Uniwersytet Przyrodniczy w Poznaniu

Wydziat Rolnictwa, Ogrodnictwa i Biotechnologii

Justyna Mencel

ZaleznosSci mi¢dzy zroznicowaniem florystyczno-siedliskowym
zbiorowisk trawiastych a wlasciwosciami mikrobiologicznymi

i chemicznymi gleb w dolinie rzeki Obry

Relationships between floristic—habitat diversity of grassland vegetation units

and the microbiological and chemical properties of soils in the Obra river valley

Rozprawa doktorska w dziedzinie nauk rolniczych
w dyscyplinie rolnictwo 1 ogrodnictwo
Doctoral dissertation in the field of agriculture

in the discipline of agriculture and horticulture

Promotor:
prof. UPP dr hab. inz. Agnieszka Mocek-Ptdciniak

Katedra Gleboznawstwa 1 Mikrobiologii

Poznan, 2025



Wykaz prac naukowych wchodzacych w sklad cyklu publikacji

rozprawy doktorskiej:

Publikacja 1: Mencel, J., Mocek-Ptociniak, A., Kryszak, A. (2022) Soil Microbial Commu-
nity and Enzymatic Activity of Grasslands under Different Use Practices: A Review. Agro-
nomy, 12, 1136. https://doi.org/10.3390/agronomy12051136

Impact factor:: 3.4

Punktacja wg MNiSW: 100

Publikacja 2: Mencel, J., Klarzynska, A., Piernik, A., Mocek-Ptociniak, A. (2024) Differen-
tiation of grassland vegetation in relation to the physicochemical properties of peat soils
in the Obra River valley, western Poland. Soil Science Annual, 75(2), 190113.
https://doi.org/10.37501/s0ilsa/190113

Impact factor: 1.0

Punktacja wg MNiSW: 70

Publikacja 3: Mencel J., Gasecka M., Molinska-Glura M., Mocek-Ptociniak A. (2025) Rela-
tionships between selected phenolic compounds and microbial abundance in grassland
soils in the Obra River valley: a preliminary study. Soil Science Annual, 76(2), 205498.
https://doi.org/10.37501/soilsa/205498

Impact factor: 1.0

Punktacja wg MNiSW: 70

Publikacja 4: Mencel, J., Wojciechowska, A., Mocek-Plociniak, A. (2025) Effect of Grass-
land Vegetation Units on Soil Biochemical Properties and the Abundance of Selected Mi-
croorganisms in the Obra River Valley. Agronomy, 15, 1573. https://doi.org/10.3390/agro-
nomy15071573

Impact factor: 3.4

Punktacja wg MNiSW: 100

Sumaryczny Impact Factor: 8.8

Suma punktow MNiSW: 340

2



Pragne serdecznie podzigkowac
mojej Promotorce, prof. UPP dr hab. inz. Agnieszce
Mocek-Ptociniak, za przekazang wiedze, cierpliwos¢, wyrozumiatosé, dobre stowa oraz

nieoceniong pomoc w moim rozwoju naukowym

dr inz. Agnieszce Klarzynskiej za pomoc w przygotowywaniu publikacji, poswigcony czas

i Zyczliwosé

Rodzicom za nieustajgce wsparcie i za to, Ze zawsze pozwalali mi podgzac witasng drogg

mojemu Narzeczonemu za cierpliwos¢, wystuchanie i poszanowanie moich wyborow

Zyciowych oraz za nieocenione wsparcie w trudnych chwilach.



imi¢ i nazwisko promotora / promotoroéw / promotora pomocniczego

Oswiadczenie promotora(-0w) rozprawy doktorskiej

Oswiadczam, zZe niniejsza rozprawa doktorska pt.: Zaleznosci miedzy zroznicowaniem flory-
styczno-siedliskowym zbiorowisk trawiastych a wlasciwosciami mikrobiologicznymi i chemicz-

nymi gleb w dolinie rzeki Obry
zostala przygotowana pod moim/naszym kierunkiem i stwierdzam, ze spetnia ona warunki do

przedstawienia jej w postgpowaniu o nadanie stopnia naukowego.



imi¢ 1 nazwisko doktoranta

Oswiadczenie autora rozprawy doktorskiej

Niniejszym o$§wiadczam, ze przedtozong rozprawe doktorska pt.: Zaleznosci miedzy zroznico-
waniem florystyczno-siedliskowym zbiorowisk trawiastych a wlasciwosciami mikrobiologicz-
nymi i chemicznymi gleb w dolinie rzeki Obry napisatam samodzielnie, tj.:

— nie zlecitam opracowania rozprawy lub jej czgsci innym osobom,

— nie przepisatam rozprawy lub jej czg¢sci z innych opracowan i prac zwigzanych tema-
tycznie z moja praca,

— korzystatam jedynie z niezbednych konsultacji,

— wszystkie elementy rozprawy, ktore zostalty wykorzystane do jej realizacji (cytaty, ry-
ciny, tabele, programy itp.), a nie bedace mojego autorstwa, zostaty odpowiednio za-
znaczone wraz z podaniem Zrddta ich pochodzenia,

— rozprawa nie byta wczesniej przedmiotem procedur zwigzanych z uzyskaniem stopnia

naukowego.

Oswiadczam ponadto, Ze niniejsza wersja rozprawy jest identyczna z zataczong wersja elektro-
niczng.

Mam swiadomos¢, ze ztozenie nieprawdziwego oswiadczenia skutkowaé bedzie niedopuszcze-
niem do dalszych czynnos$ci postgpowania w sprawie nadania stopnia doktora lub cofnigciem

decyzji o nadaniu mi stopnia doktora oraz wszczgciem postgpowania dyscyplinarnego.

podpis autora rozprawy



Spis tresci

WYKAZ SKIOTOW ...ttt et e et e et e e e sa e e essaeeessaeeessaeesnsaeesasaeesnsaeennnes 8
SEIESZEZEMIC ...ttt ettt ettt ettt e b e st e bt e e et e e bt e e abe e bt e eab e e seesabeensteenbeeaseesnbeenaeeans 10
FaN 1 1 2T OO PP RUSUTP 11
| A 1) RO RUURRRUPPRRTRN 12
1.1. Rola uzytkow zielonych w krajobrazie przyrodniczym i rolniczym .............ccoeevvenenn. 12
1.2. Rola zr6znicowania florystycznego w ekosystemach uzytkow trawiastych ................. 13
1.3. Rola uzytkow zielonych w obliczu zmian klimatu............ccceeevieriiniiieniieiierieeieens 16
1.4. Znaczenie mikroorganizméw w glebach uzytkéw zielonych...........cccoocveeevieiiinniennn. 17
1.4.1. Bakterie i promieniowce — funkcje 1 Znaczenie .........cccvevcvvereeeieeneeenieeneeeneene, 17
1.4.2. Grzyby — destruenci, symbionty i regulatorzy ...........ccccceeevverieeciienieerieenieeieenen 19

1.5. Znaczenie aktywno$ci enzymatycznej w glebach uzytkéw zielonych .......................... 20
1.6. Wplyw wlasciwos$ci chemicznych gleb na uzytki zielone...........cocooveiinicncincncnnne. 22
1.7. Rola zwiazkoéw fenolowych W glebie ........cooviiiiiiiiiiiiiiiceee e 24
2. Hipoteza badawcza i cel pracy dOKtOTrSKI€) .....cevueevvieriiieiieniieiiieiee et 25
3. Materialy 1 MELOAY ...coouvieiieiiieiieee e ettt ens 26
3.1 ObIeKt DAAAN ..o et 26
Bl KIIMAL ettt et 26
3.1.2. POKIYWA GIEDOWA ....eeeniiiiiiiieciie ettt et e et e e e e eneeeens 27
3.1.3. WOdy POWIETZCANIOWE ......uvieiiiieeiiieeiie ettt ettt ae e e e e e e e e e e snneeeenns 28

3.2. Badania tereNOWE.......coiueiiiiiiieiiie ettt ettt ettt ettt na e e 28
3.2.1. Badania fitoSOCJOIOZICZNE..........cevuiiiiiiieeiii et 28
3.2.2. Pobieranie probek glebowWych .........ooooviiiiiiiiiiie e 28
3.3. Badanie StUAYJNE .....cccuviiiiiiieiie ettt e aeeennnee s 29
3.4. Badania [aboratoryJne .........cccueeeiieriienieeiieeie ettt ettt ettt et e 30

3.4.1. Odczyn gleby oraz zawarto$¢ materii organicznej, makro- i mikrosktadnikow ... 30

3.4.2. Zawarto$¢ zwigzkow fenolowych w glebie.........occeevciiiiiieiiieniiiciicieeeeee e, 30



3.4.3. Liczebno$¢ wybranych mikroorganizmow w glebie...........ccoeeveviiiiienieeniienieenen. 32

3.4.4. Okreslenie aktyWnoS$Ci €NZYMALYCZNE].......eervieereerrierieeireeieereesneeseesineenreeseneesees 32
3.5. ANANZY STALYSTYCZNE ..eovvieiiieiieeiiieiee et ette ettt e te et e st eesbeesaaeenbeessaeesbeensseensaessseenseennns 33
4. Omowienie WYNIKOW DAAAN.........cccuiiiiiiiiieiiieieeie ettt re e e eneees 36
4.1. Wptyw uzytkowania tgk na mikrobiote glebowa i aktywno$¢ enzymatyczng .............. 36

4.2. Jednostki syntaksonomiczne uzytkéw zielonych w powigzaniu z wiasciwosciami

fizykochemicznymi leb.........ccoooiiiiiiecee e 37

4.3. Wplyw zwiazkow fenolowych na liczebno$¢ mikroorganizméw w ekosystemach

UZYLKOW ZICLONYCR ...ttt esbe e e ennees 46

4.4. Wptyw jednostek roslinnosci tagkowej na biochemiczne wilasciwosci gleby oraz

liczebnos$¢ wybranych mikroorganizmoOw ...........c..ceceeeevierieeiiienieeiiesieeieesee e eseeereeseneens 51
5. PodSumowani€ 1 WIIOSKI ........ccuirueririririeieiet ettt sttt 63
BIDIIOGIATIA. .....eieiiieciii ettt et ettt e et e e taeenbeetaeenraas 65
SPIS tADIE] T TYCIN..ceuiiiiiiiiiet ettt et 81
ZAGCZNTKT ..ottt et e et et e bt enhte et e e nneeeareas 84
Spis opublikowanych artykulow wchodzacych w sktad dysertacji doktorskiej ...................... 90

Soil Microbial Community and Enzymatic Activity of Grasslands under Different Use

PraCtiCES: A REVIEW oo e e e e e e et e e e e e e e e e et eaaeseeeeeeaenaaaeseeaaaes 91

Differentiation of grassland vegetation in relation to the physicochemical properties of peat

soils in the Obra River valley, western Poland .............ccccooeiiiiiiiioiiiiiiceceee e 108

Relationships between selected phenolic compounds and microbial abundance in grassland

soils in the Obra River valley: a preliminary Study..........ccoeeeeriiiiiiniieiieie e 126

Effect of Grassland Vegetation Units on Soil Biochemical Properties and the Abundance of
Selected Microorganisms in the Obra River Valley........ccccociiviiiiiiiniiiiniiniicicceicnene 138

Oswiadczenia WSPOTAULOTOW ..........eeeruiieiiiieiiiee ettt e eiee e ieeesteeeste e e raeeetaeeeereessaeessseeensseeenns 161



Wykaz skrotow

2,5-DHBA — kwas 2,5-dihydroksybenzoesowy

4-HBA - kwas 4-hydroksybenzoesowy

AAS — (ang. Atomic Absorption Spectrometry) — atomowa spektrometria absorpcyjna
AcP — (ang. Acid Phosphatase) — fosfataza kwasna

Alo pra — Alopecuretum pratensis

AIP — (ang. Alkaline Phosphatase) — fosfataza zasadowa

AMF — (ang. Arbuscular Mycorrhizal Fungi) — arbuskularne grzyby mykoryzowe
Arr ela — Arrhenatheretum elatioris

BDL — (ang. Below Detection Limit) — ponizej progu wykrywalnos$ci

C — (ang. phytosociological constance) — statos$¢ fitosocjologiczna

CAT — (ang. Catalase) — katalaza

ChCl — gatunki charakterystyczne dla klasy w systemie sytaksonomicznym
ChO — gatunki charakterystyczne dla rzgdu w systemie sytaksonomicznym
com. — (ang. community) — zbiorowisko

Corg. — calkowity wegiel organiczny

CVA — (ang. Canonical Variate Analysis) — analiza dyskryminacyjna

D — wskaznik pokrycia

DhA — (ang. Dehydrogenases) — dehydrogenazy

EC — (ang. Enzyme Commission number) — numer EC

H’— wskaznik réznorodno$ci Shannona-Wienera

[AA — (ang. Indole-3-acetic acid) — kwas indolilooctowy

J —jesienny termin poboru probek

jtk —jednostka tworzaca koloni¢

Lol-Cyn — Lolio-Cynosuretum

Mol cae — Molinietum caeruleae

Nog. — azot 0ogolny

PA — (ang. Proteases) — proteazy

PGPR — (ang. Plant Growth Promoting Rhizobacteria) — ryzobakterie stymulujace wzrost roslin
PNP — p-nitrofenol

Poa-Fes — zbiorowisko Poa pratensis-Festuca rubra

RDA — (ang. Redundancy Discriminant Analysis) — analiza redundancji

SD — (ang. Standard Error) — blad standardowy



SE — (ang. Standard Deviation) — odchylenie standardowe

SR — bogactwo gatunkowe

TN — (ang. total nitrogen) — azot ogo6lny

TOC — (ang. total organic carbon) — wegiel organiczny

TPF — (ang. 1,3,5-triphenyl formazan) — 1,3,5-trifenyloformazan

TTC — (ang. 2,3,5-triphenyltetrazolium chloride) — 2,3,5-chlorek trifenylotetrazolowy
UA — (ang. Urease) — ureaza

W — wiosenny termin poboru probek

WWA — wielopierscieniowe weglowodory aromatyczne

zb. — zbiorowisko



Streszczenie

Dysertacja doktorska po$wigcona jest zalezno§ciom pomigdzy réznorodnosciag flory-
styczno-siedliskowa zbiorowisk trawiastych a wlasciwos$ciami chemicznymi i mikrobiologicz-
nymi gleb w dolinie rzeki Obry (Wielki Leg Obrzanski). Badania prowadzono w latach 2022—
2023 w 20 punktach obejmujacych uzytki zielone o zroznicowanych warunkach siedliskowych.

Analizy fitosocjologiczne pozwolity wyr6zni¢ pig¢ jednostek roslinnosci takowej:
Molinietum caeruleae, Alopecuretum pratensis, Arrhenatheretum elatioris, Lolio-Cynosuretum
oraz zbiorowisko Poa pratensis-Festuca rubra. Jednostki roznily si¢ sktadem florystycznym
1 poziomem bioréznorodnosci — najwyzszy odnotowano w Molinietum caeruleae, a najnizszy
w Lolio-Cynosuretum.

Stwierdzono, ze odczyn gleb byt gtownym czynnikiem r6znicujagcym poszczegolne sie-
dliska. Zawarto$¢ wegla organicznego i1 azotu ogdlnego ujemnie korelowata z bior6znorodno-
$cia, natomiast wysoka zasobno$s¢ w makro- i mikroelementy zaobserwowano w siedliskach
czesciej koszonych (Alopecuretum pratensis, Lolio-Cynosuretum).

Istotne réznice dotyczyty takze liczebno$ci poszczegdlnych mikroorganizmoéw. Naj-
mniejsza liczebno$¢ mikrobiologiczng stwierdzono w glebie pod Molinietum caeruleae, naj-
wigksza w glebie pod Alopecuretum pratensis (szczeg6lnie bakterii heterotroficznych 1 promie-
niowcoéw), natomiast w Lolio-Cynosuretum dominowal Azotobacter spp. Wykazano rowniez,
ze zwigzki fenolowe, takie jak katechina, kwas galusowy czy kwas cynamonowy, istotnie ko-
relowaly z liczebno$cig poszczegdlnych grup drobnoustrojow.

Aktywnos$¢ enzymatyczna (katalazy, dehydrogenaz, fosfataz, proteaz i ureazy) byta
zroznicowana pomig¢dzy zbiorowiskami i zalezata od warunkow siedliskowych. Najwyzszg ak-
tywno$¢ biochemiczng odnotowano w glebach zyznych i intensywnie uzytkowanych. Analizy
dowiodty, ze sezonowo$¢ wplywata na aktywno$¢ enzymatyczng (wicksza w okresie wiosen-
nym, a mniejszg jesienia), co odzwierciedlato cykliczne zmiany w ekosystemach.

Otrzymane rezultaty badan wskazuja, ze zaleznos$ci migdzy roslinnoscig, chemizmem
gleby, mikrobiota 1 aktywnoscia enzymatyczng sg kluczowe dla funkcjonowania ekosystemow
takowych. Nalezy jednak podkresli¢ ostroznos¢ w formutowaniu wnioskoéw, wynikajaca z pio-
nierskiego, interdyscyplinarnego charakteru badan taczacych fakarstwo i mikrobiologi¢ $rodo-

wiska glebowego.

Stowa kluczowe: aktywno$¢ enzymatyczna, gleba, mikroorganizmy, roznorodnos$¢ flory-

styczna, uzytki zielone
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Abstract

The doctoral dissertation is devoted to the relationships between the floristic—habitat di-
versity of grassland communities and the chemical and microbiological properties of soils in
the Obra River valley (Wielki Leg Obrzanski). The research was conducted in 2022—-2023 at 20
sites encompassing grasslands with diverse habitat conditions.

Phytosociological analyses distinguished five grassland units: Molinietum caeruleae, Al-
opecuretum pratensis, Arrhenatheretum elatioris, Lolio-Cynosuretum, and the community Poa
pratensis—Festuca rubra. These grassland units differed in floristic composition and biodiver-
sity levels — the highest was recorded in Molinietum caeruleae, and the lowest in Lolio-Cyno-
suretum.

Soil pH was identified as the main factor differentiating the studied habitats. Organic
carbon and total nitrogen content negatively correlated with biodiversity, while higher availa-
bility of macro- and microelements was observed in more frequently mown habitats (4/ope-
curetum pratensis, Lolio-Cynosuretum).

Significant differences were also found in the abundance of microorganisms. The lowest
microbial counts were observed in soils under Molinietum caeruleae, whereas the highest oc-
curred under Alopecuretum pratensis, particularly for heterotrophic bacteria and actinobacteria.
In turn, Lolio-Cynosuretum was distinguished by the highest abundance of Azotobacter spp.
Moreover, phenolic compounds such as catechin, gallic acid, and cinnamic acid were shown to
significantly correlate with the abundance of specific microbial groups.

Enzymatic activity (catalase, dehydrogenases, phosphatases, proteases, and urease) var-
ied among plant communities and was strongly dependent on habitat conditions. The highest
biochemical activity was recorded in fertile and intensively managed soils. Analyses also con-
firmed a clear seasonal effect: enzymatic activity was higher in spring and declined in autumn,
reflecting cyclical ecosystem dynamics.

The results demonstrate that the interrelations among vegetation, soil chemistry, micro-
biota, and enzymatic activity are key to the functioning of grassland ecosystems. However,
caution in formulating final conclusions is warranted due to the pioneering and interdisciplinary

character of this study, which combines grassland science and soil microbial ecology.

Keywords: enzymatic activity, soil, microorganisms, floristic diversity, grasslands
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1. Wstep

1.1. Rola uzytkow zielonych w krajobrazie przyrodniczym i rolniczym

Pohaturalne uzytki zielone, takie jak taki 1 pastwiska, sg ekosystemami $cisle zwigza-
nymi z dziatalno$cig cztowieka. Wigkszo$¢ z nich powstala w wyniku zagospodarowania
wykarczowanych obszarow lesnych do celow rolniczych. Wraz ze wzrostem liczby ludnosci
1 dynamicznym rozwojem cywilizacji zyzne grunty zaczg¢to wykorzystywaé do uprawy roslin
na polach, natomiast grunty marginalne o nizszej zyznosci oraz tereny podmokte uzytkowano
jako taki i pastwiska. Ekosystemy te sg istotnym elementem krajobrazu Europy Srodkowe;.
Oprocz tego, ze sa zrodlem paszy, taki petnig wiele innych, fundamentalnych dla cztowieka
funkcji ekosystemowych. Odgrywaja one kluczowe funkcje w przyrodzie: klimatyczna, hydro-
logiczna, ochronng, filtracyjng i fitosanitarng, krajobrazowa, estetyczng i biocenotyczng.
Ponadto taki sg schronieniem dla wielu gatunkow roslin i zwierzat, w tym rzadkich i chronio-
nych (Bengtsson i in., 2019; Grzegorczyk, 2016; Laidlaw i Sebek, 2012).

Uzytki zielone wypelniaja wieloaspektowa rolg w ksztalttowaniu krajobrazu Europy.
Stanowia one jedne z najstarszych 1 najcenniejszych potnaturalnych ekosystemow kontynentu,
uksztattowanych pod wptywem tradycyjnych praktyk uzytkowania, takich jak wypas i kosze-
nie. Zajmuja okoto 34% powierzchni uzytkow rolnych w Unii Europejskiej, co $wiadczy o ich
istotnym znaczeniu zarGwno w produkcji rolniczej, jak 1 w zachowaniu waloréw przyrodni-
czych krajobrazu wiejskiego (Elliott i in., 2024; Eurostat, 2020; Schils i in., 2022). W Polsce
udzial tgk i pastwisk jest mniejszy, jednak nadal istotny, gdyz obejmuja one okolo 20%
powierzchni wszystkich uzytkdéw rolnych (Gabryszuk i in., 2022; GUS, 2024).

Uzytki zielone petnig funkcje lacznika pomiedzy sSrodowiskiem naturalnym a dziatalno-
Scig cztowieka. Sg miejscem produkcji biomasy (gtéwnie paszowej), ale jednoczesnie utrzy-
muja wysokg biordéznorodno$¢ oraz wplywaja pozytywnie na mikroklimat, stosunki wodne
1 strukture gleb. Dzigki swojej heterogenicznos$ci siedliskowej (wilgotne ki, murawy ksero-
termiczne, laki gorskie itp.) wspieraja wystepowanie licznych gatunkéw roslin 1 zwierzat,
w tym wielu objetych ochrong w ramach sieci Natura 2000 (Fraser i in., 2022; Liu 1 in., 2025;
Veen
iin., 2009).

Rola uzytkow zielonych nie ogranicza si¢ wylacznie do zachowania roznorodnosci
biologicznej. Ich obecnos¢ wplywa takze na jako$¢ 1 estetyke krajobrazu kulturowego, beda-

cego waznym elementem tozsamo$ci regionalnej. Wspieraja one réwniez turystyke
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przyrodnicza 1 zréwnowazony rozwoj obszaréw wiejskich, stanowigc zrodto dochodu
w ramach ekoturystyki oraz produktow regionalnych (Peeters, 2012).

Ponadto uzytki zielone speiniajg istotne funkcje ekohydrologiczne — spowalniajg odptyw
powierzchniowy, wspomagajg infiltracj¢ wod opadowych 1 zmniejszaja ryzyko powodzi.
Systemy korzeniowe roslin trawiastych poprawiaja strukturg gleby i przeciwdzialaja jej zagesz-
czeniu oraz erozji. Dzigki duzej produkcji biomasy i niskiej intensywnos$ci zabiegoéw agrotech-
nicznych, uzytki zielone wykazuja tez duzy potencjal w zakresie sekwestracji wegla, co czyni
je waznym elementem strategii klimatycznych Unii Europejskiej (Mayel i in., 2021; Pazar i in.,
2024; Soussana i in., 2007).

Z punktu widzenia rolnictwa, trwale uzytki zielone stanowig podstawowe zrddlo paszy
objetosciowej dla przezuwaczy, szczegdlnie w gospodarstwach niskotowarowych oraz eksten-
sywnych systemach produkcji mleka i migsa. Ich odpowiednie uzytkowanie (koszenie, wypas,
nawozenie organiczne) umozliwia uzyskiwanie paszy wysokiej jakosci przy jednoczesnym
utrzymaniu waloréw przyrodniczych i krajobrazowych (Horan, 2018; Klootwijk, 2024; Wrobel
iin., 2025).

Warto podkresli¢, ze uzytki zielone sg roéwniez przedmiotem wielu unijnych polityk
wspierajacych zrownowazone gospodarowanie gruntami. W ramach Wspdlnej Polityki Rolnej,
ptatnosci bezposrednich 1 programow rolno-srodowiskowo-klimatycznych promowane jest za-
chowanie trwatych uzytkow zielonych oraz wdrazanie praktyk sprzyjajacych ochronie gleby,
wody 1 bioréznorodnosci (European Commission, 2021; Klootwijk, 2024; Zielinski

iin., 2025).

1.2. Rola zroznicowania florystycznego w ekosystemach uzytkow trawia-

stych

Zroéznicowanie gatunkowe stanowi istotny czynnik warunkujacy stabilnos$¢ 1 odpornos¢
zbiorowisk trawiastych na dziatanie stresorow $rodowiskowych zaréwno abiotycznych, jak
1 biotycznych. Zbiorowiska charakteryzujace si¢ wysokim bogactwem florystycznym cechuja
si¢ wickszg efektywnoscig w wykorzystaniu dost¢pnych zasobow (woda, sktadniki mineralne,
swiatlo). Przektada si¢ to na ich zwigkszong produktywnos$¢ oraz zdolno$¢ do szybkiej regene-
racji po wszelkich zaktoceniach antropogenicznych. Ponadto réznorodno$¢ roslin wspiera
utrzymanie wysokiego poziomu bior6znorodnosci organizmow glebowych, w tym mikrobioty,
co ma kluczowe znaczenie dla funkcjonowania proceséw biogeochemicznych w glebie oraz

obiegu pierwiastkow. Zroznicowanie florystyczne rozumiane jest nie tylko jako liczba
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gatunkow, lecz rowniez jako ztozono$¢ strukturalna i funkcjonalna roslinnosci. Stanowi ono
fundamentalny element zapewniajacy wielofunkcyjnos¢ ekosystemow trawiastych, ich stabil-
no$¢ ekologiczng oraz odporno$¢ na zmiany $rodowiskowe i zaburzenia antropogeniczne
(Dumont i in., 2022; Freitag i in., 2023; Isbell i in., 2011; Mashiane 1 in., 2023).

Zréznicowanie florystyczne determinuje odpornos$¢ funkcjonalng ekosystemow trawia-
stych, rozumiang jako zdolno$¢ do podtrzymywania podstawowych proceséw ekologicznych
w warunkach zmiennos$ci $srodowiskowej. Obecnos$¢ wielu gatunkéw roslinnosci trawiastej,
pehiacej zblizone funkcje ekologiczne pozwala na tzw. efekt zastepowalnosci funkcjonalnej —
w przypadku zaniku lub ostabienia roli jednych gatunkéw, inne moga przejaé ich funkcje
w ekosystemie. Mechanizm ten sprzyja stabilizacji produktywnosci, utrzymaniu efektywnosci
wykorzystania zasobow glebowych oraz cigglo$ci $wiadczenia ,,uslug ekosystemowych”
(sekwestracja wegla, retencja wody czy podtrzymywanie aktywnosci biologicznej gleby).
W efekcie, wysoka réznorodno$¢ roslinna zwigksza odpornos¢ zbiorowisk na stresy srodowi-
skowe oraz ich zdolno$¢ do adaptacji w obliczu zmian klimatycznych i presji cztowieka (Wang
iin., 2022; Weisser i in., 2017; Zhang i in., 2023).

W Europie Srodkowej i Wschodniej trwate uzytki zielone, w tym poaturalne taki
1 pastwiska, nalezg do najbardziej zroznicowanych biologicznie zbiorowisk ladowych. Osiagaja
one czesto ponad 30 gatunkow roslin naczyniowych na 1 m? (Dengler i in., 2013; Habel i in.,
2013). Ich zachowanie ma istotne znaczenie nie tylko z perspektywy ochrony bior6znorodno-
Sci, ale takze dla zapewnienia ,,ustug ekosystemowych”, produkcyjnych i krajobrazowych.

W szczegdlnoscei taki $wieze 1 zmiennowilgotne klasy Molinio-Arrhenatheretea odzna-
czaja si¢ duzym bogactwem gatunkowym 1 wysoka warto$cig ekologiczng. Niestety sg one
obecnie silnie zagrozone przez intensyfikacje rolnictwa, zaniechanie uzytkowania lub sukcesje
drzewiastg. Ich utrata prowadzi do homogenizacji krajobrazu oraz spadku bior6éznorodnosci
(Jackowiak, 2023; Kotanska i in., 2016; Mtynkowiak i Kutyna, 2011).

Laki trwate moga by¢ wykorzystywane jako tgki kosne i pastwiska, a takze do obu tych
celow na przemian. Ich sktad gatunkowy zalezy od formy i intensywnosci uzytkowania.
Tradycyjne, ekstensywne uzytkowanie gk — obejmujace umiarkowane koszenie, wypas oraz
niewielkie nawozenie organiczne — sprzyja utrzymaniu bogatych zbiorowisk fakowych. Z kolei
intensywne uzytkowanie (czgste koszenie, wysokie dawki nawozow mineralnych, melioracje)
prowadzi do homogenizacji roslinno$ci, eliminacji gatunkdéw charakterystycznych dla danego
siedliska oraz zaniku zbiorowisk o wysokiej warto$ci przyrodniczej (Barszczewski i in., 2015;
Talle i in., 2016; Wrébel i in., 2021). Wplywa to na jako$¢ i ilo$¢ paszy dla zwierzat uzyskiwa-
nej z powyzszych fak (Burczyk i in., 2018; Byrnes i in., 2018; Wrobel i in., 2025).
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W runi tgk dominuja trawy, wystepuja tam tez turzyce, sitowia, rosliny dwuliscienne
i niewielkie krzewy, ktore mogg by¢ zjadane przez pasace si¢ zwierzeta. Forma uzytkowania
tak determinuje strukturg gatunkowa runi. Na fgkach kosnych dominujg gatunki traw wysokich.
Natomiast w runi pastwisk dominujg gatunki traw niskich, a udziat wybranych gatunkow traw
wysokich jest niewielki (Klarzynska i Kryszak, 2015; Wrébel i in., 2021). Oprécz traw, wazna
role w sktadzie florystycznym runi tak odgrywaja rosliny straczkowe. Sktad gatunkowy obe;j-
muje réwniez gatunki zidl i chwastow — grupe funkcjonalng charakteryzujaca si¢ wyzsza
zawartoscig biatka, weglowodanow, mineratow, witamin 1 innych substancji czynnych, ktére
sg korzystne dla zdrowia zwierzat (Klarzynska i Kryszak, 2015; Szuleta i in., 2017; Wrdbel
iin., 2021).

Wieloletnie badania potwierdzaja, ze ekosystemy o wyzszym poziomie roznorodnosci
gatunkowej cechujg sie wieksza produktywnoscia i odpornoscia na stresy srodowiskowe, takie
jak susze, nadmierne opady czy choroby roslin (Eisenhauer i in., 2024; Weisser 1 in., 2017).
Zréznicowane zbiorowiska lepiej wykorzystuja dostepne zasoby — wode, $wiatto, sktadniki
mineralne — dzigki obecnosci gatunkoéw o zroznicowanych strategiach zyciowych i strukturach
korzeniowych. W konsekwencji ro$nie efektywnos$¢ funkcjonowania catego systemu i jego
zdolno$¢ do sprawnej regeneracji.

Roéznorodnos¢ florystyczna odgrywa istotng role w ksztattowaniu struktury oraz aktyw-
nosci mikroorganizmow glebowych. Oddzialuje ona na ich sktad 1 funkcjonalno$¢ poprzez
zrdznicowane ilosci 1 jako$¢ eksudatow korzeniowych oraz resztek roslinnych wprowadzanych
do gleby. Zbiorowiska roslinne o wysokim bogactwie gatunkowym wytwarzaja bardziej
ztozony 1 zr6znicowany strumien materii organicznej, CO Sprzyja rozwojowi zréoznicowanego
mikrobiomu glebowego. W konsekwencji prowadzi to do intensyfikacji procesow mineralizacji
substancji organicznej, wzrostu aktywnos$ci enzymatycznej oraz korzystnych zmian w struktu-
rze agregatowej gleby. Takie srodowisko charakteryzuje si¢ zwigkszong efektywnos$cia obiegu
pierwiastkOw oraz wyzszg stabilno$cig biologiczng, co podkresla kluczowa rolg florystycznej
roznorodnos$ci w utrzymaniu funkcjonalnosci 1 zdrowia gleb w ekosystemach trawiastych
(Lange i in., 2015; Shi i in., 2023).

Zbiorowiska roslinne charakteryzujace si¢ wysokim bogactwem florystycznym wykazuja
zwiekszong odpornos¢ na inwazje gatunkow obcych oraz lepiej utrzymuja rownowagg troficzng
w ekosystemie. R6znorodno$¢ gatunkowa ogranicza dostgpnos¢ nisz ekologicznych dla roslin-
no$ci inwazyjnej poprzez efektywne wykorzystanie zasobow, takich jak $wiatlo, przestrzen,

woda i sktadniki mineralne, co prowadzi do tzw. efektu konkurencyjnego wykluczenia. Tego
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typu mechanizm sprzyja stabilizacji zbiorowisk oraz ogranicza sukces kolonizacyjny gatunkow
ekspansywnych (Cheng i in., 2024; Weisser i in., 2017).

Ponadto florystycznie bogate uzytki zielone wspierajg zachowanie funkcjonalnych grup
fauny, w tym owadow zapylajacych, ptakow zwigzanych z siedliskami otwartymi oraz drob-
nych ssakéw. Wysoka heterogenicznos$¢ strukturalna i obecnos$¢ zrdoznicowanych form zycia
roslin tworza mozaike mikrohabitatow o zréznicowanych warunkach mikroklimatycznych,
pokarmowych 1 schronieniowych. Dzigki temu takie zbiorowiska odgrywaja istotng role
w utrzymaniu lokalnej bior6znorodnosci i ksztattowaniu sieci troficznych. Ponadto zwigkszaja
ich warto$¢ przyrodnicza oraz potencjat ekologiczny zarowno w krajobrazie rolniczym, jak

i potaturalnym (Bengtsson i in., 2019).
1.3. Rola uzytkow zielonych w obliczu zmian klimatu

Zmiany klimatyczne stanowia jedno z najpowazniejszych wyzwan dla wspolczesnych
ekosystemoéw ladowych, w tym takze dla ekosystemoéw uzytkdéw zielonych. Wzrost §rednich
temperatur, zmienno$¢ opaddw, wzrost czgstosci wystepowania ekstremalnych zjawisk pogo-
dowych (susze, powodzie, fale upatow), a takze podnoszenie si¢ poziomu CO. w atmosferze
wywierajg znaczacy wplyw na produktywnos¢, strukture 1 funkcjonowanie zbiorowisk trawia-
stych (IPCC, 2023).

Uzytki zielone, dzigki trwatej 1 dobrze rozwinigtej pokrywie roslinnej, odgrywaja istotna
role w tagodzeniu skutkow zmian klimatu, pelnigc funkcje efektywnych buforéw klimatycz-
nych. Przede wszystkim sg one waznymi magazynami wegla (zar6wno w postaci biomasy nad-
ziemnej, jak glebowej), przechowujacymi ponad 80% catkowitego C zgromadzonego w tych
ekosystemach. W pordwnaniu z innymi formacjami ro§linnymi, np. lasami, uzytki zielone ce-
chuja si¢ wigksza stabilno$ciag jako pochlaniacze wegla, zwlaszcza w warunkach wywotanych
przez pozary, susze czy intensywne uzytkowanie. Wynika to z faktu, iz wegiel akumulowany
jest gldwnie w stabilnych, organicznych frakcjach glebowych (Borana i in., 2023; Emadodin
iin., 2021). Ponadto zbiorowiska trawiaste poprawiaja bilans wodny krajobrazu, ograniczajac
erozj¢ i zwigkszajac infiltracje oraz retencje wody w glebie, szczegolnie w obliczu nasilajacych
si¢ zjawisk ekstremalnych, np. dlugotrwatych susz czy intensywnych, nawalnych opadow
(Yang 1 in., 2019). Roslinno$¢ tych siedlisk zwigksza zawarto$¢ materii organicznej w glebie,
poprawiajac jej pojemnos¢ wodng 1 zdolno$¢ do magazynowania wilgoci. Dodatkowo ich struk-
tura gatunkowa i r6znorodnos$¢ funkcjonalna sprzyjaja odpornosci biologicznej i ekologicznej.

Trawy bowiem wykazujg cechy szybkiej regeneracji i elastycznos$ci w dostosowaniu si¢ do
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zmiennych warunkéw klimatycznych (Nippert i in., 2022). W efekcie, zrOwnowazone gospo-
darowanie tymi ekosystemami moze stanowi¢ element szerszej strategii na rzecz klimatycznej
odpornosci krajobrazéw wiejskich.

