.33b
SMS 0.79 a 68.93 be 30.42 26.17b 33.26 abced 58.68 ab 95.08 b
2019 SMS + N1PIK1 1.240b 126.60 e 0.03 38.28 d 2393 a 76.89cd  158.93f
SMS + N2P2K2 0.96 a 13295 0.26 5095 f 236l a 83.24d 127.01d
M 1.28b 90.03 d 8.48 40.02d 32.83 abe 100.11 e 133.60 de
C 442¢ 257.18 i 13.29 71.301 47.63 bed 109.10 f 160.47 f
SMS 395d 206.29 g 2.38 62.10h 50.76 cd 100.37 ¢ 155.63 f
2020 SMS+N1P1K1 3.99d 267.96 1 1.04 68.87 1 42.15abed  112.76 f 157.27f
SMS+N2P2K2 3.62¢ 219.07 gh 0.64 69.66 i 53.94d 108.39 f 153.82 f
M 420de  237.00 h 0.14 5724 ¢ 51.51 cd 113.14 £ 155.81 f

C — control soil; SMS — soil and spent mushroom substrate, SMS+N1P1K1 — soil, spent mushroom substrate and mineral fertilization
N1P1K1; SMS+N2P2K2 — soil, spent mushroom substrate and mineral fertilization N2P2K2; M — soil and manure. CopB — copiotrophic
bacteria (cfu 109 kg™ d.m. of soil), FF — filamentous fungi (cfu 106 kg™ d.m. of soil), CB — cellulolytic bacteria (106 kg™' d.m. of soil), CF —
cellulolytic fungi (cfu 106 kg™ d.m. of soil), dSDNA — DNA concentration (ug g ' d.m. of soil), B-GLU — B-glucosidase (mg PNP kg™ d.m.
of soil h™', FDA — FDA hydrolytic activity (mg fluorescein kg ' d.m. of soil h™'). Different letters indicate significant differences at p<0.05.
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Fig. 2. Number of filamentous fungi in the control soil and soil under different treatment strategies. Explanations as in Fig. 1.

treatment with spent mushroom substrate combined with
alower dose of mineral fertilizer (SMS+N1P1K1). The least
favorable results were observed when only spent mushroom
substrate (SMS) without any additional mineral fertilizer
was applied. In the second year of the study, the stimulat-
ing effect of spent mushroom substrate noticeably declined
and was visible mainly in the treatments where mineral
fertilization was applied (SMS+N1P1K1; SMS+N2P2K?2).

In the third year of the study, the positive impact of spent
mushroom substrate persisted only in the spring and was
observed in the treatment with a higher dose of min-
eral fertilization (SMS+N2P2K?2). The addition of spent
mushroom substrate alone (SMS) inhibited the growth of
filamentous fungi throughout the year. A similar unfavora-
ble effect was observed in the autumn in the treatment with
higher mineral fertilizer application (SMS+N2P2K2).
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Fig. 3. Number of cellulolytic bacteria in the control soil and soil under different treatment strategies. Explanations as in Fig. 1.
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Fig. 4. Number of cellulolytic fungi in the control soil and soil under different treatment strategies. Explanations as in Fig. 1.

The addition of manure (M) also stimulated the growth
of filamentous fungi, but this effect was observed only in
the first year of the study. In subsequent years, the ben-
eficial effect of manure disappeared. In the third year in
autumn, the addition of manure resulted in a significant
decrease in the abundance of filamentous fungi compared
to the control treatment (C).

The data presented in Fig. 3 and Table 3 indicated that
fertilization of the soil with various variants of spent mush-
room substrate resulted in changes in the abundance of
cellulolytic bacteria. The introduction of spent mushroom
substrate into the soil, combined with mineral fertilization
in both lower and higher doses, resulted in a decrease in
the development of cellulolytic bacteria, which persisted
during all years of the study. A beneficial effect of spent
mushroom substrate, applied together with a lower dose of
mineral fertilization (SMS+N1P1K1), on the development
of cellulolytic bacteria was observed only in the first season
of the study. The effect of spent mushroom substrate (SMS)
alone on the analyzed parameter was not consistent. During

the first and second year in this plot, there were either
decreases, increases, or no significant differences in the
abundance of these bacteria compared to the control object
(C). However, in the third year of the study, a decrease in
this parameter was observed under the influence of spent
mushroom substrate alone at both time points.

Manure application (M) during the first and second
year resulted in either a decrease or an increase in the num-
ber of cellulolytic bacteria. In the third year, the addition
of manure, similar to SMS alone, led to a decrease in the
development of this group of bacteria, which persisted
throughout the year.

The results presented in Fig. 4 and Table 3 showed that,
similarly to the total number of copiotrophic bacteria and
filamentous fungi, the development of cellulolytic fungi was
most significantly stimulated in the first year of the study.
The most favorable for the development of this group of
fungi was the use of SMS alone, followed by the addition of
spent mushroom substrate together with a lower dose of min-
eral fertilization (SMS+N1P1K1). In the following years of
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Fig. 6. Relative bacterial DNA content in the control soil and soil under different treatment strategies. Explanations as in Fig. 1.

the study, the positive effect of SMS application alone disap-
peared. Throughout the entire second year and in the spring
of the third year, a decrease in the development of these fungi
was observed in the plot with only spent mushroom sub-
strate (SMS). The positive effect of waste applied together
with mineral fertilization (SMS+N1P1K1, SMS+N2P2K?2)
persisted in almost all time points in the second and third
year. Only in the spring of the third year, a decrease in the
development of cellulolytic fungi was observed in these
treatments compared to the control treatment (C).

Manure also caused an increase in the number of cellulo-
lytic fungi, which was evident in the autumn of the first year
and in the spring of the second year (M). In the remaining
time points and years, this effect did not occur, and in the
spring of the third year, there was even a reduction in the
number of these fungi compared to the control treatment (C).

The concentration of dsDNA in the soil enriched with
spent mushroom substrate underwent statistically signifi-
cant changes in the first and second year of the study (Fig. 5,

Table 3). In the first year, a decrease in dSDNA concentra-
tion was recorded after the application of spent mushroom
substrate together with NPK in both doses (SMS+N1P1K1,
SMS+N2P2K2). The lowest dsDNA concentration was
observed in the spring. In the following year of the study,
the level of this parameter was lower in all treatments com-
pared to the previous year. The adverse effect of the spent
mushroom substrate applied together with NPK, but only
with a lower dose of NPK (SMS+N1P1K1), was visible in
this year, but only in the autumn. In this period, the addition
of spent mushroom substrate alone (SMS) also resulted in
reduced dsDNA concentration. A positive effect of spent
mushroom substrate on the analyzed parameter was only
observed in the spring of the second year of the study, in
the plot with spent mushroom substrate alone (SMS). In
the third year of the experiment, no significant changes in
dsDNA concentration were observed in individual treat-
ment variants with SMS.



BIOLOGICAL INDICATORS USED IN MONITORING THE STATE OF THE SOIL ENVIRONMENT 147
45, Q) 45, b) [ 45, C)
I )

40 [ sMs + N1PLKI 4.0
o I siis - N2P2K2
E M
® 35 3.5
2
£30 3.0
3
=25 2.5
Y
g20 2.0
£
£15 15
£10 1.0
@
i3

0.5 05

0.0 - 0.0

spring autumn spring autumn Spﬁng autumn
Term o Term

Fig. 7. Relative fungal DNA content in the control soil and soil under different treatment strategies. Explanations as in Fig. 1.
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Fig. 8. Activity of B-glucosidase in the control soil and soil under different treatment strategies. Explanations as in Fig. 1.

The effect of manure (M) on dsDNA concentra-
tions was not consistent across the years and time points
(Fig. 5, Table 1). In the first year, a decrease in its content
was observed in the autumn. However, an increase was
observed in the spring of the second year and in the autumn
of the third year. In the remaining time points, the changes
were not significant.

The relative content of both bacterial and fungal DNA
was subject to changes due to the applied spent mushroom
substrate (Figs 6 and 7). Concerning bacteria, this param-
eter in the first year of the study was lower in all plots
with the spent mushroom substrate (SMS, SMS+N1P1K1,
SMS+N2P2K?2) compared to the control soil (C). For bac-
teria in the following years, i.e., second and third, and for
fungi in all years, stimulation of this parameter was observed
under the influence of the spent mushroom substrate intro-
duced into the soil both separately and in combination with
NPK fertilization (SMS, SMS+N1P1K1, SMS+N2P2K?2).
It should be noted that the use of spent mushroom substrate

together with mineral fertilization proved to be more ben-
eficial than using SMS alone. At all time points and years,
the relative content of fungal DNA was highest in the plot
with a lower NPK dose (SMS+N1P1K1).

The addition of manure (M) to the soil resulted in
a decrease in the relative content of bacterial DNA and an
increase in this parameter for fungi (Figs 6 and 7). This
effect persisted throughout the entire study period.

Similarly to microbial counts, enzymatic activity also
showed significant differences among individual fertili-
zation treatments (Figs 8 and 9, Table 3). However, these
changes were not as consistent as those observed for the
microbial counts, and they occurred only in the first and
second year of the study.

The activity of B-glucosidase showed significant fluc-
tuations, with different patterns observed in each treatment,
sampling period, and year. In the first year of the study,
a positive effect of spent mushroom substrate on the enzy-
matic parameter tested was observed in the spring in the
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Fig. 9. FDA hydrolytic activity in the control soil and soil under different treatment strategies. Explanations as in Fig. 1.

treatment with waste alone (SMS) and in the treatment
with waste applied together with a lower dose of mineral
fertilizer (SMS+N1P1K1). In the other treatments with min-
eral fertilization, a decrease in this enzymatic activity was
observed compared to the control treatment (C). The appli-
cation of spent mushroom substrate together with a higher
dose of mineral fertilizer (SMS + N2P2K2) proved most
unfavorable. In the second year of the study, the negative
impact of the waste declined and was only noticeable in the
autumn in the plot with waste alone (SMS). A stimulation
of B-glucosidase activity was observed in individual plots
with mineral fertilization (SMS+N1P1K1; SMS+N2P2K?2).

Fertilization of the soil with manure (M) resulted
in a decrease in B-glucosidase activity in the first year.
However, in the second year of the study, manure applica-
tion stimulated this parameter.

The hydrolytic activity of fluorescein also showed sig-
nificant changes in the first and second year of the study.
These changes varied in individual seasons. An increase
in this enzymatic parameter was observed in the spring in
almost all treatments with spent mushroom substrate in the
first year (SMS, SMS+N1P1K1) and in all treatments in the
second year (SMS, SMS+N1P1K1, SMS+N2P2K2). In the
first year of the study, the highest activity was observed in
the plot with spent mushroom substrate (SMS) alone, while
in the second year, it was in the plot with spent mushroom
substrate applied together with a lower dose of mineral fer-
tilizer (SMS+N1P1K1). Initially, the application of spent
mushroom substrate together with a higher dose of mineral
fertilizer (SMS+N2P2K2) exerted a negative effect on this
enzymatic activity, resulting in a decrease in its level in the
first period of the study. A decrease in hydrolase activity was
also observed in individual plots in the autumn of both the
first and second year of the study (SMS; SMS+N2P2K?2).

In contrast to the application of spent mushroom sub-
strate (SMS), the use of manure (M) resulted in an increase
in fluorescein hydrolase activity in both the first and sec-

ond year, which persisted in almost all periods of the study.
A decrease in the level of this parameter was only observed
in the autumn of the first year of the study.

4. DISCUSSION

The application of organic materials in the form of spent
mushroom substrate and manure initially stimulated the abun-
dance of the analyzed bacterial and fungal groups (except
cellulolytic bacteria). The available literature indicates that
spent mushroom substrate is a waste material rich in organ-
ic matter and various macro- and micronutrients (Becher
et al., 2021; Velusami et al., 2021). Furthermore, Lipiec et
al. (2021) reported that the application of spent mushroom
substrate, especially in the long term, increased the organic
matter content in the soil. The addition of this waste in the
present study also likely contributed to the increase in organic
carbon content in the soil (Joniec et al., 2022). However, it
should be noted that its concentration showed only minor
fluctuations over time, which was consistent with the obser-
vations of Medina et al. (2012). The latter authors also
observed an increase in the organic matter content in the soil
after adding the spent mushroom substrate. At the same time,
this parameter showed minor alterations over time, which
the authors attributed to the stability of the organic matter
originating from the waste material. Moreover, as reported by
Powlson ef al. (1987), microbial biomass responded to man-
agement practices much more rapidly than the total organic
carbon content in the soil. This suggests that the soil micro-
biome may be influenced by agricultural practices, impacting
soil quality long before the effects are detectable through
measurements of total organic carbon in the soil. This can
also be confirmed by the lack of significant positive correla-
tions between TOC and the studied groups of microorganisms
(Fig. 10). The observed decrease in the abundance of the ana-
lyzed parameters in later periods could have resulted from the
depletion of readily available compounds, leaving only those
more resistant to microbial degradation. The key role here
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was played by cellulose, which is the basic component found
both in the spent mushroom substrate and manure (Leong et
al., 2022). Confirmation of these observations comes from
the significant positive correlations of cellulolytic fungi with

TOC (p<0.01) (Fig. 10).

The slow mineralization of organic matter could also
have been influenced by the root exudates from the devel-
oped plant biomass during the experiment. Reports from
Wen et al. (2022) and Lei et al. (2023) highlighted the var-
ied impact of root exudates on the mineralization of organic
matter. Root exudates may disturb the homeostasis of the
microbial C:N ratio. This, in consequence, may lead to inhi-
bition of SOM decomposition by microorganisms that are
responsible for these processes (Sun ef al., 2021). Calcium
carbonate may also be responsible for the deceleration of
organic matter mineralization. This compound is one of the
fundamental components of the spent mushroom substrate
(Becher et al., 2021). Medina et al. (2012) suggested that
organic carbon molecules are better protected from deg-
radation by microbial activity in calcareous soils. In our
research, mineral fertilization combined with SMS generally
had a positive impact on the abundance of microorganisms.
This was confirmed by the longest-lasting stimulatory effect
observed in the plots with a lower NPK dosage for copio-
trophic bacteria and a higher NPK dosage for filamentous
fungi. The favorable conditions for the development of
fungi in these combinations were likely due to a decrease in
soil pH. This was confirmed by significant negative correla-
tions between pH and the studied fungi (p<0.001) (Fig. 10).
Mineral fertilization contributed to a decrease in pH, which
was particularly visible in combinations with its higher dose

TEMP
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CF  BGLD FOA  DNA DNAB ONAF  pH Tod TN TP RAIN TEMP

Fig. 10. Heatmap displaying the Pearson’s correlation coeffi-
cients between soil physico-chemical, chemical, environmental
factors and microbial, enzymatic activity. Signifcant at * p<0.05;
** p<0.01; *** p<0.001, respectively. CoB — copiotrophic bacteria,
FF —filamentous fungi, CB — cellulolytic bacteria, CF— cellulolytic
fungi, B-GLU — B-glucosidase, FDA — fluorescein diacetate hydrol-
ysis activity; DNA — dsDNA concentration; TOC — total organic
carbon, TN — total nitrogen, TP — total potassium; RAIN — rainfall,
TEMP — temperature.

149

(Table 2). Other researchers also reported a decrease in soil
pH as a result of mineral fertilization in their studies (Ge et
al., 2018; Souza et al., 2023).

To assess the stability of agroecosystems subject to vari-
ous agricultural practices, including fertilization, it is also
necessary to track seasonal changes in the soil microbiome
(Lacerda-Junior ef al., 2019). These changes are mainly due
to fluctuations in temperature and humidity in field conditions.
According to Li et al. (2022), bacteria show greater sensitiv-
ity to changes in rainfall compared to fungi. As our research
shows, the response of soil microorganisms to the applica-
tion of various types of fertilizers is also strongly dependent
on climatic conditions. These observations were confirmed
by significant correlations of all tested groups of bacteria and
fungi with precipitation and temperature (Fig. 10). The analy-
sis of the obtained correlations showed positive relationships
between the studied groups of fungi and copiotrophic bacteria
with precipitation, and negative relationships with tempera-
ture. In the case of cellulolytic bacteria, opposite relationships
were observed. Positive correlations of bacteria and fungi
with precipitation were at the highest level of significance in
all cases, i.e. p<0.001. The relationship with the highest level
of significance in the case of temperature occurred for both
groups of bacteria. Changes in soil microorganisms under
the influence of climatic conditions have been the subject
of extensive research for many years (St'ovicek et al., 2017;
Koyama et al., 2018; Li et al., 2022; Yu et al., 2022).

It is worth noting that significant correlations were also
observed between almost all analyzed groups of microor-
ganisms (Fig. 10). They may indicate a strong cooperation
among microorganisms in the transformation of organic mat-
ter. Similar conclusions were also drawn by other authors
who observed similar relationships between microorganisms
under the influence of organic corrections (Luo et al., 2022).

The differences observed between the results obtained
for dsDNA concentration and relative DNA abundance,
both for bacterial and fungal communities, and the results
acquired using the plate count method, are noteworthy.
These observations may indicate the need to combine both
of these techniques in the future. Regarding bacteria, these
differences in the results could be due to the limited growth
capacity of some groups of these microorganisms on artifi-
cial substrates (Rincon-Florez et al., 2013; Wydro, 2022).
Concerning the result of fungal analysis, it is important to
note that their growth and development correlated with an
increase in relative DNA abundance, indicating the consist-
ency between the results obtained using conventional and
modern methods. Stimulation of fungal development in soil
after spent mushroom substrate introduction, as assessed by
molecular methods, has been reported e.g., by Frac et al.
(2021). In the present study, the total pool of dsDNA, was
significantly correlated with pH (Fig. 10). This is likely asso-
ciated with changes in the soil environment resulting from
the addition of exogenous organic matter and NPK fertiliza-
tion, as mentioned earlier by the authors. The total pool of
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dsDNA was also significantly positively correlated with the
phosphorus and nitrogen content in the soil (Fig. 10). This is
likely associated with NPK mineral fertilization, which can
alter the composition and proportion of bacterial communi-
ties carrying genes encoding enzymes responsible for the
transformations of these elements (Ye et al., 2020; Lang et
al., 2021; Sieradzki et al., 2023). N and P are also the major
building blocks of nucleic acids, which could further impact
the observed correlations (Silberbach et al., 2005; Malhotra
et al., 2018). Other authors also reported positive correla-
tions between dsDNA concentration and the abundance
of soil microorganisms (Wolinska, 2013; Joniec, 2019).
In the current study, negative correlations were observed
with copiotrophic and cellulolytic bacteria, as well as with
filamentous fungi. Methods based on soil DNA extraction
have many advantages, but they also bring certain concerns,
such as distinguishing DNA from living and dead cells (Li
et al., 2021; Roumani ef al., 2023). The quantity and qual-
ity of isolated DNA depend on various factors, including
soil type, soil conditions, microbial population, crop type,
climate, and others (Wolinska ef al., 2013; Rincon-Florez et
al., 2013; Semenov, 2021; Wydro, 2022).