W obliczu koniecznos$ci adaptacji sektora rolniczego do zmieniajacego si¢ klimatu, trwate
uzytki zielone pelnig istotng role jako elementy buforowe tego krajobrazu. Dzigki trwatlej
pokrywie roslinnej, ograniczonej agrotechnice i ciggtosci funkcjonowania ekosystemu, wpty-
waja one korzystnie na lokalny mikroklimat. Poprzez stabilizacje temperatury gleby zmniej-
szaja wahania wilgotno$ci oraz tagodzg efekty ekstremalnych zjawisk pogodowych, takich jak:
fale upatow czy okresy suszy. Uzytki zielone wplywaja tez pozytywnie na sasiednie uprawy
poprzez ochrong przed wiatrem, utrzymanie wyzszej wilgotnosci powietrza i gleby oraz zmniej-
szanie zjawiska stresu termicznego. Ponadto, ulatwiaja one integrowanie rolnictwa z elemen-
tami przyrodniczymi, takimi jak: zadrzewienia §rodpolne, mokradta czy korytarze ekologiczne.
Taka strukturalna kompleksowo$¢ krajobrazu tworzy ztozone systemy agroekologiczne
o zwickszonej odpornosci na zmienne warunki srodowiskowe zaréwno klimatyczne, jak i an-

tropogeniczne (Jeanneret i in., 2021; Ogwu i Kosoe, 2025; Simelton i in., 2021).
1.4. Znaczenie mikroorganizmow w glebach uzytkow zielonych

Mikroorganizmy glebowe odgrywaja kluczowg role w funkcjonowaniu uzytkow zielo-
nych, odpowiadajac za rozkiad materii organicznej, cykle wegla, azotu, siarki i fosforu,
tworzenie humusu oraz stabilizacj¢ struktury gleby. Ich aktywno$¢ bezposrednio wplywa na
zyzno$¢, produktywnos$¢ 1 stabilno$¢ ekosystemoéw trawiastych. Do najwazniejszych grup
mikroorganizmow nalezg bakterie, promieniowce 1 grzyby. Ich réznorodnos¢ 1 liczebnose¢
stanowi czuly wskaznik jakosci §rodowiska glebowego oraz jego zdolnoS$ci regeneracyjnych
w warunkach presji antropogenicznej czy zmian klimatycznych. Gleby trwatych uzytkow
zielonych, dzigki ciggltosci pokrywy roslinnej i ograniczonemu przeksztatcaniu, stanowig
siedliska o wyjatkowo wysokiej aktywnosci biologicznej (Kinsbergen i in., 2025; Siebert i in.,
2023; Wang i in., 2025).

1.4.1. Bakterie i promieniowce — funkcje i znaczenie

Gleby uzytkéw zielonych tworza dynamiczne $rodowisko zycia dla ré6znorodnych drob-
noustrojow. Bakterie odgrywaja kluczowa rol¢ w funkcjonowaniu gleb uzytkow zielonych,
wplywajac na ich zyznos$¢, strukture oraz zdolnos¢ do magazynowania i obiegu sktadnikow

odzywczych. Sa one jednym z najwazniejszych komponentéw mikrobiomu glebowego,
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stanowigc nawet 70-90% catkowitej biomasy mikroorganizmow w glebie. Ich aktywnos$¢
biologiczna i enzymatyczna, szczego6lnie w warunkach naturalnych i potnaturalnych uzytkoéw
zielonych, decyduje o intensywnosci procesow biogeochemicznych (mineralizacja materii
organicznej, humifikacja czy obieg wegla, azotu, siarki i fosforu w przyrodzie). Bakterie gle-
bowe wplywaja na obieg sktadnikéw pokarmowych, wspomagaja wzrost roslin, zwigkszaja
odpornos¢ roslin na patogeny i warunki stresowe, a takze uczestniczg w formowaniu agregatow
glebowych i prochnicy (Ibafiez De Aldecoa i in., 2017; Wang i in., 2024).

Bakterie istotnie wptywaja na strukture gleby poprzez produkcje polisacharydéw
zewnatrzkomérkowych oraz innych substancji $Sluzowych, ktére sprzyjaja agregacji
czastek mineralnych. Proces ten podnosi stabilnos$¢ strukturalnosci gleb, zwigksza ich zdolnos¢
do retencjonowania wody 1 ogranicza erozj¢. Jednoczes$nie bakterie uczestniczg w tworzeniu
humusu, poprzez dekompozycj¢ materii organicznej i jej humifikacj¢. Produkowane przez bak-
terie enzymy, m.in. dehydrogenazy, fosfatazy i ureazy pelnig kluczowe funkcje w cyklach
wegla, azotu i fosforu, przyczyniajac si¢ do mineralizacji pierwiastkow oraz poprawy zasobno-
sci srodowiska glebowego (Cania i in., 2020; Costa i in., 2018; Daunoras 1 in., 2024; Solangi
iin., 2024).

Wsrod bakterii szczegdlne znaczenie maja mikroorganizmy ryzosferowe nalezace do tzw.
PGPR (Plant Growth Promoting Rhizobacteria), takie jak: Azospirillum, Pseudomonas, Bacil-
lus, Streptomyces czy Azotobacter. Poprzez produkcje roslinnych regulatoréw wzrostu, kwa-
sow organicznych oraz zdolnosci do wigzania azotu atmosferycznego 1 solubilizacji fosforu,
wspomagaja one wzrost roslin oraz zwigkszaja ich odpornos$¢ zardwno na stresy abiotyczne,
jak 1 biotyczne (Al-Baldawy 1 in., 2023; Grobelak 1 in., 2015; Sumbul 1 in., 2020; Tabassum
iin., 2017).

Bakterie zdolne do asymilacji azotu atmosferycznego odgrywaja wazna rolg¢ w przypadku
uzytkéw zielonych, zwtaszcza tych bogatych w rosliny bobowate. Tworzg one symbiotyczne
uktady z bakteriami z rodzajow Rhizobium, Bradyrhizobium 1 Sinorhizobium, dzigki czemu
moga wigzac¢ azot atmosferyczny. W ten sposdb wzbogacaja glebe w ten sktadnik i przyczyniaja
si¢ do intensywnego rozwoju roslin oraz tworzenia biomasy bogatej w biatko (Mahmud i in.,
2020). Natomiast wolno zyjace formy bakterii, takie jak rodzaj Azotobacter, wigza azot nieza-
leznie od gospodarza. Sg to organizmy tlenowe, ktore potrafig asymilowac azot czasteczkowy
(N2) bez udziatu symbiontow roslinnych. Tym samym wzbogacajg one glebe w przyswajalne
formy azotu nawet w nieobecnos$ci ro§lin bobowatych. Bakterie Azotobacter spp. dodatkowo
syntetyzuja witaminy z grupy B, ros$linne regulatory wzrostu (np. kwas indolilooctowy — IAA)

oraz stymulujg rozwoj systemu korzeniowego roslin (Aasfar i in., 2021; Sivasakthi i in., 2017).
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Z kolei promieniowce (Actinobacteria) petnig kluczowa rolg w uzytkach zielonych, jako
dominujagca grupa mikroorganizméw glebowych, taczac zaré6wno cechy bakterii, jak
1 grzybow. Tworzg one rozbudowang sie¢ nitkowatych strzgpek, tzw. grzybni¢ powietrzna, co
zwigksza powierzchni¢ aktywnego kontaktu z glebg i materig organiczng. Dzigki produkcji
zewnatrzkomérkowych enzyméw hydrolitycznych, promieniowce sa zdolne do rozktadu
ztozonych wigzan organicznych, takich jak: celuloza, chityna, lignina czy kwasy huminowe.
Przyczynia si¢ to do formowania prochnicy i1 napedza cykl wegla w glebie. Ponadto wielu
przedstawicieli Actinobacteria, zwlaszcza z rodzaju Streptomyces, syntetyzuje szeroki
wachlarz substancji antybiotycznych (np. streptomycyna, erytromycyna), ktéore hamuja rozwoj
patogendw roslinnych. Dodatkowo producenci takich metabolitow moga stymulowaé odpor-
no$¢ roslin przed patogenami i wszelkimi chorobami (Barka i in., 2016; Boubekri i in., 2022;

Boukhatem 1 in., 2022; Lewin i in., 2016; Zhang i in., 2019).
1.4.2. Grzyby — destruenci, symbionty i regulatorzy

Grzyby stanowia fundamentalng, cho¢ liczebnie mniejszg niz bakterie grupe drobnoustro-
jow w glebach uzytkéw zielonych, z istotnym udzialem w biomasie oraz funkcjach ekologicz-
nych. Odgrywaja wazna role w licznych procesach biologicznych, fizykochemicznych i bio-
chemicznych. Organizmy te uczestnicza w rozktadzie materii organicznej, wspieraja retencje
wody, wzmacniajg strukturg gleby oraz wplywajg na obieg pierwiastkow. Dzigki enzymom ze-
wnatrzkomorkowym (np. celulazy, ligninazy, chitynazy) grzyby rozktadaja ztozone zwigzki
organiczne, przyczyniajac si¢ do powstawania prochnicy i utrzymania zyznosci gleby. Ich ak-
tywnos$¢ sprzyja tez stabilno$ci ekosystemu, jego odpornosci na stresy srodowiskowe i1 funk-
cjonowanie ,,ustug ekosystemowych” (np. cyrkulacji sktadnikow pokarmowych 1 zatrzymywa-
nia wilgoci) (Frac 1 in., 2018; Macias-Benitez 1 in., 2020; Zhou 1 in., 2024).

Szczegdlna role w ekosystemach fakowych odgrywaja grzyby mykoryzowe, szczegdlnie
arbuskularne grzyby mykoryzowe (AMF). Tworza one zwigzek symbiotyczny z korzeniami
ponad 90% gatunkow roslin naczyniowych. Dzieki rozbudowanej sieci strzepek grzyby
te zwigkszaja powierzchni¢ chlonng systemu korzeniowego, ulatwiajac pobieranie sktadnikow
pokarmowych, zwlaszcza fosforu, cynku i miedzi oraz poprawiajg zaopatrzenie roslin w wodg.
W zamian otrzymuja od roslin zwigzki organiczne, gléwnie cukry. Sie¢ mykoryzowa umozli-
wia rowniez transport sktadnikéw pokarmowych migdzy ro§linami, a takze dziata jako swoisty
system ostrzegania o stresach srodowiskowych czy infekcjach (Koorem 1 in., 2024; Simard

1in., 2012; Yuvaraj i Ramasamy, 2020).
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Grzyby pelnig rowniez funkcje bioprotekcyjne. Dzigki produkcji zwigzkow antybakteryj-
nych i fungistatycznych moga ogranicza¢ rozwdj patogendéw glebowych. Wspomagaja tez
rosliny w przystosowaniu si¢ do stresOw srodowiskowych np. suszy, zasolenia, zanieczyszcze-
nia metalami ci¢zkimi czy wielopierscieniowymi weglowodorami aromatycznymi (WWA).
Rosliny wspolpracujace z grzybami mykoryzowymi wykazuja bowiem wigkszg odpornos¢ na
niekorzystne warunki siedliskowe i patogeny, co ma szczegdlne znaczenie w ekosystemach
takowych podlegajacych presji antropogenicznej (Lenoir i in., 2016; Tang 1 in., 2022; Valen-
zuela-Aragon i in., 2025; Wang i Chen, 2024).

1.5. Znaczenie aktywnosci enzymatycznej w glebach uzytkow zielonych

W ekosystemach glebowych enzymy odgrywaja niebagatelng role w regulacji proceséw
biogeochemicznych, zwlaszcza w zakresie transformacji materii organicznej i dostgpnosci
sktadnikéw odzywczych. Gtoéwnym zrodtem enzymow w glebie sg mikroorganizmy, ktore syn-
tetyzuja 1 wydzielaja je do sSrodowiska w odpowiedzi na warunki siedliskowe i potrzeby meta-
boliczne. Enzymy pochodzenia mikrobiologicznego sa dominujace, jednak w mniejszych ilo-
Sciach sg rowniez produkowane przez systemy korzeniowe roslin oraz mezo- i makrofaune gle-
bowa.

Do najistotniejszych enzymow biorgcych udziat w rozktadzie materii organicznej naleza
te, ktore katalizuja degradacj¢ ztozonych polimerdéw roslinnych, takich jak: lignina i celuloza,
a takze enzymy uczestniczace w mineralizacji organicznych form azotu, fosforu i siarki.
Procesy te prowadza do uwolnienia pierwiastkow biogennych w formach przyswajalnych dla
roslin, umozliwiajac ponowne wiaczenie w obieg zwigzkéw organicznych niezbednych dla
ekosystemu glebowego (Grgas i in., 2023; Grzyb i in., 2020; Kuhad i in., 2013).

Aktywnos¢ enzymatyczna gleby jest powszechnie uznawana za czuly 1 wezesny bioindy-
kator zmian zachodzacych w §rodowisku glebowym. Reaguje ona dynamicznie zarowno na
czynniki naturalne (temperatura, wilgotnos$¢, dostepnos¢ substratow), jak i1 antropogeniczne
(zanieczyszczenia, zabiegi agrotechniczne). W poréwnaniu z innymi wskaznikami biologicz-
nymi, aktywno$¢ enzymatyczna lepiej odzwierciedla zyzno$¢ gleby oraz jej potencjat produk-
cyjny (Daunoras 1 in., 2024; Furtak 1 Gatazka, 2019; Wang 1 in., 2023).

Dehydrogenazy, to enzymy uczestniczagce w procesach utleniania-redukcji, zwigzanych
z oddychaniem komoérkowym mikroorganizméw. Ze wzgledu na to, Ze wystepuja wylacznie
w zywych komorkach, ich aktywno$¢ traktowana jest jako ogoélny wskaznik zywotnosci mikro-

bioty glebowej. Dehydrogenazy katalizuja przemiany zwigzkow organicznych i sg szczegolnie
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czule na zmiany $srodowiskowe. Ich aktywno$¢ maleje w warunkach degradacji gleby, nadmier-
nej intensyfikacji uzytkowania lub spadku zawarto$ci materii organicznej. W glebach uzytkow
zielonych utrzymywanych bez intensywnego nawozenia i z ograniczonym zaburzeniem struk-
tury gleby (np. bez orki), aktywnos¢ dehydrogenaz moze by¢ relatywnie wysoka i §wiadczy¢
o dobrym stanie biologicznym $rodowiska (Daunoras i in., 2024; Furtak i Gatazka, 2019; Mar-
cos iin., 2020; Wang i in., 2023).

Fosfatazy, to enzymy katalizujace hydrolize zwigzkéw organicznych zawierajacych fos-
for, uwalniajgce nieorganiczny fosfor dostepny dla roslin. W glebie wystepuja dwa gldwne
typy: fosfataza kwasna (dzialajaca w srodowisku o niskim pH) oraz fosfataza zasadowa (dzia-
tajaca w srodowisku zasadowym). Obie formy odgrywaja kluczowa role w cyklu fosforu, ktory
w glebach jest czesto pierwiastkiem deficytowym. W uzytkach zielonych, gdzie rzadziej stosuje
si¢ fosforowe nawozy mineralne, funkcja tych enzymow zyskuje na znaczeniu. Ich aktywnos¢
moze kompensowac niedobory dostepnego fosforu i wspiera¢ efektywnos$¢ jego obiegu.
Aktywnos$¢ fosfataz koreluje z zawarto$cig materii organicznej i biomasy korzeniowej, a takze
ze strukturg spotecznosci mikrobiologicznej (Liao iin., 2020; Wahdan i in., 2021; Wyszkowska
1 Wyszkowski, 2010; Yang i in., 2016).

Ureaza, to enzym odpowiedzialny za rozktad mocznika do amoniaku 1 ditlenku wegla.
Proces ten jest waznym etapem mineralizacji azotu organicznego i przeksztalcania go w formy
przyswajalne przez rosliny. Gleby uzytkéw zielonych, bogate w materi¢ organiczng, czesto
charakteryzuja si¢ wysoka aktywno$cig ureazy, co §wiadczy o intensywnym obiegu azotu
1 potencjale do jego naturalnego udost¢pniania roslinom. Zbyt wysoka aktywnos$¢ ureazy,
szczegOlnie w potgczeniu z intensywnym nawozeniem azotowym, moze jednak prowadzi¢ do
strat azotu w postaci emisji amoniaku (NHs). Stanowi to wyzwanie w zarzadzaniu gospodarka
azotowa w rolnictwie. Z tego wzgledu badanie aktywno$ci ureazy ma znaczenie zar6wno
z perspektywy produktywnosci, jak i ochrony srodowiska (Wang i in., 2020, 2021, 2023).

Katalaza, to enzym uczestniczagcy w ochronie komorek przed toksycznym dziataniem
nadtlenku wodoru (H20:), rozktadajacy go do wody 1 tlenu. Obecno$¢ katalazy 1 jej aktywnos$¢
stanowig wskaznik odporno$ci mikroorganizméw na stres oksydacyjny, a tym samym $wiadcza
o ogolnej stabilnosci srodowiska mikrobiologicznego. W glebach uzytkow zielonych, szcze-
golnie tych bogatych w resztki roslinne 1 charakteryzujacych si¢ wysokim poziomem Zycia
mikrobiologicznego, katalaza odgrywa rol¢ w utrzymaniu rownowagi oksydacyjno-redukcyj-
nej. Jej poziom moze obniza¢ si¢ w warunkach zanieczyszczenia metalami ci¢zkimi, nadmier-

nego przesuszenia lub zakwaszenia gleby (Hu i in., 2022; Li i in., 2022b; Wang i in., 2023).
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Proteazy, to enzymy odpowiedzialne za rozktad biatek do aminokwasow 1 peptydow.
Stanowig istotne ogniwo w mineralizacji azotu organicznego i jego przeksztatcaniu w dostgpne
formy azotu mineralnego. Sg syntetyzowane przez bakterie, grzyby i inne organizmy glebowe.
W glebach uzytkow zielonych proteazy wspomagaja rozktad materii organicznej pochodzacej
z opadtych lisci, obumartych korzeni oraz odchodow zwierzecych. Ich aktywnos$¢ jest pozy-
tywnie skorelowana z aktywno$cig mikrobiologiczng i dostgpnos$cia tatwo przyswajalnych zro-
det wegla. Dzieki nim gleba zachowuje wysoka zdolno$¢ do regeneracji zasobow azotu, co ma
bezposrednie przelozenie na zyznos¢ siedliska (Furtak i Gatgzka, 2019; Moreno 1 in., 2003;

Naga Rajuiin., 2017).
1.6. Wplyw wlasciwosci chemicznych gleb na uzytki zielone

Wilasciwosci chemiczne gleby stanowia jeden z istotnych czynnikow warunkujacych
strukture i funkcjonowanie ekosystemow trawiastych. Okreslaja one dostepnos¢ sktadnikdéw
pokarmowych dla ro$lin, procesy mineralizacji materii organicznej oraz 0ogélng zasobno$¢
1 posrednio urodzajnos¢ siedliska. W kontekscie trwatych uzytkéw zielonych zaréwno potna-
turalnych 1ak, jak i pastwisk, parametry, takie jak odczyn gleby (pH), zawarto$¢ wegla orga-
nicznego (Corg.), azotu 0gdlnego (Nog.), dostepnos¢ makroelementow (P, K, Mg, Mn) oraz sto-
sunek C:N majg bezposrednie przetozenie na sktad florystyczny, produktywno$¢ biomasy 1 sta-
bilno$¢ funkcjonowania ekosystemu (Gerlach i in., 2023; Han 1 in., 2022; Qiu 1 in., 2018; Zhou
iin., 2019).

Odczyn gleby jest jednym z najbardziej wplywowych parametrow srodowiskowych dla
zycia mikroorganizmow, dostgpnosci sktadnikow pokarmowych i1 rozmieszczenia gatunkoéw
roslinnych. Wigkszo$¢ roslin lakowych oraz drobnoustrojow glebowych preferuje warunki
lekko kwasne do obojetnych (pH 5.5-7.5) (Lauber i in., 2009; Zhou i in., 2019). Gleby silnie
kwasne ograniczaja aktywnos$¢ mikroorganizmow, obnizaja biodostepno$¢ wapnia, magnezu
1 fosforu, a jednoczes$nie zwigkszajg mobilnos¢ 1 toksycznos$¢ metali cigzkich. W uzytkach zie-
lonych utrzymywanych w ekstensywnym systemie uzytkowania odczyn gleby moze ulega¢ za-
kwaszeniu wskutek intensywnego wypasu, nadmiaru opadow lub akumulacji materii organicz-
nej. W takich przypadkach wskazane jest okresowe wapnowanie, ktore przywraca rOwnowage
chemiczng 1 wspiera rozwo0j zréznicowane] roslinnosci oraz aktywnosci mikrobiologicznej
(Mitsuta 1 in., 2025; Wenyika 1 in., 2025).

Zawarto$¢ wegla organicznego w glebie odgrywa fundamentalng role w ksztaltowaniu jej

wlasciwos$ci fizykochemicznych i biologicznych. Wegiel organiczny bowiem wplywa na
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strukture agregatowa gleby, jej zdolnos¢ do retencji wody, pojemnos¢ sorpeyjnag, a takze sta-
nowi gtowne zrodlo energii dla mikrobioty glebowej (Lehmann i Kleber, 2015). Gleby
o wysokiej zawarto$ci wegla organicznego sg bardziej odporne na degradacje 1 lepiej wspierajg
procesy mikrobiologiczne, takie jak mineralizacja azotu, fosforu czy siarki. W przypadku uzyt-
koéw zielonych, szczegodlnie tych dhugotrwale uzytkowanych w sposob ekstensywny, zawartos¢
Corg. bywa wyzsza niz w glebach ornych — dzigki mniejszemu zaktoceniu struktury gleby, obec-
nosci wieloletniego systemu korzeniowego i1 dostarczaniu znacznych ilosci resztek roslinnych
(De Bruijn i in., 2012; Dietz i in., 2024; Hu i in., 2024).

Azot jest jednym z najwazniejszych pierwiastkéw determinujacych wzrost roslin oraz ak-
tywnos$¢ biologiczng gleby. W uzytkach zielonych jego dostepno$¢ wynika zardwno z minera-
lizacji zwiazkdéw organicznych, jak i z dzialalno$ci mikroorganizméw wigzacych azot atmos-
feryczny, np. bakterii z rodzaju Azotobacter oraz symbiotycznych bakterii brodawkowych.
Wskaznikiem dynamiki obiegu azotu w glebie jest stosunek C:N. Jego warto§¢ wigksza niz
15 moze wskazywa¢ na dominacje procesOw humifikacji i powolng mineralizacje, natomiast
wartosci ponizej 10, sugeruja szybki rozktad materii organicznej i wysoka aktywnos$¢ mikro-
biologiczna (Fageria, 2014). Umiarkowana zawarto$¢ azotu oraz zrownowazony stosunek C:N
wspierajg rozwdj zbiorowisk o duzym bogactwie gatunkowym. Z kolei nadmierna dostgpnos¢
azotu, np. w wyniku intensywnego nawozenia, moze prowadzi¢ do eutrofizacji siedliska,
zaniku gatunkéw $wiatlolubnych 1 wyspecjalizowanych oraz rozwoju traw ekspansywnych
(Chen 1 in., 2023; Fan i in., 2021; Soons 1 in., 2017). Ponadto nieuzasadniony dodatek azotu
moze zaburza¢ rownowage C:N gleby. W konsekwencji moze to negatywnie wptywac na struk-
ture mikrobiomu 1 zmiany w dekompozycji materii organicznej, sprzyjajac dominacji bakterii
kosztem grzybow 1 detrytusoréw — potencjalnie ostabiajgc funkcjonalng réznorodnos¢ ekosys-
temu trawiastego (Li1in., 2022a).

Fosfor (P), potas (K), magnez (Mg) i mangan (Mn) to podstawowe makro- i mikrosktad-
niki pokarmowe wplywajace na wzrost 1 rozw0j roslin trawiastych. Ich dostgpnos¢ w glebie
zalezy od odczynu, zawarto$ci prochnicy oraz intensywnosci uzytkowania. Fosfor, pomimo ze
jest czesto obecny w glebie w duzych ilo$ciach, wystepuje w formach stabo przyswajalnych.
Aktywnos$¢ mikroorganizmow fosfatazowych ma wiec kluczowe znaczenie dla jego uwalnia-
nia. Niedobory potasu z kolei wptywaja negatywnie na gospodarke wodna roslin i ich odpor-
no$¢ na stresy srodowiskowe. Magnez pelni istotng funkcje jako sktadnik chlorofilu 1 enzyméw
fotosyntetycznych. Mn aktywuje liczne enzymy, np. dehydrogenazy, oksydazy oraz transferazy
i jest sktadnikiem kompleksu biatkowo-metalicznego w fotosystemie (Baghel i in., 2020;

Chaudhry 1 in., 2021; Neupane 1 in., 2023; Pan i Cai, 2023). Zrdéznicowanie zawartosci tych
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pierwiastkdw moze wptywac na sktad florystyczny uzytkéw zielonych. Siedliska zasobne P, K,
Mg i Mn sprzyjaja rozwojowi gatunkow nitrofilnych, natomiast siedliska ubozsze w te makro-
sktadniki — wystepowaniu roslin charakterystycznych dla siedlisk pétnaturalnych, czesto o wy-

sokiej warto$ci przyrodniczej (Hauer-Jakli 1 Trankner, 2019; Sardans i Pefiuelas, 2021).
1.7. Rola zwigzkow fenolowych w glebie

Zwiazki fenolowe, takie jak kwas kawowy, katechina czy taniny, stanowig istotng grupe
wtornych metabolitéw roslinnych, ktore odgrywaja wazng rol¢ w funkcjonowaniu ekosyste-
moéw glebowych. Pelnig one funkcje regulacyjne i obronne, wptywajac na przebieg proceséw
mikrobiologicznych oraz fizykochemicznych. Dziatajg allelopatycznie, moga hamowac rozwoj
niektorych drobnoustrojow lub roslin, a jednocze$nie modyfikowa¢ dostepnos¢ sktadnikdéw po-
karmowych, takich jak: azot czy fosfor, poprzez ich kompleksowanie lub wptyw na aktywno$¢
enzymatyczng gleby. Fenole oddzialujg na szybkos$¢ rozktadu materii organicznej, mineraliza-
cje pierwiastkow i aktywno$¢ enzymow takich jak: fosfatazy, peroksydazy czy dehydrogenazy,
przez co oddziatuja na obieg materii i energii w ekosystemie. W glebach uzytkéw zielonych,
ktoére cechujg si¢ duza produkcja biomasy, obecnoscig wieloletnich gatunkéw zielnych i1 bogac-
twem resztek roslinnych, zwigzki fenolowe wystepuja w wigkszym stezeniu niz w systemach
intensywnie uzytkowanych. Ich obecnos¢ sprzyja stabilizacji prochnicy, wplywa na strukture
mikrobiomu glebowego i ksztattuje warunki dla funkcjonalnej rownowagi biologicznej. Oma-
wiane zwiazki mogg silnie modulowa¢ aktywno$¢ mikroorganizméw glebowych, wykazujac
dzialanie stymulujace lub inhibujace w zaleznos$ci od ich rodzaju, stezenia 1 warunkow srodo-
wiskowych (Zidtkowska 1 in., 2020a; Zwetsloot 1 in., 2020).

Zwiazki fenolowe pelnig dwojaka role w procesach rozktadu materii organicznej w gle-
bie. Z jednej strony jako sktadniki strukturalne ligniny i innych polimerdéw roslinnych, sa trudno
biodegradowalne. Spowalniajg takze tempo mineralizacji, co sprzyja dlugoterminowej akumu-
lacji materii organicznej w glebie. Taka stabilizacja wegla ma szczeg6dlne znaczenie w ekosys-
temach uzytkéw zielonych oraz w glebach organicznych, gdzie intensywne dostarczanie resz-
tek roslinnych prowadzi do wzrostu udziatu frakcji humusowej (Kiem i Kdgel-Knabner, 2003).
Z drugiej strony zwiazki te mogg petni¢ role regulatorow procesow mikrobiologicznych, ogra-
niczajac aktywnos¢ enzymatyczng drobnoustrojéw odpowiedzialnych za rozktad materii orga-
nicznej, co skutkuje op6zniong mineralizacjg azotu 1 fosforu oraz zwigkszeniem udziatu stabil-

nych form organicznych tych pierwiastkow (Li i in., 2024).
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2. Hipoteza badawcza i cel pracy doktorskiej

Hipoteza badawcza zaklada, ze istnieje zalezno$¢ miedzy zrdznicowaniem flory-
styczno-siedliskowym zbiorowisk trawiastych a wybranymi wiasciwo$ciami chemicznymi

1 mikrobiologicznymi gleb.

Celem dysertacji jest ocena zalezno$ci pomiedzy zréznicowaniem zbiorowisk roslin-
nych uzytkéw zielonych a wtasciwosciami chemicznymi i mikrobiologicznymi réznych typoéw
1 podtypow gleb, w tym zawartoscig zwigzkow fenolowych, w kontekscie ich wptywu na eko-
systemy trawiaste. Powyzszy cel i podejs$cie do tematu wynikaja migdzy innymi z niewielkiej

liczby artykutow naukowych i opracowan dotyczacych omawianych zagadnien.

Cele szczegbdlowe:

1. Okreslenie zalezno$ci pomigdzy réznorodnoscia florystyczng a wlasciwosciami gleby,
w tym zawarto$cig Corg., Nog., K, Mg, Mn, P i pH.

2. Zbadanie sezonowych zmian liczebno$ci mikroorganizmoéow i aktywnos$ci enzymow
w glebie oraz ich zwigzku z parametrami siedliskowymi (pH, zawarto$¢ materii orga-
nicznej).

3. Okreslenie zalezno$ci pomigdzy wybranymi jednostkami syntaksonomicznymi i ich
réznorodnos$cig a liczebnoscig mikroorganizméw glebowych i1 aktywno$cia enzyma-
tyczna gleb.

4. Zidentyfikowanie zwigzkow fenolowych w glebach trawiastych oraz ich roli w ksztat-

towaniu sktadu mikroorganizméw glebowych.
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3. Materialy i metody
3.1. Obiekt badan

Badania terenowe zostaly przeprowadzone w obrebie Wielkiego Legu Obrzanskiego.
Punkty badawcze, czyli miejsca pobrania probek glebowych i wykonania zdje¢ fitosocjologicz-
nych znajdowaty si¢ w gminach: Koscian (1, 2, 3, 4), Wielichowo (5, 6, 7, 9, 10, 13, 14, 15,
17), Przemet (8, 11, 12, 18, 19, 20) 1 Wolsztyn (16), ktore lezg wzdhuz Kanaléw Obrzanskich
(Rycina 1).

/i&,x Q)
L Aé’ dll 4
N g ¥

15 O punkty badawcze

Ziemin ~ wieksze miasta

5-7,9,10,13, 14,16, 17
< Kotusz

Ziemin

Rycina 1. Lokalizacja (A) obiektu i (B) punktow badawczych

3.1.1. Klimat

Tereny trawiaste znajduja sie¢ w strefie klimatu umiarkowanego cieptego, charakteryzu-
jacego si¢ cieptymi latami (Kottek i in., 2006). Srednia roczna temperatura w regionie wynosita
10,6°C, a srednie roczne opady ksztattowaty si¢ na poziomie 414,6 mm. Warto zauwazy¢, ze
rok 2022 byt o 1,2°C cieplejszy od normy klimatycznej dla lat 1991-2020, a catkowite opady
w tym roku wyniosty zaledwie 77% S$redniej regionalnej (IMGW PIB, 2022). Rok 2023 byt
jeszcze cieplejszy — o 1,4°C od normy klimatycznej dla lat 1991-2020, a calkowite opady
w tym roku osiagnety 132% $redniej regionalnej (IMGW PIB, 2023).
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3.1.2. Pokrywa glebowa

Wedhug Szczegdtowej Mapy Geologicznej Polski (Szatajdewicz,

2004, Jodlowski,

2003, Krzysztofka, 1993) analizowane gleby powstaty z ptytkich warstw torfu pokrywajacych

materiaty aluwialne — gléwnie piaski, z okazjonalnym wystgpowaniem mutow. Obecnie wyste-

puja tam glownie gleby organiczno-mineralne i mineralne o charakterze murszowym. Gleby

zaklasyfikowano zgodnie z obowigzujaca systematyka gleb Polski (Kabata i in., 2019). Odno-

towano obecno$¢ nastgpujacych podtypow gleb: gleby murszaste — postmurshic soils

(1, 2, 4, 10 1 13), gleby murszowate typowe — typical semimurshic soils (3, 5, 6,9, 12, 14, 15

i 17), gleby murszowe ptytkie — thin murshic soils (7, 8, 18, 19 1 20) oraz gleby gruntowo-

glejowe murszowe — murshic gleysols (11 1 16). Gtebokos$¢ wod glebowo-gruntowych w punk-

tach badawczych 1-18 wynosita od 0,8 do 1,15 m, natomiast w punktach 19 i 20 odnotowano

plytsze poziomy ksztattujace si¢ migdzy 0,6 a 0,8 m. Wszystkie lokalizacje zostaty georeferen-

cjonowane in situ (Tabela 1).

Tabela 1. Doktadna lokalizacja punktow badawczych

Punkt badawczy Koordynaty WGS 84 (N/E)

52°05'42"N 16°31'30"E

52°05'42"N 16°31'33"E

52°05'43"N 16°31'37"E

52°05'43"N 16°31'39"E

52°06'07"N 16°22'12"E

52°06'07"N 16°22'08"E

52°06'04"N 16°22'03"E

52°017227"N 16°16'23"E

52°06'03"N 16°22'07"E

52°06'00"N 16°21'56"E
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52°00'47"N 16°16'54"E
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52°00'47"N 16°16'S7T"E

N
e

52°01'02"N 16°16'44"E

W analizowanej czgsci doliny rzeki Obry przewazajg uzytki zielone stabe i bardzo stabe,

zaklasyfikowane jako kompleks 3z. Wystepuja tam tez trwate uzytki zielone kompleksu 2z,
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ktére opisywane sg jako $rednie. Grunty omawianego obszaru nalezg gtéwnie do 11l i IV klasy

bonitacyjnej (Mapa glebowo-rolnicza Polski, Geoportal).
3.1.3. Wody powierzchniowe

Obra jest rzeka nizinng, potozong w zachodniej Polsce. Jej dtugos¢ wynosi 240,1 km,
a jej zlewnia zajmuje powierzchnic 3438 km?. Rzeka ta jest lewostronnym 13. doptywem
Warty. Zrédto Obry znajduje si¢ w Jozefowie Oberskim, a ujécie w okolicach Skwierzyny (Sty-
czen, 2001). Koryta naturalnych ciekow Doliny Srodkowej Obry zostaty zmeliorowane i zmie-
nione w kanaty, a wody zbifurkowane w dwoch kierunkach — zachodnim i wschodnim (Kon-
dracki, 2009).

Wielki Legg Obrzanski, ktory jest gtéwng czgscig Doliny Obry, jest jednym z najstar-
szych obiektow melioracyjnych na terenie kraju. Jego poczatek sigga XVIII wieku, kiedy
to znajdujace si¢ tam taki bagienne, trzgsawiska i tegi, zaczgto przeksztatca¢ pod dziatalnosé
czlowieka. Wykopano wtedy Kanaty Potnocny 1 Potudniowy oraz rozpoczeto proces osuszania
terenu (Kryszak i in., 2011; Paluch, 2006).

Obecnie sie¢ hydrograficzna w dolinie rzeki Obry sktada si¢ z wielowymiarowego sys-
temu sieci wodnej tj. potaczenia rzek rowami i kanatami oraz z zabudowy hydrotechniczne;.
Potudniowy Kanat Obry, ptynie na dlugosci 54 km. Jest on najwigkszym odbiorca wod
z obszaru od Koscianskiego Kanatu Obry na wschodzie do jeziora Rudno na zachodzie. P61-
nocny Kanat Obry mierzy 55,7 km 1 jest zarazem odbiornikiem wod od Mogilnicy do jeziora
Kopanickiego. Srodkowy Kanat Obry o dtugosci 44,2 km zostat wybudowany jako ostatni (Ko-
zaczyk i in., 2015).

3.2. Badania terenowe

3.2.1. Badania fitosocjologiczne

Niniejsze badania przeprowadzono na pdinaturalnych tgkach. W latach 2022-2023
wykonano tacznie 76 zdjec fitosocjologicznych przy uzyciu metody Brauna-Blanqueta (Braun-
Blanquet, 1964). Pomiaréw dokonano w 20 punktach badawczych, reprezentujacych obszary

o powierzchni 100 m? i jednorodnym sktadzie gatunkowym (Tabela 1).
3.2.2. Pobieranie probek glebowych

W maju i wrzes$niu 2022 i 2023 roku pobrano probki gleby z wezesniej wyznaczonych

punktow badawczych. Probki gleby do analizy laboratoryjnej pochodzity z wierzchnich warstw
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gleby o glebokosci 0-20 cm z trzech miejsc w obrebie punktu, aby uwzgledni¢ potencjalng
zmienno$¢ gleby (ISO 10381-1:2002). Glebe pobrano za pomocg laski Egner’a (Eijkelkamp,
Holandia) do plastikowych workow oraz przetransportowano w pudetku chronigcym przed

$wiatlem do laboratorium. W trakcie trwania analiz glebe przechowywano w lodowce.