Soil enzymes are important parameters that allow moni-
toring changes in the soil environment, especially caused by
human activities. Their sensitivity to changes in soil proper-
ties primarily results from their strong association with the
content and quality of organic matter (Gajda et al., 2016;
Adetunji et al., 2017; Song et al., 2017). Therefore, it can
be assumed that the transformation products of the organ-
ic matter from the spent mushroom substrate and manure
contributed to the stimulation of both -glucosidase and flu-
orescein diacetate hydrolysis (FDA) activities in the initial
years of our experiment. These observations were confirmed
by the reported strong positive correlations (p<0.001) of TOC
with the analyzed enzymes (Fig. 10). The soil pH played an
important role in the activity of the enzymes studied by us.
This was indicated by the observed positive correlations
between B glucosidase and FDA activities and pH (Fig. 10).
According to both Adetunji ef al. (2017) and Dotaniya et al.
(2019), B-glucosidase, due to its sensitivity to pH changes,
can serve as one of the better indicators of soil quality. The
hydrolysis of fluorescein diacetate (FDA) is carried out by
many different enzymes (Dzionek et al., 2018; Patle et al.,
2018), which can make it even more susceptible to fluc-
tuations in soil pH. With respect to NPK combinations, the
authors observed fluctuations in the activity of B-glucosidase
and FDA hydrolysis. These variations could be attributed
to the additional nitrogen and phosphorus source provided
by mineral fertilization. The reported significant negative
correlations of 8 glucosidase with TN and TP (p<0.01) and
FDA with TN (p<0.01) can be considered as confirmation of
these observations (Fig. 10). Nitrogen-induced stimulation
of B glucosidase activity has been reported, among others, by
Geisseler and Scow (2014). In contrast, Davies et al. (2022)
reported that nitrogen had negligible effect on the activity of
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these enzymes, but noted that seasonal changes may have
played a role in their activity. In our study, climatic factors
such as precipitation also affected the activity of the enzyme
parameters analyzed. This was evidenced by the recorded
significant positive correlations of FDA and B-GLU with pre-
cipitation (Fig. 10). Noteworthy are the numerous positive
correlations between the tested groups of microorganisms
and the enzymes analyzed (Fig. 10). This could indicate their
microbial origin, which is in line with the reports of Dotaniya
et al. (2019) and Furtak and Galazka (2019). Additionally,
Furtak and Gatazka (2019) have pointed out that fungi are the
main producers of B-glucosidase. The positive correlations
(p<0.001) observed between FF and CF with B-glucosidase
in our research may support this finding.

It is worth noting that the changes in microbial and
enzymatic parameters persisted with varying intensities
throughout the entire study period. The continuous occur-
rence of these changes may suggest that the new equilibrium
in the soil fertilized with spent mushroom substrate has not
yet been established during these 3 years.

5. CONCLUSIONS

The application of spent mushroom substrate has led
to significant changes in the development of the analyzed
bacterial and fungal groups. However, the beneficial impact
of spent mushroom substrate became evident primarily in
the initial period of the study, specifically in the first year.

In subsequent years of the study, the beneficial effects of
spent mushroom substrate disappeared and even contributed
to a decline in the growth of these microorganisms. In general,
application of the waste in combination with mineral fertili-
zation proved to be more favorable for the development of
microbial groups than using spent mushroom substrate alone.

Regarding another indicator, namely the relative DNA
content, an increase was observed under the influence of
spent mushroom substrate. However, in contrast to the
aforementioned population changes, this effect on the rela-
tive DNA content persisted for a longer period. The most
beneficial approach was the combination of spent mush-
room substrate with NPK fertilization, particularly with
a lower NPK dose. It should be noted that in the soil treated
with spent mushroom substrate, especially in combination
with NPK fertilization, a decrease in the concentration of
dsDNA was observed. However, this effect occurred only
in the first and second year.

Initially, the use of spent mushroom substrate alone
proved to be more favorable in terms of enzymatic activ-
ity. However, in the following year, it led to a decrease in
enzymatic activity. The opposite trend occurred when spent
mushroom substrate was applied in combination with min-
eral fertilization. It should be noted that both the stimulation
and inhibition of enzymatic activity ceased in the third year
of the study. The effect of different spent mushroom sub-
strate fertilization treatments on enzymatic activity was not
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as directional or consistent as observed for the previously
discussed parameters. Furthermore, unlike the growth
of bacteria and fungi, and the relative DNA content, the
impact of spent mushroom substrate on enzymatic activity
was observed only during the first two years of fertilizer
application. This suggests that these parameters are more
sensitive indicators of soil condition under these specific
conditions compared to enzymatic activities.

The application of manure resulted in similar changes
as the application of spent mushroom substrate. These
observations indicate that fertilizing with spent mush-
room substrate has a similar effect on the development and
enzymatic activity of soil bacteria and fungi as traditional
manure fertilization.

The observed inhibition of the development of the studied
microbial groups in the third year of the study suggests that
fertilization with spent mushroom substrate may exert only
short-term beneficial effects, specifically for the first 1-2 years.

Changes in the analyzed indicators of microbiological
activity, persisting with varying intensity, suggest that it is
advisable to combine various research methods, i.e. classical
and modern techniques, to monitor the alterations occurring
in the soil fertilized with spent mushroom substrate.

As a continuation of the presented research, the authors
plan to deepen this topic with a genetic analysis of bacte-
rial and fungal communities in the soil with the addition of
spent mushroom substrate.
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paper.
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Abstract: Soil degradation is an unavoidable phenomenon that poses a real threat, as it limits soil
utility and reduces its resources. Early assessment of soil degradation can prevent its further deterio-
ration. Various parameters of soil microbial activity may be helpful in this evaluation. Therefore, the
purpose of the study was to assess the usefulness of microbiological (total abundance of oligotrophic
bacteria and filamentous fungi), biochemical (soil respiration) and enzymatic (dehydrogenase, pro-
tease, acid and alkaline phosphatase activity and fluorescein hydrolytic activity) indicators, as well as
phytotoxicity, in monitoring the condition of chemically degraded soils due to severe alkalization. The
experimental material was soil collected in three sites located at different distances from the reservoir
with liquid post-production waste. The analyzed indicators were correlated with the physical and
chemical properties of the soil in three variants at the level of sampling sites, soil profile and seasonal
variability. All analyzed parameters showed significant changes in the level of their activity at
individual sampling sites. The location closest to the waste reservoir was characterized by the lowest
values of the discussed activities and the highest phytotoxicity. Individual activities also showed
changes depending on the season and soil layer. Considering the usefulness in monitoring changes in
soils exposed to chemical degradation, total bacterial and fungal counts, as well as acid and alkaline
phosphatase activities and fluorescein hydrolytic activity proved to be the most sensitive indicators.

Keywords: soil bacteria and fungi; chemical degradation; waste; phytotoxicity; enzymatic activity;
soil respiration; microbial indicators; the reaction of microorganisms to stress

1. Introduction

In addition to water and air, soil quality has a huge impact on the natural environment.
It is defined as “the ability of the soil to function within the boundaries of the ecosystem and
land use to maintain biological productivity, environmental quality, as well as plant and
animal health” [1]. However, the soil is at the same time extremely vulnerable and exposed
to a number of hazards due to both rapidly advancing climate change and intensive human
activity [2,3]. All processes and activities causing deterioration of the chemical, physical
and biological properties of the pedosphere are referred to as soil degradation. It leads to
reduced soil productivity and thus to a decrease in other ecosystem functions [4,5].

Soil degradation is a worldwide phenomenon. According to the FAO, 33% of the
Earth’s soils are already degraded, and more than 90% could be degraded by 2050. Every
55, soil the size of a football field is being degraded. In contrast, it can take up to 1000 years
to produce just 2-3 cm of soil. The highest percentage of areas at risk of degradation or
already destroyed are located in Europe (15.2%), Africa (10.7%) and Asia (10.4%) [6,7].

The causes of soil degradation are complex and diverse. They range from biophysical,
i.e., land use, cropping system, agricultural practices, deforestation, to socio-economic
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(institutions, markets, poverty) and political (politics, political instability, conflicts) [8]. Soil
degradation is most often characterized in terms of three closely related aspects: physical,
biological and chemical. Physical degradation includes water erosion and landslides. It
involves the displacement and/or repositioning of soil particles without changing their
chemical composition. Biological degradation concerns, among others, a decrease in the
quantity and quality of soil organic matter (SOM), as well as reduced biodiversity of soil
organisms, both macrofauna and microflora [9,10].