3.3. Badanie studyjne

Zdjecia fitosocjologiczne zostaty wprowadzone do programu TURBOVEG (Hennekens
1 Schaminée, 2001), specjalnej bazy danych badan fitosocjologicznych, a nast¢pnie wyekspor-
towane do programu JUICE (Tichy i in., 2011) i przeanalizowane. Zebrane wyniki badan zo-
staly sklasyfikowane fitosocjologicznie wedlug Matuszkiewicza (Matuszkiewicz, 2023).
Wyrdzniono cztery zespoty i jedno zbiorowisko: Molinietum caeruleae (12 zdje¢¢ fitosocjolo-
gicznych), Alopecuretum pratensis (16 zdje¢ fitosocjologicznych), Arrhenatheretum elatioris
(16 zdje¢ fitosocjologicznych), Lolio-Cynosuretum (16 zdj¢¢ fitosocjologicznych) oraz zbioro-
wisko (zb.) Poa pratensis-Festuca rubra (16 zdj¢¢ fitosocjologicznych). Numery jednostek

syntaksonomicznych odpowiadaly numerom punktéw badawczych (Tabela 2).

Tabela 2. Klasyfikacja fitosocjologiczna wybranych punktow badawczych

Punkt badawczy Jednostka syntaksonomiczna

1. Molinietum caeruleae

2. Molinietum caeruleae

3. Molinietum caeruleae

4. Molinietum caeruleae

5. zb. Poa pratensis-Festuca rubra
6. zb. Poa pratensis-Festuca rubra
7. zb. Poa pratensis-Festuca rubra
8. zb. Poa pratensis-Festuca rubra
9. Arrhenatheretum elatioris
10. Arrhenatheretum elatioris
11. Arrhenatheretum elatioris
12. Arrhenatheretum elatioris
13. Lolio-Cynosuretum

14. Lolio-Cynosuretum

15. Lolio-Cynosuretum

16. Lolio-Cynosuretum

17. Alopecuretum pratensis

18. Alopecuretum pratensis

19. Alopecuretum pratensis

20. Alopecuretum pratensis

29



Obliczono takze nastgpujace wskazniki: wskaznik pokrycia (D), bogactwo gatunkowe
(SR) oraz wskaznik Shannona-Wienera (H’). D pozwala na ilo$ciowe okreslenie $redniego
udziatu poszczeg6élnych gatunkéw lub grup gatunkéw w réznych warstwach roslinnosci.
D okreslono jako sume S$rednich wartosci procentowych pokrycia wybranego taksonu we
wszystkich zdjeciach fitosocjologicznych, w ktérych wystepuje dany gatunek, pomnozong
przez 100 i podzielong przez calkowitg liczbe zdje¢ (Pawlowski, 1977). SR i H* (Shannon
1 Weaver, 1949) zostaty wykorzystane jako wskazniki réznorodnosci florystycznej. SR wyraza

liczbg gatunkow. Wskaznik H’ zostat obliczony na poziomie zdj¢cia fitosocjologicznego.

3.4. Badania laboratoryjne

34.1. Odczyn gleby oraz  zawarto$¢ materii organicznej, makro-

i mikroskladnikéow

W laboratorium probki gleby zostaly wysuszone na powietrzu, rozdrobnione, zhomo-
genizowane 1 przesiane przez sito o oczkach o $rednicy 2 mm.
Analizy chemiczne obejmowaly okreslenie nastepujacych parametrow:

e zawarto$ci wegla organicznego (Corg.) 1 catkowitej zawartosci azotu (Nog) za pomocg
analizatora Vario-Max CNS (Elementar Analysensysteme GmbH, Niemcy). Otrzymane
zawarto$ci wyrazano jako ilo$¢ gramow wegla/azotu na kilogram suchej masy gleby
(g kg s.m. gleby),

e pH gleby potencjometrycznie w 1 M KCl 1 w zawiesinie wody destylowanej w stosunku
1:2,5,

e ilo$¢ makro- i mikroelementéw w formie dostgpnej dla roslin okreslono metoda Sapek
1 Sapek (Sapek 1 Sapek, 1997) przy uzyciu 0,5 M HCl. Makro- i mikroelementy obej-
mowaly oznaczenie: zawarto$ci fosforu (P) — metoda kolorymetryczna, potasu (K) —
metodg fotometrii plomieniowej, magnezu (Mg) i manganu (Mn) — metoda atomowej
spektrometrii absorpcyjnej (AAS). Otrzymane zawarto$ci wyrazano jako i1lo$¢ miligra-
mow pierwiastka na kilogram suchej masy gleby (mg kg s.m. gleby). W badanych

glebach nie stwierdzono obecnosci weglanu wapnia.
3.4.2. Zawartos¢ zwigzkow fenolowych w glebie

Zwiazki fenolowe ekstrahowano z wysuszonej gleby zgodnie z metodg Ziotkowskiej
i in. 2020 (Zidtkowska i in., 2020b) z pewnymi modyfikacjami. Probki gleby zmieszano

zwoda destylowang i 2M NaOH, poddano dziataniu ultradzwigkow i ogrzewano przez 30 minut
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w temperaturze 90°C. Po schtodzeniu probek zneutralizowano je 6M HCI. Nastepnie dwukrot-
nie przeprowadzono ekstrakcje przy uzyciu eteru dietylowego i przeniesiono ekstrakt do fiolek.
Kolejnym etapem byta hydroliza kwasowa w tazni wodnej w temperaturze 80°C przez
30 minut, gdzie uzyto 6M HCI. Nastepnie probki ekstrahowano eterem dietylowym (dwukrot-
nie) i przeniesiono do ekstraktu hydrolizowanego alkalicznie oraz odparowano do sucha. Przed
wykonaniem analizy metoda ultrawysokosprawnej chromatografii cieczowej (UPLC) probki
rozpuszczono w 1 ml metanolu i przefiltrowano.

Do ilo$ciowego oznaczania zwigzkéw fenolowych wykorzystano wysokosprawng chro-
matografi¢ cieczowa (ACQUITY UPLC H-Class System Waters Corporation, Milford, MA,
USA) sktadajaca si¢ z czteroelementowego systemu zarzadzania rozpuszczalnikiem, degazera
online i autosamplera (Gasecka 1 in., 2023; Kurasiak-Popowska 1 in., 2022). Do rozdzielenia
zwigzkoéw fenolowych uzyto kolumny Waters Acquity UPLC BEH C18 (150 x 2,1 mm, 153
1,7 um) utrzymywanej w temperaturze 35°C. Elucja gradientowa z uzyciem wody 1 acetonitrylu
(oba zawierajace 0,1% kwasu mrowkowego, pH = 2) przy przeptywie 0,4 ml min—1 odbywata
si¢ zgodnie z programem gradientowym: 5% B (2 min), 5-16% B (5 min), 16% B (3 min),
16-20% B (7 min), 20-28% B (11 min), 28% (1 min), 28—60% B (3 min) 60-95% B (1 min),
65% B (1 min), 95-5% B (0,1 min) min—1 5% B (1,9 min). Wstrzykniecie ekstraktow, przefil-
trowanych przez filtr strzykawkowy 0,22 mm, wynosito 5 pl. Identyfikacja zwigzkow opierata
si¢ na porownaniu czasow retencji pikow z czasami retencji standardéw chemicznych. Wykry-
wanie przeprowadzono za pomocg detektora zewngtrznego w detektorze fotodiodowym Waters
(Waters Corporation, Milford, MA, USA) przy nastgpujacych dtugosciach fal A=280 nm (kate-
china, kwas galusowy, kwasu 4-hydroksybenzoesowego (4-HBA), kwasu syringowego, kwasu
cynamonowego, kwasu waniliowego) oraz A=320 nm (kwasu 2,5-dihydroksybenzoesowego
(2,5-DHBA), kwasu kawowego, kwasu chlorogenowego, kwasu p-kumarowego, kwasu ferulo-
wego, kwasu sinapowego). Granice wykrywalnosci (DL) obliczono na podstawie stosunku sy-
gnatu do szumu 3:1. Wskazniki odzysku zwigzkow fenolowych byty nastepujace: kwas galu-
sowy — 92 + 4,4%, kwas waniliowy — 79 + 8,5%, katechina — 89 + 5,7%, 4-HBA — 96 + 3,78%,
kwas chlorogenowy — 92 + 2,8%, kwas kawowy — 86 + 6,7%, kwas syringowy — 94 + 3,9%,
kwas p-kumarowy — 89 + 3,6%, kwas ferulowy — 91 + 4,9%, kwas sinapowy — 94 + 5,1%
1 kwas cynamonowy — 97 £ 2,9% (Kurasiak-Popowska 1 in., 2022). Surowe dane zostaty pozy-

skane 1 przetworzone przy uzyciu oprogramowania Empower 3.
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3.4.3. Liczebnos¢ wybranych mikroorganizmow w glebie

Oceng liczebnosci mikroorganizmow glebowych przeprowadzono metoda hodowli
ptytkowej na odpowiednich pozywkach selektywnych, z pigcioma powtorzeniami dla kazdej
probki. Analiza obejmowata kwantyfikacje jednostek tworzacych kolonie (jtk) dla bakterii he-
terotroficznych, promieniowcow, grzybow i bakterii Azotobacter spp. Bakterie heterotroficzne
hodowano na przygotowanej wczesniej standardowej pozywce agarowej firmy Merck
1 inkubowano w temperaturze 28°C przez 5 dni. Populacje grzybow hodowano przy uzyciu
podioza Martina (Martin, 1950), stosujac 5-dniowa inkubacje w temperaturze 24°C. Promie-
niowce hodowano na selektywnym podtozu Pochona (Grabinska—t.oniewska, 1999) i inkubo-
wano w temperaturze 26°C przez 7 dni. Liczebno$¢ Azotobacter spp. okreslono przy uzyciu
pozywki selektywnej zgodnie z opisem Fenglerowej (Fenglerowa, 1970), z 5-dniowym okre-
sem inkubacji w temperaturze 24°C. Zliczenie mikroorganizméw odbywato si¢ w 3 1 5 dniu

inkubacji oraz w 7 dniu (w przypadku promieniowcow).
3.4.4. Okreslenie aktywnos$ci enzymatycznej

Okreslono aktywno$¢ nastepujacych enzymow: katalazy (CAT), dehydrogenaz (DhA),
fosfatazy kwasnej (AcP), fosfatazy zasadowej (AIP), proteaz (PA) oraz ureazy (UA). Dla ula-
twienia identyfikacji enzymom przypisano numery wedlug klasyfikacji Enzyme Commission
(EC). Wszystkie oznaczenia wykonano w trzech powtorzeniach.

Aktywnos$¢ katalazy (EC 1.11.1.6) w probkach gleby oznaczono metodg miareczkowg
opisang przez Johnsona i Temple’a (Johnson 1 Temple, 1964). Procedura ta polegata na uzyciu
0,3% roztworu nadtlenku wodoru (H20:) oraz 1,5 M kwasu siarkowego (H2SO4), a nastgpnie
miareczkowaniu pozostatego H20: 0,02 M roztworem nadmanganianu potasu (KMnOa).
Aktywnos¢ katalazy wyrazono jako miligramy H20: roztozonego na kilogram suchej masy
gleby na minute¢ (mg H20: kg™' s.m. min™).

Aktywnos¢ dehydrogenaz (EC 1.1) oznaczono zgodnie z metoda zaproponowang przez
Thalmanna (Thalmann, 1968), wykorzystujac substrat — 1% roztwor 2,3,5-chloreku trifenylo-
tetrazolowego (TTC). Aktywnos¢ DhA wyrazono jako miligramy 1,3,5-trifenyloformazanu
(TPF) wytworzonego na kilogram suchej masy gleby w ciagu 24 godzin (mg TPF kg™ s.m.
24 h™M).

Aktywno$¢ fosfatazy kwasnej (EC 3.1.3.2) 1 zasadowej (EC 3.1.3.1) oznaczono wedtug
procedury opisanej przez Tabatabaia i Bremnera (Tabatabai 1 Bremner, 1969), stosujac substrat

— 0,8% roztwor p-nitrofenylofosforanu sodu. Oznaczenia przeprowadzono w buforach
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o pH odpowiednio 5,4 dla AcP i 8,5 dla AIP. Aktywnos$¢ enzymow (AcP i AIP) wyrazono jako
miligramy uwolnionego p-nitrofenolu (PNP) na kilogram suchej masy gleby na godzing
(mg PNP kg ! s.m. h™").

Aktywno$¢ proteaz (EC 3.4.4) oznaczono zgodnie z protokotem opracowanym przez
Ladda i Butlera (Wyczotkowski i Dabek-Szreniawska, 2005), wykorzystujac substrat — kazei-
nian sodu. Aktywno$¢ PA wyrazono jako miligramy uwolnionej tyrozyny na kilogram suchej
masy gleby na godzing (mg tyrozyny kg' s.m. h™").

Aktywnos$¢ ureazy (EC 3.5.1.5) okreslono wedlug metody opisanej przez Hoffmanna
i Teicherta (Hoffmann i Teichert, 1961), stosujac substrat w postaci 2,5% roztworu mocznika.
Aktywnos$¢ enzymu wyrazono jako miligramy azotu amonowego (N-NH4") uwolnionego na

kilogram suchej masy gleby na godzing (mg N-NH4" kg™' s.m. h™").
3.5. Analizy statystyczne

Publikacja 2: Mencel, J.; Klarzynska A,; Piernik A.; Mocek-Pidciniak, A. (2024) Differentia-
tion of grassland vegetation in relation to the physicochemical properties of peat soils in the
Obra River valley, western Poland, Soil Science Annual, 75(2), 190113.
https://doi.org/10.37501/so0ilsa/190113

Srednie wartosci indeksu rdznorodnosci Shannona-Wienera oraz liczby gatunkow
(bogactwa gatunkowego) pordwnano pomi¢dzy jednostkami roslinnosci takowej za pomoca
jednoczynnikowej analizy wariancji (ANOVA 1) z poréwnaniami post hoc Tukeya, poniewaz
zarowno indeks réznorodnosci, jak 1 bogactwo gatunkowe byly rozkladem normalnym (test
Shapiro-Wilka, p > 0,05).

Zwiazki pomigdzy roznorodnoscig gatunkowa (H’ i SR) a catkowitg zawarto$cig azotu,
calkowita zawartosciag wegla organicznego, pHn.o oraz pHkci badano za pomoca korelacji
Pearsona. Do tej analizy wykorzystano 40 powierzchni (plots) z kompletnymi danymi dotycza-
cymi sktadu gatunkowego 1 wtasciwosci glebowych.

Srednie warto$ci whasciwosci gleby w jednostkach roslinnosci takowej poréwnano za
pomoca nieparametrycznego testu Kruskala-Wallisa z poréwnaniami post hoc Dunna, ponie-
waz wigkszos¢ parametrow nie wykazywata rozkltadu normalnego (test Shapiro-Wilka,
p <0,05). Do obliczen zastosowano program Past w wersji 3.16b (Hammer i in., 2001).

W celu identyfikacji najwazniejszych wlasciwosci gleby roznicujacych jednostki syn-
taksonomiczne ro$linnosci tgkowej zastosowano analiz¢ dyskryminacyjng. Wykorzystano

metod¢ porzadkowania — kanoniczng analiz¢ zmiennych (Canonical Variate Analysis, CVA),
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jako analiz¢ dyskryminacyjng, koncentrujac si¢ na efektach warunkowych, ktére eliminujg
wplyw najbardziej skorelowanych zmiennych (Smilauer i Leps, 2014). Efekty warunkowe pod-
sumowuja czastkowy wptyw kazdego predyktora, przedstawiajgc zmienno$¢ (oraz jej istotnosc)
wyjasniang przez dany predyktor po uwzglednieniu wpltywu weze$niej wybranych predyktorow
(ter Braak i Smilauer, 2012). Predyktory wybierano w kolejnoéci malejacej wyjasnianej zmien-
nos$ci, przy zastosowaniu procedury selekcji progresywnej (forward selection). Ich istotno$é
statystyczng oceniano za pomocg testu permutacyjnego Monte Carlo. Do obliczen zastosowano

program Canoco 5.0 (ter Braak i Smilauer, 2012).

Publikacja 3: Mencel, J.; Gasecka M.; Molinska-Glura M.; Mocek-Ptociniak, A. (2025) Rela-
tionships between selected phenolic compounds and microbial abundance in grassland soils in

the Obra River valley: a preliminary study, Soil Science Annual, 76(2), 205498.
https://doi.org/10.37501/s01lsa/205498

Do analizy statystycznej $rednich poziomoéw badanych parametrow glebowych zasto-
sowano jednoczynnikowy test ANOVA, po wczesniejszym sprawdzeniu zgodno$ci analizowa-
nych zmiennych z rozktadem normalnym we wszystkich podgrupach za pomoca testu Kotmo-
gorowa-Smirnowa. W celu oceny jednorodnych grup zastosowano test post hoc Tukeya (HSD).

Analiza korelacji cech oparta byla na tescie t-Studenta dla liniowego wspotczynnika
korelacji r-Pearsona. Za poziom istotnos$ci statystycznej przyjeto a = 0,05.

Analiza skupien (klasteryzacja) to wielowymiarowa metoda poszukujaca wzorcow
w zbiorze danych poprzez grupowanie obserwacji w klastry (Polowy i Molinska-Glura, 2023).
Odlegtos¢ pomigdzy danymi okresla poziom ich podobienstwa — mata odlegtos¢ wskazuje na

wysoki poziom podobienstwa. Jako miar¢ podobienstwa zastosowano metryke euklidesows.

Publikacja 4: Mencel, J.; Wojciechowska, A.; Mocek-Plociniak, A. (2025) Effect of Grassland
Vegetation Units on Soil Biochemical Properties and the Abundance of Selected Microorgan-
isms in the Obra River Valley, Agronomy, 15, 1573. https://doi.org/10.3390/agron-
omy15071573

W celu okreslenia zaleznos$ci pomigdzy wystgpowaniem roslin naczyniowych a bada-
nymi parametrami glebowymi obliczono wspolczynnik korelacji Pearsona oraz okreslono jego

istotnos¢ statystyczng. Zastosowano program PAST w wersji 3.20 (Hammer i in., 2001).
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Zalezno$ci pomiedzy zestawami zmiennych (liczebno$¢ drobnoustrojow, aktywnosé
enzymatyczng i biochemiczne parametry gleby) w réznych sezonach badan dla analizowanych
zbiorowisk roslinnych oceniono za pomoca bezposredniej metody porzadkowania. Wybrano
analiz¢ redundancji (Redundancy Discriminant Analysis, RDA), ktorg we wszystkich warian-
tach przeprowadzono przy uzyciu programu Canoco 5.0 (ter Braak i Smilauer, 2012). Podczas
analiz zastosowano test permutacyjny Monte Carlo oraz procedurg selekcji progresywne;j (for-
ward selection), co pozwolito na identyfikacj¢ zmiennych istotnych dla zré6znicowania bada-
nych zbiorowisk.

Dla wszystkich analizowanych parametrow przeprowadzono analize¢ wariancji
(ANOVA), w celu wskazania istotnych réznic miedzy nimi w obrebie badanych zbiorowisk.
Test ANOVA oraz test post hoc Tukeya wykonano przy uzyciu programu Statistica 9.0 (Stat-
Soft, Inc., 2009).

35



4. Omowienie wynikow badan
4.1. Wplyw uzytkowania lak na mikrobiote glebowa i aktywnos$¢ enzyma-

tyczna

Przeglad literatury opublikowany przez Mencel, J.; Mocek-Ptociniak, A.; Kryszak, A. (2022)
Soil Microbial Community and Enzymatic Activity of Grasslands under Different Use Prac-

tices: A Review, Agronomy, 12, 1136. https://doi.org/10.3390/agronomy 12051136

Wspoélczesne badania wykazuja, ze sposob gospodarowania trwatymi uzytkami zielo-
nymi ma istotny wplyw na struktur¢ 1 funkcjonowanie mikroorganizméw glebowych, a takze
na aktywno$¢ enzymatyczng gleby. Mikrobiota glebowa odgrywa kluczowa role w cyklach
biogeochemicznych, rozktadzie materii organicznej, a takze w ksztaltowaniu struktury i zyzno-
Sci gleby. Aktywno$¢ enzymatyczna gleby, bedaca wskaznikiem metabolizmu mikroorgani-
zméw, odzwierciedla aktualne warunki siedliskowe oraz sposdb zarzadzania uzytkami zielo-
nymi. Przeglad literatury naukowej wskazuje, ze r6zne praktyki, takie jak intensywny wypas,
umiarkowany wypas, koszenie czy uzytkowanie kosno-pastwiskowe, w rdzny sposob oddzia-
tuja na bior6znorodnos¢ 1 aktywnos$¢ enzymatyczng gleb uzytkow zielonych. Odpowiednio
dobrane praktyki mogg wspiera¢ rdwnowagg biologiczng i poprawia¢ zdrowotnos¢ gleby, pod-

czas gdy niewlasciwe zarzadzanie prowadzi do jej degradacji.

Mikroorganizmy glebowe a intensywnos$¢ i sposob uzytkowania lak

Intensywny wypas prowadzi do znacznego obnizenia liczebnosci bakterii 1 grzybow,
zwlaszcza w gornych warstwach gleby. Nadmierne udeptywanie gleby, spadek zawarto$ci ma-
terii organicznej, zaggszczenie profilu glebowego oraz redukcja porowato$ci ograniczajg cyr-
kulacje¢ powietrza 1 wody, co w efekcie skutkuje pogorszeniem warunkow dla zycia mikroor-
ganizmow. SzczegoOlnie wrazliwe okazujg si¢ drobnoustroje tlenowe oraz grzyby, uczestniczace
w rozktadzie materii organicznej. Rownoczes$nie spada aktywno$¢ enzymatyczna, co ostabia
zdolno$¢ gleby do przeksztalcania zwigzkéw odzywczych. Odmienna sytuacja wystepuje
w systemach o umiarkowanym poziomie uzytkowania. W warunkach umiarkowanego wypasu
lub koszenia zachowana zostaje struktura gleby 1 jej wtasciwos$ci sorpcyjne, co sprzyja rozwo-
jowi zréznicowanej mikrobioty glebowej. W warunkach zrownowazonego uzytkowania trwa-
tych uzytkow zielonych obserwuje si¢ przewage bakterii — w gtéwnej mierze przedstawicieli
typu Actinobacteria — oraz znaczacy udzial grzybow, w tym form mykoryzowych. Szczegolnie

istotna jest obecno$¢ grzyboéw mykoryzy arbuskularnej (AMF), ktérych obecnos¢ 1 rozwoj
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koreluja ze zwigkszong aktywnoscig systemow korzeniowych roslin, przyczyniajac si¢ do efek-

tywniejszego wykorzystania zasobow glebowych i stabilizacji ekosystemu.

AktywnoS$¢ enzymatyczna gleby a intensywnos¢ i sposéb uzytkowania gk

Aktywno$¢ enzymatyczna gleby stanowi wrazliwy wskaznik stanu biologicznego $srodo-
wiska glebowego 1 wykazuje silng zalezno$¢ od sposobu uzytkowania trwatych uzytkéw zielo-
nych. W systemach opartych na umiarkowanym i rotacyjnym wypasie obserwuje si¢ wyrazny
wzrost aktywnos$ci kluczowych enzymow, takich jak: ureaza, dehydrogenazy oraz fosfatazy
kwasne 1 zasadowe. Sposrod nich szczegdlng dynamika wyrdznia si¢ ureaza, enzym odpowie-
dzialny za hydrolize mocznika i zwigzany z przemianami azotu, ktorej intensywnos¢ wzrasta
w odpowiedzi na obecno$¢ odchodéw zwierzecych. Dehydrogenazy odzwierciedlajace poziom
aktywno$ci metabolicznej mikroorganizmow tlenowych oraz fosfatazy uczestniczace w mine-
ralizacji zwigzkéw fosforu, rowniez wykazuja wzmozong aktywnos$¢ w warunkach kontrolo-
wanego wypasu.

Koszenie jako forma mniej inwazyjnego uzytkowania tak, takze wptywa korzystnie na ak-
tywnos$¢ enzymatyczng gleby, cho¢ efekty te nie sg tak intensywne, jak w przypadku wypasu.
Regularne, umiarkowane koszenie sprzyja zachowaniu rownowagi biologicznej 1 stabilnosci
wilasciwosci fizykochemicznych gleby, co umozliwia utrzymanie umiarkowanego poziomu ak-
tywnosci enzymow. W poréwnaniu do systemow wypasowych, koszenie nie prowadzi do silnej
stymulacji ureazy, jednak minimalizuje ryzyko zaburzen struktury gleby oraz dlugofalowej re-
dukcji aktywnosci biologicznej. Najwiekszy potencjat dla utrzymania wysokiej aktywnosci en-
zymatycznej przypisuje si¢ jednak systemom kosno-pastwiskowym, ktore tacza zalety regular-

nej ingerencji roslinnej z okresowg stymulacja mikrobiologiczng gleby.

4.2. Jednostki syntaksonomiczne uzytkow zielonych w powiazaniu z wlasci-

wosciami fizykochemicznymi gleb

Artykut naukowy opublikowany przez Mencel, J.; Klarzynska A,; Piernik A.; Mocek-Ptociniak,
A. (2024) Differentiation of grassland vegetation in relation to the physicochemical properties
of peat soils in the Obra River valley, western Poland, Soil Science Annual, 75(2), 190113.
https://doi.org/10.37501/soilsa/190113
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Charakterystyka jednostek syntaksonomicznych wybranych uzytkow zielonych

W wyniku przeprowadzonej analizy fitosocjologicznej wyodrebniono pie¢ syntaksonow:
Molinietum caeruleae, Alopecuretum pratensis, Arrhenatheretum elatioris, Lolio-Cynosuretum
1 zbiorowisko Poa pratensis-Festuca rubra. Kazda z tych jednostek reprezentowata odmienny
typ roslinnosci takowej, réznigcy si¢ zarowno sktadem florystycznym, jak i poziomem rézno-
rodnosci biologicznej (Tabela 3, Zatacznik 1). Badane uzytki zielone uzytkowano jako Iaki
kos$ne o zroznicowanej intensywnosci. Molinietum caeruleae koszono raz w roku, Arrhenathe-
retum elatioris oraz zbiorowisko Poa pratensis-Festuca rubra — dwa razy w roku, natomiast

Alopecuretum pratensis i Lolio-Cynosuretum koszono 2—3 razy w roku.

Tabela 3. Wskazniki bior6znorodnos$ci wybranych zbiorowisk roslinnosci fakowej. Statystycznie istotne
roznice w wartosciach wskaznikow biordéznorodnosci pomigdzy jednostkami syntaksonomicznymi
roslinnosci fagkowej oznaczono réznymi literami (p < 0,05; ANOVA 1 z testem post hoc Tukeya). Roz-

nice w warto$ci wskaznika D nie byty oceniane

Jednostka SR w zdjeciu fitosocjolo-
. SR . ., . H' D
syntaksonomiczna gicznym (zakres i §rednia)
Molinietum caeruleae 57 17-29 23¢ 2,38° 6088
Alopecuretum pratensis 44 10-22 17° 1,75% 6933
Arrhenatheretum elatioris 54 14-24 19° 2,030 5930
Lolio-Cynosuretum 36 8-16 122 1,492 5193
zb. Poa pratensis-Festuca 50 1204 19b 2.18" 5313

rubra

Zespot Molinietum caeruleae wykazat si¢ najwyzsza réznorodno$cig gatunkowa wsrod
analizowanych zbiorowisk. W zdjeciach fitosocjologicznych odnotowano tacznie 57 gatunkow
roslin naczyniowych, a wskaznik réznorodnosci biologicznej H* wyniost 2,38, co $wiadczy
o wysokim stopniu zrdznicowania florystycznego (Tabela 3). Zbiorowisko to odznaczato si¢
dobrg kondycja ekologiczna, co potwierdzat wysoki udziat gatunkow charakterystycznych dla
rzedu Molinietalia caeruleae oraz nizszych jednostek syntaksonomicznych (Rycina 2).
W strukturze florystycznej dominowaty: Molinia caerulea, Festuca pratensis,
Potentilla anserina oraz Ranunculus repens. Obecno$¢ tych gatunkéw wskazuje na umiarko-

wanie wilgotne warunki siedliskowe oraz brak intensyfikacji uzytkowania (Zalacznik 1).
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ChCI. Molinio-Arrhenatheretea

ChO. Arrhenatheretalia elatioris

ChO. Molinietalia caeruleae

ChO. Trifolio fragiferae-Agrostietalia stoloniferae and Plantaginetalia majoris
ChCI. Phragmitetea

Inne
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Molinietum Alopecuretum Arrhenatheretum Lolio- f;f,’ iel;gg_
caeruleae pratensis elatioris Cynosuretum Feﬁstuca rubra

Rycina 2. Struktura grup socjologicznych (siedliskowych) analizowanych jednostek syntaksonomicz-
nych ro$linnosci. ChCl — gatunki charakterystyczne dla klasy, ChO — gatunki charakterystyczne dla

rzgdu, Inne — gatunki z innych syntaksonow wystepujace w bardzo matej liczbie

Zespot Alopecuretum pratensis reprezentowany byt przez 44 gatunki, a wskaznik rézno-
rodnosci H’ osiagnal warto$¢ 1,75 (Tabela 3). Podobnie jak w przypadku Molinietum caeru-
leae, stan ekologiczny zbiorowiska oceniono jako dobry. Najwigkszy udziat pokrycia stwier-
dzono dla gatunkéw: Alopecurus pratensis, Poa pratensis, Holcus lanatus oraz Poa palustris
(Zatacznik 1). Na podstawie sktadu florystycznego mozna stwierdzi¢, iz bylo to siedlisko
$wieze do wilgotnego, o umiarkowanym stopniu uzytkowania.

Zbiorowisko Arrhenatheretum elatioris, typowe dla lak §wiezych i1 potnaturalnych,
liczyto 54 gatunki, a wskaznik réznorodnosci wynosit H = 2,03 (Tabela 3). Struktura gatun-
kowa wskazuje na znaczny udziat typowych gatunkow dla rzedu Arrhenatheretalia elatioris,
takich jak Arrhenatherum elatius, Poa pratensis, Galium mollugo, Trifolium pratense i Alope-
curus pratensis (Zatacznik 1). Obecnos¢ tych gatunkow $wiadczy o §rednim poziomie trofii
1 wilgotnosci siedliska.

Zespot Lolio-Cynosuretum, typowy dla intensywnie uzytkowanych tagk i1 pastwisk, cecho-

wat si¢ najnizszym poziomem roéznorodnosci biologicznej sposrdd analizowanych zbiorowisk.
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Lacznie zidentyfikowano 36 gatunkéw, a wskaznik H’ osiggnal wartos¢ 1,49 (Tabela 3).
Dominacj¢ florystyczng stanowity gatunki synantropijne i odporne na intensyfikacj¢ uzytko-
wania, takie jak Lolium perenne, Poa pratensis, Taraxacum officinale 1 Trifolium repens
(Zatacznik 1). Sktad gatunkowy sugeruje, iz siedlisko to zostato silnie przeksztalcone przez
czlowieka, intensywnie uzytkowane i cechowato si¢ wysokim poziomem zyznosci.

W przypadku zbiorowiska Poa pratensis-Festuca rubra zaobserwowano 50 gatunkéw
oraz stosunkowo wysoki wskaznik Shannona-Wienera (H’ = 2,18) (Tabela 3). Dominujgcymi
sktadnikami flory byly: Poa pratensis, Poa palustris, Trifolium repens, Plantago lanceolata
oraz Festuca rubra (Zatacznik 1). Na podstawie sktadu florystycznego stwierdzono, ze zbioro-
wisko to mialo charakter przejsciowy miedzy tgkami pdtnaturalnymi a uzytkowanymi inten-

sywnie, ktore rozwijato si¢ na siedliskach umiarkowanie zyznych i okresowo wilgotnych.

Charakterystyka gleb wybranych uzytkoéw zielonych

Gleby pod Molinietum caeruleae zaklasyfikowano jako typ murszowate. Ich poziomy
wierzchnie stanowity epipedony arenimurszik, ktore w podtypie murszastych zawieraty ponizej
6% Corg., a W podtypie murszowatych typowych od 6 do 12% Cor,.. Powstaly one z catkowicie
zmurszalych utwordéw torfiastych badZz torfowych, zalegajacych na utworach mineralnych
o charakterze piaskow fluwioglacjalnych lub aluwialnych. Takie warunki sprzyjaty rozwojowi
roslinnosci wilgotnych gk ekstensywnych o wysokiej roznorodnos$ci biologiczne;.

Gleby Alopecuretum pratensis zaliczaty si¢ do typu gleb murszowych, podtypu gleby
murszowe plytkie, ktérych poziomy wierzchnie stanowity organiczne poziomy murszik, nie-
przekraczajace migzszosci 50 cm. Pod$cielone one byty materialami mineralnymi o uziarnieniu
utworéw pylowych zwyklych i piaskow luznych, wykazujacych wlasciwosci gruntowo-gle-
jowe. W niektorych stanowiskach notowano rowniez gleby podtypu murszowatych typowych,
z epipedonami arenimurszik, wskazujagce na bardziej zaawansowany proces murszenia
1 wyrazne przeksztalcenie pierwotnego torfu.

Zespoty Arrhenatheretum elatioris 1 Lolio-Cynosuretum wystgpowaly przede wszystkim
na glebach typu murszowatych, reprezentowanych przez podtypy murszowatych typowych
oraz murszastych, analogicznie jak w przypadku wyzej opisanych zespoldw. Jednak w tych
lokalizacjach odnotowano rowniez wigksze zrdznicowanie siedliskowe, zwigzane z obecnos$cia
gleb typu gruntowo-glejowych, podtypu murszowych. Gleby te tworza si¢ w lokalnych obni-
zeniach terenu, sprzyjajacych okresowemu stagnowaniu wody. Ich epipedony nalezaty do
poziomow murszik o migzszos$ci mniejszej niz 30 cm, a ponizej zalegaly oglejone utwory

mineralne, czgsto o wyraznych wlasciwo$ciach gruntowo-glejowych.
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Zbiorowisko Poa pratensis-Festuca rubra rozwijalo si¢ gtdéwnie na glebach typu murszo-
watych, podobnych pod wzglgdem genezy do tych, ktore wystepowaly pod Molinietum caeru-
leae. Dodatkowo stwierdzono obecno$¢ gleb typu murszowych, podtypu murszowych ptytkich,
ktérych poziomy wierzchnie wykazywaty wtasciwosci utwordw organicznych — zawarto$¢ Corg,
przekraczata 12% - co klasyfikuje je jako gleby o diagnozowanych epipedonach murszik. Ma-
terial mineralny zalegajacy pod poziomami organicznymi charakteryzowat si¢ teksturg piasz-
czystg oraz pochodzeniem fluwioglacjalnym lub aluwialnym, czesto wykazujacym cechy ogle-

jenia.

Chemiczne wlasciwosci analizowanych gleb

Gleby wystepujace pod Molinietum caeruleae charakteryzowaty si¢ lekko kwasnym od-
czynem (pH H:O: $rednio 6,44) oraz umiarkowang zawartos$cig materii organicznej (Corg.: 61,6
g kg s.m. gleby) (Tabela 4). Stosunek C:N ($rednio 12,3) wskazywal na zrGwnowazone tempo
mineralizacji materii organicznej, typowe dla fak pdinaturalnych o umiarkowanej produktyw-
nosci. Zawarto$¢ azotu ogdlnego wynosita srednio 5,06 g kg™' s.m. gleby, potwierdzajac tym
samym umiarkowany poziom dostepnosci sktadnikéw mineralnych w glebie. Badane gleby wy-
kazywaly najnizsze (sposrod wszystkich analizowanych jednostek syntaksonomicznych) za-
wartos$ci pierwiastkow odzywczych, takich jak fosfor, potas, magnez i mangan. Niska zasob-
no$¢ w makro- 1 mikrosktadniki pokarmowe sugeruje ograniczong mineralizacj¢ oraz eksten-
sywne, malo intensywne uzytkowanie siedliskowe, ktore sprzyja zachowaniu wysokiej r6zno-
rodnosci florystyczne;.