Chemical degradation is closely related to the first two types. According to Rich-
mond [11], this type of degradation is the most common form, second to erosion. It is a
common form of both diffuse and point pollution that affect biotic and abiotic soil functions,
crop quality, and animal and human health [9,11]. It is mainly associated with pollutants,
e.g., heavy metals, toxic organic compounds, municipal or industrial waste, spills of toxic
substances, but also excessive use of organic fertilizers, herbicides and insecticides. This, in
turn, leads to high salt concentrations in soil solutions, disruption of the soil ionic balance,
as well as its acidification or excessive alkalization [9,10]. Among the many aspects associ-
ated with this type of degradation, acidification or alkalization of the soil environment is
one of the most important. Soil pH determines the fate of substances in the soil environment,
influences countless biological, chemical and physical properties of the soil, and processes
that affect microbial activity, plant growth and biomass yield [12]. Some micronutrients are
more available in acidic conditions, while others in alkaline environments. Development of
strongly acidic soils (below 5.5 pH) can result in poor plant growth. Alkaline soils, on the
other hand, are characterized by reduced availability of phosphorus and micronutrients,
which also negatively affect plants [13]. Soils with extremely alkaline pH (>9) are likely to
have high sodium levels.

Soil degradation is an inevitable phenomenon that poses a real threat to the implemen-
tation of the vision of the 17 United Nations’ Sustainable Development Goals [9]. Therefore,
efforts should be made to mitigate hazards to soil function caused by degradation and
thus to agricultural productivity and socio-ecological sustainability. Early assessment of
soil degradation can help identify various socio-economic and biophysical causes and
prevent its further deterioration [14]. Various parameters of soil microbial activity are
helpful in assessing the condition of the soil environment subjected to various types of
human pressure. The most commonly used indicators are the number and diversity of
microorganisms and biochemical and enzymatic activity [15-19].

The soil microbiome is an essential component of the soil ecosystem, responsible
for most biological activity in the pedosphere. Microorganisms are closely linked to
organic matter decomposition, mineral release, nutrient cycling or carbon sequestration,
thereby determining the stability and resistance of ecosystems [20—-22]. The composition
and diversity of microbial communities depends on various factors, such as changes
in soil acidity [23,24] or depth of the soil profile [22]. According to Shi et al. [24] and
Wang et al. [25], soil pH is an important selector of the biodiversity of soil bacterial and
fungal populations. In the case of the soil profile, it is entirely colonized by microorganisms,
but their composition and diversity vary between individual soil layers [22]. The sensitivity
of heterotrophic soil microorganisms to changes in the properties of the soil environment
meant that the number of bacteria and fungi was repeatedly used to monitor changes in soils
subjected to various anthropopressures [18,19,26]. An important indicator of soil biological
activity, besides abundance, is the intensity of biochemical processes and the content of
products of soil microorganism activity, such as N-NO3, N-NHy or CO,. Respiratory
activity is considered a good indicator of changes occurring in the soil environment [27,28].
Since about 90% of CO; emitted from the soil is of microbial origin, the remainder is the
effect of plant respiratory processes and decomposition of organic compounds, brought
into the soil with the roots [29].

Enzyme activity is closely related to the soil microbiome and thus is considered a
good indicator of soil quality due to these relationships, ease of measurement, and rapid
reflection of changes caused by soil use [30,31]. Enzymes are involved in many biogeochem-



Minerals 2023, 13,12

30f18

ical cycles (in the carbon cycle—dehydrogenase, nitrogen cycle—proteases, phosphorus
cycle—phosphatases) [32]. In addition, hydrolysis of fluorescein diacetate (FDA) is used to
measure the total microbial activity in the soil. Fluorescein diacetate hydrolysis assessment
is proposed as a prospective method for determining total microbial activity, as it covers
several classes of enzymes including lipases, esterases and proteases. The spectrophotomet-
ric determination of fluorescein diacetate (FDA) hydrolysis has been shown to be a simple,
sensitive and rapid method for determining soil microbial activity [33].

Monitoring these properties seems justified, because soils with greater microbial di-
versity and biochemical and enzymatic activity are characterized by higher resistance to
environmental changes [30,32]. Although soils undergoing severe degradation are gen-
erally characterized by lower diversity and activity, they also constitute locations where
populations of exthermophilic microorganisms can emerge [34]. Microorganisms obtained
from such environments can subsequently be used in the composition of biopreparations
applied in bioremediation [35,36]. Therefore, studies were conducted to assess the abun-
dance, as well as biochemical and enzymatic activity of soil bacteria and fungi in soil from
post-industrial areas subjected to strong alkalization. Due to the important role played
by soil microorganisms in the health condition of soils and plants, research on the activity
and abundance of the microbiome and mycobiome was combined with studies on the
phytotoxicity of this environment, determining the impact of existing conditions on the
development of plants at the initial stage, i.e., germination and seedling root growth.

The authors formulated two research hypotheses: the first assumed that the analyzed
indicators of soil microbial activity and phytotoxicity would be suitable for monitoring the
condition of chemically degraded soils due to strong alkalization; the second assumed that
the alkalization of the environment would cause changes in the activity of microorganisms
not only in the upper layer, but also in the lower one, and they would persist in the soil
even at a great distance from the pollution emitter.

2. Materials and Methods
2.1. Description of the Research Area

The soil material was derived from a post-industrial area located in the Mazowieckie
region in central-eastern Poland (51°28'54"” N, 21°27'01” E). The climate of this region is
transitional between maritime and continental. The average annual air temperature is
10-11 °C; the sum of average annual precipitation varies between 650 and 750 mm. Soil
samples were collected from three locations at different distances from the reservoir with
liquid post-production waste, i.e., sodium hydroxide (Scheme 1).

Scheme 1. Sampling location.

Site S1 was 5.88 m away from the liquid tailings tanks, site 52 was 22.7 m away, and
site 53 was 50.08 m away. The sampling sites did not run along a single line, which helped
to analyze whether possible soil contamination spread in the environment in one direction
or evenly in all directions. The liquid was contained in sealed tanks placed in a concrete
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reservoir, which was originally intended as a secondary protection against possible leaching
of the liquid into the soil. The liquid waste was a remnant from chemical industry activity
related, among others, to the production of cellulose and adhesives. The tanks were set up
in the 1970s. The characteristics of the liquid waste are listed in Table 1.

Table 1. Waste characteristics.

pH Ca K Na
1mol KCl1 mg kg1 mg kg1 mg kg1
waste 14 37.6 328 87,000

2.2. Sampling Description

Soil samples for analysis were collected in the summer (2 July) and autumn (27 Septem-
ber) of 2022 from depths of 0-20 and 20—40 cm. The material was randomly collected from
4 Jocations within each of the three collection sites, i.e., 51, 52 and S3, separately for individ-
ual layers. Soil samples were collected using a cylindrical sampler with a diameter of 4 cm
and transferred to plastic bags. The collected material was then sieved through a 2 mm
mesh to remove any roots, gravel and other fragments. The samples were stored in plastic
containers at +4 °C.

2.3. Characteristics of Soil Chemical Properties

The chemical and physical properties of the soil (Table 2) were analyzed as a supple-
ment to the microbiological, biochemical, enzymatic and phytotoxicity tests. The pH of the
soil extract in KCl1 (10 g of soil in 25 mL of KCl) was determined electrometrically. Soil mois-
ture was determined using the gravimetric method. IR spectrometry was used to determine
organic carbon (TOC). Total nitrogen (TN) was determined by the Kjeldahl method.

Table 2. Soil characteristics.

pH M TOC TN
Sampling Depth 1 mol KCl % gkg1 gkg1
Location cm
s a s a s a s a
s 0-20 9.6 9.5 10.98 6.59 13.03 11.60 0.30 0.40
20-40 8.9 9.2 11.96 5.36 11.90 9.00 0.10 0.20
0 0-20 7.9 8.1 3.39 8.96 10.69 21.00 0.60 0.50
20-40 8.0 8.0 4.73 5.16 18.21 15.10 0.90 0.10
3 0-20 79 79 5.25 9.77 8.69 13.00 0.40 0.60
20-40 7.6 74 6.44 8.55 10.11 11.60 0.70 0.60

Abbreviations: S1—site 5.88 m away, S2—22.7 m away, S3—50.08 m away. M—soil moisture, TOC—total organic
carbon, TN—total nitrogen, s—summer, a—autumn.

2.4. Microbiological Analyses

According to the procedure described by Foght and Aislabie [37], the count of olig-
otrophic bacteria and filamentous fungi was determined using the plate method. Bacterial
counts were determined on soil extract medium and K,HPOy, while fungal counts were
determined on Martin’s medium with antibiotics [38]. Cultures were carried out for bacte-
ria at 28 °C for 4 days, and for fungi at 25 °C for 3 days. The analyses were performed in
triplicate, and the results are given as colony-forming units (CFU) per gram of dry matter.

2.5. Biochemical Analyses

The method of Riihling and Tyler [39] was used to determine soil respiratory activity.
In the presence of 0.2 M NaOH solution, 20 g of soil sample with 1% glucose was incubated
for 24 h. After incubation, excess unbound sodium hydroxide was titrated with 0.1 M HCI
in the presence of BaCl, and phenolphthalein.
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2.6. Enzymatic Analyses

Dehydrogenase activity was determined by the method of Thalmanna [40]. Soil sam-
ples (5 g) were incubated for 48 h at 30 °C in the presence of 0.1 M tris(hydroxymethyl)
aminomethane buffer (Tris-HCI pH 7.4). 2,3,5-triphenyltetrazolium chloride was used
as a substrate. Enzyme activity was determined colorimetrically (A = 485 nm) by mea-
suring the extinction of the produced TPF (triphenylformazan). Protease activity was
determined according to the method of Landd and Butler [41]. Soil samples (2 g) were
incubated in 0.2 M tris(hydroxymethyl)aminomethane buffer (Tris-HCl pH 8.0) for 1 h at
50 °C. Sodium caseinate solution (5 mL) was used as a substrate. The level of released
tyrosine was measured spectrophotometrically at 578 nm. The method of Tabatabai and
Bremner [42] was used to determine acid and alkaline phosphatase activity. The activity
of both these enzymes was determined in soil samples (1 g) incubated for 1 h at 37 °C.
Disodium 4-nitrophenyl phosphate disodium salt hexahydrate (PNPNa) was used as a
substrate. For acid phosphatase, incubation was conducted in universal buffer at pH = 6.5,
while for alkaline phosphatase at pH = 11. The activity of both enzymes was determined
spectrophotometrically at 400 nm and expressed as mg PNP kg~! d.m. soilh~1.