Alopecuretum pratensis rozwijalo si¢ na glebach o najwyzszej zawarto$ci materii orga-
nicznej 1 azotu 0golnego (Corg: 169 g kg' s.m. gleby, Nog» 13,9 g kg™ s.m. gleby), co Swiadczy
0 nagromadzeniu substancji organicznej, mogacej wynika¢ zardGwno z intensywnego nawoze-
nia, jak i z okresowo stagnujacych warunkéw wodnych (Tabela 4). Odczyn gleb byt lekko kwa-
sny (pH H20 6,26), natomiast poziom dostgpnego fosforu osiggat bardzo wysokie wartosci
($rednio 365 mg kg s.m. gleby), znacznie przewyzszajace inne jednostki. Zawartos¢ potasu
(114 mg kg' s.m. gleby), magnezu (560 mg kg s.m. gleby) i manganu (176 mg kg s.m.
gleby) wyrdzniaty si¢ rowniez na tle pozostalych analizowanych gleb. Wysoka zasobno$¢ ma-
krosktadnikéw pokarmowych jednoznacznie wskazywata na Zzyzne i produktywne siedlisko,

ktore sprzyja szybkiemu wzrostowi biomasy oraz intensywnemu rozwojowi zbiorowisk tako-

wych.
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Tabela 4. Wasciwosci chemiczne gleb. Statystycznie istotne réznice w parametrach glebowych pomie-

dzy jednostkami syntaksonomicznymi roslinnosci tagkowej oznaczono réznymi literami (p < 0,05; test

Kruskala-Wallisa z poré6wnaniami post hoc Dunna)

Jednostka Mol cae Alo pra Arr ela Lol-Cyn Poa-Fes
N ;:l‘::fctzy 1-4 17-20 9-12 13-16 5-8
min—max min—max min—max min—-max min—max
srednia srednia srednia srednia srednia
5,97-6,66 5,97-6,55 7,45-7,91 6,13-7,43 6,20-6,89
pH H,O
6,44 * 6,26 ° 7,69 ° 6,59 ° 6,64 ®
5,31-6,25 5,71-6,26 7,07-7,49 5,63-7,17 5,96-6,61
pH KCl
6,00* 5,98 7,27° 6,12° 6,33
g kg™ s.m. gleby
37,5-81,6 72,0-256 29,5-168 43,1-147 34,1-315
Come 61,6° 169* 82,9 96,5 1274
3,07-7,46 6,35-21,0 2,61-13,8 4,25-12,3 3,20-25,4
N 5,06° 13,9 7,14% 8,39+ 11,0°
10,9-14,1 11,2-14,4 10,1-14,5 10,2-12,2 9,56-12,4
CN 12,32 12,1° 11,52 11,42 11,12
mg kg™ s.m. gleby
31,5-38,8 84,6-180 43,8-163 48,0-81,9 40,3-71,6
K 35,32 114° 84,5® 62,6 55,9*
201-336 360-657 190-1463 272-625 219-831
Me 2702 5602 6372 3732 410*
37,1-69,3 117-233 56,5-315 68,1-195 121470
M 46,1 176° 221° 1159 271°
16,8-69,1 283-490 123-803 101-591 150-466
F 43,4% 365° 275° 455" 317°

Gleby pod Arrhenatheretum elatioris wyrdzniaty sie¢ zasadowym odczynem (pH H:O:

7,69), co stanowito ceche odrozniajaca te jednostke od pozostatych (Tabela 4). ZawartoSci

wegla organicznego (82,9 g kg™' s.m. gleby) 1 azotu (7,14 g kg™' s.m. gleby) byly umiarkowane,

a stosunek C:N (11,5) sugerowat efektywng mineralizacj¢ 1 dostepnos¢ sktadnikéw pokarmo-

wych. Zasadowos¢ gleby oraz wysoka zawarto$¢ fosforu ($rednio 275 mg kg™ s.m. gleby)

wskazujg na gleby bogate geochemicznie, czgsto wystgpujace w dolinach rzecznych lub
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w strefach aluwialnych. W tym zbiorowisku zaobserwowano takze najwigksze zréznicowanie
zawarto$ci magnezu (190-1463 mg kg™ s.m. gleby) i manganu (56,5-315 mg kg™' s.m. gleby),
swiadczace o wysokim potencjale zyznos$ci oraz znacznym zrdéznicowaniu wiasciwosci glebo-
wych. Powyzsze warunki sprzyjaja dominacji kilku silnych, konkurencyjnych gatunkow roslin.

Zespot Lolio-Cynosuretum zwiazany byl z glebami o odczynie lekko kwasnym do obo-
jetnego ($rednie pH H20: 6,59), umiarkowang zawarto$cig materii organicznej (Corg.: 96,5
g kg™' s.m. gleby) oraz wyjatkowo wysokim poziomem dost¢pnego fosforu (§rednio 455 mg
kg™ s.m. gleby) (Tabela 4). Zawarto$¢ azotu ogdlnego wynosita srednio 8,39 g kg™ s.m. gleby,
wskazujac na dobra zasobnos¢ w ten pierwiastek, typowa dla intensywnie uzytkowanych sie-
dlisk takowych. Takie warto$ci jednoznacznie wskazuja, iz gleby te byly poddane intensyw-
nemu uzytkowaniu oraz prawdopodobnie nawozeniu mineralnemu lub organicznemu. W za-
kresie zasobno$ci w potas (62,6 mg kg™ s.m. gleby), magnez (373 mg kg' s.m. gleby) i mangan
(115 mg kg™' s.m. gleby), zbiorowisko to prezentowato $rednie ich wartosci, przy czym stosun-
kowo niskie poziomy potasu mogly wynika¢ z jego intensywnego wymywania. Sklad che-
miczny gleby jednoznacznie wskazuje na przeksztalcone siedlisko tagkowe, w ktorym dominu-
jaca role odgrywa cykl fosforowy i azotowy, typowy dla agroekosystemow.

Zbiorowisko Poa pratensis-Festuca rubra wystgpowato na glebach o $rednim pH
(pH H:0: 6,64) oraz wysokiej zawartosci materii organicznej, przy czym obserwowano
znaczny zakres wartosci Corg. (34,1-315 g kg™' s.m. gleby, srednio 127 g kg™! s.m. gleby). Mo-
glo to $wiadczy¢ o mozaikowym charakterze siedliska (Tabela 4). Zawarto$¢ Nog. byta rowniez
stosunkowo wysoka — §rednio 11,0 g kg™! s.m. gleby, potwierdzajac dobra zasobno$¢ w azot -
typowa dla gk uzytkowanych umiarkowanie intensywnie. Stosunek C:N ($rednio 11,1) wska-
zuje na stabilne tempo mineralizacji 1 dostgpnos¢ zwigzkow azotowych dla roslin. Poziom fos-
foru byt wysoki (Srednio 317 mg kg™ s.m. gleby), a zawartos¢ potasu (55,9 mg kg™! s.m. gleby)
i magnezu (410 mg kg™' s.m. gleby) pozostawata na poziomie umiarkowanym, sugerujac zroz-
nicowane warunki siedliskowe, zblizone do zbiorowisk przejsciowych miedzy tgkami pétnatu-
ralnymi, a intensywnie uzytkowanymi. Zbiorowisko to wykazywalo najwyzsza srednig zawar-
to$¢ manganu sposrod wszystkich analizowanych jednostek ($rednio 271 mg kg™ s.m. gleby),
wynikajace z procesow glejowych, typowych dla siedlisk o wysokim uwilgotnieniu oraz okre-
sowym oglejeniu. Sktad chemiczny gleby wskazuje na siedlisko zyzne, dobrze zaopatrzone
w sktadniki pokarmowe — prawdopodobnie nawozone, lecz wcigz zachowujace cechy pdinatu-

ralnos$ci 1 potencjat roznorodnosci biologiczne;.
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Znaczenie wlasciwosci chemicznych gleby w roznicowaniu zbiorowisk roslinnych i ich
zwiazek z roznorodnoscia biologiczna
Najwyzsze wartosci pH odnotowano w glebach pod Arrhenatheretum elatioris, najnizsze

natomiast w glebach spod Alopecuretum pratensis (Rycina 3).

2 4 Mol cae
2 A
C:N
=
©
8
= Lol-Cyn
w
<
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v il A Alo pra
*pHH20 A
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e
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Rycina 3. Analiza dyskryminacyjna (CVA) parametréw glebowych i jednostek roslinnosci tagkowe;.

Istotne statystycznie czynniki w modelu oznaczono gwiazdkami * (p < 0,05)

Analiza dyskryminacyjna wykazata, ze odczyn gleby (pH w H20 i KCI) byt najistotniej-
szym czynnikiem réznicujagcym zbiorowiska roslinnosci tagkowej, wyjasniajac odpowiednio
19% 1 12,4% zmienno$ci miedzy jednostkami syntaksonomicznymi. Inne zmienne nie mialy

natomiast istotnego wpltywu (Tabela 5).
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Tabela 5. Analiza dyskryminacyjna (CVA) parametrow glebowych i jednostek syntaksonomicznych ro-

$linnos$ci (n=4). Statystycznie istotne czynniki oznaczono pogrubieniem (p<0,05). Efekty warunkowe

wykluczaja wptyw najbardziej skorelowanych zmiennych.

% wyjasniongj

Zmienna wariancii pseudo-F p
pHmz0 19 4,2 0,002
pHka 12,4 3,1 0,028

K 9,2 2,5 0,058
Mn 7,6 2,2 0,096
C:N 6,4 2 0,136

P 6,2 2 0,126
Corg. 3,6 1,2 0,348
Nog. 2 0,7 0,572
Mg 1,2 0,4 0,794

Analiza korelacji wykazata, ze wskaznik réznorodnosci biologicznej (H”) byt istotnie

ujemnie skorelowany z zawarto$cig Corg. 1 Nog. (r=-0,41; p=0,008). Zmienno$¢ H’ wyjasniona

przez te czynniki wyniosta 17% (Rycina 4).
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Rycina 4. Wyniki analizy korelacji pomiedzy indeksem réznorodnosci gatunkowej a) catkowita zawar-

toscig wegla organicznego oraz b) catkowitg zawarto$cig azotu. ROwnania regresji przedstawiono na

wykresach, r — wspdtczynnik korelacji Pearsona (p < 0,05), R? — wspotczynnik determinacji

Nie stwierdzono natomiast zalezno$ci migdzy pH a poziomem roéznorodnosci, co suge-

ruje, ze wptyw odczynu dotyczyt gtownie roznicowania sktadu zbiorowisk a nie samej bioroz-

norodnosci.
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4.3. Wplyw zwiazkow fenolowych na liczebnos¢ mikroorganizmow w eko-

systemach uzytkow zielonych

Artykut naukowy opublikowany przez Mencel, J.; Gasecka M.; Molinska-Glura M.; Mocek-
Pl6ciniak, A. (2025) Relationships between selected phenolic compounds and microbial abun-
dance in grassland soils in the Obra River valley: a preliminary study, Soil Science Annual,

76(2), 205498. https://doi.org/10.37501/s0ilsa/205498

Liczebno$¢ mikroorganizmow i zawartos$¢ zwiazkow fenolowych w glebie

Gleby spod Molinietum caeruleae charakteryzowaly si¢ najnizsza ogdlna liczebnos$cia
mikroorganizméw sposrdd wszystkich analizowanych siedlisk (Tabela 6). Liczebno$¢ bakterii
heterotroficznych i1 promieniowcéw byla najnizsza. Natomiast liczebnos¢ grzybow ksztatto-
wala si¢ na relatywnie wysokim poziomie w pordwnaniu z badanymi grupami mikroorgani-

zZmow.

Tabela 6. Charakterystyka chemicznych i mikrobiologicznych wlasciwosci gleby (Srednia = SD). Staty-
stycznie istotne ré6znice w badanych parametrach pomi¢dzy jednostkami syntaksonomicznymi roslinno-

$ci takowej oznaczono réznymi literami (n = 4)

Zmienna Mol cae Alo pra Arr ela Lol-Cyn Poa-Fes
pHu20 6,42+0,28* 6,27+0,20° 7,7140,18° 6,58+0,47° 6,62+0,24°
pHkar 6,05+0,30° 6,00+0,18? 7,29+0,17° 6,13+0,59° 6,31+0,24°

10° jtk g kg™' s.m. gleby

Bakterie hete-
rotroficzne

Promieniowce 11,97+6,07¢ 60,43+24,29% 55,69+20,30%¢ 84,19+31,07¢ 26,61+6,243

30,44+7,59* 162,17+60,08° 71,66+22,62° 57,77+1,83* 46,85+7,24*

10° jtk g kg™' s.m. gleby

Grzyby 37,26+5,02%  4521+11,82° 29,05+6,41% 27,743,620 24,87+524°

g kg™ s.m. gleby

Corg. 69,40+10,29 148,23+60,72 87,67+59,30 98,12+33,88 121,82+10,24

Nog. 5,74+1,35 11,67+4,04 7,71+4,57 8,60+2,60 10,35+1,24

pg g s.m. gleby

2.5-DHBA BDL BDL 7.72+10,15 BDL 5.69+0,24
4-HBA 2.86+3,02 3,91+4.82 2.98+3,58 473241 3.8143,24
K
was 0,72+0.86 0,70£0,28 0,82+0,69 1,020,50 0,38+0,24
kawowy
Kwas 0,55+0.88 0714142 0,45+0,59 0,62+0.80 1,66+0,24
chlorogenowy
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Zmienna Mol cae Alo pra Arr ela Lol-Cyn Poa-Fes

K
Was 0,18+0,37 0,46+0,91 1,13+1,33 1,23+1,55 0,730,24
Cynamonowy
Kwas BDL 0,44+0,35 BDL 0,12+0,25 0,39£0,24
ferulowy
Kwas 1,64+130 9,1149,17 127+1,16 2.14+1,40 2.48+124
galusowy
Kwas 1,07+0,52 2.2140,90 137+0,73 0,65+1,30 1,29+0,24
p-kumarowy
K
awas BDL 0,14+0,28 0,320,42 0,50+0,39 0,77+0,24
sinapowy
Kwas
, 0,20+0.41 71,57+142,01 0,84+0,60 0,24+0.49 1,5140,24
syringowy
Kwas b b
v 0,49+0,65° 4,812,448 3,1541,65° 3,34+1,10° 12,87+0,24
waniliowy
Katechina 3,66+4,59° 15254577 5,863,940 5.56+2.57° 1 434,247

Zawarto$¢ badanych zwigzkow fenolowych byla wyraznie ograniczona (Tabela 6).
W glebach Molinietum caeruleae wystepowata przede wszystkim katechina, ktorej stezenie
wynosito 3,66 ug g s.m. gleby, natomiast inne zwigzki, takie jak kwas ferulowy, sinapinowy
1 2,5-dihydroksybenzoesowy (2,5-DHBA), byly ponizej granicy wykrywalno$ci. Kwas cyna-
monowy osiagnat najnizszy wykrywalny poziom sposrdd analizowanych zwiazkéow fenolo-
wych, wynoszacy 0,18 pg g’ s.m. gleby. Stwierdzona niska zawarto$¢ fenoli znalazta odzwier-
ciedlenie w ubogim i mato zré6znicowanym profilu fenolowym badanego materiatu glebowego.

W przeciwienstwie do tego, gleby spod Alopecuretum pratensis wykazywaty najwigksza
aktywnos$¢ biologiczng (Tabela 6). Zaro6wno liczebno$¢ bakterii heterotroficznych (ponad 162
x 10° jtk g kg™ s.m. gleby), jak i grzybow plesniowych (45 x 10% jtk g kg™ s.m. gleby) osiagneta
najwyzsze wartosci sposroéd wszystkich zbiorowisk. Te intensywng aktywno$¢ mikroorgani-
zmoOw mozna wigza¢ z bogatym sktadem zwigzkoéw fenolowych, z dominujacg rola katechiny
(15,25 ug g! s.m. gleby) i wyjatkowo wysoka zawartoécig kwasu syryngowego (az 71,57 pg
gl s.m. gleby), niespotykang w Zadnym innym zbiorowisku. Obecno$¢ kwasow galusowego,
wanilinowego, p-kumarowego i kawowego $wiadczyty o zlozonosci chemicznej srodowiska,
sprzyjajacego réznorodnosci mikroorganizmow oraz intensywnemu rozktadowi substancji
organicznych.

Gleby spod Arrhenatheretum elatioris reprezentowaty §rednig aktywno$¢ mikroorgani-
zmow (Tabela 6). Liczebnos¢ bakterii heterotroficznych wynosita okoto 72 x 107 jtk g kg™ s.m.
gleby, a promieniowcow 56 x 10° jtk g kg™ s.m. gleby. Z kolei liczebnos¢ grzybow byta umiar-

kowana w porownaniu z pozostalymi jednostkami syntaksonomicznymi. Gleba w tym siedlisku

47



zawierala najwicksze stezenie kwasu 2,5-dihydroksybenzoesowego (7,72 pug g s.m. gleby),
ktory nie zostat wykryty w wigkszosci pozostatych zbiorowisk. Cho¢ poziom katechiny byt
znacznie nizszy niz w glebach Alopecuretum pratensis, to nadal osiggal on wzglednie wysoka
warto$é 5,86 ug g s.m. gleby. Obecnoéé kwasu cynamonowego i kawowego, a takze wanili-
nowego, wskazywaty na umiarkowang aktywnos$¢ zwigzkow fenolowych, mogacych wptywac
na struktur¢ mikrobioty glebowe;.

Z kolei gleby pod Lolio-Cynosuretum wyrdzniaty si¢ najwyzszag liczebnos$cig promie-
niowcow, osiagajaca wartosé 84 x10° jtk g kg s.m. gleby. Swiadczy to o sprzyjajacych
warunkach dla rozwoju tej grupy mikroorganizmow, by¢ moze w wyniku obecnos$ci katechiny
(5,56 pg g’ s.m. gleby) i innych fenoli (Tabela 6). Pozostate grupy mikroorganizméw — bakterie
heterotroficzne i1 grzyby — wystgpowaty tu w mniejszej liczebnosci, a fenolowy profil gleby byt
dos$¢ zroznicowany, cho¢ mniej bogaty niz w przypadku wczesniejszego Alopecuretum praten-
sis. Wykryto tu m.in. kwasy wanilinowy, galusowy, kawowy 1 p-kumarowy. Brak 2,5-DHBA
i niskie stezenie kwasu ferulowego mogty §wiadczy¢ o umiarkowanej aktywnos$ci chemiczne;.

Gleby zbiorowiska Poa pratensis-Festuca rubra, cho¢ cechowaly si¢ stosunkowo niska
liczebnos$cig grzybow (24,87 x10° jtk g kg™' s.m. gleby), wyrdznialy si¢ najwigksza zawarto$cia
kwasu wanilinowego w przeprowadzonym badaniu — 12,87 pg g' s.m. gleby (Tabela 6).
Obecne byly réwniez inne zwiazki, jak 2,5-DHBA (5,69 pg g'! s.m. gleby), kwas galusowy,
katechina oraz p-kumarowy, cho¢ w mniejszych stezeniach niz w przypadku Alopecuretum
pratensis. Liczba bakterii heterotroficznych 1 promieniowcdéw byla umiarkowana. Taka kombi-
nacja chemiczna mogla selektywnie wplywa¢ na sktad mikrobioty, szczegoélnie obnizajac

liczebno$¢ grzybow oraz modulowac procesy mineralizacji 1 humifikacji zachodzace w glebie.
Zaleznosci miedzy liczebnoscia mikroorganizmow a zawartoscia zwigzkow fenolowych

W badaniu zaobserwowano istotne statystycznie korelacje migedzy liczebnoscig mikroor-
ganizmoéw glebowych a zawarto$cig wybranych zwigzkow fenolowych, co podkresla ich zna-
czaca role w ksztaltowaniu aktywnosci biologicznej gleby. W szczegdlnosci bakterie heterotro-
ficzne wykazywaly dodatnig korelacje z trzema fenolami: kwasem p-kumarowym, ferulowym
oraz kateching (Tabela 7). Oznacza to, ze wraz ze wzrostem st¢zenia tych zwigzkoéw rosta row-
niez liczebnos$¢ tej grupy mikroorganizmow, wskazujac na ich zdolno$¢ do wykorzystania

wymienionych fenoli jako Zrodia wegla 1 energii.
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Tabela 7. Wartosci wspotczynnikoéw korelacji r-Pearsona. Uwzgledniono wylacznie statystycznie

istotne wspolczynniki korelacji (n = 20)

pHH2O pHKCl Bl P2 G3 Corg. N0g4 CA4

FEA’

SIN®  GA®

VA" CT!! CIA"?

pHuzo
pHxkal
B!
p2
G
Corg.
Nog.

0,98

0,55 0,60

0,49
0,46 0,44
0,99

0,47

0,55
0,56

0,49

0,80
0,47
0,69
0,46
0,47

CA*
p-CO?
CHAS 0,66 0,54 0,53
FEA 0,48
SIN®
GA®
VA0
CT!!
CIA"?

Ibakterie heterotroficzne; >promieniowce; 3grzyby; *kwas kawowy; *kwas p-kumarowy; °kwas chlorogenowy; kwas

ferulowy; 8kwas sinapowy; *kwas galusowy; '%kwasu waniliowego; !'katechina; '*kwas cynamonowy

Katechina, poza dodatnim wptywem na bakterie heterotroficzne, byta réwniez dodatnio
skorelowana z liczebnos$cig grzybow (Tabela 7). Grzyby reagowaty tez pozytywnie na obecnos¢
kwasu galusowego, co sugeruje, ze niektore fenole moga wspiera¢ rozwoj grzybow saprotro-
ficznych lub symbiotycznych. Promieniowce, znane ze swojej zdolno$ci do rozktadu ztozonych
zwigzkow organicznych, wykazaty z kolei istotne korelacje z kwasem kawowym oraz cyna-
monowym. Obecnos$¢ tych zwigzkéw mogla sprzyja¢ rozwojowi promieniowcoOw, petnigcych
wazng role w mineralizacji substancji organicznych w glebie. Powigzania te wskazuja, iz r6zne
grupy fenoli dzialajg selektywnie na okreslone grupy mikroorganizméw, wptywajac tym
samym zarO6wno na strukture, jak 1 aktywnos$¢ calej mikrobioty glebowe;.

Roéwnie interesujace okazaly sig¢ korelacje chemicznych wtasciwosci gleby, a wiec zawar-
tosci wegla organicznego i azotu ogolnego, z niektorymi zwigzkami fenolowymi (Tabela 7).
Zarowno wegiel, jak 1 azot byly dodatnio skorelowane z zawartos$cia kwasu ferulowego

1 cynamonowego. Im wigksza byta zawarto$¢ materii organicznej w glebie, tym wiecej w niej
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wystepowato wspomnianych fenoli. Moze to wynika¢ z faktu, iz zwigzki te sg produktami roz-
ktadu ligniny i innych sktadnikow roslinnych, ktére gromadza si¢ w glebach o wysokim pozio-
mie substancji organicznej. Wskazuje to zatem na bezposredni zwigzek pomiedzy jakoscig

1 ilo$cig materii organicznej a fenolowym profilem gleby.

Zroznicowanie jednostek roslinnych na podstawie zawartosSci zwiazkow fenolowych
w glebie

Analiza skupien potwierdzita, ze zawarto$¢ zwigzkéw fenolowych w glebie zalezy od
typu zbiorowiska roslinnego. Molinietum caeruleae zostato dzigki tej analizie wyraznie oddzie-

lone od pozostatych jednostek (Rycina 5).
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Molinietum caeruleae Arrhenatheretum elatioris Alopecuretum pratensis
Lolio-Cynosuretum zb. Poa pratensis-Festuca rubra

Rycina 5. Analiza skupien dla analizowanych jednostek syntaksonomicznych

Oznacza to, ze gleby w tym zbiorowisku charakteryzuja si¢ unikalnym profilem zwigzkow
fenolowych, ubogim, z niska zawartoscig wiekszosci fenoli, z ktorych jedynie katechina
wystepowala w zauwazalnym stezeniu. Ta odmienno$¢ moze by¢ wynikiem specyficznych
warunkoéw siedliskowych (np. wigkszego uwilgotnienia, nizszego pH) lub sktadu florystycz-
nego wplywajacego na mniejszg produkcje fenoli. Z kolei Arrhenatheretum elatioris 1 Lolio-
Cynosuretum utworzyty wspélng grupe, co wskazuje na ich podobienstwo w sktadzie fenoli.

W obu przypadkach wykryto m.in. umiarkowane ilosci katechiny, kwasu kawowego,
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wanilinowego 1 galusowego. Gleby spod tych zbiorowisk sa chemicznie zréznicowane, ale na
tyle podobne, aby zosta¢ zaklasyfikowane do jednej grupy. Zbiorowisko Poa pratensis-Festuca
rubra oraz Alopecuretum pratensis utworzyly odrgbne, indywidualne klastry. Pomimo tego, ze
oba te zbiorowiska miaty wysoka zawartos¢ zwigzkow fenolowych, to roznity si¢ miedzy sobg
profilem dominujacych zwiazkow. W Alopecuretum pratensis najwyzsza zawartos¢ osiggaty
katechina i kwas syryngowy, natomiast w Poa pratensis-Festuca rubra dominowat kwas wa-
nilinowy i1 obecny byt réwniez 2,5-DHBA. Otrzymane rezultaty r6znicujg te zbiorowiska pod
wzgledem chemicznym i sugeruja o odmiennych procesach humifikacji oraz wplywu roslinno-

$ci na sktad fenolowy gleby.

4.4. Wplyw jednostek roslinnosci lakowej na biochemiczne wlasciwosci

gleby oraz liczebnos¢ wybranych mikroorganizmow

Artykul naukowy opublikowany przez Mencel, J.; Wojciechowska, A.; Mocek-Plociniak, A.
(2025) Effect of Grassland Vegetation Units on Soil Biochemical Properties and the Abundance
of Selected Microorganisms in the Obra River Valley, Agronomy, 15, 1573.
https://doi.org/10.3390/agronomy 15071573

Charakterystyka wybranych uzytkow zielonych z uwzglednieniem sezonowosci

We wszystkich analizowanych zbiorowiskach liczba gatunkdéw byla wyzsza jesienig ani-
zeli wiosng. Warto$ci wskaznika H' byly rowniez wyzsze w okresie jesiennym, co sugeruje, ze
panujace warunki w tym czasie sprzyjaty wiekszej r6znorodnosci gatunkowej. Moze to wyni-
ka¢ z wydluzonego sezonu wegetacyjnego lub tatwiejszej identyfikacji roslin

w fazie generatywnej (Tabela 8).

Tabela 8. Biordznorodnos$¢ wybranych jednostek roslinnosci uzytkow zielonych

R jeciu fit jologicz- SR jeciu fit jologicz- H' H'
Jednostka syntaks. SR SR w zdjeciu fitosocjologicz- SR w zdjeciu fitosocjologicz

nym W (zakres i $rednia) nym J (zakres i §rednia) W J
Molinietum caeruleae 57 17-20 19 22-29 26 2,25 2,45
Alopecuretum pratensis 44 10-22 16 12-22 17 1,72 1,79
Arrhenatheretum elatioris 54 16-20 18 14-24 19 2,00 2,06
Lolio-Cynosuretum 36 8-12 11 9-16 13 1,49 148
zb. Poa pratensis-Festuca 50 1222 19 15-24 19 217 2,19

rubra
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Molinietum caeruleae cechowato si¢ najwigksza liczbg gatunkdéw oraz najwyzszym
wskaznikiem réznorodnosci (H') — zaréwno wiosng (H' = 2,25), jak i jesienig (H' = 2,45). Liczba
gatunkéw w poszczegdlnych zdjeciach fitosocjologicznych wynosita w okresie wiosennym 17—
20122-29.

Alopecuretum pratensis to zespot o umiarkowanej liczbie gatunkéw (od 10 wiosng i 12
jesienig do 22 w obu terminach badan). Wskaznik H' byt nizszy niz w Molinietum caeruleae
1 wynosit 1,72 (wiosna) i 1,79 (jesien).

Arrhenatheretum elatioris charakteryzowalo si¢ stosunkowo wysoka liczbg gatunkow
wiosng 1620, a jesienig 14-24, natomiast wskaznik H’ wyniost 2,00 (wiosna) i 2,06 (jesien),
co $wiadczylo o umiarkowanie duzej roznorodnosci florystyczne;.

Lolio-Cynosuretum okazalo si¢ by¢ zespotem o najmniejszym bogactwie gatunkowym,
z liczba gatunkow w granicach 8—12 wiosna, a jesienig 9-16. Wskaznik H' byl rowniez najniz-
szy: 1,49 (wiosna) i 1,48 (jesien).

Zbiorowisko Poa pratensis-Festuca rubra prezentowalo $redni poziom réznorodnosci
florystycznej, z liczbg gatunkéw od 12 do 22 wiosng i od 15 do 24 jesienig. Indeks H’ wynidst
2,17 (wiosna) 1 2,19 (jesien).

Liczebnosci wybranych grup mikroorganizmow glebowych oraz aktywnos$¢ enzyma-
tyczna gleb

Gleby pod Molinietum caeruleae charakteryzowaly si¢ najnizsza liczebnoscig mikroor-
ganizmow w trzech analizowanych grupach, zwtaszcza bakterii heterotroficznych, co utrzymy-

walo si¢ zardGwno wiosng, jak 1 jesienig (Rycina 6).
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Rycina 6. Liczebno$¢ drobnoustrojow w glebach ($rednia + SD i SE). Wartos$ci oznaczone tg sama litera

nie r6znig si¢ statystycznie istotnie (ANOVA, p < 0,05, test Tukeya jako post hoc)

Pomimo tego, w analizowanych siedliskach odnotowano stosunkowo wysokg liczebnos¢

grzybow, co odrdzniato je od pozostaltych badanych zbiorowisk (Rycina 6). Aktywnos$¢ enzy-

matyczna w tych glebach byta réwniez najnizsza sposrdéd wszystkich badanych jednostek

ro$linnych, co wskazuje na niska zyzno$¢ i aktywnos¢ biologiczna tych gleb, charakterystyczng

dla siedlisk ekstensywnych 1 przyrodniczo cennych (Rycina 7).
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Rycina 7. Aktywnos$¢ enzymatyczna gleb (Srednia = SD i1 SE). Warto$ci oznaczone tg samg literg nie

roznig si¢ statystycznie istotnie (ANOVA, p < 0,05, test Tukeya jako post hoc)
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W przypadku Alopecuretum pratensis, gleby wykazywaty najwyzsza liczebno$¢ bakterii
heterotroficznych i promieniowcoéw (Actinobacteria) w okresie wiosennym (Rycina 6). Zbio-
rowisko to cechowalo si¢ rowniez najwickszg aktywnos$cig enzymatyczng, szczegolnie AcP
1 AIP, CAT oraz PA, zar6wno wiosng, jak i jesienig (Rycina 7). Wysoka aktywno$¢ enzymow
wynikata ze sporej zawarto$ci materii organicznej i sktadnikéw pokarmowych, co podkresla
produkcyjny charakter tego typu uzytkow zielonych.

Arrhenatheretum elatioris to zbiorowisko, w ktorym wiosng zaobserwowano najwyzsza
aktywno$¢ DhA, wskazujacg na intensywny metabolizm mikroorganizmoéw glebowych w tym
okresie (Rycina 7). Jesienig natomiast wyrdzniala si¢ wysoka liczebnos$¢ grzybow (Rycina 6).
W pozostatych parametrach gleby tego zbiorowiska wykazywaty wartosci posrednie.

W glebach pod Lolio-Cynosuretum zaobserwowano najwyzsza liczebno$¢ bakterii
z rodzaju Azotobacter spp. w obu sezonach (Rycina 6). Sg to bakterie wolno zyjace, zdolne do
wigzania azotu atmosferycznego, ktorych obecnos$¢ czesto wigze si¢ z glebami o wyzszych war-
tosciach pH, co zostato potwierdzone réwniez w tej pracy. Ponadto, jesienig gleby tego zbioro-
wiska odznaczaty si¢ relatywnie sporg liczebnos$cig promieniowcoOw. Aktywno$¢ enzymatyczna
byta na umiarkowanym poziomie, ale UA wykazywata nieco wyzsza aktywno$¢ jesienia, po-
dobnie jak w pozostatych zbiorowiskach (Rycina 7).

Ostatnie analizowane zbiorowisko Poa pratensis-Festuca rubra wyrdzniato si¢ najwyz-
szg liczebnoS$cig bakterii heterotroficznych w sezonie jesiennym oraz znaczng liczebnoscig
grzybow w okresie wiosennym (Rycina 6). Zbiorowisko to cechowato si¢ rowniez stosunkowo
wysoka aktywno$cig enzymatyczng, cho¢ nieco nizszg niz w Alopecuretum pratensis (Rycina

7).

ZaleznoSci miedzy bioréznorodnoscia, wlasciwosciami gleby a porami roku

Gleby pod Molinietum caeruleae wyroznialy si¢ najwieksza roznorodnoscia gatunkowa
ro$lin oraz relatywnie wysoka liczebnoscig grzybow (Rycina 8).

Te dwa czynniki silnie r6znicowaty Molinietum wzgledem pozostatych jednostek roslin-
nych. Cho¢ nie odnotowano istotnych statystycznie korelacji migdzy indeksem H' a mikroor-
ganizmami czy enzymami, to wyrazne byly ogélne tendencje wskazujgce na naturalnosc¢ i sta-

bilnos¢ biologiczng tego siedliska.
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Rycina 8. RDA przedstawia zréznicowanie jednostek roslinnych ze wzgledu na ré6znorodnosé¢ roslin
oraz liczebno$¢ wybranych drobnoustrojow glebowych. Wektory oznaczone na czerwono reprezentujg
zbiorowiska istotnie roznigce si¢ od pozostatych (test permutacyjny Monte Carlo, p < 0,05). A — warto$¢

wlasna osi; 0§ pierwsza wyjasnia 17,7% zmiennoSci, a 0§ druga — 12,2%

W Alopecuretum pratensis aktywnos¢ enzyméw AcP 1 CAT wykazala istotne negatywne

korelacje z roznorodnos$cia roslin (H') (Tabela 9).
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Tabela 9. Wspotczynnik korelacji Pearsona pomiedzy indeksem rdznorodnosci danego zbiorowiska ro-
slinnego H' a aktywno$cig enzymatyczng gleby. Poziomy istotno$ci oznaczono nastgpujaco: *p < 0,05,

**p < 0,01, ns (brak istotnosci) p > 0,05

Jednostka syntaksonomiczna DhA  AcP AlP CAT UA PA
Molinietum caeruleae ns ns ns ns ns ns
Alopecuretum pratensis ns -0,33* ns -0,33** ns ns
Arrhenatheretum elatioris ns ns ns ns ns ns
Lolio-Cynosuretum ns ns ns ns -0,65** ns
zb. Poa pratensis-Festuca rubra ns  -0,63** -0,51* -0,62%* ns ns

Analizowane gleby spod Alopecuretum pratensis byly bogate w materi¢ organiczng
i sktadniki pokarmowe, co sprzyjato duzej liczebnosci mikroorganizméw i aktywnosci enzy-
mow, ale mogto tez ogranicza¢ réznorodno$¢ florystyczng poprzez promowanie dominujacych
gatunkow roslin. Powyzsze rezultaty sugeruja, ze w siedliskach o duzej zyzno$ci gleby, aktyw-
no$¢ mikrobiologiczna ros$nie, ale kosztem roznorodnosci botaniczne;.

W glebach pod Arrhenatheretum elatioris zaobserwowano istotng, negatywna korelacje
pomiedzy wskaznikiem H' a liczebnoscig bakterii heterotroficznych. Oznacza to, ze im wigksza

byta ré6znorodnos$¢ roslin, tym nizsza byta liczebno$¢ tych bakterii (Tabela 10).

Tabela 10. Wspoélczynnik korelacji Pearsona pomiedzy indeksem réznorodnosci danego zbiorowiska
roslinnego H’ a liczebno$cig drobnoustrojow glebowych. Poziomy istotnosci oznaczono nastgpujaco:

*p < 0,05, **p < 0,01, ns (brak istotnosci) p > 0,05

Jednostka syntaksonomiczna Bakterie Promieniowce Grzyby Azotobacter spp.
heterotroficzne
Molinietum caeruleae ns ns ns ns
Alopecuretum pratensis ns ns ns ns
Arrhenatheretum elatioris -0,53* ns ns ns
Lolio-Cynosuretum ns ns ns ns
zb. Poa pratensis-Festuca rubra ns ns -0,63 ** ns
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Moze to wynika¢ z bardziej ztozonego 1 konkurencyjnego srodowiska glebowego w sie-
dliskach bogatszych florystycznie. Pozostate zalezno$ci w tym zbiorowisku nie osiagnety po-
ziomu istotno$ci statystycznej, ale zaobserwowano umiarkowane wartosci aktywnosci enzy-
mow 1 obecnosci mikroorganizmow.

W Lolio-Cynosuretum stwierdzono najwigkszg liczebnos¢ bakterii z rodzaju Azotobacter
spp. W obu sezonach. Bakterie te preferuja gleby o obojetnym lub lekko zasadowym pH,
co potwierdza ich wysokie wartos$ci wtasnie w tym siedlisku. Gleby te byly zatem mikrobiolo-
gicznie aktywne, mimo ze samo zbiorowisko charakteryzowato si¢ najnizszg florystyczng roz-
norodnos$cig. Dodatkowo, aktywnos$¢ UA wykazywata ujemna korelacje z indeksem H’, co su-
geruje, ze wicksza roslinna roznorodnos$¢ niekoniecznie wigze si¢ z wigksza aktywnos$cia nie-
ktérych enzymow w tym siedlisku (Tabela 9).

W zbiorowisku Poa pratensis-Festuca rubra zauwazono rdwniez negatywng korelacje
migdzy réznorodnos$cig roslin (H') a liczebno$cig grzybow (Tabela 10). Wskazuje to jedno-
znacznie, ze w siedliskach o wiekszej florystycznej ztozonosci grzyby ustepuja innym grupom
mikroorganizmoéw lub sg mniej konkurencyjne w srodowisku o wigkszym zréznicowaniu zaso-
boéw. Ponadto dla tego zbiorowiska aktywno$¢ trzech enzymow (AcP, AIP 1 CAT) byta rowniez
ujemnie skorelowana z indeksem H'. Otrzymane rezultaty badan sugeruja, ze w bardziej zr6z-
nicowanych siedliskach biologiczna aktywno$¢ enzymatyczna moze by¢ thumiona przez wigk-

sza ztozonos¢ srodowiska (Tabela 9).