Fluorescein diacetate (FDA) hydrolysis level was determined using the method of
Schnurer and Rosswall [43]. Soil samples (1 g) were incubated for 2 h at 25 °C. Incubation
was carried out in the presence of fluorescein diacetate substrate and 60 mM sodium
phosphate buffer (pH 7.6). Enzyme activity was determined spectrophotometrically at
490 nm and expressed as mg fluorescein kg ! d.m. soil h—!.

2.7. Soil Phytotoxicity

Soil phytotoxicity was assessed using a phytotest, which enabled the analysis of the
effect of potentially toxic substances dissolved in the soil solution on germination and
root growth of Lepidium sativum L. after 2 and 4 days. This test consisted of placing 20 g
weighed amounts of fresh soil from the 0-20 cm layer in Petri dishes in 6 replicates for
each combination. Subsequently, the soil was soaked with distilled water exceeding their
total water capacity by 2 mL and thoroughly mixed. On the second day, after equilibrium
in the soil solution was established, the soil was covered with a filter paper disc. The
next step was placing 90 seeds of L. sativum on 3 plates and 10 seeds on the remaining 3
plates (100 seeds in total) and incubation at 22 °C. The number of germinated seeds on all
plates was counted after two days. After 2 and 4 days, the length of sprout roots was also
measured on plates with 10 seeds each.

2.8. Statistical Analysis

The results were presented in the form of arithmetic mean values from three replicates
obtained for a given sample together with the standard deviation. Statistical analysis of
the results of microbiological, biochemical, enzymatic and phytotoxicity analyses was
performed using the STATISTICA 13.3 program (TIBCO Software Inc., Palo Alto, CA,
USA). Data were analyzed using a three-way analysis of variance (ANOVA) to compare
means. The post hoc analysis used Tukey’s honestly significant difference (HSD) test at the
significance level of p < 0.05. Pearson’s correlation analysis was also conducted at three
levels of significance: p < 0.001, p < 0.01, p < 0.05. The relationships between microbiological,
biochemical, enzymatic, phytotoxicity and physical and chemical parameters were also
analyzed in three variants, at the level of: sampling sites (“combinations”), soil profile
and seasonal variation. Color scales ranging from dark green (lower values) to dark
red (higher values) were adopted for each case, with corresponding transition colors
between these extremes. Principal component analysis (PCA) was also performed for all
analyzed parameters.

3. Results

The results presented in Figure 1A,B refer to the abundance of oligotrophic bacteria
and filamentous fungi. Data concerning bacteria (Figure 1A) showed that their numbers in
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both soil layers (0-20 and 20—40 cm) differed significantly between individual sampling
sites (S1, 52 and S3) throughout the study period. The smallest number was recorded at
site S1, i.e., closest to the reservoir with liquid waste (0.04-0.06 cfu 10° kg~1). The level
of this parameter increased significantly with the distance from the source of pollution in
both soil layers in summer and autumn. The highest number was recorded in autumn (2.98
and 3.04 cfu). At that time, the number of bacteria was significantly higher in the upper
soil layer than in the lower layer.
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Figure 1. Number of selected groups of bacteria and fungi in soil from 0-20 and 2040 cm depths:
(A) oligotrophic bacteria; (B) filamentous fungi. Legend: S1, S2, S3—sampling sites located
51—5.88 m, S2—22.7 and S3—50.08 m from the reservoir with liquid post-production waste. Ver-
tical lines indicate the standard deviation. Different letters above the columns indicate significant
differences at p < 0.05.

The results obtained for filamentous fungi (Figure 1B) showed a similar development
tendency of this group of microorganisms as for bacteria. The lowest abundance of fungi
was recorded in the soil at site S1. This effect was visible in both soil layers and persisted
throughout the study period. The level of this parameter at S1 ranged from 0, i.e., no
filamentous fungi in the lower soil layer in autumn, to 1.85 cfu 10° kg ! in the upper layer
in summer. In the remaining sampling sites, i.e., S2 and S3, the development of fungi was
significantly higher than in S1. The highest values were recorded in the upper soil layer,
ie., 0-20 cm (9.16-14.20 cfu), which was particularly pronounced in autumn. At that time,
the number of fungi was significantly smaller in the lower soil layer.

Figure 2A presents the soil respiration data. Significant differences were noted in the
intensity of this process at individual time points. In the summer, the highest values of
this parameter were recorded at sites S1 and S2, (upper layer—133.68 and 146.21 mg kg~ ;
lower layer—112.51 and 127.20 mg kg~ !). Significantly lower values were recorded at site
53, i.e., the farthest from the reservoir. Respiration in the analyzed layers at this location
reached 76.23 and 73.90 mg, respectively. The intensity of the respiration process was
different in autumn. Respiration in the upper soil layer (020 cm) was lowest at S1 and
amounted only to 65.48 mg. It remained at a similar level in the lower soil layer at all
sampling sites (S1, S2 and S3). On the other hand, in the 0-20 cm layer, respiration increased
significantly with the distance from the waste reservoir. The highest value was recorded at
site 52 (171.00 mg).

The results concerning the activity of dehydrogenases presented in Figure 2B showed
that similarly to the number of bacteria and fungi, the lowest values for the upper layer were
recorded for this parameter at site S1. This phenomenon was observed in the entire study
period (0.28 and 0.44 mg kg~ !). The activity of dehydrogenases significantly increased with
the distance from the reservoir with liquid waste, reaching the highest value in summer
at 52 (2.93 mg) and in autumn at S3 (1.81 mg). The opposite tendency was observed in
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the lower soil layer (2040 cm) in summer compared to the upper soil layer (0-20 cm).
The enzyme activity was the lowest at the most distant site, i.e., S3, and amounted to only
0.67 mg, while it was significantly higher at S1 and 52—2.15 and 1.93 mg, respectively. This
parameter in autumn in the lower soil layer was at a similar level at all sampling sites, i.e.,
51,52 and S3 (0.35-0.52 mg).
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Figure 2. Biochemical and enzymatic activity in soil from 0-20 and 20-40 cm depths: (A) respiration;
(B) dehydrogenases activity. Legend: S1, S2, S3—sampling sites located S1—5.88, S2—22.7 and
53—50.08 m from the reservoir with liquid post-production waste. Vertical lines indicate the standard
deviation. Different letters above the columns indicate significant differences at p < 0.05.

Figure 3A,B show the results for acid and alkaline phosphatase activity. Acid phos-
phatase activity (Figure 3A) reached the lowest values in both soil layers, at the site closest
to the waste tank, i.e., S1 (1.07-3.12 mg kg_l). At the remaining sites, i.e., S2 and S3, the
discussed activity was significantly higher (10.58-28.52 mg kg~ !). This effect persisted
throughout the study period and was most pronounced in the upper soil layer in autumn.
Acid phosphatase activity was significantly lower in the lower soil layer (20-40 cm).
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Figure 3. Enzymatic actvity in soil from 0-20 and 20-40 cm depths: (A) acid phosphatase; (B) alkaline
phosphatase. Legend: S1, S2, S3—sampling sites located 5S1—5.88, S2—22.7 and S3—50.08 m from the
reservoir with liquid post-production waste. Vertical lines indicate the standard deviation. Different
letters above the columns indicate significant differences at p < 0.05.

Data on alkaline phosphatase activity (Figure 3B) showed that the activity of this
enzyme reached higher values compared to acid phosphatase. For alkaline phosphatase,
different trends were noted between individual time points and soil layers. In summer, the



Minerals 2023, 13,12

8 of 18

lowest values of this parameter in the 0-20 cm layer were reached at 52 (13.97 mg kg’l). In
the remaining sites, i.e., S1 and S3, it was significantly higher, reaching the highest level at S3
(42.76 mg kg—1). The lowest value in the lower soil layer was recorded at S1 (18.74 mg kg ™1).
At the other sites, i.e., S2 and S3, it was significantly higher (47.13-47.53 mg kg~ !). In
autumn, the activity of alkaline phosphatase in both soil layers showed a similar tendency
as acid phosphatase. It had the lowest values at S1 (19.59 mg and 8.76 mg kg ~!). At other
sites, it was significantly higher (54.95 mg and 50.51 mg kg~!). The values recorded in both
time points for the upper layer were generally significantly higher than for the lower layer.