Ogolne zaleznosci mi¢dzy liczebnoscia mikroorganizmow i aktywnoscia enzymatycznag
a wlasciwosciami chemicznymi gleb

Promieniowce wykazywaty wyrazng preferencje¢ do gleb bogatych w azot 1 wegiel orga-
niczny, co potwierdza ich wrazliwo$¢ na poziom zyznosci 1 zasobnosci siedliska. Wysoka
liczebnos¢ tej grupy mikroorganizmow moze wskazywac, ze dostgpnos$¢ kluczowych sktadni-
kéw pokarmowych, zwlaszcza azotu 1 zwigzkdéw wegla, stanowi istotny czynnik determinujacy
ich rozw0j. Odmienny wzorzec zaobserwowano w przypadku Azotobacter spp. oraz grzybow,
ktore osiggaty wieksza liczebnos¢ w glebach o podwyzszonym odczynie. Moze to Swiadczy¢
o ich zdolnosci do lepszego funkcjonowania w srodowisku mniej kwasnym 1 bardziej sprzyja-

jacym procesom biochemicznym (Rycina 9).
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Rycina 9. RDA wskazuje na zalezno$¢ pomigdzy liczebnoscia drobnoustrojow glebowych a badanymi
parametrami gleby. Zadna z analizowanych zmiennych glebowych nie jest istotna dla zréznicowania
danych (test permutacyjny Monte Carlo, p > 0,05). A — warto$¢ wlasna osi; 0§ pierwsza wyjasnia 13,4%

zmiennosci, a 0§ druga — 5,9%.

Analizy aktywnoS$ci enzymatycznej ujawnily dodatkowe zalezno$ci. Aktywnos¢ fosfa-
tazy kwasnej, fosfatazy zasadowej oraz katalazy byta istotnie skorelowana z zawartoscig azotu
w glebie, co sugeruje, ze intensywnos¢ procesow enzymatycznych w duzej mierze zalezy od
dostepnosci tego pierwiastka. Jednocze$nie stwierdzono wyrazny wplyw odczynu gleby na dy-
namike enzymow — wzrost wartosci pH dziatat hamujaco, prowadzac do obnizenia ich aktyw-
nosci (Rycina 10). Taki mechanizm wskazuje, ze rownowaga pomiedzy zasobnos$cig gleby
w azot a jej odczynem jest kluczowa dla ksztaltowania aktywnosci enzymatycznej i w konse-

kwencji dla funkcjonowania calego mikrobiomu glebowego.
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Rycina 10. RDA wskazuje na zalezno$¢ pomiedzy aktywno$cig enzymatyczng gleby a badanymi para-
metrami glebowymi. Wektory oznaczone na czerwono reprezentuja zmienne istotnie réznigce si¢ od
pozostatych (test permutacyjny Monte Carlo, p < 0,05). A — wartos¢ wlasna osi; 0§ pierwsza wyjasnia

41,9% zmiennosci, a o druga — 10,5%.
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Wplyw sezonowosci na liczebno$¢ mikroorganizmow i aktywnos¢ enzymatyczna gleb

Z analizy RDA wynikato, ze jesienig 2022 roku zaobserwowano istotny wzrost liczebno-
Sci grzybow, ktoremu towarzyszyt jednoczesny spadek liczebnosci pozostatych grup mikroor-
ganizmow. Zjawisko to zostalo wyraznie uwidocznione na Rycinie 11 i wskazuje na sezonowe
zmiany w strukturze mikrobiologicznej gleby, mogace mie¢ zwigzek z warunkami srodowisko-

wymi panujagcymi w tym okresie.

0,02
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Axis 2 A

Wiosna 2022
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Grzyby
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Rycina 11. RDA wskazuje na zalezno$¢ pomigdzy liczebnoscia drobnoustrojow glebowych a sezonem
badawczym. Wektory oznaczone na czerwono reprezentujg zmienng istotnie réznigcg si¢ od pozostatych
(test permutacyjny Monte Carlo, p < 0,05). A — warto$¢ wlasna osi; o$ pierwsza wyjasnia 6,8% zmien-

nosci, a o$ druga — 2,4%
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Z analizy danych wynika, ze enzymy CAT oraz UA charakteryzowatly si¢ wyzsza aktyw-
nos$cig jesienig 2023 roku, podczas gdy pozostate badane enzymy wykazywaty wigksza aktyw-
no$¢ wiosng 2022. Zrdéznicowanie to ilustruje silny wptyw sezonowych zmian temperatury

1 wilgotno$ci na aktywno$¢ mikrobiologiczng w glebie (Rycina 12).
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Rycina 12. RDA wskazuje na zalezno$¢ pomiedzy aktywnos$cig enzymatyczng gleby a sezonem
badawczym. Wektory oznaczone na czerwono reprezentujg wartos$ci enzymow istotnie roznigce si¢
od pozostatych (test permutacyjny Monte Carlo, p < 0,05). A — warto$¢ wlasna osi; 0$ pierwsza

wyjasnia 28,1% zmiennosci, a o§ druga — 24,6%.
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5. Podsumowanie i wnioski

Powyzsze publikacje koncentrujg si¢ na badaniach trwatych uzytkow zielonych w doli-
nie rzeki Obry, ze szczegdlnym uwzglednieniem zalezno$ci migdzy typem roslinnosci, wiasci-
wosciami chemicznymi gleby, liczebno$cig mikroorganizmdw oraz procesami biochemicznymi
zachodzacymi w warstwie powierzchniowej gleby.

Badania jednoznacznie wykazuja, ze ros$linnos¢ takowa ma istotny wplyw na strukturg
mikrobiomu, aktywno$¢ enzymatyczng gleby, a takze na gromadzenie materii organicznej
1 zwiazkow fenolowych. Sktad mikroorganizméw (bakterie heterotroficzne, grzyby, promie-
niowce) oraz aktywnos$¢ enzymoéw (m.in. ureazy, fosfataz, dehydrogenaz) zmieniajg si¢ sezo-
nowo i sg $cisle powigzane z warunkami siedliskowymi, takimi jak pH, zawarto$¢ wegla orga-
nicznego czy azotu ogolnego.

W szczegolnosci podkreslono znaczenie zwigzkow fenolowych, naturalnie wystepuja-
cych w glebach z duzg ilo$cig resztek roslinnych, ktére wptywaja zarowno stymulujaco, jak
1 hamujaco na rozwdj mikroorganizméw oraz przebieg procesOw mineralizacji.

Rezultaty wszystkich powstalych publikacji jednoznacznie wskazuja, ze prawidtowe,
zrdbwnowazone uzytkowanie trwatych uzytkow zielonych sprzyja zachowaniu bioréznorodno-
Sci, zyznos$ci gleby, akumulacji wegla organicznego oraz spowolnieniu degradacji gleb mur-
szowych, co ma istotne znaczenie w kontekscie zmian klimatycznych.

Podsumowuyjac, trwate uzytki zielone w dolinie rzeki Obry petnig kluczowa role ekolo-
giczng, a ich odpowiednia ochrona oraz gospodarowanie maja znaczenie zarowno lokalne, jak
1 globalne, poprzez wptyw na klimat, bior6znorodno$¢ czy zdrowie gleb.

Wyniki badan terenowych, a takze laboratoryjnych umozliwily weryfikacj¢ hipotezy
badawczej 1 pozwolily na sformutowanie nastepujacych wnioskow koncowych, bedacych od-
powiedzig na postawione, szczegdtowe cele w dysertacji:

1. Zrbéznicowanie ro$linnosci wplywa na wlasciwosci glebowe.
Zbiorowiska roslinne ksztattujg liczebno§¢ mikrobioty glebowej, aktywnos$¢ enzyma-
tyczna, zawarto$¢ materii organicznej oraz profil fenolowy.

2. Molinietum caeruleae jest szczegolnie bogate florystycznie przy jednoczesnej niskiej
aktywnos$ci enzymatycznej 1 liczebno$ci mikroorganizmow.

3. W analizowanych glebach odczyn gleby oraz zawarto$¢ wegla organicznego 1 azotu
ogolnego byty gtéwnymi czynnikami determinujacymi zaréwno sktad roslinnosci, jak

1 wlasciwosci biochemiczne.
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4. Liczebno$¢ mikroorganizméw oraz aktywnos$¢ enzymow zalezaly od sezonu wegeta-
cyjnego i siedliska. Wiosng dominowata aktywno$¢ enzymoéw zwigzanych z obiegiem
P i N (fosfatazy, dehydrogenazy), podczas gdy jesienig stwierdzono wzrost aktywnosci
katalazy 1 ureazy. Zaobserwowano sezonowg dynamike mikrobiologiczng.

5. Zwiazki fenolowe modulujg aktywno$¢ mikroorganizmow. Obecno$¢ wybranych fenoli
(np. katechiny, kwasu ferulowego) pozytywnie korelowata z liczebnoscig promieniow-
cow oraz grzybow. Fenole petlnig zatem funkcje¢ regulatoréw obiegu N 1 dostepnosci
sktadnikow pokarmowych.

6. Trwale uzytki =zielone spetniaja wazng funkcje bufora ekologicznego.
Ich ochrona oraz zréwnowazone uzytkowanie sprzyjaja zachowaniu biordéznorodnosci,

ograniczaja emisje CO: 1 pozwalaja utrzymac zyzno$¢ gleb o charakterze murszowym.

Ostrozne wnioskowanie wynika z faktu, iz w literaturze przedmiotu spotyka si¢ niewiele
opracowan o charakterze interdyscyplinarnym z zakresu szeroko pojetego takarstwa i mikro-
biologii $rodowiska glebowego, stanowigcego rézne etapy decesji materii organicznej w wy-

niku proceséw murszenia ptytkich utwordéw torfowych.
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Zalaczniki

Zakacznik 1. Podsumowujaca tabela fitosocjologiczna

Molinietum caeru- | Alopecuretum pra- | Arrhenatheretum | Lolio-Cynosure- | zb. Poa pratensis-
Gatunek rosliny leae tensis elatioris tum Festuca rubra
No.!l| C* | D¢’ |No.!'| C* | D¢ |[No.!'| C* | D¢ |No.!'| C* | D¢’ |No.'| C* | D¢’
Gatunki charakterystyczne dla klasy Molinio-Arrhenatheretea
Achillea millefolium 4 I 25 3 Ir | 375 9 ar | 28.1 2 I 3.8 12 | IV | 375
Anthoxanthum odoratum 2 I 6.3 4 II 12.5 3 I 9.4
Avenula pubescens 10 | III | 31.3
Cardamine pratensis 12 |V 50 15 | V | 444 6 II 18.8 5 II 13.1
Centaurea jacea 2 I 1.7 2 I 1.3
Cerastium holosteoides 9 IV | 375 7 m | 219 | 11 | IV | 625 5 II 13.1 7 Imr | 21.9
Festuca pratensis 9 IV | 3292 | 2 I 6.3 10 | III | 31.3 6 I | 46.9
Holcus lanatus 2 I 7.3 14 | V | 2125]| 8 I | 81.3 7 mr | 21.9 7 mr | 21.9
Lathyrus pratensis 1 I 4.2 4 II 12.5 1 I 3.1 2 I 6.3
Odontites serotina 3 I 12.5
Plantago lanceolata 6 | III | 625 7 | 0| 219 | 13 | IV | 40.6 7 ar | 21.8 9 I | 218.8
Prunella vulgaris 7 Ir | 292
Ranunculus acris 14 | V | 438 | 13 | IV | 68.8 5 II 13.1 14 | IV 100
Rumex acetosa 9 I | 28.1 12 | IV | 65.6 9 I | 28.1
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Trifolium pratense 4 I 125 | 16 | V | 1063 12 | IV | 375
Vicia cracca 2 I 83 4 I 12.5 2 I 1.3 2 I 6.3
Gatunki charakterystyczne dla rzedu Molinietalia caeruleae
Alopecurus pratensis 16 V [ 4844 | 12 | IV | 1219 | 12 | IV | 65.6 | 15 vV 1594
Carex cespitosa 8 IV | 333
Cirsium oleraceum 2 I 3.8
Deschampsia caespitosa 10 | IV | 41.7 3 II 9.4
Equisetum palustre 2 I 1.7 1 I 0.6
Filipendula ulmaria 1 I 0.8 4 II 10 1 I 0.6
Lathyrus palustris 4 II 13.3
Lychnis flos-cuculi 5 I | 14.2 9 I | 25.6 4 Ir | 40.6 2 I 6.3 15 | V | 1569
Lysimachia vulgaris 8 IV | 333 1 I 3.1
Lythrum salicaria 3 II 5.8
Molinia caerulea 12 | V | 3583
Poa palustris 13 | IV | 125 2 I 6.3 1 I 3.1 13 | IV | 3094
Symphytum officinale 1 I 3.1
Thalictrum flavum 2 I 5 3 II 9.4 6 II 18.8
Viola pumila 2 I 8.3
Gatunki charakterystyczne dla rz¢du Arrhenatheretalia elatioris
Arrhenatherum elatius 16 | V | 4063 3 I 37.5
Bellis perennis 11 | IV | 344 9 I | 84.4
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Bromus hordaceus 6 I 18.8 9 ar | 28.1
Dactylis glomerata 1 I 4.2 5 II 156 | 13 | IV | 40.6 8 111 25 4 II 12.5
Daucus carota 3 II 6.9 1 I 0.6
Festuca rubra 12 | V 50 9 I | 112.5
Galium mollugo 7 mr | 219 | 16 | V | 1063 | 4 II 125 | 12 | IV | 375
Geranium pratense 1 I 0.6
Heracleum sphondylium 4 II 125 | 13 | IV | 40.6 1 I 0.6 5 II 15.6
Leontodon autumnalis 5 II 17.5 3 I 9.4
Leucanthemum vulgare 5 II 15.6 2 I 6.3
Lolium perenne 1 I 4.2 5 Ir | 438 | 10 | OI | 313 [ 16 | V | 3938 | 2 I 6.3
Poa pratensis 10 | IV | 550 15|V 925 15 | V |6688| 16 | V [ 5156 16 | V | 3563
Polygala comosa 1 I 0.8
Saxifraga granulata 4 II 10
Taraxacum officinale 2 I 8.3 12 [ IV | 656 | 15 | V | 469 | 10 | IV | 1438 | 13 | IV | 40.6
Trifolium dubium 2 I 6.3
Trifolium repens 2 I 8.3 8 I 25 3 II 375 | 10 | IV | 1156 | 12 | IV | 278.1
Gatunki charakterystyczne dla rzedow Trifolio fragiferae-Agrostietalia stoloniferae i Plantaginetalia majoris
Agrostis stolonifera 10 | IV | 1542 6 II 18.8 7 ar | 21.9
Alopecurus geniculatus 2 I 6.3 1 I 3.1
Carex hirta 4 II 12.5
Festuca arundinacea 4 II 13.3 4 II 68.8
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Inula britannica 3 I 50
Plantago major 2 I 6.3 21.9 9 I | 84.4 6 I 18.8
Poa annua 3 I 9.4
Potentilla anserina 11 | V |3342 I 12.5
Potentilla reptans 3 I 12.5 I 3.1 1 I 3.1 2 I 6.3
Ranunculus repens 9 v 150 8 I 25 I 25 6 II 188 | 16 | V 50
Rumex crispus 4 II 12.5 I 0.6 1 I 0.6 1 I 3.1
Triticum repens 1 I 3.1 1 I 3.1
Gatunki charakterystyczne dla klasy Phragmitetea
Carex acuta 8 IV | 70.8 8 111 25 I 3.1 9 I | 28.1
Galium palustre 2 I 1.7 3 II 9.4
Iris pseudacorus 2 I 5
Mentha aquatica 12 |V 50 4 II 12.5
Peucedanum palustre 3 I 2.5
Phalaris arundinacea 2 I 5 11 | IV | 90.6 I 3.1 11 | IV | 2313
Phragmites australis 12 |V 50 I 0.6
Rumex hydrolapathum 2 I 6.3
Sium latifolium 2 I 1.3
Inne
Artemisia vulgaris 1 I 0.6
Bromus inermis 1 I 3.1

87



Calystegia sepium
Capsella bursa-pastoris
Cerastium arvense
Chenopodium album
Cirsium arvense
Conyza canadensis
Cynoglossum officinale
Echinochloa crus-galli
Eupatorium cannabinum
Glechoma hederacea
Hydrocotyle vulgaris
Hypericum perforatum
Hypochoeris radicata
Juncus articulatus
Lactuca serriola
Linaria vulgaris
Luzula multiflora
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Rubus gracilis 3 II 12.5
Rumex obtusifolius 4 II 12.5 0.6
Stellaria media 4 II 12.5 2 I 6.3 I 0.6 3.1
Urtica dioica 3 1 I 0.6
Veronica arvensis 3 I 9.4 2 I 6.3 II 9.4 6.3
Veronica chamaedrys 3 II 9.4 6 II 18.8
Veronica persica 2 I 6.3
Vicia hirsuta 2 I 1.7 4.4
Vicia sepium 2 I 6.3
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Abstract: The usage of grassland significantly affects the microbial and biochemical parameters of
soil epipedons. The use of grasslands (by mowing, grazing, and mowing and grazing) affects the
dominance of bacteria in abundance relative to fungal populations. This was particularly noticeable
when manual mowing was applied. In general, the highest number of microorganisms occurred
during spring and summer, which should be associated with the intensity of growth of root systems
of grass vegetation. It was noted that the grazing system caused an increase in the enzymatic activity
of urease and slightly less dehydrogenases and acid and alkaline phosphatase. Therefore, microbial
abundance and enzymatic activity are considered as indicator parameters to evaluate the biological
soil environment. They are highly probable estimates of soil fertility and ecosystem biodiversity.

Keywords: grassland; use of meadows and pastures; bacteria; fungi; enzyme activity

1. Introduction

Grassland is one of the largest ecosystems in the world. It covers about 3.5 billion
hectares (ha), which is 26% of the world’s land area and 70% of agricultural land [1].
Meadows and pastures are ecosystems closely related to human activity. Most of them
developed as a result of using cleared forest areas for agricultural purposes. Due to the
growth of the human population and the dynamic development of civilization, fertile land
began to be used for growing crops in fields, whereas marginal lands of lower fertility as
well as wetlands were used as meadows and pastures. Their maintenance and use are
related to pastoralism and animal husbandry [2].

Grasslands can be divided into natural, semi-natural, and anthropogenic ones. Grass-
lands used for agricultural purposes for more than 5 years are defined as permanent,
whereas those used for a short time on arable lands and in a crop rotation system are
defined as alternate lands [3].

The sward of grasslands is dominated by grasses as well as sedges, rushes, dicotyle-
dons, and small shrubs, which can be chewed by grazing animals. The form of grassland
use determines the species structure of the sward. Species of tall grasses predominate
in hay meadows. On the other hand, species of short grasses predominate in the sward
of pastures, whereas the share of selected species of tall grasses is small [2,4]. Apart
from grasses, legumes play an important role in the floristic composition of the sward of
grasslands. They form symbiotic systems with bacteria of the Rhizobium, Bradyrhizobium,
and Sinorhizobium genera, thanks to which they can fix atmospheric nitrogen. Thus, they
enrich the soil with nitrogen and contribute to the intensive development of plants and
the formation of protein-rich biomass. Apart from that, the grassland sward also includes
species of herbs and weeds—the functional group characterized by a higher content of
protein, carbohydrates, minerals, vitamins, and other active substances which are beneficial
for animal health [2,4,5].
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Permanent grasslands can be used as hay meadows and pastures as well as for both of
these purposes in an alternating manner. Their species composition depends on the form
and intensity of their use [2,6-8]. It affects the quality and quantity of animal feed obtained
from these grasslands [9,10].

Apart from being a source of feed, grasslands have many other ecosystem functions,
which are important for humans. They have key functions in nature: climatic, hydrologi-
cal, protective, filtration and phytosanitary, scenic, aesthetic, and biocenotic. Grasslands
are a refuge for numerous species of plants and animals, including rare and protected
ones [6,11,12].

The richness and floristic diversity of plant communities are mostly influenced by the
habitat conditions, including the type of soil and its abundance of nutrients, water condi-
tions, and the presence of soil microorganisms [13,14]. Microorganisms and plant cover
determine the nature and direction of biogeochemical processes as well as physicochemical
changes occurring in soils [15]. Moreover, they have considerable influence on the fertility
of soil and its yield potential as well as the yield of crops [14]. Bioactivity and interactions
occurring in the soil environment are the basis of various ecosystem functions, including the
circulation of nutrients, pathogen control, water infiltration, and the formation of trophic
chains.

Bacteria, which are prokaryotic organisms, easily adapt to a given environment. They
widely colonize both natural and anthropogenic environments. Bacteria of the Azotobacter
spp- and Azospirillum spp. genera are particularly important. These free-living soil
microorganisms are capable of fixing atmospheric nitrogen and making it available in an
absorbable form to higher plants. Azotobacter are aerobic bacteria, producing a wide range
of compounds, vitamins, and siderophores stimulating the growth and development of
plants [16]. They are used as a potential indicator of soil fertility [17]. These microorganisms
strongly react to chemical and physical factors in soil. Therefore, fluctuations in their
population are a good indicator of changes occurring in the environment. There are seven
known species of bacteria of the Azotobacter genus, among which Azotobacter chroococcum
is believed to be the most common in various soils around the world. The abundance of
Azotobacter in neutral and alkaline soils rarely exceeds several thousand cells per 1 g of
soil. These bacteria are almost absent from acidic soils (pH < 6) or occur in them in small
amounts [16]. Azospirillum spp. bacteria (also widespread around the world) occur in large
populations—up to 107 cells per g of rhizosphere soil. These bacteria are associated with
the roots, stems, and leaves of various plants (mainly cereals and grasses), grown both
in temperate and tropical climates [18-20]. This group of bacteria is equally important
because they can activate the mechanisms fighting plant pathogens (bioprotectants). Apart
from that, they improve the uptake of nutrients (biofertilizers) and are capable of producing
plant hormones (biostimulants) [18].

Actinobacteria, which belong to the group of Gram-positive bacteria, are commonly
found in soil, composts, water, and bottom sediments. They contribute to the degradation
of plant and animal residues as well as hard-to-degrade compounds (lignin, chitin, cellulose,
higher fatty acids). They are capable of synthesizing various enzymes, e.g., nitrogenase,
as well as substances with antibiotic effects, e.g., erythromycin. Actinobacteria participate
in the formation of humic compounds in soil [21]. Organic matter is one of the basic
components of soil. It consists of dead plant and animal remains as well as decomposition
products and secondary synthesis of humus compounds. The humus positively influences
the formation of the aggregate structure of soils, improving water and air relations. In
addition, humus influences soil color and, thanks to its dark color, improves soil thermal
properties. Organic matter is a source of plant nutrients (mainly nitrogen and phosphorus)
and influences the physicochemical properties, e.g., stabilizes the soil pH. Soils rich in
organic matter have a higher biological activity [22,23]. Actinobacteria also produce a
wide range of secondary metabolites, which play an important role in the soil environ-
ment. For example, they improve the availability of fertilizer ingredients and many other
micronutrients, thus promoting plant growth [24].
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Fungi play a fundamental role in various physiological processes, in the uptake of min-
erals and water, chemical transformations, and the biosynthesis of biostimulants supporting
plants during their exposure to environmental stresses (drought, salinity, contamination
with organic and mineral xenobiotics). Plants associated with mycorrhizal fungi are ca-
pable of more intensive uptake of nutrients and are better supplied with water, macro-
and micronutrients. They are characterized by greater resistance to drought, frost, high
temperature, acid rain, heavy metals, and pathogens [20].

Soil enzymes are another important indicator in the ecology of soil microorganisms, as
they determine the direction of biochemical changes occurring in soil. They participate in
the circulation of elements and play an important role in the synthesis and decomposition
of humus, the releasing and supplying of mineral substances to plants, the fixation of
molecular nitrogen, detoxification of xenobiotics, nitrification, and denitrification [25,26].
Biochemical reactions occurring in grassland soils are conditioned by various complex
factors, which often interact with each other (Figure 1) [27-35].

use of grassland

structure of plant
communities

microbial

population

4 Y

Determinants of
biochemical reactions

- /

duration of
use

soil structure

climate

Figure 1. Determinants of biochemical reactions occurring in grassland soils.

Currently, there is a lack of sufficient research on the correlation between grassland
usage and biological activity in topsoil in terms of microbiota abundance and activity,
especially in Poland. Therefore, this paper focuses primarily on studies conducted in
Poland and compares them with results obtained in other countries and explains how
various forms of use of meadows and pastures influenced selected biological parameters of
superficial soil horizons.

2. Types of Grassland Use

Grassland is characterized by complex interactions between plants and soil, between
plants and animals, and between soil and animals [36]. The use of grassland involves
the removal of biomass while leaving minimal amounts of plant residues and related
nutrients [37].
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The direction of use and habitat conditions affect the floristic composition of the sward.
According to Talle [8], in southern Europe, the floristic richness of meadow communities is
more influenced by mowing, whereas in Central Europe, it is more influenced by grazing.
Some authors [38] indicated that mowing and grazing have similar effects on the number
of grassland species. They also observed that when grassland was used for mowing, the
Shannon index used for the assessment of biodiversity assumed higher values.

Li et al. [39] found that the yield of the aerial biomass of the sward decreased sig-
nificantly as the intensity of grazing increased. On the other hand, the highest species
biodiversity in the sward was observed when it was moderately used as a pasture. A
positive effect of the extensive use of the sward was also observed in the UK [40].

However, it is important to note that, so far, there have been no results of studies on
interactions between the direction of use of grassland and its floristic diversity and the
biochemical processes occurring in soil as a result of the microbial activity [38].

2.1. Use of Grasslands by Mowing

The biomass harvested from meadows is used for the production of hay or silage
with a higher dry matter content. The intensity of use and habitat conditions affect the
biodiversity of meadows and their natural and functional value [41,42].

Mowing is an important factor influencing the formation of meadow communities
with their characteristic combination of species. The hay meadows should be dominated
by tall grasses with high productivity, but there should also be low grasses with strong
ground cover and rich foliage [6]. In view of the fact that this treatment is cyclical, the date
of the first mowing and the frequency of these procedures have a particularly significant
influence on the botanical composition of meadows [6,43].

The date of mowing meadows depends on their species composition. Under the
optimal habitat conditions, i.e., with a supply of water and tropism, a high yield of biomass
can be harvested from meadows. In view of the fact that the development phase of the
dominant grass species, i.e., the beginning of the heading phase, is the main determinant of
mowing time, the number of mowings depends on the species composition of the sward.
It is noteworthy that under optimal habitat conditions of Central Europe, there may be
even as many as three or four mowings. Extensive use of grasslands is recommended, i.e.,
mowing twice a year, in order to maintain high biodiversity of the sward. However, the
number of mowings depends on the sward regrowth rate, which is mainly determined by
the water conditions [44].

2.2. Use of Grasslands by Grazing

Grazing also has a significant influence on the sward of grasslands. The pasture is a
place where plants and animals interact. By removing biomass, animals affect not only the
species composition of the grassland sward but also the physicochemical conditions of soil
and its biological characteristics [45,46].

Grazing animals leave their solid and liquid excrements on grazed areas, providing
nutrients such as nitrogen, phosphorus, potassium, calcium, and magnesium to the soil.
Twardy and Mikotajczyk-Rusin [47] emphasized that rational pasture use makes it possible
to reduce the need for mineral fertilizers.

Grazing is one of the factors limiting the intensive processes of decomposition of
organic matter and its mineralization on organic soils. The pressure from grazing animals’
hooves compacts the topsoil, which promotes the formation of a dense and elastic sward.
On mineral soils, however, intensive animal browsing has a negative effect on the physical
and chemical properties of the turf, e.g., it reduces the porosity of the soil and thus limits
water and air retention [48-50].

The proper botanical composition of grasslands guarantees a diversified fodder base
for animals. A good pasture should consist of 30% tall grasses, 50% low grasses, 10-20%
legumes, and 10% other dicotyledonous plants, the so-called herbs and weeds group.
The most preferable tall grass species are Festuca pratensis, Phleum pratense, and Dactylis



Agronomy 2022,12, 1136

50f16

glomerata, while short grasses are Lolium perenne, Poa pratensis, and Festuca rubra [51]. As
was the case with meadows, the intensity of use of pastures depends mostly on the habitat
conditions. The starting date of grazing is determined by the pasture maturity, i.e., when
the height of the sward is about 10-12 cm. The number of grazings is determined by the
sward regrowth rate, which depends mainly on the climatic conditions. The duration of
grazing, which should be short, is an important factor influencing the species composition
of the sward. The species diversity of the pasture is influenced by the grazing system, i.e.,
the quarter (rotational), dosed, free, or continuous system. The dosed system, which is the
most intensive, results in a considerable simplification of the sward species composition.
Due to the high density of grazing animals, it has the greatest influence on the physical,
chemical, and biological properties of soil [2,7] because it enables almost complete eating
of the sward. The method of feeding is based on systematic, according to a predetermined
grazing schedule, separation of animals from the pasture by means of portable fencing [52].

2.3. Alternate Use of Grassland by Mowing and Grazing

Sometimes, when the weather conditions are favorable, the alternate use of grasslands
as hay meadows and as pastures is promoted in order to maintain the right proportion
between the tall and short plant species in the sward [53]. According to Kaminski and
Chrzanowski [54], alternate use of grasslands by mowing and grazing is characterized by
the highest share of tall grasses in the sward, and the remaining species constitute about
25%, which ensures the optimum level of yielding and provides a high quality of forage
obtained.

Thanks to this use, it is possible to regulate the floristic composition of the sward and
prevent the appearance of undesirable species, i.e., weeds. For example, on fertile soils
with a high content of humus and on peat soils, this system of grassland use prevents
the development of species of low natural and functional value, such as umbellifers, e.g.,
Heracleum sphondylium and Aegopodium podagraria, and complex plants, e.g., Cirsium palustre
and Cirsium oleraceum [54].

Periodic changes in the use of grasslands, i.e., the alternate use of these areas as hay
meadows and as pastures, prevent the development of weeds and the loss of species
with high forage value. Thanks to this alternate use, it is possible to maintain the species
structure of plants and the diversity of the plant community [2,6].

3. The Occurrence of Microorganisms in Grassland Soils

Soil microorganisms are responsible for the mineralization of organic compounds and
the course of various biogeochemical cycles. They have an influence on the biodiversity of
entire ecosystems, including the plant cover. They are responsible for the productivity of
soil and its structure, and they also affect the circulation of elements in nature. The count
and species composition of soil microorganisms depend mainly on the physicochemical
properties of the pedon, the amount of nutrients, the type of soil, and the species composi-
tion of the plant community. Plants significantly influence the species composition of soil
microbial communities through the release or loss of compounds from plant roots to the
surrounding soil environment and decomposition of litter and roots [55-57].

3.1. Bacteria

As results from scientific research suggest, the populations of soil bacteria in grasslands
used as pastures decrease with the soil depth. Hu et al. [38] observed that bacteria were the
most abundant microbes found in grassy plots used for free grazing. Their share in the total
amount of soil microorganisms exceeded 60% and amounted to 7.35 (+0.44) nmol g~! DW.
The content of Gram-positive bacteria (2.52 (£0.3) nmol g ! DW) was about half lower than
the content of Gram-negative bacteria (4.68 (+0.31) nmol g’l DW). However, their count
tended to decrease along with the depth of the pedon, which was related to the profile
distribution of humus. The researchers found that the total count of actinobacteria in the soil
of grasslands used for grazing amounted to 0.89 (£0.11) nmol g~! DW, whereas in the soil
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of the grasslands that were not used as pastures, the population of these microorganisms
was 0.91 (+0.11) nmol g~! DW, and it was relatively stable up to a soil depth of 30 cm.
Significant correlations were found between organic matter, TN, TP, AP, NO3~-N, and
total PLFAs, bacteria, G* bacteria, G~ bacteria, actinomycetes, and G~ /G*. These results
indicate the effect of grass vegetation and changes in soil physicochemical properties on
microbial biomass.

The research conducted at the USDA ARS High Plains Grasslands Research Station [58]
compared the effects of continuous light grazing and continuous heavy grazing. The
analysis of the pattern of the content of cellular phospholipids—PLFA (phospholipid-
derived fatty acids)—proved that the counts of Gram-positive and Gram-negative bacteria
in the intensive grazing system were lower than in the light grazing system. The same
dependence was observed in the total bacterial count. Apart from that, Ingram et al. [58]
and Liu et al. [59] noted that, in general, there were more microorganisms in the 0-5 cm
soil layer than in the 5-15 cm layer, which was characteristic of steppe areas. It is probably
due to the higher root density in the topsoil. Plant roots stimulate microbial activity by
providing them with water-soluble compounds, including organic acids, sugars, or amino
acids. It follows that in no other part of the soil will microbial activity be as dynamic
as in the root zone. The researchers observed that actinobacteria were the second most
numerous group of soil microorganisms, regardless of the intensity of grassland use. As
was the case with fungi, the largest communities of actinobacteria were found in light
grazing soils, whereas intensive grazing was accompanied by the smallest communities of
actinobacteria. The authors of the study noted that light to moderate grazing favors both
the maintenance of soil physicochemical properties and the availability of resources for soil
biota and processes controlled by them [58].

Qu et al. [30] found that the diversity of the bacterial population depended on the
intensity of grazing and the botanical composition of the sward. The research conducted
on grazing grasslands at the Grassland Ecological Research Station of Northeast Normal
University (Jilin Province, China) showed that there were larger concentrations of bacteria
under specific grass species (Leymus chinensis, Phragmites australis, Calamagrostis epigeios,
Chloris virgata). Apart from that, the research showed that the lighter grazing system was
better for both the diversity of bacteria and the species composition of plant communities.
In the intensive grazing system, the indicators of plant biodiversity and the counts of
bacterial populations decreased gradually. However, the plant species composition was the
key factor influencing the variability of the microbial composition, whereas the intensity
of use was of secondary importance. The soil N/P ratio, total nitrogen, and pH also
significantly influenced the composition of bacterial communities, which affected the
species composition of plant communities growing in a specific pasture.

In a paper synthesizing the results of the responses of soil microbial community
size and SR to grazing, it was found that both the moderate and intensive systems of
using grassland as pastures had a negative influence on the populations of soil bacteria
because their counts decreased by 0.28% and 28.12%, respectively. The analysis of the
counts of bacteria and soil depth showed that grazing significantly reduced the microbial
communities—by 8.17%, 21.20%, 18.12%, and 69.52% at soil depths of 0-10, 10-20, 20-30,
and >30 cm, respectively. The authors emphasized that soil microbial community size can
determine soil carbon dynamics under grazing. Furthermore, they indicated that grazing
intensity can be useful in predicting soil C [60].

Musiat et al. [19] conducted a study on the grasslands located in Brody, at the Experi-
mental Station of the Poznar University of Life Sciences, Poland, and observed that the type
of grassland use and the weather conditions significantly influenced the microbiological
composition of soil. During the three-year experiment, Azotobacter spp. bacteria reacted sig-
nificantly to the type of grassland use. At the beginning of the first year of the experiment,
the count of these bacteria in the soil under mown grassland decreased significantly—
during the first mowing cycle, it amounted to 24.7 cfu g~! DM of soil, whereas the count
of these bacteria in the soil under the grassland used as a pasture was 55.5 cfu g~! DM of
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soil. However, during the research, Azotobacter began to react differently to the soil use,
and the count of these bacteria changed. At the end of 2006, the Azotobacter population was
significantly higher under the mown grassland (49.1 cfu g~! DM of soil) than under the
grassland used for grazing (29.7 cfu g~! DM of soil). However, the grassland use did not
cause significant differences in the total count of bacterial populations. Out of the twelve
grassland use cycles during the three years of the study, there were three mowing cycles
with higher counts of bacteria—the last cycle in 2006, the first in 2007, and the last in 2008.
By contrast, there were only two cycles with higher counts of bacteria in the grasslands
used for grazing. The researchers found that among all microorganisms under analysis,
actinobacteria were the most sensitive to the way the plant community was used. The
highest abundance of actinobacteria was noted during the fourth mowing cycle combined
with grazing. In general, there were larger populations of actinobacteria under the mown
grassland. The greatest disproportion was observed during the last mowing cycle in the
last year of the study (2008), when the count of actinobacteria under the mown meadows
was 102.4 cfu g~! DM of soil, whereas the count of these microorganisms under pastures
amounted to 43.9 cfu g~! DM of soil. The researchers also noted a high abundance of
actinobacteria during dry periods. The authors observed a regularity in the effect of acti-
nobacteria on inorganic N content, irrespective of the sward management system, which
significantly underlines the importance of this group of microorganisms in N transforma-
tions in muck soil. According to Solecka et al. [61], actinobacteria can adapt to climatic
conditions (humidity, sunlight, and temperature).

The comparison of the effects of manual and mechanical mowing of meadows showed
that the mowing method influenced only the count of proteolytic bacteria. The highest
count of these bacteria was found in the soil under unmown grasslands, whereas the lowest
count was found in the soil under mechanically mown grasslands. Phosphate solubilizing
bacteria reacted in the opposite way. There were greater counts of these bacteria in the soil
under the mown meadows than in the unused meadows. The populations of vegetative
forms of bacteria and ammonifying bacteria increased after mowing. By contrast, the
Azotobacter bacteria were more abundant before mowing [62]. However, a higher abundance
of proteolytic bacteria was found in soil with no mowing, which is most likely due to the
slow mineralization dynamics of organic compounds. Kizilova et al. [63] reported that
in mountain meadow soils, this is due to the high accumulation of C and N in poorly
moistened organic matter.

According to Chmolowska et al. [64], the mown meadows (in the late summer, most
of them are extensively grazed) in the Outer Carpathians (the Beskid Sadecki Mountains)
had 47% of bacteria in the total count of soil microorganisms, whereas the share of bacteria
under fallow land amounted to 46%. The authors noted that this difference was statistically
significant. The fact that the relative PLFA content of the bacteria in the hay meadows was
higher than in the fallow meadows may have been caused by the volume of the plant root
biomass. The share of actinobacteria in the total count of microorganisms in the soils under
the hay meadows in the Outer Carpathians was only about 5%. The researchers indicated
that actinobacteria were the main factor affecting the similarity of the communities of soil
microorganismes.

IImarinen et al. [65] conducted a study on the soil microbiome under meadows located
in central Finland, which were mown with different frequencies. The researchers observed
that the method of use (no mowing, mowing once a year, mowing twice a year) did not
have much influence on the bacterial respiration (BR) and substrate-induced respiration
(SIR) of soil microbes. BR and SIR are measures of the amount of carbon dioxide released
from soil that is released by the decomposition of soil organic matter and plant litter. The
difference is that in SIR, glucose is additionally induced into soil samples. These parameters
are used to estimate the biomass of soil microorganisms [65,66].

The research conducted by Bei et al. [67], at the Environmental Monitoring and Climate
Impact Research Station Linden, Germany, showed that the occurrence of soil microorgan-
isms in meadows mown twice a year had a seasonal nature. The authors pointed to the
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domination of bacteria over other soil microorganisms, and this observation was consis-
tently confirmed by their research. As the seasons of the year changed (winter-summer),
the bacterial population increased considerably. However, the a-biodiversity at the genus
level remained almost identical between the two seasons.

3.2. Fungi

According to Hu et al. [38], fungi had the smallest share among the entire microbial
population analyzed in the study conducted on the grassland located in Taibus Banner
in Inner Mongolia. The total count of fungi in the soil of the grasslands used as pastures
was 0.75 (£0.24) nmol g~! DW. The most fungi were found in the upper soil layers. Their
count tended to decrease significantly along with the soil depth. The total count of fungi
in the soil of the grasslands not used as pastures was 0.75 (0.24) nmol g~! DW. The
fungal population also tended to decrease with the soil depth, but this trend was less
noticeable than in the grasslands used as pastures. The authors indicated a strong and
positive correlation of soil water and belowground biomass with fungi.

In the soils belonging to the USDA ARS High Plains Grasslands Research Station,
the count of fungi in the top layer amounted to 2.6-3.2 nmol g~ !. The highest abundance
of fungi was noted in pastures used for light grazing, whereas the lowest was observed
in those used more intensively. However, in the grasslands used for more intensive
grazing, the fungal population in the lower soil layer (5-15 cm) was slightly greater than
in the 0-5 cm layer. In addition, it was found that lightly grazed conditions had higher
fungal concentrations and a lower ratio of bacteria to fungi compared to heavily grazed
conditions [58].

Zhao et al. [60] proved that the light and moderate grazing intensity increased the
total abundance of fungal communities by 17.01% and 0.80%, respectively, whereas inten-
sive grazing decreased the abundance of these communities by 16.48%. Moreover, the
researchers observed that the total count of fungi decreased with the soil depth as follows:
16.64%, 12.96%, and 56.66% at depths 10-20, 20-30, and >30 cm, respectively. However,
the abundance of fungal communities in the top layer (0-10 cm) increased by 22.45%. It
is worth noting that the authors noted strong correlations between grazing duration and
response rates of total microbial community size. Grazing duration was more significant
than SOC or TN.

According to Musiat et al. [19], despite the high variability during the three-year study
period, the abundance of fungi was similarly influenced by the sward management system.
In the first year of the experiment, there was a visible response after the third mowing
and grazing cycle. The fungi content in the soil under the mown grasslands amounted
to 8.6 cfu g1 DM of soil. It was five times greater than in the soil under the grasslands
used as pastures, where it amounted to 1.6 cfu g~! DM. This trend was also observed in
the following years of the research. The authors emphasized that the greatest increase in
fungal abundance occurred in response to the expansion of Dactylis glomerata in mowed
grassland. They explained this by the drying and soaking process, which then creates
favorable conditions for the proliferation of mold fungi [68,69].

The share of fungi in the hay meadows of the Outer Carpathians amounted to 11% of
the total structural biodiversity of the microorganisms analyzed with the PLFA method. The
content of arbuscular mycorrhizal fungi ranged from 5.24 nM g dwt ! to 10.68 nM g dwt ™!,
depending on the meadow under analysis. The authors suggested that the effect of micro-
bial community structure on higher respiration rates in meadow soils may be related to the
assumption that mycorrhiza is involved in total soil respiration [64]. Berg and McClaugh-
erty [70] suggested that mycorrhizal fungi are responsible for respiration bursts following
decomposition of humus.

IImarinen et al. [65] indicated that regardless of the frequency of mowing Finnish
meadows, it had a neutral effect on the population of mycorrhizal fungi. Grassland use
by mowing had no effect on the overall AM colonization rate of plant roots nor on the
intensity of AM colonization and the abundance of parent fungi in colonized root parts. It
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may have been caused by the species composition of the meadows and the fungal reaction
to defoliation.

The winter and summer analyses of the occurrence of fungi in meadows mown twice
a year showed a high diversity of the species composition. According to Bei et al. [67], the
growth of the fungal population may have been caused by the summer growth of roots
followed by arbuscular mycorrhization.

According to J6zefowska et al. [62], the occurrence of fungi in the meadows mown
twice a year in the Carpathians depended on the mowing method and date. The measure-
ments taken in June showed higher values for all mowing methods than the measurements
taken in October. In June, the highest count of fungi was measured in the manually mown
meadows, whereas the lowest was noted in the mechanically mown meadows. The analy-
ses conducted in October showed the highest count of fungi in the mechanically mown
meadows and the lowest in the unmown ones.

The results of the research conducted in the Romanche River valley in the central
French Alps show differences between the grasslands used alternately as hay meadows and
pastures (mown meadows) and the meadows used for light grazing (unmown meadows).
The MPN (most probable number) statistical method was used for the analysis of the area
of mown and unmown grasslands. The two types of grassland use resulted in significant
differences in the count of mycorrhizal diasporas. The count of the diasporas of arbuscular
mycorrhizal fungi in 100 g of soil on the grasslands used in the alternate hay meadow and
pasture system was 15 times greater than in the unmown grasslands. However, the authors
found that cessation of mowing negatively affected AMF infection potential as well as plant
growth. In addition, cessation of mowing resulted in an increase in endophyte infection
on leaves and a decrease in mycorrhizal density, which may suggest links between these
groups of fungal symbionts [71].

4. Enzyme Activity in Grassland Soils

The enzyme activity is a sensitive indicator of the function of the ecosystem. It shows
what changes take place in the soil and reflects the trends and nature of biogeochemical
cycles. By analyzing the enzyme activity it is possible to determine changes in the biological
and physicochemical properties of soils [25]. The activity of enzymes depends on their
abundance, catalytic efficiency, and the presence of other compounds than enzymes. The
catalytic efficiency is affected by the species of soil microorganisms, temperature, pH, the
abundance of water and air in soil, and the content of mineral and organic compounds.
These parameters are largely stimulated by the way of grassland use [72].

Dehydrogenases (oxidoreductases) are very sensitive to external factors. Therefore,
their activity is used as an ecotoxicological indicator. These enzymes play an important role
in the transformation of organic carbon. Apart from that, they are a metabolite involved in
the production of ATP. Dehydrogenases are very important as their activity levels are taken
as an indicator of overall microbial activity due to their intracellular presence in all living
microbial cells [26,73].

Phosphatases (hydrolases) are responsible for stimulating the transformation of or-
ganic phosphorus compounds into inorganic phosphates, which are an available form
of this element to plants and soil organisms. There are acid phosphatase (pH 4-6) and
alkaline phosphatase (pH 8-10). The presence of these enzymes in soil is a measure of
organic phosphorus mineralization and soil biological activity. Acid phosphatase is se-
creted mainly by plant roots and fungi. Alkaline phosphatase is a good indicator of the soil
pH [26,74]. In addition, plant-growth-promoting endophytes of the genera Pseudomonas,
Bacillus, Enterobacter, and Rhodococcus improve phosphorus assimilation and stimulate plant
growth and development. Many endophytic bacteria, by secreting small-molecule organic
acids and phosphatases, facilitate phosphate solubilization and thus provide phosphorus
to plants [75,76].

Urease (hydrolases) can be found mainly in plant cells and soil microorganisms such
as fungi and bacteria. The availability of urease in soil indicates nitrogen transformation.



Agronomy 2022,12, 1136

10 of 16

Therefore, it can be used as a measure of the availability of nitrogen to plants. The level of
urease activity shows the level of androgenization of the soil environment because the only
factor limiting the activity of this enzyme is the availability of urea in soil [26,77].

Proteases (hydrolases) are responsible for the hydrolysis of peptide bonds. They are
mostly found in bacteria and, to a lesser extent, in fungi. There are two main groups
of proteases: peptidases, which release extreme amino acids and dipeptide units from
proteins and peptides, and proteases (proteinases), which cleave the internal peptide bonds
of protein molecules released by microorganisms. These compounds indicate the rate of
mineralization of organic nitrogen compounds in soil [26,78].

Catalase (oxidoreductases) protects cells from H,O,—their natural substrate which
has toxic properties. These enzymes are present in plant and animal cells. Catalase is also
produced by many prokaryotic and eukaryotic organisms [26,79,80].

Bielifiska et al. [81] analyzed the soils at three research sites—Katy (PLH060010),
Stawska Géra (PLH060018), and Zachodniowotyriska Dolina Bugu (Western Volhynia Bug
River Valley) (PLH060035)—and observed differences in the levels of their enzyme activity.
The highest enzymatic activity of soil was observed in Grodek, and this was associated
with a significantly higher content of total organic carbon and nitrogen. Other authors also
indicate that the level of soil enzyme activity is closely related to the content of organic
matter in the soil [81-83]. However, in general, the soils where sheep were grazed were
characterized by higher activity of dehydrogenases, acid and alkaline phosphatases, and
urease than the wasteland soils. In the second year of the research, at one of the sites,
the urease activity amounted to 19.40 mg N-NH;* kg~! h~! on wastelands, whereas on
pastures, it was 26.38 mg N-NH* kg~ h~! (Table 1).

Table 1. Effect of grassland use on enzymatic activity.

Use of Grassland Enzyme Enzyme Response Reference
Dehydrogenases increase [72,81,84-86]
Alkaline phosphatase increase [64,84,87,88]
Extensive grazing Acid phosphatase increase [64,72,84,88,89]
Urease increase [64,72,81,84,85,89,90]
Proteases no response [90,91]
Catalase decrease [87,92]
Dehydrogenases increase [62,86,93,94]
Alkaline phosphatase increase [64,95-97]
Mowing Acid phosphatase increase [64,95]
Urease decrease [97]
Proteases decrease [94,98]
Catalase increase [92,94,97]

It may have been caused by the influx of urea (urease substrate) into the soil envi-
ronment. The main sources of urea (the final product of protein metabolism in terrestrial
animals) in the soils on which sheep are grazed are animal excrements, as well as frag-
ments of the tissues and cells of the soil micro-, meso-, and macrofauna, plant residues,
and microbial cells [71]. The highest activities of dehydrogenases and acid and alkaline
phosphatases were also noted at the same site due to the high content of organic matter.
Animal excrements in the soil environment are an additional source of organic matter,
macro- and microelements, and an additional source of enzymes secreted by numerous
species of bacteria and fungi, which can be found, for example, in sheep urine and feces [85].
Livestock grazing may improve the diversity of herbaceous plants by compacting the soil
and thinning out dense groups of trees and shrubs. In addition, animals also contribute to
the seed dispersal of many plants; for example, sheep in their wool and on their hooves
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carry seeds [99]. Bielifiska et al. [81] observed a reaction to the change in the grassland use
as early as the first year of the research, whereas in the second year, the enzyme activity in
the grasslands used as pastures was 1.5 times higher. The differences in the enzyme activity
may have been caused by different types of soil and the botanical composition. Due to
the fact that vegetation has a diverse species composition and there are different species
of bacteria inhabiting plant roots, substrates specific to enzymatic reactions accumulate in
soil.

Cui and Holden [90] in their study analyzed, among other things, the effect of grass-
land stocking rate on the enzymatic activity of soils. The researchers found that this factor
had no effect on the protease activity, but it significantly increased the urease activity
(Table 1). The greater the animal’s density was, the higher the urease activity was because
larger amounts of urea, which is the main substrate for this enzyme, were supplied to the
soil environment. Apart from that, the researchers found that increased animal density had
a positive effect on the activity of nitrogen-related enzymes in both the top and deeper soil
layers. On the other hand, the carbon-related enzymes exhibited increased activity only in
the deeper soil layers, i.e., 10-20 cm.

The research comparing the enzyme activity in non-grazing soils (grazing finished
in one field in 1998 and in the other field in 2002) and in soils used as pastures revealed a
significant decrease in the enzyme activity, reflecting the grassland use. The highest enzyme
activity was noted in the places where grazing ended earliest (Table 1). The research was
conducted at three soil depths. The activity of urease and alkaline phosphatase decreased
with the soil depth, but catalase exhibited the highest activity in the middle soil layer,
i.e., at 10-20 cm. There were significant differences in the activity of urease and alkaline
phosphatase in the topsoil [87].

Chmolowska et al. [64] compared the enzyme activity in wastelands and meadows
mown once a year (in the late summer, most of them are extensively grazed) and observed
that even though the meadow was mown so rarely, the procedure caused an increase in the
enzyme activity. Acid and alkaline phosphatases and urease reacted positively to mowing
and light grazing (Table 1). Urease exhibited the greatest difference in the activity level,
whereas alkaline phosphatase exhibited the smallest difference in the activity level.

According to Futa et al. [84], the use of grassland as pastures significantly increased
the activity of soil enzymes. The researchers analyzed soils used as pastures for horses,
sheep, and both horses and sheep in the same year. For sheep, the soil pH was 6.17-7.17
and for horses pH = 6.96-7.35, which did not significantly affect the enzymatic activity
of the tested soils. The soils on which horses were grazed exhibited the highest enzyme
activity. It was two to three times greater than in the meadow which was not used as a
pasture. Sheep grazing resulted in the lowest activity of soil enzymes. Among the three
enzymes under analysis, urease exhibited the highest activity, followed by dehydrogenases
and phosphatases (Table 1). The research revealed a correlation between the activity of
enzymes and the content of organic matter (organic carbon and total nitrogen) in the soil.
The researchers noted lower enzyme activities in the second year of the study, which may
have been caused by the humidity of the environment (lower rainfall) and the seasonal
dynamics in the content of soil nutrients.

The research comparing the enzyme activity in sheep pastures with different condi-
tions of plant communities revealed significant differences in the activity of dehydrogenases
and urease, as compared with the control soils. The activities of these enzymes both in the
sward with stable plant communities and the swards with disturbed plant development
were 1.5 times higher than in the control samples (Table 1). There was a high acid phos-
phatase activity in the soils with stable plant development, which is characteristic of the
roots of young plants [72].

According to Jozefowska et al. [62], the method of mowing the meadow (hand mowing
with a scythe and mechanical mowing with a lawnmower) and the way in which it is done
affects the content of dehydrogenases in the soil (Table 1). The researchers observed that
both the activity of microbial biomass carbon (MBC) and the dehydrogenases activity
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(DHA) were generally higher in the autumn. Apart from that, the research showed that
the mowing method significantly influenced the ratio of dehydrogenases to MBC and total
organic carbon. Contrary to the count of microorganisms, the highest enzyme activity was
observed when mechanical mowing was applied, both in the summer and autumn.

Herold et al. [88] observed that the microbial biomass and its structure as well as the
enzyme activity depended on the soil parameters to a greater extent than on the way the
meadows were used.

It is not easy to assess the quality of grassland soils due to the complexity of the soil
environment and, above all, due to the variability of its conditions. Numerous studies
have shown that grazing has a positive influence on the biochemical parameters of the soil
environment. Nevertheless, further long-term monitoring is necessary for a complete, reli-
able, and objective characterization of the environmental processes occurring in permanent
grasslands.

5. Conclusions

The main reason for the change in microbial diversity was the intensity of use and
the way grasslands are used. Light grazing and mowing may increase the population of
microorganisms, whereas intensive grazing has a negative influence on their abundance
and biodiversity. Bacteria are the most numerous population of soil microorganisms
regardless of the way meadows are used (intensity of use). The second most numerous
group of microorganisms are fungi. Free grazing and mowing increase the activity of
enzymes responsible for the metabolism of soil organic matter.

The variety of functions that grasslands perform is related to the principles of sustain-
able management (water conservation, food production, environmental protection), which
is extremely important in times of rapid climate change. Therefore, protective measures
and legal regulation of grassland use should be taken into consideration to preserve it in
the best possible condition. It is necessary to limit very intensive grazing, which sterilizes
soil, and instead promote light grazing and mowing, which stimulate both soil and plant
biodiversity. The natural and economic conditions of the area have a great influence on
the structural differentiation and change in the way the land is used. In recent years,
there has been a steady and systematic decrease in the area used as grassland. This phe-
nomenon should cause concern among both farmers and other social groups and should
be monitored.
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The aim of the study was to present the phytosociological structure of selected grassland communi-
ties on shallow peat soils undergoing the of mursh-forming (murshing) process (humification and
peat mineralization). The study area was located between the North, Middle and South channels of
the Obra River (Wielkopolska Lowland, western Poland). Soil surveys were conducted in May and
September 2022 and phytosociological surveys in May and September 2022-2023. Soil samples for
laboratory analysis were taken from the uppermost soil horizons at a depth of 0-20 cm in 20 study
points. 76 phytosociological releves were taken. Five vegetation syntaxonomic units were distin-
guished: Molinietum caeruleae, com. Poa pratensis-Festuca rubra, Arrhenatheretum elatioris, Lolio-
Cynosuretum and Alopecuretum pratensis. The vegetation units with the highest diversity values
and number of species recorded in the releves was Molinietum caeruleae, while the poorest in spe-
cies with lowest Shannon-Wiener index was Lolio-Cynosuretum. The soils were classified as Umbric
Gleysols, Mollic/Umbric Gleysols, Histic Gleysols, Histic Gleysols (Murshic). The highest contents of
TOC and TN were recorded for community Poa pratensis-Festuca rubra and the lowest for Arrhenath-
eretum elatioris. The pH values indicated slightly acidic soils in the case of the following vegetation
units: Alopecuretum pratensis, Molinietum caeruleae, Lolio-Cynosuretum, com. Poa pratensis-Festuca
rubra and slightly alkaline soils in the case of Arrhenatheretum elatioris. The results of the discri-
minant analysis demonstrated that the most important statistically significant factor for vegetation
syntaxonomic units differentiation was soil pH measured both in H,0 and KCL. Molinietum caeruleae
association was present on the soils poor in mineral components and organic matter of relatively
high C:N ratio. Shannon-Wiener index was significantly negatively correlated with TOC and TN. It is
advisable to continue to maintain the studied sites as grassland vegetation. Grassland communities
can survive in the murshing process, provided they are correctly used (regular mowing, grazing,
and fertilizing) and water relations are regulated. Grasslands, besides to enriching soils with nutri-
ents, create the best conditions for limiting the decomposition of organic matter in accumulation
and humus levels of mursh nature, which is extremely important in the face of climate change.

Keywords:

Murshic soils

Floristic diversity

Plant communities
Molinio-Arrhenatheretea

1. Introduction Grasslands are carbon sinks, sequestering atmospheric car-
bon dioxide through photosynthesis and storing it in organic

Grasslands are important terrestrial ecosystems and inte- matter in the soil. Grasses have shallow, horizontally distributed

gral components of the global environment, playing a crucial
role in biodiversity conservation, climate change mitigation,
water regulation, wildlife habitat, human livelihoods and eco-
system services (Kumar et al., 2017; Mencel et al,, 2022a, 2022b;
Yang et al.,, 2020). Despite such an important role, grasslands
found in Europe are one of the most endangered ecosystems. In
Poland, where the present study was conducted, they have sig-
nificantly reduced their acreage, currently accounting for only
21.5% of agricultural land (GUS, 2023).

roots. In contrast, species of meadow communities other than
grasses (so primarily dicotyledonous species) have deep root
systems that can sequester carbon underground while helping
to mitigate climate change by removing it from the atmosphere
(Borana et al., 2023; Khalil et al., 2021; Mencel et al.,, 2022a,
2022b; Smith, 2014). Various factors affect the carbon content
of grassland soils, these include species composition, soil struc-
ture, climate, soil type or management practices (Bengtsson et
al., 2019; Lal, 2020; Liu et al., 2023; Yang et al., 2020).

© 2024 by the authors. Licensee Soil Science Society of Poland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY NC ND 4.0) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). 1

190113



Mencel et al.

Diversity of grassland communities is important because it
improves the functioning of the ecosystem, makes it more stable
and less vulnerable to unfavorable external factors, such as cli-
mate change. In addition, it positively affects nutrient cycling,
productivity or interspecies interactions (Dumont et al., 2022;
Freitag et al., 2023; Mashiane et al., 2023). The diversity of grass-
land communities depends on biotic and abiotic factors, among
other plant species richness, land use or landscape structure
(Boonman et al., 2021; Nguyen, 2022; Wilsey, 2018).

Organic soils are characterized by their susceptibility to
transformation and degradation. They are mainly derived from
plant residues, so this characteristic is important for agricultural
areas (Glina et al., 2019a; Kriiger et al., 2015; Lachacz et al., 2023;
Nicia et al., 2018; Oleszczuk et al., 2022; Zajac et al., 2018). Mur-
shic soils are a soil that is a transitional type from organic soils to
mineral soils. Murshic soils, often associated with wetlands, play
a key role in grassland biodiversity. These soils provide unique
conditions that support diverse plant and microbial commu-
nities, which in turn contribute to the overall biodiversity of
grassland ecosystems (Guo et al,, 2023; Plante et al.,, 2011). The
murshic soils accompanying grasslands have a unique compo-
sition and texture (Jurasinski et al., 2020; Lachacz et al., 2023).
They are characterized by a high content of decomposed plant
material (e.g., rotten roots, leaves, stems), that is, a high content
of soil organic matter. Among other things, this characteristic
provides the described soils with structure and richness in plant
nutrients, and promotes good soil aeration and drainage (Zhao
et al., 2023). Decomposition of organic matter by soil microor-
ganisms is accompanied by the release of nutrients essential for
plants, such as nitrogen, phosphorus, potassium. This process
promotes the occurrence of species with different nutritional
requirements, which leads to the biological diversity of the eco-
system (Lachacz et al., 2023; Lisec et al., 2024; Pawluczuk et al.,
2019). Due to their high organic content, organic and post-or-
ganic soils have a high capacity to retain water. This helps plants
survive unfavorable environmental conditions such as drought
(Deng et al., 2016). Organic soils, due to their high organic matter
content, are highly productive and fertile. However, once they
are drained, the circulation and storage of water is disrupted.
This process leads to a situation where carbon can no longer be
stored and is released, which in turn causes habitat loss (Ber-
glund and Berglund, 2010; Dawson et al., 2010; Lachacz et al,
2023; Liu et al., 2020; Xu et al., 2018).

Responsible and sustainable grassland management is an
extremely important issue, especially in the context of carbon
sequestration and biodiversity. Additionally, grassland soils
need to be protected and conserved, as they are important for
diversity of grassland ecosystems in the face of environmental
challenges such as climate change and habitat loss (Smreczak
and Ukalska-Jaruga, 2021). In order to achieve these long-term
goals, knowledge of the processes and properties in the topsoil
layers is needed.

The aim of the study was to present the phytosociological
structure of selected grassland communities on shallow peat
soils undergoing the of mursh-forming (murshing) process (hu-
mification and peat mineralization). This is crucial in an era
of biodiversity loss and climate change. We pose the following
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research hypotheses: 1. grassland vegetation syntaxonomic
units are related to different properties of peat soils, 2. the di-
versity of grassland vegetation depends on content of organic
matter and soil pH.

2. Materials and methods
2.1. Study area

The study area was located between the North, Middle and
South channels of the Obra River (Wielkopolska Lowland, cen-
tral Poland). According to the Detailed Geological Map of Poland
(Jodlowski, 2003; Krzysztofka, 1993; Szalajdewicz, 2004), all the
soils studied were formed from shallow peats on alluvial materi-
als (mainly sands, occasionally silts). The grasslands under study
are located in the fully humid warm temperate climate zone
with warm summers (Kottek et al., 2006). The mean annual air
temperature and the mean annual precipitation in this region
are 10.6°C and 414.6 mm, respectively. It is noteworthy that 2022
was 1.2°C warmer than the multi-year averages of 1991-2020,
and that the average annual precipitation in that year is 77% of
the norm for the area (IMGW PIB, 2022).

2.2. Phytosociological survey

The present study was conducted on semi-natural grass-
lands. A total of 76 phytosociological releves were taken using
the Braun-Blanquet (1964) method during the period 2022-2023.
The releves were made at 20 survey points, represented areas of
100 m? and homogeneous species composition. Phytosociological
releves were entered into TURBOVEG (Hennekens and Scham-
inée, 2001), a specific database of phytosociological releves, and
exported to the JUICE program (Tichy et al,, 2011), where they
were analyzed. The collected releves were assigned to the phy-
tosociological system according to Matuszkiewicz (2023). Four
plant associations and one community were distinguished: Mo-
linietum caeruleae (12 releves), community (com.) Poa pratensis-
Festuca rubra (16 releves), Arrhenatheretum elatioris (16 releves),
Lolio-Cynosuretum (16 releves) and Alopecuretum pratensis
(16 releves). Cover index (D) allows to quantify the average pro-
portion of individual species or groups of species in different
vegetation layers. D was determined as the sum of the average
percentage values of the coverage of the selected taxon in all phy-
tosociological releves in which the species occurs, multiplied by
100 and divided by the total number of releves (Pawlowski, 1977).
Species richness (SR), the Shannon-Wiener index (H’) (Shannon
and Weaver, 1949), were used as indicators of floristic diversity.
H’ index was calculated at the level of phytosociological releve.

2.3. Soil survey and sampling

Phytosociological sites were sampled for soils in May and
September 2022 in the area of four municipalities. Sampling
sites were located in municipality of: Koscian (1, 2, 3, 4), Wieli-
chowo (5, 6,7, 9, 10, 13, 14, 15, 17), Przemet (8, 11, 12, 18, 19, 20)
and Wolsztyn (16) (Fig. 1).
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Soil samples for laboratory analysis were taken from the
uppermost soil horizons at a depth of 0-20 cm in each soil from
three points at one sampling site to account for potential soil
variability (ISO 10381-1:2002). The soil was collected with soil
sampler — Egner’s Cane. The numbers of the soil samples cor-

Differentiation of grassland in relation to the soil in the Obra River valley

responded to the soil materials from which they were taken.
Sampling locations were georeferenced in the field (Table 1).

Soil samples were collected in plastic bags and transported
in a lightproof box to the laboratory for refrigeration.

0 75150 km

/STU DY AREA
o

POLAND

b-/,#.10,13,14,.16,;17

15 O

Ziemin

Ziemin

Fig. 1. Location of (A) the study area and (B) sampling sites

Table 1

Location of sampling sites with phytosociological classification of grasslands

sampling sites

main towns

Kotusz

Sampling Grassland units Coordinates WGS 84 Sampling Grassland units Coordinates WGS 84
sites (N/E) sites (N/E)
1. Molinietum caeruleae 52°05’42”N 16°31°30”F 10. Arrhenatheretum elatioris 52°06°00”N 16°21’56”E
2. Molinietum caeruleae 52°05’42”N 16°31°33”F 11. Arrhenatheretum elatioris 52°0049”N 16°16’52”E
3. Molinietum caeruleae 52°05°43”N 16°31’37”E 12. Arrhenatheretum elatioris 52°01°01”N 16°16’43”E
4, Molinietum caeruleae 52°05°43”N 16°31°39”E 13. Lolio-Cynosuretum 52°06°02”N 16°22°04E
5. com. Poa pratensis-Festuca 52°06°07”N 16°22°12”E 14. Lolio-Cynosuretum 52°05’59”N 16°22°00"E
rubra 15. Lolio-Cynosuretum 52°06°00”N 16°22°01”E
6. com. Poa pratensis-Festuca 52°06°07”N 16°22°08”E 16. Lolio-Cynosuretum 52°04’23”N 16°14’11”E
rubra 17. Alopecuretum pratensis 52°05’58”N 16°21’57”E
7. com. Poa pratensis-Festuca 52°06°04”N 16°22°03”E
rubra 18. Alopecuretum pratensis 52°00°47”N 16°16’54”E
8. com. Poa pratensis-Festuca 52°01°27”N 16°16°23”E 19. Alopecuretum pratensis 52°00°47”N 16°16°57”E
rubra 20. Alopecuretum pratensis 52°01°02”N 16°16’44”E
9. Arrhenatheretum elatioris 52°06°03”N 16°22°07”E
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2.4. Chemical analyses

In the laboratory, the soil samples were air-dried, disag-
gregated, homogenized, and sieved through a 2 mm sieve. The
chemical analyses consisted of the determination of the follow-
ing parameters: total organic carbon (TOC) and total nitrogen
(TN) content with a Vario-Max CNS analyzer; soil pH potentio-
metricallyin 1 M KCI and in a suspension of distilled water at
a ratio of 1:2.5; macro- and micro-nutrients were determined by
the method of Sapek and Sapek (1997) using 0.5 M HCL. The mac-
ro- and micro-nutrients included: phosphorus (P) content deter-
mined by colorimetric method, potassium (K) content by flame
photometry, magnesium (Mg) and manganese (Mn) content by
atomic absorption spectrometry (AAS). No calcium carbonate
was recorded in the studied soils.

2.5. Statistical analysis

The mean values of the Shanon-Wiener diversity index
and the number of species (species richness) were compared
between grassland vegetation units by one factorial analysis of
variance (ANOVA I) with Tukey post hoc comparisons because
both diversity index and species richness were normally distrib-
uted (Shapiro-Wilk test p>0.05). According to our second hypoth-
esis, the relationships between species diversity (H and SR) and
soil TN, TOC, pH,,,, and pH,, were tested by Pearson correla-
tions. We took 40 plots with complete species and soil data for
this analysis. The mean soil properties in grassland units were
compared by the Kruskal-Wallis non-parametric test with Dunn
post hoc comparisons because most parameters did not demon-
strate normal distribution (Shapiro-Wilk test p<0.05). For calcu-
lations, Past 3.16b software was used (Hammer et al., 2001).

Discriminant analysis was applied to identify the most im-
portant soil properties in the differentiation of grassland vegeta-
tion syntaxonomic units. We used the ordination method - Ca-
nonical Variate Analysis (CVA) as discriminant analysis, focusing
on conditional effects which exclude effects of the most corre-
lated variables (Smilauer and Lep§, 2014). Conditional effects
summarize the partial effect of each predictor, representing the
variation (and its significance) explained by a predictor after ac-
counting for the impact of the predictors already selected (ter
Braak and Smilauer, 2012). The predictors were chosen in the
order of decreasing explained variation by the forward selection
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procedure. Their statistical significance was assessed by Monte
Carlo Permutation test. For calculations Canoco 5.0 program was
applied (ter Braak and Smilauer, 2012).

3. Results

3.1. Characteristics of grassland vegetation syntaxonomic
units

The described communities are diverse within the Molinio-
Arrhenatheretea class. They belonged to two orders: Arrhenath-
eretalia and Molinietalia. In the Arrhenatheretalia order, two as-
sociation and one community were distinguished: Arrhenathere-
tum elatioris, Lolio-Cynosuretum and com. Poa pratensis-Festuca
rubra. And in the order Molinietalia two associations were dis-
tinguished. Alopecuretum pratensis and Molinietum caeruleae.

Species richness of the analyzed communities is shown in
Table 2. The total number of species recorded in the Molinio-
Arrhenatheretea in 76 phytosociological releves was 102. The
community with the highest number of species recorded in the
releves was Molinietum caeruleae, while the poorest in species
was Lolio-Cynosuretum. This is a result that could have been ex-
pected, as it is due to the characteristics of these grassland com-
munities.

The values of the Shannon-Wiener H’ index were highest
for Molinietum caeruleae and lowest in Lolio-Cynosuretum (Ta-
ble 2). The highest cover index was characterized by Alopecure-
tum pratensis meadows, D was 6933.

The structure of sociological (habitat) groups of the ana-
lyzed vegetation syntaxonomic units is shown in Fig. 2.

All studied grassland communities showed good ecological
condition. This was indicated by the high proportion of charac-
teristic syntax-specific species (Appendix 1.). As expected, Alo-
pecuretum pratensis and Molinietum caeruleae were dominated
by species of the Molinietalia caeruleae order, while com. Poa
pratensis-Festuca rubra, Arrhenatheretum elatioris, Lolio-Cyno-
suretum had a significant share of species of the Arrhenathere-
talia elatioris. In addition to the Molinio-Arrhenatheretea class,
species from the Phragmitetea class had a visible share in the
studied communities.

Molinietum caeruleae was characterized by the dominance
of Molinia caerulea, Festuca pratensis, Potentilla anserina and Ra-

Indicators of biodiversity of selected grassland vegetation units. H’ — Shannon-Wiener diversity index, D — cover index. Statistically significant differ-
ences in biodiversity indicators between grassland vegetation syntaxonomic units are marked by different letters (p<0.05; ANOVA I with Tukey post hoc

comparisons). Differences in D were not assessed

Grassland units Total number

Number of species in the releve H D

of species (range and mean)
Molinietum caeruleae 57 17-29 23¢ 2.38° 6088
Alopecuretum pratensis 44 10-22 17* 1.752¢ 6933
Arrhenatheretum elatioris 54 14-24 19® 2.03%c 5930
Lolio-Cynosuretum 36 8-16 122 1.492 5193
com. Poa pratensis-Festuca rubra 50 12-24 19° 2.18" 5813
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ChCl. Molinio-Arrhenatheretea
ChO. Arrhenatheretalia elatioris
ChO. Molinietalia caeruleae
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ChO. Trifolio fragiferae-Agrostietalia stoloniferae and Plantaginetalia majoris
ChCl. Phragmitetea
Others

Lolio- Poa pratensis-
Cynosuretum Festuca rubra

Fig. 2. Structure of sociological (habitat) groups of the analysed vegetation syntaxonomic units ChCl - species characteristic
for class, ChO - species characteristic for order, others - species that occurred in very small numbers in others syntaxa

nunculus repens. In addition, there were species from the Phrag-
mitetea class, such as Carex acuta and Mentha aquatica. Species
from the Scheuchzerio-Caricetea nigrae class like Hydrocotyle
vulgaris, Juncus articulatus were present in small numbers. Com-
munity Poa pratensis-Festuca rubra accounted for a large share
of the species composition of Poa pratensis, Poa palustris, Trifo-
lium repens, Plantago lanceolata and Festuca rubra from class
Molinio-Arrhenatheretea and Phalaris arundinacea from class
Phragmitetea. In the Arrhenatheretum elatioris community, the
following species had the highest cover index: Arrhenatherum
elatius, Poa pratensis, Galium mollugo, Trifolium pratense and
Alopecurus pratensis. Occasionally there were Urtica dioica and
Veronica persica. Lolium perenne, Poa pratensis, Taraxacum of-
ficinale and Trifolium repens were the dominant species in Lo-
lio-Cynosuretum. The community consisted mainly of species in
Molinio-Arrhenatheretea, outside this class existed: Polygonum
persicaria, Veronica arvensis, Bromus inermis, Artemisia vul-
garis, Stellaria media as single plants. Alopecurus pratensis, Poa
pratensis, Holcus lanatus, Poa palustris are the species with the
highest cover index for the Alopecuretum pratensis. Phalaris
arundinacea and Carex acuta from the Phragmitetea class were
also present in the phytosociological releves. Polygonum persi-
caria from the Bidentetea tripartiti class was found singly.

3.2. Characteristics of soils

Based on morphological soil materials and some physico-
chemical properties, according to the Polish Soil Classification
(PSC) (Kabala et al., 2019) the soil types were: postmurshic soils
(1,2, 4,10, 13), typical semimurshic soils (3, 5, 6, 9, 12, 14, 15, 17),
thin murshic soils (7, 8, 18, 19, 20), murshic gleysols (11, 16). Ac-

cording to the IUSS-WRB soil classification (IUSS Working Group
WRB, 2022), the soils were classified as Umbric Gleysols (1, 2, 4,
10, 13), Mollic/Umbric Gleysols (3, 5, 6, 9, 12, 14, 15, 17), Histic
Gleysols (7, 8, 18, 19, 20), Histic Gleysols (Murshic) (11, 16). The
ground water level in the soils analyzed ranged from 0.8-1.15
meters (soil samples 1-18), while in samples 19 and 20 it was
0.6-0.8 meters.