Figure 4A presents the results for protease activity. The data were significantly different
in individual dates. In summer, the lowest values in both soil layers were recorded at the
site most distant from the liquid reservoir, i.e., S3 (8.07 and 10.21 mg kg’l). However, at S1
and S2, the proteolytic activity was significantly higher, reaching the highest values at 52
(19.95 and 18.65 mg kg~ !). In contrast to S3, there were no significant differences between
the layers at S1 and S2. In autumn, a reverse trend was observed, i.e., the lowest values of
the enzyme activity were observed at S1 and S2 (1.26-6.23 mg) and significantly higher at
S3 (9.08 and 14.29 mg kg~ !). In autumn, the values at most sites were significantly higher
in the upper layer than in the lower one.
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Figure 4. Enzymatic activity in soil from 0-20 and 20-40 cm depths continued: (A) protease; (B) FDA
hydrolytic activity. Legend: S1, S2, S3—sampling sites located S1—b5.88, S2—22.7 and S3—50.08 m
from the reservoir with liquid post-production waste. Vertical lines indicate the standard deviation.
Different letters above the columns indicate significant differences at p < 0.05.

The hydrolytic activity of fluorescein (Figure 4B), similarly as proteolytic activity,
greatly varied in individual experimental time points in both soil layers. In summer, the
lowest values in the 0-20 cm layer were recorded at S3 (53.50 mg kg~ !). In the remaining
sites, i.e., S1 and S3, this activity was significantly higher, reaching the highest level at
S2 (124.96 mg kg~ 1). In the 2040 cm layer, the studied activity was lowest at S1 (57.94
mg kg~ 1), while at the other sites, it was significantly higher reaching the highest value
similarly to the upper layer at S2 (84.55 mg kg ~!). In autumn, fluorescein hydrolytic activity
was the lowest in both soil layers at the site closest to the reservoir, i.e., S1, reaching 40.35
and 13.67 mg kg !, respectively. At the other sampling sites, i.e., S2 and S3, the values were
significantly higher, especially at S3 (101.32 mg kg~ !). The hydrolytic activity of fluorescein
throughout the study period was significantly lower in the lower soil layer than in the
upper one.

The results concerning seed germination and root growth of L. sativum seedlings
(Figure 5A-C) indicated that the distance from the liquid waste reservoir had a very
significant effect on the phytotoxicity of the top soil layer (0-20 cm). Seed germination data
(Figure 5A) demonstrated that at 51, i.e., closest to the reservoir, seeds did not germinate
either in summer or in autumn. Therefore, no data were obtained for root length increment
in the soil from this site (Figure 5B,C). At the other sites, i.e., S2 and S3, the number of
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Root length of L sativum after 2 days
cm

germinated seeds was generally similar (97 seeds) in both time points. The number of
germinated seeds was slightly but significantly higher only in autumn at S2 and amounted
to 99 seeds.
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Figure 5. Soil phytotoxicity indicators from the 0-20 cm layer: (A) L. sativum seed germination;
(B) seedling root length after 2 days; (C) seedling root length after 4 days. S1, S2, S3 —sampling sites
located S1—b5.88, 52—22.7 and S3—50.08 m from the reservoir with liquid post-production waste.
Vertical lines indicate the standard deviation. Different letters above the columns indicate significant
differences at p < 0.05.

The results concerning the root length measured after 2 and 4 days (Figure 5B,C)
showed that the increments in autumn at both sites, i.e., S2 and S3, were significantly higher
than in summer. Root length measured after 2 days (Figure 5B) in autumn did not differ
significantly between individual points and amounted to 27.57 and 28.70. In contrast, root
length in summer was significantly greater at S2 (22.03). Different observations were made
for root measurements after 4 days (Figure 5C), where in summer, there were no significant
differences between S2 and S3 (40.37-43.75). In contrast, such differences occurred in
autumn. Significantly, the highest value was obtained for the farthest site, i.e., S3 (55.37 cm).

4. Discussion

Soil microorganisms are the foundation of many different ecosystem functions [20-22], and
their abundance, richness and composition are sensitive to changes in the soil environment [44,45];
thus, they are considered early indicators of changes in its quality [46]. All changes in the soil
microbiota have a significant impact on the cycle of nutrients, carbon, nitrogen, as well as
greenhouse gas emissions [47,48]. Considering the importance of soil microbial diversity for
the multifunctionality of ecosystems, it seems justified to include its analysis when studying
all mechanism of the soil environment’s response to climate change, as well as to various
human activities. Both of these factors significantly affect the physical and chemical properties
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of the soil [2,3], which in turn translate into the activity, abundance and biodiversity of soil
microorganisms, which have been confirmed in the present study. Significant changes in the
number of both bacteria and fungi recorded between individual sampling sites proved that
changes in the chemical properties of the soil had the main impact on this parameter. This
was confirmed by principal component analysis, which showed a negative correlation of both
oligotrophic bacteria and filamentous fungi with soil pH (Figure 6). In addition, the smallest
number of soil microorganisms was recorded in 51, characterized by a strongly alkaline pH (>9.0).
Along with increasing distance from the source of pollution, the value of this parameter also
grew significantly, which was probably related to the improvement in soil chemical conditions
(decrease in pH).

PC 2: 18.11%

-1.0 -0.5 0.0 0.5 1.0
PC 1: 57.65%

Figure 6. Principal component analysis (PCA) for the results of analyzed parameters in the soil. OB—
oligotrophic bacteria, FF—filamentous fungi, RES—respiration of soil, DEH—dehydrogenases, PRO—
protease, FDA—fluorescein diacetate hydrolysis activity, AcP—acid phosphatase, AlP—alkaline phos-
phatase, GERM—germination of L. sativum, RL2—root length of L. sativum after two days, RL4—root
length of L. sativum after four days, M—moisture, TOC—total organic carbon, TN—total nitrogen.

This was confirmed by the correlation results at the “combination” level where sig-
nificant positive correlations were recorded at S2 and S3 (Figure 7). The presented results
may also be evidence of the high sensitivity of soil microorganisms to the stress factor, i.e.,
soil pH, due to the rather significant differences in the abundance between the individual
analyzed sites at a relatively short distance.

Confirmation of the negative impact of soil pH on both groups of microorganisms
was also shown for the correlation results at the level of the soil profile, where significant
negative correlations for both bacteria and fungi were recorded (Figure 8). Generally, higher
numbers were observed in the upper soil layer for both tested groups of microorganisms.
Perhaps this was due to the fact that soil surface layers were porous and characterized
by a more frequent occurrence of dry—wet cycles. This, in turn, caused an influx of fresh
substrates and nutrients, which translated into relatively higher microbial activity [22].
Moreover, as reported by Naylor et al. [22], minerals such as sodium were more susceptible
to leaching; thus, their concentration tended to increase with depth. This, in turn, could
translate into deterioration of soil physicochemical conditions, with which soil microorgan-
isms were strongly associated [23,24].
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Figure 7. Heat map displaying the Pearson correlation coefficients between chemical and physico-
chemical properties; microbial, biochemical and enzymatic activity; and phytotoxic parameters
at the “combination” level. Significant at * p < 0.05; ** p < 0.01; *** p < 0.001, respectively. SI,
52, S3—sampling sites located 51—5.88, S2—22.7 and S3—50.08 m from the reservoir with liquid
post-production waste. OB—oligotrophic bacteria, FF—filamentous fungi, RES—respiration of soil,
DEH—dehydrogenases, PRO—protease, FDA—fluorescein diacetate hydrolysis activity, AcP—acid
phosphatase, AIP—alkaline phosphatase, GERM—germination of L. sativum, RL2—root length of
L. sativum after two days, RL4—root length of L. sativum after four days, M—moisture, TOC—total
organic carbon, TN—total nitrogen.

0-20 20-40

RL4
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Figure 8. Heat map displaying the Pearson correlation coefficients between chemical and physico-
chemical properties; microbial, biochemical and enzymatic activity; and phytotoxic parameters at the
level of the soil profile. Significant at * p < 0.05; ** p < 0.01; *** p < 0.001, respectively. Legend: 0-20,
20-40—soil profiles in cm. OB—oligotrophic bacteria, FF—filamentous fungi, RES—respiration of soil,
DEH—dehydrogenases, PRO—protease, FDA—fluorescein diacetate hydrolysis activity, AcP—acid
phosphatase, AlIP—alkaline phosphatase, GERM—germination of L. sativum, RL2—root length of
L. sativum after two days, RL4—root length of L. sativum after four days, M—moisture, TOC—total

organic carbon, TN—total nitrogen.
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For both bacteria and fungi, the highest numbers were recorded in autumn. A similar
trend was observed by Fan et al. [49]. This proved that the obtained microbial counts were
probably also affected by seasonal changes. They were shown to be related to climatic
fluctuations, including humidity and temperature in field conditions, which according
to Li et al. [50], were key indicators affecting the soil microbiome. More pronounced
changes in the case of bacteria were probably due to their greater sensitivity to unfavorable
conditions compared to fungi, which showed greater resistance [51].