The soils of Molinietum caeruleae (soil materials no. 1-4)
are classified as semimurshic soils. They have arenimurshic epi-
pedons, which contain less than 6% organic carbonin the post-
murshic soils subtype and 6 to 12% organic carbon in the typical
semimurshic soils subtype. They originated from entirely mursh
peat formations that were covered in alluvial or fluvioglacial
sand mineral formations.

Community Poa pratensis-Festuca rubra (soil materials no.
5-8) has developed mainly on the semimurshic soils like the
previous community in association with shallow semimurshic
soils, the upper horizons of which show the character of organic
formations (>12% organic carbon) with murshic epipedones. Be-
low are sandy nature gleyed substrates that of both alluvial and
fluvioglacial origin.

Arrhenatheretum elatioris (soil materials no. 9,10,12) and
Lolio-Cynosuretum (soil materials no. 13-15) soils were classified
as semimurshic soils, typical semimurshic soils subtype and post-
murshic soils, similar to the previously described communities.
However, both Arrhenatheretum elatioris (soil materials no. 11)
and Lolio-Cynosuretum (soil materials no. 16) recorded ground-
gley soils formed in local depressions, subtype of ground-gley
murshic soils. The organic murshic epipedons are less than 30
cm thick. Under them are gleyed mineral formations that fre-
quently exhibit prominent ground-gley properties.
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The majority of shallow murshic soil subtypes on which
Alopecuretum pratensis (soil materials no. 17-20) developed are
organic murshic horizons with a maximum thickness of 50 cm.
They are bedded with mineral materials of the grain size of silt
and loose sands, showing gorund-gley properties. Less frequent
in this area are soils with arenimurshic epipedons belonging to
the typical semimurshic soils subtype.

3.3. Chemical properties of soils studied

The content of total organic carbon (TOC) in the analyzed
grassland soils differed between the selected grassland vegeta-
tion syntaxonomic units (Table 3). The highest contents were
recorded for in the uppermost soil material in site no. 8 which
was overgrown with com. Poa pratensis-Festuca rubra (315 g
kg™), and the lowest for soil materials no. 10 — Arrhenatheretum
elatioris (29.5 g kg™). The situation was the same in the case of
total nitrogen (TN) content (Table 3). The highest contents were
recorded for com. Poa pratensis-Festuca rubra (25.4 g kg), and

Table 3

SOIL SCIENCE ANNUAL

the lowest for Arrhenatheretum elatioris (2.61 g kg1). Because
of the high variability within vegetation syntaxonomic units,
the differences between TOC and TN were not statistically sig-
nificant. The calculated C:N ratio was from 9.56 to 14.5 (Table 3).
The pH values indicated slightly acidic soils in the case of the
following vegetation units: Alopecuretum pratensis, Molinietum
caeruleae, Lolio-Cynosuretum, com. Poa pratensis-Festuca rubra
and slightly alkaline soils in the case of Arrhenatheretum elati-
oris (7.69 pH in H,0 and 7.27 in KCl). The pH values were signifi-
cantly higher in Arrhenatheretum elatioris compared to other
vegetation units (Table 3). The average K content in the analyzed
grassland soils ranged from 35.3 to 114 mg kg, with the highest
value recorded in the soils of the Alopecuretum pratensis com-
munity and the lowest in Molinietum caeruleae (Table 3). In the
case of Mg, the analyzed soils were characterized by a very high
content of this element. Both the highest and lowest Mg values
were recorded under the community Arrhenatheretum elatioris
(190 mg kg in soil material no. 9 and 1463 mg kg'in soil mate-
rial no. 12 mg kg™) (Table 3). The topsoil layers of the analyzed

Chemical properties of soils. Statistically significant differences in soil parameters between grassland vegetation syntaxonomic units are marked by
different letters (p<0.05; Kruskal-Wallis test with Dunn post hoc comparisons)

Grassland units Molinietum Alopecuretum Arrhenatheretum Lolio-Cynosuretum com. Poa pratensis-
caeruleae pratensis elatioris Festuca rubra

Site no. 1-4 17-20 9-12 13-16 5-8
min-max min-max min-max min-max min-max
mean mean mean mean mean

pHH,0 5.97-6.66 5.97-6.55 7.45-7.91 6.13-7.43 6.20-6.89
6.44 2 6.26 2 7.69° 6.59 2 6.64 @

PH KCl 5.31-6.25 5.71-6.26 7.07-7.49 5.63-7.17 5.96-6.61
6.00° 5.982 7.27° 6.122 6.33
g kg D.M. of soil

TOC? 37.5-81.6 72.0-256 29.5-168 43.1-147 34.1-315
61.6° 1692 82.92 96.52 127+

TN 2 3.07-7.46 6.35-21.0 2.61-13.8 4.25-12.3 3.20-25.4
5.06° 13.92 7.14%° 8.39° 11.02

CN3 10.9-14.1 11.2-14.4 10.1-14.5 10.2-12.2 9.56-12.4
12.32 12.12 11.52 11.4# 11.12
mg kg D.M. of soil

K* 31.5-38.8 84.6-180 43.8-163 48.0-81.9 40.3-71.6
35.32 114> 84.5 62.6 55.92

Mgs 201-336 360-657 190-1463 272-625 219-831
2702 560° 6372 3732 4102

Mn ¢ 37.1-69.3 117-233 56.5-315 68.1-195 121-470
46.12 176> 221° 115 271%

P’ 16.8-69.1 283-490 123-803 101-591 150-466
43.4° 365> 2755 455% 317"

! total organic carbon, 2 total nitrogen, °total organic carbon to total nitrogen ratio, * plant available potassium, ° plant available magnesium, ¢ plant

available manganese, "plant available phosphorus

190113



SOIL SCIENCE ANNUAL

Table 4

Conditional term effects of discriminant analysis (CVA) of soil parameters
and vegetation syntaxonomic units (n=4). Statistically significant factors
are marked in bold (p<0.05). Conditional term effects exclude the effect of
the most correlated variables

Differentiation of grassland in relation to the soil in the Obra River valley

Variable % variation pseudo-F p
explained
PH,,, 19 42 0.002
pH,, 12.4 3.1 0.028
K 9.2 2.5 0.058
Mn 7.6 2.2 0.096
C:N 6.4 0.136
P 6.2 2 0.126
3.6 1.2 0.348
N 2 0.7 0.572
Mg 1.2 0.4 0.794

grasslands were characterized by low (37.1 mg kg™) to high (470
mg kg') Mn content in Molinietum caeruleae and com. Poa prat-
ensis-Festuca rubra, respectively (Table 3). Mn and P contents
were significantly lower in Molinietum caeruleae compared to
other vegetation units. In summary, the lowest average contents
of all analyzed elements were found in Molinietum caeruleae,
and the highest mainly in Alopecuretum pratensis and Arrhen-
atheretum elatioris. The results of the discriminant analysis
demonstrated that the most important statistically significant
factor for grassland vegetation syntaxonomic units differentia-
tion was soil pH measured both in H,0 and KCl (Table 4). This
variable explained 19% and 12.4% respectively of the variability
between vegetation units. The rest of the variables were not sta-
tistically significant in the model.

The highest values of pH, both in H,0 and KCl, were noted
in the Arrhenatherum elatioris association while the lowest was
in Alopecuretum pratensis (Fig. 3). Molinietum caeruleae asso-
ciation was present on the soils poor in mineral components of
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Fig. 3. Results of discriminant Canonical Variate Analysis (CVA) of soil
parameters and grassland units. Abbreviations of vegetation syntaxo-
nomic units: Alo pra — Alopecuretum pratensis, Arr ela — Arrhenathere-
tum elatioris, Lol-Cyn — Lolio-Cynusoretum, Mol cae — Molinietum caer-
uleae, Poa-Fes — com. Poa pratensis-Festuca rubra. Significant factors in
the model are marked by stars * (p<0.05)

relatively high C:N ratio. The differences in soil parameters be-
tween other vegetation units were not so clearly expressed.

3.4. Relationship between species diversity and soil
parameters

Results of correlation analysis between diversity indi-
cators and organic matter content and soil pH revealed that
H’ was significantly negatively correlated with TOC and TN
(Fig. 4). The correlation coefficient was equal in both cases
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Fig. 4. Results of correlation analysis between species diversity index and a) total organic carbon and b) total nitrogen. Regression equations are given
on the graphs, r — Pearson correlation coefficient (p<0.05), R? — determination coefficient
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to r=-0.41 and p=0.008. However, the variance in the diver-
sity index explained by the relation between TOC and TN was
not high and amounted to 17%. Other relationships were not
significant. We did not find a correlation between diversity
indicators and soil pH.

4. Discussion

The soils analyzed belonged to shallow peat soils in the past,
which gradually underwent. This resulted, among other things,
in the decession of organic matter causing a change in the taxo-
nomic affiliations of these soils. The course of decession of or-
ganic formations has been undertaken in many scientific studies
and is well recognized (Glina et al., 2019b, 2013; Lachacz et al.,
2023). A characteristic feature of organic soils is the high dynam-
ics of morphological changes, which are a response to changes
in water conditions and, consequently, bio-ecological conditions
(Mitsch et al.,, 2013; Sykutla, 2020; Withey and Van Kooten, 2011).
Bieniek et al. (2005) noted that the mursh-forming (murshing)
process occurs more intensively on soils used as arable land
than on meadows or forests. Turbiak (2013), on the other hand,
points to the intensive process of organic matter decay occurring
in grasslands developed on murshic soils. According to his study,
the annual loss of organic matter was more than 3%, which, in
the case of the soils he studied, would indicate that in 40 years
this murshic soil would convert to mineral soil. At present, they
mostly belong to different subtypes of murshic soils (soil mate-
rials no. 1-10, 12-15, 17-20) (IUSS Working Group WRB, 2022;
Kabala et al., 2019; Switoniak et al., 2016). This is a distinctive
arrangement and is found in many river valleys (Lachacz et al.,
2023; Pawluczuk et al., 2019). In the lowest areas, clear gleyic
features are outlined, hence they were classified as ground-gley
murshic soils (soil materials no. 11, 16).

In the present study, five grassland vegetation syntaxonom-
ic units were distinguished and differentiated within Molinio-
Arrhenatheretea class. The mentioned communities belonged
to Arrhenatheretalia and Molinietalia orders. Molinietalia order
includes moist hay meadows of meso- and eutrophic character,
periodically waterlogged due to their occurrence along rivers.
The species composition and dynamics of this order depend on
the type and intensity of the economic treatments (Matuszkie-
wicz, 2023; Suder, 2007). The habitat is found on soils of varying
pH, both acidic, neutral and slightly alkaline, both mineral-poor
and very fertile. In addition, Molinietalia is characterized by
its occurrence on the boggy soils, fluvial muds, as well as pod-
zolic soils (except extremely poor) and saline soils (Traba and
Wolanski, 2012). In the present study, two communities were dis-
tinguished within the Molinietalia order: Alopecuretum pratensis
and Molinietum caeruleae. Molinietum caeruleae was clearly dis-
tinguished from the other communities studied. These meadows
had the highest biodiversity index (H’=2.38). This is confirmed in
the literature. Molinia meadows are considered one of the most
important communities in terms of species richness and bio-
logical diversity. They provide habitat for rare and endangered
plant species (Chmolowska et al.,, 2023; Kacki and Michalska-
Hejduk, 2010; Marciniuk et al., 2016; Traba and Wolanski, 2012;
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Wojcik et al., 2022; Wéjcik and Janicka, 2016). Molinietum caeru-
leae are defined as the most valuable communities in Poland and
Europe. Meadows of the Molinion alliance are protected in the
European Union by the Habitats Directive with code 6410 (Coun-
cil Directive, 1992). These grassland communities related to the
variable wetness of habitats are in danger of extinction. This is
due to the draining of organic soils, the changing nature of river
valleys which is associated with the intensification of fertiliza-
tion and use or its abandonment, and climatic mentions, such
as rainfall deficits. As meadows of low fodder value, they were
excluded from cultivation at the earliest (mowing once a year or
less often) (Chmolowska et al., 2023; Traba and Wolanski, 2012;
Wojcik et al., 2022). However, despite their great natural value,
Molinietum caeruleae analyzed in this study are characterized
by soils that are the poorest in analyzed macro- and micronu-
trients. Low levels of nutrients in Molinia meadows were also
noted by the Zelnik and Carni (2008) and Kozlowski et al. (2012).
Also Swacha et al. (2018) describe in their study a low nutrient
status in Molinion meadows soils. Unlike Molinietum caeruleae,
Alopecuretum pratensis are a very productive community, the
most productive of the communities found in Molinietalia order.
These phytocenoses occur in fertile riparian habitats in river val-
leys. They are intensively cultivated (they are mowed up to four
times a year) and tilled (Matuszkiewicz, 2023). According to Sud-
er (2007), Alopecurus pratensis, which is the dominant species
in these grassland communities, is an indicator of phosphorus-
rich soils. However, this correlation was not noted in our study.
Due to the dominance of a single species in this community, the
species diversity index (H’) is relatively low. The second order
noted in this research is Arrhenatheretalia. Arrhenatheretalia
groups communities of fertile meadows and pastures occurring
on soils with more optimal moisture content than Molinietalia
(Matuszkiewicz, 2023; Velev, 2018). These grassland communi-
ties occur in mesic habitats from moderately wet to slightly dry
soils, with a wide pH range (slightly acidic to alkaline). It occurs
on mineral, less often organic soils. These meadows are not
flooded and are referred to as fresh (Bragiel et al., 2016; Matusz-
kiewicz, 2023; Pruchniewicz et al., 2024). The studied grassland
communities belonging to Arrhenatheretalia was represented
by the: Arrhenatheretum elatioris, Lolio-Cynosuretum and com.
Poa pratensis-Festuca rubra. Fresh meadows are also a threat-
ened type of natural habitats in Poland (Acic et al., 2013; JaniSova
et al, 2010; A. A. Klarzyniska and Kryszak, 2015; Rozbrojova et
al,, 2010). Arrhenatheretum elatioris belongs to agriculturally
valuable grasslands. The typical form of the complex is mostly
rich in dicotyledonous species (Bragiel et al., 2016; Matuszkie-
wicz, 2023). According to Traba et al. (2008) Lolio-Cynosuretum,
occupying the most acidic and P-, K- and N-poor sites, showed
the greatest floristic diversity. In our study, this community oc-
cupied neutral to slightly alkaline soils and had relatively high
Kand N contents, especially P (the highest average value among
all communities) and the lowest floristic diversity as determined
by H’=1.49. A characteristic feature of the com. Poa pratensis-Fes-
tuca rubra habitat is the close relationship with the form and
intensity of meadow management. Com. Poa pratensis-Festuca
rubra is primarily an indicator of drying soils (usually murshic
soils) and the abandonment of proper grassland management.
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It is distinguished by the dominance of Poa pratensis and Festuca
rubra Matuszkiewicz, 2023; Stamirowska-Krzaczek, 2015). Aban-
donment of use leads to the simplification of the Arrhenather-
etum elatioris species and the formation of phytocenoses with
a dominance of Poa pratensis and Festuca rubra. Analysis of
the floristic composition of the sward of this community may
indicate a low level of grassland management, compared with
patches of the Arrhenatheretum elatioris (Stamirowska-Krza-
czek, 2015; Warda and Stamirowska-Krzaczek, 2010).

Variability of grassland communities is strongly linked to
the influence of locally occurring environmental factors (Divi-
akové et al., 2021; Wellstein et al., 2007; Wrdébel, 2012). Our study
showed that the most significant factor in communities differ-
entiation is soil pH. This indicates the relevance of soil pH to
the formation of a particular plant community on a given soil.
This confirms in part our hypothesis that vegetation units are
related to different soil properties. Soil reaction is a very impor-
tant soil property that controls the species richness of plants in
grassland communities (Diviakova et al., 2021; Palpurina et al,,
2017; Riesch et al., 2018; Zelnik and Carni, 2008). In addition,
it significantly affects the development of the root system, the
solubility and availability of many nutrient elements and their
uptake by plants and soil-forming processes (Grzywna, 2014).
At low pH values, the availability of macronutrients such as Mg,
K, P and N decreases, while the availability of micronutrients
such as Mn increases — even to a toxic level (Gonet et al., 2015).
The pH,,,, values, in the soils analyzed, ranged from 5.97 to 7.91,
and pH,, from 5.31 to 7.49. A similar range of soil pH and the
relationship between grassland community variability and soil
reaction, was recorded by Diviakova et al. (2021) and Chytry et
al. (2007). However, we did not find direct relationship between
plot species diversity indicators and soil pH.

Organic and post-organic soils are characterized by a high
variability of properties. These properties depend, among other
things, on the origin of the soils, plant composition or admix-
tures of mineral material (Lachacz et al., 2023; Wallor and Zeitz,
2016). Undoubtedly an important soil property is the organic
matter content, however, in our study the trait did not prove to
be significantly different between vegetation units. On the other
hand, our results demonstrated a direct, significantly negative
relationship between species diversity index and TOC and TN.
This is corroborated by studies that say the negative effects of
nitrogen generally reduced plant species richness of grassland
communities (Roth et al., 2013; Soons et al., 2017; Tian and et
al., 2016). Averaging, in our study, Alopecuretum pratensis had
the highest organic matter content, which is associated with its
high utility value but significantly lower species diversity, e.g.
compare to Molinietum caeruleae of the lowest TOC and TN. One
feature that distinguishes the mursh-forming process is the in-
tensive humification of organic matter (Becher et al., 2013). The
C:N ratio in the studied soils ranged from 9.56 to 14.4, indicat-
ing a significant degree of organic matter processing through
mineralization and humification processes and high soil biologi-
cal activity. The mursh-forming process leads to a narrowing of
these ratio (Sammel and NiedZwiecki, 2006). Also Wojciak and
Bieniak (2005) confirm that murshic levels are characterized by
a narrow C:N ratio (9.3-12), which indicates high transforma-
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tion of organic matter and biological activity. It is worth noting
that the C:N ratio is an important indicator of the rate of min-
eralization of horny matter in the soil. A wide C:N ratio means
that the rate of mineralization decreases and the nitrogen avail-
able to plants is used by microorganisms. However, a narrow
ratio (below 20) accelerates the rate of mineralization of organic
matter and provides plants with available nitrogen. Sometimes
even plants cannot use it (Becher et al.,, 2022; Czyz et al., 2013;
Okruszko, 1993). The content of some micro- and macroele-
ments in the tested soils also show significantly lower K, Mn and
P in Molinietum caeruleae association. The role of phosphorus in
green soils is worth emphasizing. Phosphorus is a microelement
considered very important for species wealth and the diversity
of meadows, however, grasslands in Europe are characterized
by a low content of this element (Diviakova et al., 2021; Kope¢ et
al., 2010; Merunkova and Chytry, 2012).

It is important to remember that the drainage of peat soils
leads to the initiation of the process of murshing. And this pro-
cess, in turn, can lead to the complete disappearance of organic
layers. The rate of loss of peat mass is significantly higher (10-20
times) than the rate of its growth (Lachacz et al., 2023; Oleszczuk
et al,, 2017; Smreczak et al., 2020). According to Ilnicki and Szaj-
dak (2016), a 1 m peat layer takes about a thousand years to form.
Studies indicate that the increased mineralization of organic lay-
ers is the main reason for changes in the use of peat soils. Ar-
able land is being created from grassland. It leads to further loss
of organic matter — which is the result of mixing organic layers
with subsoil through plowing (Bieniek and Lachacz, 2012).

It should be noted that the murshing up of the surface layers
of peat causes irreversible degradation of phytocenoses, which
are inhabited by rare plant species. The botanical composition
of the plants changes, and 100-250 kg/ha of nitrogen per year is
released in the process of soil murshing. The nitrogen released
and not utilized by plants enters ground and surface water, and
partially enters the atmosphere. This is extremely important
because properly managed grasslands are biogeochemical bar-
riers that limit the migration of various chemicals or materials
from agricultural fields to surface and deep waters (Jankowska-
Huflejt, 2007).

There is a systematic increase in organic matter content in
soils under grasslands. Soils characterized by a higher amount of
organic matter have a greater ability to retain water than poor
soils. It is necessary to take advantage of this aspect in develop-
ing practices that protect against climate change. So, an increase
the resistance of ecosystems to degradation occurs as a result
of the regeneration of humus reserves. The humus accumula-
tion occurs simultaneously with the turf process. Organic matter
content is a key parameter shaping soil quality, structure and
hydrological properties (Jankowska-Huflejt, 2007; Pikula, 2019).

It is difficult to say unequivocally which of the communities
in question is more likely to survive in the face of the following
environmental changes, including the processes of murshing. It
all depends on the use (including fertilization and the number
of mowings) and water relations (Kun et al., 2021; Scholtz and
Twidwell, 2022). Vegetation syntaxonomic units that are more
intensively used — Arrhenatheretum elatioris, Lolio-Cynosure-
tum and Alopecuretum pratensis — are more likely to survive.
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If the process of murshing up continues and use is abandoned,
these communities will use the biogenes in the soil for some
time (several years) before they begin to degrade, because they
have a high stock of organic matter (Ameer et al., 2022). With
extensive use and further problems with water relations, these
communities will begin to simplify, and common, cosmopolitan
species will take the place of characteristic species. However,
with regular mowing (2-3 times a year) or mowing and graz-
ing in the case of Lolio-Cynosuretum, fertilization and regulation
of water relations the previously mentioned communities have
the best chance. On the other hand, in the case of Molinietum
caeruleae, which is used extensively by design, the process of
murshing may lead to their transformation into meadows with
a dominance of Deschampsia cespitosa, a significantly poorer
community (Burczyk et al., 2018; Klarzynska and Kryszak, 2015;
Kryszak et al., 2009; Wrdébel et al., 2015). The basis for the pro-
tection of valuable meadow and pasture habitats is, therefore,
their proper use, which will preserve the proper structure of the
sward vegetation. In conclusion, in order to preserve valuable
grassland habitats and inhibit the process of murshing, it is
necessary to regulate water relations, as well as to regulate the
amount of mowing and provide nutrients in the form of fertil-
izers tailored to the specific requirements of the community
(Wrdbel et al., 2021).

The results presented here should be treated as a contribu-
tion to the ongoing discussion about the mursh-forming (mursh-
ing) process in soil and a variety of valuable vegetation units on
semi-natural grasslands. It is reasonable to believe that grass-
lands, especially those used more extensively, can become an
important consumer of carbon dioxide from the atmosphere
and can therefore greatly reduce the effects of the greenhouse
effect (Borana et al., 2023; Burczyk et al., 2018; Grzegorczyk,
2016; Pikula, 2019; Stypinski et al., 2005). The causes of the de-
grading changes in the floristic composition of the communities
should be seen mainly in terms of the drying of peat soils, their
variability of the pH, reduced nitrogen content, and the pro-
gressive reduction in their use in recent years (Kryszak et al,
2005). Monitoring and expanding knowledge of the condition
of organic soils is key to implementing rational and sustainable
land use and environmental protection. The priority should be
to support the maintenance of extensive forms of agricultural
production, especially on grasslands in the context of preserving
natural habitats such as meadows, peatlands, forests, which act
as a carbon sink (Borek, 2020).

5. Conclusions

1. The floristic diversity of grassland units decreases as the
amount of organic matter in the soil increases.

2. Our research has shown that the pH of analyzed soils is
a key element determining the occurrence of specific veg-
etation units.

3. Molinia meadows are characterized by soils that are the
poorest in selected macro- and micronutrients. Although
they do not have much economic value, they present high
species diversity and thus high natural values.
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4. Plant associations that are more intensively used — Arrhen-
atheretum elatioris, Lolio-Cynosuretum and Alopecuretum
pratensis — have a better chance of surviving in the mur-
shing process, provided the correct use and regulation of
water relations.

5. For ecological and economic reasons and the proposal for
a soil protection directive presented by the EC on July 5,
2023, it is advisable to continue to maintain the studied
sites as grasslands. Grasslands, besides enriching soils with
nutrients, create the best conditions for reducing organic
matter decay in the accumulation and humus murshic hori-
Zons.
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Zré6znicowanie jednostek syntaksonomicznych roslinnosci uzytkéw zielonych
w zaleznosci od wlasciwosci fizykochemicznych gleb torfowych w dolinie rzeki
Obry

Streszczenie

Celem pracy bylo przedstawienie struktury fitosocjologicznej wybranych zbiorowisk trawiastych
na plytkich glebach torfowych podlegajacych procesowi murszenia (humifikacjii mineralizacji tor-
fu). Obszar badan zlokalizowany by} pomiedzy péinocnym, srodkowym i potudniowym kanalem
rzeki Obry (Nizina Wielkopolska, centralna Polska). Badania glebowe przeprowadzono w maju
iwrze$niu 2022 roku, a badania fitosocjologiczne w maju i wrze$niu 2022-2023 roku. Prébki gleby
do analiz laboratoryjnych pobrano z najwyzszych pozioméw glebowych na gleboko$ci 0-20 cm
w 20 punktach badawczych. Wykonano 76 zdje¢ fitosocjologicznych. Wyrézniono pie¢ jednostek
syntaksonomicznych roslinno$ci: Molinietum caeruleae, zbiorowisko z Poa pratensis-Festuca rub-
ra, Arrhenatheretum elatioris, Lolio-Cynosuretum i Alopecuretum pratensis. Jednostka syntaksono-
miczng o najwyzszych wartos$ciach wskaznika réznorodnosci i liczbie gatunkéw odnotowanych
w zdjeciach fitosocjologicznych byto Molinietum caeruleae, podczas gdy najubozszym w gatunki
z najnizszym wskaznikiem bylo Lolio-Cynosuretum. Gleby zostaly sklasyfikowane jako Umbric
Gleysols, Mollic/Umbric Gleysols, Histic Gleysols, Histic Gleysols (Murshic). Najwyzsze zawarto$ci
TOC i TN odnotowano dla zbiorowiska Poa pratensis-Festuca rubra, a najnizsza dla Arrhenathere-
tum elatioris. Wartos$ci pH wskazywaty na gleby lekko kwasne w przypadku nastepujacych jedno-
stek syntaksonomicznych: Alopecuretum pratensis, Molinietum caeruleae, Lolio-Cynosuretum, zb.
Poa pratensis-Festuca rubra oraz gleby lekko zasadowe w przypadku Arrhenatheretum elatioris.
Wyniki analizy dyskryminacyjnej wykazaly, Ze najwazniejszym statystycznie istotnym czynni-
kiem réznicujgcym zbiorowiska roslinne bylo pH gleby mierzone zaréwno w H,0, jak i w KCL
Molinietum caeruleae wystgpowalo na glebach ubogich w sktadniki mineralne o stosunkowo wyso-
kim stosunku C:N. Wskaznik réznorodno$ci Shannona-Wienera byl istotnie ujemnie skorelowany
z TOC i TN. Wskazane jest dalsze utrzymywanie badanych stanowisk jako roslinnos$ci tgkowe;j.
Zbiorowiska uzytkéw zielonych maja szanse na przetrwanie w procesie murszenia, pod warun-
kiem prawidlowego uzytkowania (regularnego koszenia lub wypasania i nawozenia) i regulacji
stosunkdéw wodnych. Uzytki zielone, oprécz wzbogacania gleb w sktadniki pokarmowe, stwarzaja
najlepsze warunki do ograniczenia procesu rozkladu materii organicznej w poziomach akumu-
lacyjnych i préchnicznych o charakterze murszowym, co jest niezwykle istotne w obliczu zmian
klimatycznych.
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Appendix 1. Summary phytosociological table

Plant species Molinietum Alopecuretum Arrhenatheretum Lolio-Cynosuretum com. Poa pratensis-
caeruleae pratensis elatioris Festuca rubra

No.! (C? D .3 No.! (C* D .3 No.! (C? D .3 Nol C* D .3 No.l! (C? D .3

mean mean mean mean mean

Species characteristic of the class Molinio-Arrhenatheretea

Achillea millefolium 4 11 25 3 II 37.5 9 III 28.1 2 I 3.8 12 v 37.5
Anthoxanthum odoratum 2 I 6.3 4 I 12.5 3 III 9.4
Avenula pubescens 10 I 31.3

Cardamine pratensis 12 \4 50 15 \Y 44.4 6 II 18.8 5 I 13.1
Centaurea jacea 2 I 1.7 2 I 1.3

Cerastium holosteoides 9 v 37.5 7 111 21.9 11 v 62.5 5 II 13.1 7 111 21.9
Festuca pratensis 9 v 329.2 2 I 6.3 10 111 31.3 6 111 46.9
Holcus lanatus 2 I 7.3 14 \% 225 8 I 81.3 7 III 21.9 7 III 21.9
Lathyrus pratensis 1 I 4.2 4 II 12.5 1 I 3.1 2 I 6.3
Odontites serotina 3 1I 12.5

Plantago lanceolata 6 11 62.5 7 III 21.9 13 v 40.6 7 111 21.8 9 III 218.8
Prunella vulgaris 7 I 29.2

Ranunculus acris 14 \4 43.8 13 v 68.8 5 II 131 14 v 100
Rumexa cetosa 9 III 28.1 12 v 65.6 9 III 28.1
Trifolium pratense 4 I 12.5 16 \% 106.3 12 v 37.5
Vicia cracca 2 I 8.3 4 1I 12.5 2 I 1.3 2 I 6.3

Species characteristic of the order Molinietalia caeruleae

Alopecurus pratensis 16 A% 4844 12 v 121.9 12 v 65.6 15 \% 159.4
Carex cespitosa 8 v 333

Cirsium oleraceum 2 I 3.8

Deschampsia caespitosa 10 v 41.7 3 II 9.4
Equisetum palustre 2 I 1.7 1 I 0.6
Filipendula ulmaria 1 I 0.8 4 II 10 1 I 0.6

Lathyrus palustris 4 I 13.3

Lychnis flos-cuculi 5 11 14.2 9 III 25.6 4 11 40.6 2 I 6.3 15 \4 156.9
Lysimachia vulgaris 8 v 33.3 1 I 31

Lythrum salicaria 3 I 5.8

Molinia caerulea 12 \4 3583

Poa palustris 13 v 125 2 I 6.3 1 I 3.1 13 v 309.4
Symphytum officinale 1 I 31

Thalictrum flavum 2 I 5 3 I 9.4 6 I 18.8
Viola pumila 2 I 8.3

Species characteristic of the order Arrhenatheretalia elatioris

Arrhenatherum elatius 16 \% 4063 3 I 37.5

Bellis perennis 11 v 344 9 111 84.4

Bromus hordaceus 6 I 18.8 9 111 28.1

Dactylis glomerata 1 I 4.2 5 I 15.6 13 v 40.6 8 11 25 4 11 12.5
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Plant species Molinietum Alopecuretum Arrhenatheretum Lolio-Cynosuretum com. Poa pratensis-

caeruleae pratensis elatioris Festuca rubra

No! ¢ el NolooCc2 D No! € D No! € D Nol € D,
Daucus carota 3 1I 6.9 1 I 0.6
Festuca rubra 12 \% 50 9 III 112.5
Galium mollugo 7 III 21.9 16 \% 106.3 4 II 12.5 12 v 37.5
Geranium pratense 1 I 0.6
Heracleum sphondylium 4 I 12.5 13 v 40.6 1 I 0.6 5 II 15.6
Leontodon autumnalis 5 II 17.5 3 I 9.4
Leucanthemum vulgare 5 I 15.6 2 I 6.3
Lolium perenne 1 I 4.2 5 1I 43.8 10 111 31.3 16 v 3938 2 I 6.3
Poa pratensis 10 v 550 15 \% 925 15 \% 668.8 16 \4 515.6 16 \4 3563
Polygala comosa 1 I 0.8
Saxifraga granulata 4 1I 10
Taraxacum officinale 2 I 8.3 12 v 65.6 15 A 46.9 10 v 143.8 13 v 40.6
Trifolium dubium 2 I 6.3
Trifolium repens 2 I 8.3 8 III 25 3 I 37.5 10 v 115.6 12 v 278.1
Species characteristic of the orders Trifolio fragiferae-Agrostietalia stoloniferae and Plantaginetalia majoris
Agrostis stolonifera 10 v 154.2 6 I 18.8 7 I 21.9
Alopecurus geniculatus 2 I 6.3 1 I 3.1
Carex hirta 4 1I 12.5
Festuca arundinacea 4 I 13.3 4 I 68.8
Inula britannica 3 I 50
Plantago major 2 I 6.3 7 21.9 9 111 84.4 6 I 18.8
Poa annua 3 I 9.4
Potentilla anserina 11 Vv 334.2 4 1I 12.5
Potentilla reptans 3 I 12.5 1 I 31 1 I 31 2 I 6.3
Ranunculus repens 9 v 150 8 I 25 8 I 25 6 11 18.8 16 \4 50
Rumex crispus 4 11 12.5 1 I 0.6 1 I 0.6 1 I 3.1
Triticum repens 1 I 3.1 1 I 3.1
Species characteristic of the class Phragmitetea
Carex acuta 8 v 70.8 8 III 25 1 I 3.1 9 III 28.1
Galium palustre 2 I 1.7 3 I 9.4
Iris pseudacorus 2 I 5
Mentha aquatica 12 \% 50 4 I 12.5
Peucedanum palustre 3 I 2.5
Phalaris arundinacea 2 I 5 11 v 90.6 1 I 31 11 v 231.3
Phragmites australis 12 \% 50 1 I 0.6
Rumex hydrolapathum 2 I 6.3
Sium latifolium 2 I 1.3
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continue - Appendix 1. Summary phytosociological table

Plant species Molinietum Alopecuretum Arrhenatheretum Lolio-Cynosuretum com. Poa pratensis-
caeruleae pratensis elatioris Festuca rubra
No! ¢ D% No! C D_® No! C D3 No! C D No! € D,
Others
Artemisia vulgaris 1 I 0.6
Bromus inermis 1 I 3.1
Calystegia sepium 6 III 15 2 I 6.3
Capsella bursa-pastoris 5 II 13.1 3 II 9.4 2 I 3.8 1 I 31
Cerastium arvense 1 I 3.1
Chenopodium album 1 I 0.6
Cirsium arvense 1 I 4.2 2 I 6.3
Conyza canadensis 1 I 0.6
Cynoglossum officinale 1 I 0.6
Echinochloa crus-galli 1 I 0.6
Eupatorium cannabinum 4 1I 10
Glechoma hederacea 2 I 8.3 4 II 12.5 1 I 3.1 1 I 31
Hydrocotyle vulgaris 11 \4 120.8
Hypericum perforatum 1 I 0.8
Hypochoeris radicata 6 111 15
Juncus articulatus 10 v 41.7
Lactuca serriola 1 I 0.8
Linaria vulgaris 2 I 6.3 1 I 3.1
Luzula multiflora 3 1I 12.5
Melandrium album 6 II 15.6 1 I 0.6
Melandrium rubrum 1 I 0.8
Polygonum persicaria 1 I 0.8 3 I 6.9 2 I 6.3 2 I 6.3
Rorippa palustris 2 I 6.3
Rubus gracilis 3 1I 12.5
Rumex obtusifolius 4 I 12.5 1 I 0.6
Stellaria media 4 I 12.5 2 I 6.3 1 I 0.6 1 I 31
Urtica dioica 3 1 I 0.6
Veronica arvensis 3 I 9.4 2 I 6.3 3 II 9.4 2 I 6.3
Veronica chamaedrys 3 II 9.4 6 II 18.8
Veronica persica 2 I 6.3
Vicia hirsuta 2 I 1.7 3 I 4.4
Vicia sepium 2 I 6.3
! —number of occurrences, 2 — phytosociological constant, * — mean cover index
16 species characteristic of the vegetation syntaxonomic units
11 species with the highest cover index in the vegetation syntaxonomic units
17
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Abstract

The aim of the study was to evaluate the relationships between selected phenolic compounds and
microbial abundance in grassland soils. The objects of the study were topsoils (0-20 cm) from under
grasslands located along the Obra River (Wielkopolska Lowland, central Poland). The field survey
was conducted in September 2022. Five vegetation syntaxonomic units were selected in the study
area: Molinietum caeruleae, Alopecuretum pratensis, Arrhenatheretum elatioris, Lolio-Cynosuretum,
and community Poa pratensis-Festuca rubra. A one-way ANOVA test for pH showed statistically
significant differences between grasslands (pH,,, p=0.000 and pH,, p=0.000). The abundance of
heterotrophic bacteria (p=0.000), actinobacteria (p=0.001), and fungi (p=0.014) were also traits that
significantly differentiated grassland vegetation units. One-way ANOVA test showed that of all the
phenolic compounds analyzed, only two were found to be significant: vanillic acid (p=0.003) and
catechin (p=0.002). Our research indicates a positive correlation of actinobacteria with cinnamic
and caffeic acid, heterotrophic bacteria with p-coumaric and ferulic acid and catechin, and fungi
with gallic acid and catechin. In addition, taking into account statistically significant features, it can
be concluded that Molinietum caeruleae shows a different structure compared to the other vegeta-
tion units, the Arrhenatheretum elatioris and Lolio-Cynosuretum group are similar, while com. Poa
pratensis-Festuca rubra and Alopecuretum pratensis show different structures from the others. En-
vironmental research is increasingly focusing on enhancing soil organic carbon accumulation. Un-
derstanding the relationship between phenolic compounds and microorganisms in grassland soils is
crucial in this context. Proper grassland management is a key element of environmental protection.

year, while in grasslands, it is 0.5-0.7 t C haper year (Eze et al,,
2018; Pikula, 2019; Ziotkowska, 2019). Valuable sources of SOM

One of the main threats to soils is the decline in soil or-
ganic matter (SOM) content, at the same time SOM content is
the most frequently cited indicator of soil quality. Grasslands
are the richest in carbon of all agricultural ecosystems, storing
approximately 34% of total global carbon stocks in terrestrial
ecosystems. Grassland soils vary greatly in their organic mat-
ter content and quality. These soils have a higher organic mat-
ter content than cultivated soils. In Poland, the organic grass-
land soils organic carbon content is 10.42%, while in mineral
soils, it is 3.81% (Pietrzak and Holaj-Krzak, 2022). The organic
carbon content in cultivated soils is about 2.2% (Kotacz, 2020).
This is due to better conditions for immobilization and accu-
mulation of SOM. These characteristics favor the sequestration
of organic carbon in the soil. It is reported that global carbon
sequestration in farmland soils is estimated at 0.3 t C ha™ per

in grassland soils are dead above-ground parts of plants, plant
roots, natural and organic fertilizers, soil-decayed microorgan-
isms, and animal feces (Ziélkowska, 2014).