Soil respiratory activity, i.e., CO, emissions from the soil surface, can also be a
good indicator of ecological disturbance of the soil environment. CO, can have differ-
ent sources [30]; therefore, its generation stream is of global importance. It is a powerful
regulator of the greenhouse effect and the global climate because it affects the global carbon
cycle [52,53]. According to Grzyb et al. [54] and Kwiatkowska et al. [55], carbon mineral-
ization was primarily related to organic matter. In turn, Bao et al. [56] and Hou et al. [57]
proved that climatic factors, such as temperature and humidity, mainly influenced soil
respiratory activity. It is likely that soil water content may have been one of the factors
that contributed to the stimulation, albeit with varying degrees of intensity, of respiratory
activity between the different sampling points in the current study. This was partially
confirmed by the correlation results at the “combination” level, where significant positive
correlations were recorded at S1 between carbon content and moisture content (Figure 7).
Quemada and Menacho [58] already reported that soil respiration was strongly influenced
by water content and temperature. We also obtained the highest values of this parameter in
summer, when high temperatures and water content probably contributed to the stimula-
tion of respiration [58,59]. Sodium hydroxide was also a factor that could have affected the
respiratory activity of the soil. According to Wong et al. [60], soil organic carbon could be
rapidly lost under sodium conditions. This is due to the dispersion of soil aggregates and
thus the release of organic matter accumulated in them. This may have stimulated, in our
study, the activity of microorganisms in relation to carbon mineralization, by decomposing
not only easily degradable carbon compounds, but also those that are hard to access. These
observations were confirmed by significant positive correlations of respiratory activity with
TOC at the “combination” level in sites located closest to the waste reservoir (Figure 7).
We also recorded positive correlations of these parameters at the level of soil profiles: 0-20
and 2040 cm (Figure 8). We recorded the highest significant positive correlation of this
indicator with TOC in autumn. Perhaps some additional source of fresh organic matter
also contributed to this effect, e.g., in the form of plant residues during the growing season.
On the other hand, the soil microbiota utilizes only part of the carbon contained in the
substrates for growth and maintenance of microbial structures, while the rest is released
into the atmosphere in the form of CO, [61]. Respiratory activity can be a good measure
of stress factors because, firstly, it reflects the efficiency of microorganisms, and secondly,
higher amounts of CO, were shown to be produced under stress conditions [61]. This
was also confirmed by the present results, indicating an increased CO, emission from the
soil at the site with most unfavorable conditions, i.e., S1. These observations additionally
indicated that an increased amount of greenhouse gas was emitted from degraded soil,
which could contribute to the worsening of the greenhouse effect [62].

In addition to biological and biochemical activity, soil enzymes are other rapid and
sensitive “receptors” of environmental and anthropogenic stress factors. They are similarly
closely associated with the physical and chemical properties of the soil and climatic con-
ditions [31,49,63]. The latter reports were also confirmed by our research, in which both
soil moisture and pH, as well as seasonal changes, were probably the main factors that
contributed to the fluctuations in the activity of the enzymes studied. This was supported
by the results of principal component analysis, where we noted negative correlations of
soil pH with all analyzed enzymes (Figure 6). Therefore, it could be one of the factors
limiting the activity of soil enzymes, especially at the site closest to the waste reservoir.
This applied, among others, to the activity of dehydrogenase, acid phosphatase and fluo-
rescein hydrolytic activity (FDA). These observations were also confirmed by significant



Minerals 2023, 13,12

13 0f 18

negative correlations between dehydrogenase and soil pH in sites located closest to the
waste reservoir (Figure 7). The dependence of the activity of soil enzymes on soil pH has
been repeatedly analyzed in various conditions [18,64,65]. However, in the case of acid
phosphatase activity and FDA, negative correlations with soil pH were recorded at the level
of both soil profiles (Figure 8). With respect to acid phosphatase, we also noted negative
correlations with soil pH at the level of seasonal changes (Figure 9). The situation was
different for alkaline phosphatase, where the tested conditions, especially soil pH, had a
stimulating effect on this enzyme. This was confirmed by positive correlations with soil
pH at all sampling sites (Figure 7). The varying effects of soil pH on the enzymatic activity
could be due to the high complexity of the role of this parameter. It affects, among others,
the process of decomposition and mineralization of soil organic molecules, dispersion
and aggregation of soil colloids, the number and activity of microorganisms, and redox
reactions, which in turn translated into the activity of soil enzymes [66]. As with respiratory
activity, varying enzyme activities were probably also influenced by sodium hydroxide,
which not only increased soil pH, but also affected soil structure. These observations were
confirmed by significant positive correlations with TOC at the site closest to the reservoir for
all analyzed enzymes, except for dehydrogenase. As reported by Mavi and Marschnera [67],
increasing sodium saturation in the soil caused the dispersion of organic matter and clay
particles, thereby damaging aggregates and soil structure, which probably contributed to
the release of organic matter accumulated in them. Positive correlations with TOC were
also recorded for protease, FDA and acid phosphatase for the 20-40 cm profile (Figure 8).
This was probably also related to the presence of sodium, whose concentration increased
with depth [22]. The positive correlations with TOC of the tested parameters in autumn
(Figure 9) were associated, as in the case of microorganisms and respiratory activity, with
the supply of an additional source of organic matter, such as plant residues during the
growing season. Nitrogen was another biogen that also significantly affected the activity
of enzymes. This was confirmed by both principal component analysis (Figure 6) and
the significant positive correlations recorded for all TN levels with the enzymes studied
(Figures 7-9). The important role of nitrogen in shaping soil enzyme activity has also been
demonstrated by other authors [68,69]. The activity of the analyzed enzymes was also
affected by climatic conditions, especially moisture. We recorded significant positive corre-
lations of moisture content with all analyzed enzymes (Figure 9). The present study has
shown that soil enzymes have great potential to respond rapidly to environmental changes,
and can therefore serve as indicators of the health and quality of the soil environment.

Chemical degradation typically negatively affects the physical, chemical and micro-
biological properties of the soil environment, which also carries the risk of disturbing the
living conditions of plants [11]. Therefore, it is important to monitor the effects of different
types of harmful substances on parameters related to plant growth and development.
Phytotoxic parameters are often used to assess the effects of various substances on the
soil environment [17,70-72]. The conducted research indicated that sodium hydroxide
was the main factor limiting plant growth in the current study. This was evidenced by
germination inhibition of the test plant L. sativum in the soil collected closest to the waste
reservoir. This was probably due to the strong alkalization of the soil environment. These
observations were confirmed by the recorded significant negative correlations of soil pH
with all parameters related to phytotoxicity (Figure 6). As the distance from the source of
contamination increased, the soil pH decreased, which in turn translated into an improve-
ment in phytotoxic parameters. This was supported by the results of correlations at the
“combination” level between the discussed parameters, where significant positive correla-
tions were observed at site S3, located farthest from the waste reservoir (Figure 7). Soil pH
was also a limiting factor for both germination and root length increments of L. sativum at
the soil profile level (Figure 8). The stimulation of parameters related to phytotoxicity in
autumn was, to some extent, caused by better availability of the basic nutrient, important in
terms of plant nutrition, i.e., TN (Table 2). This was confirmed by the recorded significant
positive correlations between these parameters (Figure 9).
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Figure 9. Heat map displaying the Pearson correlation coefficients between chemical and physico-
chemical properties; microbial, biochemical and enzymatic activity; and phytotoxic parameters at the
level of the seasonal variability. Significant at * p < 0.05; ** p < 0.01; *** p < 0.001, respectively. VII,
IX—months of sampling, OB—oligotrophic bacteria, FF—filamentous fungi, RES—respiration of soil,
DEH—dehydrogenases, PRO—protease, FDA—fluorescein diacetate hydrolysis activity, AcP—acid
phosphatase, AlP—alkaline phosphatase, GERM—germination of L. sativum, RL2—root length of
L. sativum after two days, RL4—root length of L. sativum after four days, M—moisture, TOC—total
organic carbon, TN—total nitrogen.

The present study has shown that soil microbiological, biochemical and enzymatic
indicators, as well as phytotoxicity, have the potential to respond quickly to environmental
changes. Therefore, they can be used to assess the effects of the impact of various wastes on
soils used for various purposes, e.g., arable soils and soils of post-industrial areas [55,73].

5. Conclusions

All the analyzed parameters of the activity of soil microorganisms and phytotoxicity
showed significant changes in the level at individual sampling sites. The soil located closest
to the liquid waste reservoir had the lowest values of the microbiological, biochemical and
enzymatic activities, while phytotoxicity had the highest. Individual activities showed
changes depending on the season and soil layer. Bacterial and fungal counts and acid
phosphatase activity remained at the lowest levels at S1 in spring and autumn in both soil
layers (0—40 cm). For the other activities, i.e., respiration, protease, alkaline phosphatase
and fluorescein hydrolytic activity, the effect was more pronounced in both layers only in
autumn. The phytotoxicity results showed that conditions near the emitter of pollution
were unfavorable for seed germination. The above observations support the hypothesis
that the applied microbial activity parameters are sensitive indicators of soil changes
caused by liquid waste. Considering the duration of these changes and the profile level at
which they persisted, it should be pointed out that the total bacterial and fungal counts,
and the activities of acid phosphatase, alkaline phosphatase and fluorescein hydrolytic
activity were the most useful in monitoring the condition of soils exposed to degradation
caused by increased pH. The results also partially confirmed the second hypothesis that
soil contamination with waste would affect soil microbial populations in the deeper soil
layer, i.e., 20-40 cm. In contrast, it does not result in negative changes further away from
the reservoir.

Such strong changes in the activity of bacterial and fungal populations in the soil
located closest to the waste reservoir, where the pH was the highest (pH 9), suggested that
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this could be a site of selection of microorganisms resistant to high pH. These observations
suggest the need to continue research into the biodiversity of microbiota and mycobiota
inhabiting this site.

The present study provides guidelines that can be helpful in assessing the degree
of soil environment degradation caused by liquid waste reservoirs and in evaluating the
effectiveness of safeguards for such reservoirs.
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Udziat mikroorganizmdw glebowych w przemianach C, N i P w glebie z terendw
poprzemystowych, poddanej dziataniu odpaduz przemystu chemicznego. [AUT.]
EDYTA KWIATKOWSKA, JONIEC IOLANTA, CEZARY KWIATKOWSKI. W: bh Jubileuszowa
Kenferencja Mikrohiologiczna JMikrohiologia w badaniach Srodowiskowych - rys
historyczny i perspektywy na przysztosc”. Putawy, 14-15 wrzesnia 2023 roku s. 73.
[Putawy] 2023, Instytut Uprawy Nawozenia i Gleboznawstwa - Paristwowy Instytut
Badawczy, 978-83-7562-400-7.

Wptyw kilkuletniego mawozenia odpadem pepieczarkowym na populacje hakterii i
grzybow glebowych. [AUT.) EDYTA KWIATKOWSKA, JOLANTA JONIEC, KOWALCZYK
KRZYSZTOF, MICHAL NOWAK, JUSTYNA LESNIOWSKA-NOWAK, CEZARY
KWIATKOWSK]. W: VIl ogdlnopolskie Sympozjium Mikrobiclogiczre. Metagenomy
roznych srodowisk™. Materiaty konferencyjne. Lublin, 20-21 czerwca 2023 5. 132.
[Lublin) 2023, Instytut Agrofizyki im. Bohdana Dobrzariskiego Polskiej Akademii Nauk,
978-83-B9969-79-8.

Reakcja populac]i mikrcorgarizmow glebowych na nawiezienie gleby odpadem
popieczarkowym. [AUT.] JOLANTA JONIEC, MICHAE NOWAK, KRZYSZTOF
KOWALCZYK, EDYTA KWIATKOWSKA, CEZARY KWIATKOWSKI. W: VI Dgolnopolskie
Sympozjumn Mikrobiologiczne: "Metagenomy Rdznych Srodowisk” Putawy, 23-24
czerwca 2022 : Materiaty Konferencyjne s. 83. [b.m.] 2022, Instytut Uprawy
Nawozenia i Gleboznawstwa - Parfistwowy Instytut Badawczy, 578-83-7562-382-6.

Badania wstepne nad wptywem podtoza popieczarkowego na wybrane parametry
aktywnosd bakterii i grzyhdéw glebowych. [AUT.] JOLANTA JONIEC, CEZARY
KWIATKOWSK], EDYTA KWIATKOWSKA. W: V Ogdlnopalskie Sympozjum
Mikrobiologiczrne ,Metageny roznych srodowisk™. Abstrakty. Warszawa, 17-18 czerwca
20271 roku . 79. Warszawa 2027, [b.w].

Ocena rocznego oddziatywania na srodowisko glebowe podtoza popieczarkowego,
przy uzyciu wybranych parametrow aktywnosci enzymatyczne]. [AUT.) JOLANTA
JONIEC, EDYTA KWIATKOWSKA, CEZARY KWIATKOWSKI. W: A4, Konferencja
Mikrobiologiczma JMikroorganizmy rozrych srodowisk”, 20-21 wrzesnia 2021, Lublin
2027, Abstrakty s, 83. Lublin 2027, Uniwersytet Marii Curie-Sktodowskie] w Lublinie.

Phytctoxicity and respiratory activity of soil in the first year of fertilization with
spent mushroom substrate. [AUT.) JONIEC, 1., KWIATKOWSKA, E., KWIATKOWSKI, C..
W 13th International Conference on Agrophysics: Agriculture in changing climate -
BOOK OF ABSTRACTS. 1A-16 novernber, Lublin, Poland s. 121. [b.m.] 2021, Polska
Akademia Nauk, 978-83-89963-72-9.

Aktywnost enzymatyczna jako wskaznik zmian zachodzacych w glebie poddane]
wieloletniej rekultywaciji z wykorzystaniem odpadow organicznych i mineralnych.
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[AUT.) JOLANTA JONIEC, STEFANIA JEZIERSKA-TYS, EDYTA KWIATKOWSKA, MARTA
BIK-MAL ODZINSKA. W: "Nauka dla zréwnowazonego razwoiju i biogospodarki’-
Migdzynarodowa Kanferencja Naukowa potgczena z Jubileuszem 75-lecia Wydziatu
Agrohioinzynierii, Lublin, 12 -13.06.2019 r <.73, bibliogr. Lublin 2019, [b.w].

Ocena skutecznosci wieloletniej rekultywaciji gleby na podstawie parametrow
aktywnosci drobnoustrojéw glebowych przeprowadzajgecych przemiany azotu i
fosforu. [AUT. KORESP.] JOLANTA JONIEC, [AUT.] STEFANIA JEZIERSKA-TYS, EDYTA
KWIATKOWSKA, MART A BIK-MALODZINSKA. W: "Mikroorganizmy w zréwnowazonym
rolnictwie, ochronie srodowiska i procesach hiotechnologicznych” pod redakcja Doroty
Swedrzyriskie] i Agnieszki Mocek-Ptdciniak-53 Ogdlnopolska Konferencja
Mikrobiologiczra, Pozran, 8-11.09.2019 s. 55, Poznart 2019, Uniwersytet Przyrodriczy
w Poznaniu.

Wykorzystanie aktywnosci drobnoustrojéw w monitorowaniu stanu gleby
zdegradowanej, poddanej wieloletniej rekultywac]i odpadami. [AUT.] JOLANTA
IONIEC, STEFANIA JEZIERSKA-TYS, EDYTA KWIATKOWSKA, MARTA BIK-MALODZINSKA.
W Bicrdzrnorodnose funkcjonalna gleb Polski : Konferencja Naukowa. Putavwy, 18-19
pazdziernika 2018 : Materiaty konferencyjne s. 60. Putawy 2018, [Dziat
Upowszechriania i Wydawnictw], 978-83-7562-293-5.

Badania nad nastepczym wptywem roznych odpadéw na liczebnose 7 aktywnose
drobnoustrojow zwigzanych z przemianami wepla, w glebie zdegradowanej przez
przemyst wydobywczy siarki. [AUT.] JOLANTA JONIEC, EDYTA KWIATKOWSKA. W:
Kenferencja naukowa : Biordznorodnosc srodowiska, znaczenie, prablemy, wyzwaria
Putawy, 30-31 maja 2017 r. Materiaty konferencyjre s. 105. Putawy 2017, IUNG - PIB,
978-7h62-258-4.

Nastepcze oddziatywanie roznych odpadow rma aktywnose mikroorganizmow,
zwigzang z przemianami N, 5i P, w glebie zdegradowanej poddanej 3 letniej
rekultywaciji. [AUT.) JOLANTA JONIEC, EDYTA KWIATKOWSKA. W: Mikrobiologia
srodowiskowa szansg bezpiecznego zycia | postepu hiotechnologicznege : 51.
QOgolnopalska Kenferencja Mikrobiclogiczra | Materiaty Konferencyjne, 5-8 wrzesnia
2017, Toruri - Ciechocinek. Redakcja Dominika Thiem, Patrycja Goliriska 5. 55-h6. [b.m.]
2017, [b.w.].

Oddziatywanie roznych odpadaw na aktywnose enzymatyczng zwigzang z
przemianami C,N,P w glebie zdegradowanej, poddanej rocznej rekultywacii {Impact
of different wastes on enzymatic activity related to C,N, and P transformations in
degraded soil subjected to 1-year reclamation). [AUT.] JOLANTA IONIEC, EDYTA
KWIATKOWSKA. W Konferencja Miedzynarodowa "Biogospaodarka w Rolnictwie,
Putawy, 21-22 czerwca 2016 = International Conference "Bioeconomy in agriculture”,
Putawy, 21-22 lurne 2016 s.83-B6. Putawy, IUNG - PIB, 2016, 978-83-7562-219-5.

Ksztattowanie sie liczebnosci wybranych grup mikroorganizmdw oraz aktywnosci
biochemiczrej zwigzanej z przemianami Ci N w glebie zdegradowane| poddanej
rocznej rekultywacji roznymi odpadami. [AUT.] JOLANTA JONIEC, JADWIGA FURCZAK,
EDYTA KWIATKOWSKA. W: Odpady organiczre - problemy i sposoby
zagospodarowania. Ogolnopolska Kenferencja Naukowa, Falenty. 20-21 wrzesnia 2012
roku s. 39. [Falenty] 2012, [bw.], 2012,
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- Wskaznik Impact Factor zostat podany na podstawie bazy lournal Citation Reports (JCR) dla roku
wydania publikacji z wyjatkiemn publikacji z lat 20231 2024 - gdzie jego wartose zostata podana

na potstawie ostatnie] edycji JCR ed. 2022

- Punktacja zostata podana na podstawie Wykazu Czasopism Punktowanych MNISW/MEIN
obowigzujgcych dla roku wydania publikac]i z wyjatkiem:

« publikaciiz 20171 2018 r., ktdrym punkty zostaty przypisane na podstawie "Wykazu czasopism
naukowych zawierajacy historie czasopisma z publikowanych wykazdw za lata 2013-2016%;

* publikacji z roku 2019-2022, ktorym punkty zostaty przypisane na podstawie: , Komunikatu
Ministra Edukacii i Nauki z dnia 21 grudnia 2021 r. o zmianie | sprostowaniu komurikatu w sprawie
wykazu czasopism naukowych i recenzowanych materiatdw z konferencji mietdzynarodowych”.

Wykaz sporzadzita:

Anna Starek
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