Plants produce a highly diverse set of primary and second-
ary metabolites. Cellulose, hemicelluloses, and lignins are im-
portant compounds of plant origin in the humification process.
In addition, tannins, terpenes, and microorganism metabolites
may also be involved in the process. Studies indicate that in
grass communities, most lignins are contained in the roots of
plants (up to 20%), while in the aboveground parts of grasses,
they account for 2.1-9.1% d.m. (Ziétkowska et al., 2020a; Zwet-
sloot et al., 2020).

Among the phenolic compounds found in meadow soils, we
can distinguish hydroxybenzoic acid and its derivatives (e.g.,
dihydroxybenzoic, protocatechuic (PA), syringic (SYR), and va-

© 2025 by the authors. Licensee Soil Science Society of Poland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY NC ND 4.0) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). 1
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nillic (VA) acids), hydroxycinnamic acid and its derivatives (e.g.,
cinnamic, ferulic (FEA), p-coumaric (p-CO), depsides of the core
of the molecule, which contain an ester bond (e.g. chlorogenic
acid (CHA)) (Ziotkowska et al., 2020b, 2020a).

Phenolic compounds are key in soil-plant interactions, af-
fecting soil structure, chemical composition, and biological ac-
tivity. Their effects can be both beneficial (e.g., by participating
in the defense reactions of plants against pathogenic microor-
ganisms: viruses, fungi or bacteria or by increasing plant resis-
tance to stress) and negative (e.g., through toxicity or impact on
nutrient availability) (Adom et al., 2003; Babenko et al., 2019;
Golonko et al., 2015; Hattenschwiler and Vitousek, 2000; Kulbat,
2016; Moreira et al., 2020; Sies and Jones, 2020).

There is no doubt that phenolic compounds are an essen-
tial part of humification processes in the soil. These compounds
are widely distributed in the environment and are one of the
main components of soils (Clemensen et al., 2020; Horvat et al,,
2020; Zidtkowska et al., 2020b). Many phenolic compounds dis-
solve well in water, including phenolic acids and tannins. In this
form, they remain in solution between soil particles, where they
can undergo reversible sorption due to hydrophobic, hydrogen,
and ionic interactions. The processes of condensation and po-
lymerization of these substances with amino acids and proteins
in the soil lead to the formation of organic acids of high molecu-
lar weight, such as fulvic acids, humic acids, and humins, which
changes the properties of the soil (Misra et al., 2023; Schmidt et
al., 2011; Usha Rani and Jyothsna, 2010).

Phenolics play a vital role in the plant-soil relationship by
modifying the growth and development of higher plants and
soil microorganisms. They provide feedback to soil organic
matter-degrading microorganisms by altering soil pH, nutrient
availability, and enzyme activity (Macias-Benitez et al., 2020;
Min et al., 2015; Sadej et al., 2016). For instance, phenols such as
catechins can influence the mobility of phosphorus in the soil.
When combined with organic acids, these compounds trans-
form poorly soluble forms of soil phosphorus into more soluble
forms, which is crucial for supplying phosphorus to plants (Hu
et al, 2005; Sugiyama and Yazaki, 2012). Phenolic compounds
also affect nitrogen availability by inhibiting the activity of nitri-
fying microorganisms. They can hinder the activity of enzymes
involved in nitrogen metabolism, consequently reducing the
rate of nitrogen transformation (Adamczyk et al., 2008; Chen
et al, 2025; Ma et al., 2016; Thorpe and Callaway, 2011; Wang
et al,, 2013). On the other hand, at low concentrations, they can
increase nitrogen mineralization (Chen et al., 2018). Therefore,
phenolic compounds can potentially serve as biological nitrogen
regulators.

Phenolic compounds regulate the response of plants caused
by abiotic stress and other external stimuli (Golonko et al., 2015;
Misra et al., 2023). Many phenolic allelochemical compounds in-
hibit the growth of other plants, affecting their germination and
root development (Sugiyama and Yazaki, 2012). Microorganisms
interacting with plants and soil secrete many allelochemicals, in-
cluding lytic enzymes such as glucanases and chitinases, which
affect the development of various plant diseases. For example,
beta-1,3-glucanase destroys cell walls, which can lead to Pythium
phanidermatum root rot and Fusarium oxysporum fusarium rot
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(Chatterton and Punja, 2009; Polyak and Sukcharevich, 2019).
Plants also secrete phenolic compounds in response to stress
from pathogens and insects (Golonko et al., 2015; Usha Rani and
Jyothsna, 2010). For example, lignin protects plants from insect
and pathogen attacks (Barakat et al., 2010; Johnson et al., 2009).
Another example is quinones, which exhibit direct toxicity to in-
sects and hinder herbivores’ digestion of plant proteins (Bhon-
wong et al.,, 2009; Misra et al., 2023). Salicylic acid, on the other
hand, is considered a secondary transmitter of information in
the process of developing plant resistance to viruses and bacte-
ria (Galazka, 2013).

Environmental factors such as soil pH, temperature, and
humidity can affect the degradation of phenols (Bell and Henry,
2011; Sinsabaugh, 2010; Xin et al., 2024; Ziétkowska et al., 2020a).
Research indicates that predicting the direction of phenolic de-
composition is difficult. The relationship between phenol oxi-
dase activity and the concentration of phenols under natural
conditions is unclear. Some authors indicate a positive correla-
tion (Yao et al., 2009), while others show a negative one (White
et al,, 2011). In the case of peats, which have a high content of
phenolic compounds, there is a correlation that the higher the
phenolic oxidase content, the higher the phenolic content, re-
sulting in a positive correlation. It is worth noting that drought
increases the dynamics of decomposition, which is due to the
higher activity of the described enzyme (Fenner et al., 2005).

Topsoilisthe place where there isanaccumulation of various
interactions between microorganisms and plants. Soil microor-
ganisms play an important role in grassland ecosystems through
their influence on plant physiology. Root exudates secreted here
improve the plant’s interactions with soil microorganisms and
accelerate the decomposition of SOM (Ma et al., 2022; Sun et al.,
2024; Zwetsloot et al., 2020). Phenolic compounds are released
from plants mainly during the decomposition process of mulch
but can also be released as root exudates. Phenolic compounds
induce the selection of soil microorganisms because they can be
toxic to them at low concentrations. Due to their antibacterial
properties, plant polyphenols can affect bacterial cells through
various mechanisms, such as binding to proteins and cell walls,
disturbing cytoplasmic functions and membrane permeability,
inhibiting metabolic processes related to energy production,
damaging DNA and blocking nucleic acid synthesis (Lobiuc et
al., 2023). Gram-positive bacteria are most sensitive to phenolic
compounds, which is due to the presence of peptidoglycans on
their surface and the lack of an outer membrane. For example,
gallic acid can affect the charge, hydrophobicity, and permeabil-
ity of the membrane and, in the case of Gram-negative bacteria,
lead to its destabilization (Cueva et al., 2010; Kahkeshani et al.,
2019). Ferulic acid has antibacterial activity against Escherichia
coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Lis-
teria monocytogenes at a minimum inhibitory concentration
of 100 to 1250 pg/ml, while gallic acid has activity in the range
of 500-2000 pg/ml (Borges et al., 2013). Phenolic acids can af-
fect bacteria not only by affecting the cell membrane but also
through other mechanisms. For example, p-coumaric acid has
the ability to bind bacterial DNA (Lou et al., 2012).

However, phenol-rich soils contain groups of microorgan-
isms that are resistant and capable of degrading phenols (Cloc-
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chiatti et al., 2021; Morones-Esquivel et al., 2022). Phenol-resis-
tant organisms are, for example, Zygomycetes, Hypocreales, and
Melanconiales (Mékeld et al., 2015). Another example is Burk-
holderia hospita actively metabolizes benzoic acid but also re-
produces in soil with high concentrations of this phenolic com-
pound (100 pg of benzoic acid was dosed in the soil four times in
this experiment) (Pumphrey and Madsen, 2008). Stimulation of
microorganisms by phenolic compounds contained, for exam-
ple, in root exudates, may occur from edaphic factors (Suseela
et al., 2016).

The main objective of this study was to evaluate the rela-
tionships between selected phenolic compounds and microbial
abundance in grassland soils. A better understanding of these
relationships is crucial for further research on phenols and
their effects on soil microorganisms. We address the following
research hypotheses: 1. Vegetation stimulates the secretion of
phenolic compounds, which affects the abundance of selected
microorganisms; 2. The content of phenolic compounds in grass-
land soils depends on the content of organic matter and soil pH.

2. Materials and methods
2.1. Study area and sampling

The present study was conducted on semi-natural grass-
lands located along the Obra River (Wielkopolska Lowland, cen-
tral Poland). The following grassland vegetation syntaxonomic
units were recorded in the study area: Molinietum caeruleae,
Alopecuretum pratensis, Arrhenatheretum elatioris, Lolio-Cy-
nosuretum and community (com.) Poa pratensis-Festuca rubra.
The releves were made at 20 survey points, represented areas
of 100 m? and homogeneous species composition. The locations
of the 20 sampling sites were marked in the field and described
in a previous article (Mencel et al., 2024). Selected sites were
sampled for soils in September 2022. Soil samples for labora-
tory analysis were taken from the uppermost soil horizons at
0-20 cm depth. In the area of each phytosociological releves, the
soil was taken from three points and then spooled to one sample
(to account for potential soil variability). Soil samples were col-
lected in plastic bags and transported in a lightproof box to the
laboratory. Soil was collected using Egner’s Cane.

2.2. Chemical Analyses

Under laboratory conditions, the soils were dried and ho-
mogenized, then sieved through a 2 mm sieve. Chemical analy-
ses included the following parameters: determination of total
organic carbon (TOC) and total nitrogen (TN) using a Vario-Max
CNS analyzer and determination of soil pH potentiometrically in
1 M KCl and in a suspension of distilled water in a 1:2.5 ratio.

2.3. Biological Analyses

Soil microorganisms count was measured using the plate
method on adequate selective substrates with five replicates.
The total count of colony-forming units (CFU) of heterotrophic

Relationships between phenolic compounds and microbial abundance in soils

bacteria, actinobacteria, and fungi was measured. Heterotroph-
ic bacteria count was measured on ready-made Merck standard
agar medium (26° for 5 days). Fungi count was measured on a
Martin substrate (Martin, 1950) after a 5-day incubation at 24°.
Actinobacteria count was measured on a selective Pochon sub-
strate (Grabinska-Loniewska, 1999), where the plates were in-
cubated for 7 days at 26°.

2.4. Extraction of phenolic compounds

The phenolic compounds were extracted from dried soil
according to Ziétkowska et al. (2020a) with some modifications.
The soil samples were mixed with distilled water and 2M NaOH,
were sonicated, and heated for 30 minutes at 90°C. After cooling
the samples were neutralized with 6M HCL Then, the extraction
with diethyl ether was performed twice. The extract was trans-
ferred to vials. Next, the 6 M HCl was used for acid hydrolysis in
a water bath at 80°C for 30 min. Then, the samples were extract-
ed with diethyl ether (twice). The extracts were transferred to
alkaline hydrolyzed extract and evaporated to dryness. Before
ultra-performance liquid chromatography (UPLC) analyses, the
samples were dissolved in 1mL methanol and filtrated.

2.5. UPLC analysis

High-performance liquid chromatography (ACQUITY UPLC
H-Class System Waters Corporation, Milford, MA, USA) consist-
ing of a quaternary pump solvent management system, online
degasser, and autosampler was used to quantify phenolic com-
pounds (Gasecka et al., 2023; Kurasiak-Popowska et al., 2022). A
Waters Acquity UPLC BEH C18 column (150 x 2.1 mm, 153 1.7 um)
thermostated at 35°C was used to separate phenolic compounds.
The gradient elution with water and acetonitrile (both contain-
ing 0.1% formic acid, pH=2) with flow 0.4 ml min™ was accord-
ing to the gradient program: 5% B (2 min), 5-16% B (5 min), 16%
B (3 min), 16-20% B (7 min), 20-28% B (11 min), 28% (1 min),
28-60% B (3 min) 60-95% B (1 min), 65% B (1 min), 95-5% B (0.1
min) min-1 5% B (1.9 min). The injection of the extracts, filtered
through a 0.22 mm syringe filter, was 5 pl. Identification of the
compounds was based on comparing the retention times of the
peaks with the retention times of chemical standards. Detection
was performed using an external detector on a Waters Photodi-
ode Array Detector (Waters Corporation, Milford, MA, USA) at
the following wavelengths A=280 nm (catechin, gallic acid, 4-hy-
droxybenzoic acid (4-HBA), syringic acid, cinnamic acid, vanillic
acid) and A=320 nm (2,5-dihydroxybenzoic acid (2,5-DHBA), caf-
feic acid, chlorogenic acid, p-coumaric acid, ferulic acid, sinapic
acid). The detection limits (DL) were calculated based on a sig-
nal-to-noise ratio 3:1. The recovery rates of the phenolics as fol-
lows: gallic acid — 92 + 4.4%, vanillic acid — 79 + 8.5%, catechin
-89+ 5.7%, 4-HBA - 96 + 3.78%, chlorogenic acid — 92 + 2.8%, caf-
feic acid — 86 + 6.7%, syringic acid — 94 + 3.9%, p-coumaric acid
-89 + 3.6%, ferulic acid — 91 + 4.9%, sinapic acid - 94 + 5.1%, and
cinnamic acid - 97 + 2.9% (Kurasiak-Popowska et al,, 2022). Raw
data were acquired and processed using Empower 3 software.

The standards of phenolic compounds (4-HBA > 99%, 2,5-
DHBA >98%, gallic acid >98%, vanillic acid > 97%, syringic acid
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> 98%, catechin > 98%, p-coumaric acid > 98%, ferulic acid >
98%, chlorogenic acid > 95%, sinapic acid > 97, cinnamic acid
> 99%, were obtained from Sigma-Aldrich (Steinheim, Germa-
ny). Caffeic acid (certified reference material TraceCERT®) was
purchased in Sigma-Aldrich (Basel, Switzerland). Ethanol (ab-
solute for EMSURE® ACS, ISO, Reag. Ph Eur, > 99.9 %).

2.6. Statistical Analysis

For statistical analysis of the mean levels of the analyzed
soil parameters, a single one-way ANOVA test was used, with
a prior check of the conformity of the analyzed variables to
a normal distribution in all subgroups based on the Kolmogo-
rov-Smirnov test. Tukey’s HSD post-hoc test was used to evalu-
ate homogeneous groups. The correlation analysis of traits
was based on the Student’s t-test for the r-Pearson linear cor-
relation coefficient. We used a = 0.05 as the level of statisti-
cal significance. Cluster analysis is a multivariate method that
searches for patterns in a data set by grouping the observations
into clusters (Polowy and Moliniska-Glura, 2023). The distance
between the data determines the level of data similarity. The
small distance between the data indicates a high similarity
level of the data. Euclidean metric was used as a measure of
similarity.

3. Results and discussion
3.1. Chemical soil properties

Grassland soils are an extremely important element in the
carbon sequestration process, as they provide suitable condi-
tions for the accumulation and storage of organic matter. These
stores should be protected. It cannot be denied that phenolic
compounds play a very important role in the transformation
of soil organic matter. These compounds are one of the most
common components in the soil, which affect the circulation
of nutrients and the abundance of soil microorganisms (Wies-
meier et al.,, 2019; Ziétkowska et al., 2020a). According to Min
et al. (2015) and Ziétkowska et al. (2020a), the high content of
phenolic compounds in the soil solution reduces the intensity
of soil organic matter decomposition.

The total organic carbon (TOC) content in the grassland
soils analyzed differed among selected syntaxonomic units of
grassland vegetation (Table 1). The highest TOC content was re-
corded in Alopecuretum pratensis (148.23 g kg') and the lowest
in Molinietum caeruleae (69.40 g kg?). The contents were dis-
tributed similarly for TN, with the highest recorded in Alopecu-
retum pratensis and the lowest in Molinietum caeruleae (Table
1). The pH values indicated slightly acidic soils in Alopecuretum
pratensis, Molinietum caeruleae, Lolio-Cynosuretum, com. Poa
pratensis-Festuca rubra and slightly alkaline soils in Arrhen-
atheretum elatioris. A one-way ANOVA test for pH showed sta-
tistically significant differences between grasslands (for pH,,,
p=0.000 and for pH,, p=0.000). Tukey’s post-hoc tests revealed
that Arrhenatheretum elatioris differed from other vegetation
units (Table 1).
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3.2. Abundance of microorganisms in soils

The soil of grassland ecosystems contains huge amounts
of microorganisms, including bacteria, fungi, and other life
forms. Environmental factors play a key role in shaping micro-
bial communities. Soil microorganisms are uniquely suscep-
tible to conditions in their environment. They are able to re-
spond quickly to changes in the soil, which in turn affects plant
species diversity and soil structure (Ma et al., 2023). Microor-
ganisms perform key functions such as decomposing organic
matter, maintaining soil fertility, improving soil structure and
drainage, sequestering carbon, and regulating greenhouse gas
emissions. High levels of microbial abundance and diversity
lead to significant improvements in the resilience of the eco-
system, which is soil (Grzadziel, 2017; Maron et al., 2018; Roux
etal, 2011).

Soil bacteria are the most numerous and widespread mi-
croorganisms in the soil, accounting for 70% to 90% of the total
soil microbial population (Chi et al., 2023; Lu et al., 2022; Sui
et al., 2019). Our study noted that heterotrophic bacteria had
the highest abundance among the analyzed microorganisms
(Table 1). The highest abundance was observed in Alopecu-
retum pratensis and the lowest in Molinietum caeruleae. The
one-way ANOVA test indicates that individual grassland units
differ significantly for the analyzed trait (p=0.000). Tukey’s
post-hoc tests showed that Alopecuretum pratensis stands out
significantly from other grassland units (Table 1). For actino-
bacteria, the highest abundance values were recorded in Lolio-
Cynosuretum and the lowest in Molinietum caeruleae (Table 1).
As with heterotrophic bacteria, individual grassland units dif-
fered significantly due to actinobacteria (p=0.001). Due to ac-
tinobacteria, individual grassland units form three homogene-
ous groups (Table 1). Another trait analyzed was the number of
fungi. Their abundance in all grassland units was most equal.
However, the greatest number of fungi was recorded in Alo-
pecuretum pratensis and the least in com. Poa pratensis-Festuca
rubra. One-way ANOVA test indicates that fungi significantly
differentiated grassland units (p=0.014). Due to fungi, individu-
al vegetation units form two similar groups (Table 1).

3.3. Phenolic compound content

There are many phenolic compounds in grassland soils.
However, according to Kovaleva and Kovalev (2009), a char-
acteristic of these soils is the predominance of p-coumaric and
ferulic acids compared to the content of other phenolic com-
pounds, which is due to the species composition of the sward.
The chemical composition of plants affects the chemical com-
position of soil organic matter and humus.

The phenolic profile of the analyzed plants was very di-
verse. Within Molinietum caeruleae, catechin had the highest
content (3.66 ug g' d.m. soil) and cinnamic acid the lowest
(0.18 ug g* d.m. soil). 2,5-dihydroxybenzoic acid and sinapic
acid were detected but at concentrations below the detec-
tion limit. Alopecuretum pratensis had a very high syringic
acid content compared to other grassland units (Table 1). In
the rim of this syntaxonomic unit, the lowest value was re-
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Table 1
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Characterization of the chemical and microbial soil properties (mean+SD). Statistically significant differences in the tested parameters between grass-
land vegetation syntaxonomic units are marked by different letters (n=4)!

Variable Molinietum Alopecuretum Arrhenatheretum Lolio-Cynosuretum com. Poa pratensis-
caeruleae pratensis elatioris Festuca rubra
PH,,0 6.42+0.282 6.27+0.202 7.71+0.18> 6.58+0.472 6.62+0.242
p=0.000?
PH,, 6.05+0.302 6.00+0.182 7.29+0.17° 6.13+0.592 6.31+0.242
p=0.000?
10° cfu g d.m. soil
Heterotrophic bacteria 30.44+7.59? 162.17+60.08> 71.66+22.622 57.77+1.83* 46.85+7.24*
p=0.000?
Actinobacteria 11.97+6.072 60.43+24.29%¢ 55.69+20.302>¢ 84.19+31.07¢ 26.61+6.242
p=0.0012
108 cfu g d.m. soil
Fungi 37.26+5.02%> 45.21+11.82° 29.05+6.41® 27.74+3.622 24.87+5.242
p=0.014?
gkg!
TOC® 69.40+10.29 148.23+60.72 87.67+59.30 98.12+33.88 121.82+10.24
p=0.578
TN* 5.74+1.35 11.67+4.04 7.71+£4.57 8.60+2.60 10.35+1.24
p=0.5942
ug g d.m. soil
2,5-DHBA’ BDL’ BDL’ 7.72+10.15 BDL’ 5.69+0.24
p=0.162?
4-HBAS 2.86+3.02 3.91+4.82 2.98+3.58 4.73+2.41 3.81+3.24
p=0.9372
Caffeic acid 0.72+0.86 0.70+0.28 0.82+0.69 1.02+0.50 0.38+0.24
p=0.6372
Chlorogenic acid 0.55+0.88 0.71+1.42 0.45+0.59 0.62+0.80 1.66+0.24
p=0.389"
Cinnamic acid 0.18+0.37 0.46+0.91 1.13+£1.33 1.23£1.55 0.73+0.24
p=0.623"
Ferulic acid BDL’ 0.44+0.35 BDL’ 0.12+0.25 0.39+0.24
p=0.122?
Gallic acid 1.64+1.30 9.11+9.17 1.27£1.16 2.14+1.40 2.48+1.24
p=0.0972
p-Coumaric acid 1.07+0.52 2.21+0.90 1.37+0.73 0.65+1.30 1.29+0.24
p=0.163"
Sinapic acid BDL’ 0.14+0.28 0.32+0.42 0.50+0.39 0.77+0.24
p?=0.073
Syringic acid 0.20+0.41 71.57+142.01 0.84+0.60 0.24+0.49 1.51+0.24
p=0.440?
Vanillic acid 0.49+0.65° 4.81+2.44% 3.15+£1.65° 3.34+1.10° 12.87+0.24>
p=0.003*
Catechin 3.66+4.592 15.25+5.77" 5.86+3.94° 5.56+2.572 1.43+4.242
p=0.002%

!sample size for each syntaxonomic units; ?p-value for one-way ANOVA; 3total content of nitrogen;*total content of organic carbon; 52,5-
dihydroxybenzoic acid; 4-hydroxybenzoic acid; "below detection limit
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corded for sinapic acid (0.14 pg g d.m. soil). The presence
of 2,5-DHBA was not recorded. Arrhenatheretum elatioris soils
had the highest 2,5-dihydroxybenzoic acid content among all
analyzed vegetation units (7.72 ug g* d.m. soil), while no fe-
rulic acid was recorded. Lolio-Cynosuretum was characterized
by the absence of 2,5-DHBA, low ferulic acid content (0.12 pg
g d.m. soil), and 5.56 pg g* d.m. soil of catechin. Communi-
ty Poa pratensis-Festuca rubra had high vanillic acid content
(12.87 pg g d.m. soil) and low caffeic acid (0.38 pg g* d.m. soil).
In Ziétkowska et al. (2020a) study, high levels of chlorogenic
acid (88.82-135.56 pg g d.w.), ferulic acid (52.66-103.46 pg g
d.w.) and caffeic acid (36.16-81.08 ug g d.w.) were recorded in
the grassland soil of the Czerskie Meadows. However, the val-
ues in the previously mentioned research were much higher
than in our study. It is worth noting that the content of phe-
nolic compounds decreased with soil depth. These relation-
ships were noted by Ziétkowska et al. (2020a) and Debska and
Banach-Szott (2010) in their study. Another factor affecting the
content of phenolic compounds is, for example, the sorption ca-
pacity of the soil. Soils with higher sorption capacity can bind
more of these compounds, which affects their availability and
biological activity. In addition, environmental factors such as
soil pH, temperature, oxygen availability, and the presence of
substrates can affect the distribution of phenolic compounds
found in the soil (Cecchi et al., 2004; Min et al., 2015).

One-way ANOVA test showed that of all the phenolic com-
pounds analyzed, only two were found to be significant: vanil-
lic acid (p=0.003) and catechin (p=0.002). With vanillic acid, in-
dividual grassland units form two homogeneous groups due to
the analyzed trait (Table 1). With catechin, the analyzed units
form two homogeneous groups, in which the second group
contains only Alopecuretum pratensis, distinguishing it from
the others (Table 1).

The results of Bao et al. (2022) indicate a positive corre-
lation of ferulic acid and vanillic acid (VA) with most of the
bacteria studied. In addition, the authors indicate that VA also
correlated with most fungi. Adding VA to the soil significantly
increased the abundance of Ruminiclostridium and Lachnos-
pirae Group, while a decrease in the abundance of Haliangium
was noted. The results showed that phenolic acids can pro-
mote the growth of pathogenic bacteria, and the interaction
between soil rhizosphere microorganisms and phenolic acids
was the main reason for the disruption of the rhizosphere
microbiota.

Catechin, a polyphenolic compound found in plants such
as Centaurea stoebe Lam. (spotted knapweed), has been studied
for its allelopathic effects on soil microorganisms in grassland
ecosystems. Research indicates that catechin can suppress total
culturable bacterial counts and inhibit the growth of specific
soil bacterial populations, demonstrating a reversible bacterio-
static mechanism in various bacterial strains. Understanding
how catechin influences microbial communities in grassland
soils is essential for grasping its ecological role (Pollock et al.,
2011).
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3.4. Relationship between selected chemical properties
of soil and the content of phenolic compounds

Our analyses indicated a positive correlation between
actinobacteria and cinnamic and caffeic acids, heterotrophic
bacteria and p-coumaric acid, ferulic acid and catechin, and fun-
gi and gallic acid and catechin (Table 2). Our hypotheses have
been partially confirmed. There was no correlation between pH
and phenolic compounds.

Phenolic compounds in the soil play a significant role in
shaping the microbial community and its functions. Studies
have shown that phenolic acids like p-hydroxyphenylacetic acid
(HPA) and p-hydroxybenzoic acid (HBA) can influence soil bacte-
rial and fungal community structures, enriching specific bacte-
rial genera like Bacillus or Actinobacteria, as well as fungal spe-
cies such as Penicillium and Aspergillus (Li et al., 2023).

Additionally, phenolics like benzoic acid, caffeic acid, and
catechin have been shown to inhibit microbial activity while
also promoting the decomposition of soil organic matter, es-
pecially in the presence of glucose, which leads to shifts in mi-
crobial communities (Zwetsloot et al., 2020). Furthermore, the
presence of polyphenols in soil is associated with changes in
microbial metabolism under anoxic conditions, challenging the
assumption that polyphenols are not bioavailable in such envi-
ronments (McGivern et al,, 2021). These findings highlight the
intricate relationship between phenolic compounds and soil mi-
croorganisms, demonstrating their role in modulating microbial
communities and functions in various soil ecosystems.

A correlation between TOC and, ferulic acid and cinnamic
acid was observed, and the same applies to TN (Table 2). This
confirms the associations noted by other authors, who indicate
the link between organic matter and phenolic compounds (Ko-
valeva and Kovalev, 2009). The authors emphasize that the level
of lignin decomposition increases with the humification of or-
ganic matter. According to these authors, the quantitative com-
position of phenolic compounds relies on the extent of decom-
position of SOM. The organic matter decomposition process in
grassland soils correlates with an increase in the ratio of vanillyl
and syringyl compounds while decreasing the ratio of cinnamyl
compounds.

The Fig. 1 shows the differentiation of vegetation syntax-
onomic units based on the structure of the analyzed phenolic
compounds based on the average content of these compounds in
the studied soils. Cluster analysis showed that considering statis-
tically significant features, it can be concluded that Molinietum
caeruleae shows a different structure compared to the other veg-
etation units. In contrast, Arrhenatheretum elatioris and Lolio-
Cynosuretum are similar, while the com. Poa pratensis-Festuca
rubra and Alopecuretum pratensis show different structures
from the others (Fig. 1).

One limitation of the conducted studies may be the diffi-
culty in discussing them due to the lack of available research
results that consider three factors simultaneously: the vegeta-
tion units, the abundance of microorganisms, and the content of
phenolic compounds in the soil under these vegetation units. As
our preliminary studies indicate, distinguishing between types
of plant communities is significant in this context.
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Table 2
Values of r-Pearson correlation coefficients. Only statistically significant correlation coefficients are included (n=20)"

Var. PH,,, PH HB? AB® F* TOC® TNS CA’ p-CO® CHA® FEA®  SIN" GA" VA" CT™ CIA®
PH,,, 0.98
p=0.000
pHKCl
HB? 0.55 0.60 0.47 0.80
p=0.011 p=0.005 p=0.036 p=0.000
AB?® 0.49 0.47
p=0.027 p=0.036
F4 0.46 0.44 0.49 0.69
p=0.042 p=0.049 p=0.029 p=0.001
TOC® 0.99 0.55 0.46
p=0.000 p=0.012 p=0.039
TN¢ 0.56 0.47
p=0.010 p=0.036
CA7
p-CO®
CHA?® 0.66 0.54 0.53
p=0.001 p=0.015 p=0.017
FEA1° 0.48
p=0.033
SIN
GA12
VA13
CTM
CIA®

! sample size; Zheterotrophic bacteria; ®actinobacteria; *fungi; Stotal content of organic carbon; ‘total content of nitrogen; ’caffeic acid;
8p-coumaric acid; °*chlorogenic acid; *°ferulic acid; !sinapic acid; *?gallic acid; **vanillic acid; **catechin; *cinnamic acid;
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Fig. 1. Cluster analysis for grassland vegetation units
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4. Conclusions

1. The study shows a positive correlation between actinobac-
teria and cinnamic and caffeic acids, heterotrophic bac-
teria and p-coumaric acid, ferulic acid and catechin, and
fungi with gallic acid and catechin.

2. Acorrelation was observed between TOC and TN and feru-
lic acid and cinnamic acid.

3. Catechin was the dominant phenolic compound in soils
under Molinietum caeruleae and Lolio-Cynosuretum. Sy-
ringic acid was dominant in the soil under Alopecuretum
pratensis. 2,5-dihydroxybenzoic acid had the highest con-
tent in the soil under Arrhenatheretum elatioris. Soils un-
der com. Poa pratensis-Festuca rubra was dominated by
vanillic acid.

4. Soil from under Molinietum caeruleae shows a different
structure of analyzed phenolic compounds compared to
soils from other plant units.

5. Studies of phenolic compounds and microbial abundance
in grassland soils are important in the context of climate
change in terms of organic carbon sequestration.

6. In conclusion, the study indicates that the levels of TOC,
TN, the abundance of microorganisms, and the content of
phenolic compounds in the soil vary across different veg-
etation units. The compounds examined undoubtedly play
a significant role in the plant-soil relationship, influenc-
ing the growth and development of higher plants as well
as soil microorganisms. This research is pioneering in the
context of grassland soils and should be further pursued.
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Jednostki wegetacyjne
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Glebowa materia organiczna

Relationships between phenolic compounds and microbial abundance in soils

Zaleznos$ci miedzy wybranymi zwigzkami fenolowymi a liczebnoscia
mikroorganizméw w glebach uzytkéw zielonych w dolinie rzeki Obry:
Badania wstepne

Streszczenie

Celem pracy byla ocena zalezno$ci pomiedzy wybranymi zwigzkami fenolowymi, a liczebnoscia
mikroorganizméw w glebach uzytkéw zielonych. Obiektem badan byly wierzchnie warstwy gle-
by (0-20 cm) uzytkéw zielonych potozonych wzdluz rzeki Obry (Nizina Wielkopolska, centralna
Polska). Badania terenowe przeprowadzono we wrze$niu 2022 roku. Na badanym obszarze wy-
brano pie¢ jednostek syntaksonomicznych roslinnosci: Molinietum caeruleae, Alopecuretum pra-
tensis, Arrhenatheretum elatioris, Lolio-Cynosuretum oraz zbiorowisko Poa pratensis-Festuca rub-
ra. Jednokierunkowy test ANOVA dla pH wykazal statystycznie istotne réznice miedzy uzytkami
zielonymi (dla pH,, p=0,000, a dla pH,, p=0,000). Liczebno$¢ bakterii heterotroficznych (p=0,000),
promieniowcéw (p=0,001) i grzybéw (p=0,014) byla réwniez cechg istotnie réznicujgca jednost-
ki rodlinnos$ci uzytkéw zielonych. Jednokierunkowy test ANOVA wykazal, ze sposrod wszystkich
analizowanych zwigzkéw fenolowych tylko dwa byly sie istotne: kwas wanilinowy (p=0,003 i ka-
techina (p=0,002). Nasze badania wskazuja na dodatnig korelacje promieniowcéw z kwasem cy-
namonowym i kawowym, bakterii heterotroficznych z kwasem p-kumarowym i ferulowym oraz
kateching, a grzybéw z kwasem galusowym i kateching. Ponadto, biorac pod uwage cechy istotne
statystycznie, mozna stwierdzi¢, ze Molinietum caeruleae wykazuje inna strukture w poréwnaniu
z innymi jednostkami wegetacyjnymi, Arrhenatheretum elatioris i Lolio-Cynosuretum sa podobne,
podczas gdy zbiorowiska Poa pratensis-Festuca rubra i Alopecuretum pratensis wykazuja odmien-
na strukture od pozostalych. Badania srodowiskowe coraz cze$ciej koncentruja sie na potrzebie
zwiekszenia akumulacji wegla organicznego w glebie. Poznanie relacji miedzy zwigzkami feno-
lowymi i mikroorganizmami w glebach uzytkéw zielonych jest niezwykle wazne w tym aspekcie.
Wiasciwe zarzadzanie uzytkami zielonymi jest waznym elementem ochrony srodowiska.

11

205498



Effect of Grassland Vegetation Units on Soil Biochemical Proper-
ties and the Abundance of Selected Microorganisms in the Obra
River Valley

Mencel, J., Wojciechowska, A., Mocek-Ptociniak, A.

Agronomy, 15, 1573. (2025)

https://doi.org/10.3390/agronomy 15071573

138



agronomy

Article

Effect of Grassland Vegetation Units on Soil Biochemical

Properties and the Abundance of Selected Microorganisms in the
Obra River Valley

Justyna Mencel 1*9, Anna Wojciechowska 2

check for
updates

Academic Editor: Jianjun Yang

Received: 27 May 2025
Revised: 23 June 2025
Accepted: 26 June 2025
Published: 27 June 2025

Citation: Mencel, J.; Wojciechowska,
A.; Mocek-Ptociniak, A. Effect of
Grassland Vegetation Units on Soil
Biochemical Properties and the
Abundance of Selected
Microorganisms in the Obra River
Valley. Agronomy 2025, 15,1573.
https://doi.org/10.3390/
agronomy15071573

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

and Agnieszka Mocek-Pléciniak 1*

Department of Soil Science and Microbiology, Poznari University of Life Sciences, Szydtowska 50,

60-656 Poznan, Poland

Department of Geobotany and Landscape Planning, Nicolaus Copernicus University in Toruni, Lwowska 1,
87-100 Torun, Poland; ankawoj@umk.pl

Correspondence: justyna.mencel@up.poznan.pl (J.M.); agnieszka.mocek-plociniak@up.poznan.pl (A.M.-P.)

Abstract

The study examined seasonal variability in soil enzymatic activity and microbial abun-
dance across five grassland vegetation units: Molinietum caeruleae, Alopecuretum pratensis,
Arrhenatheretum elatioris, Lolio-Cynosuretum, and com. Poa pratensis—Festuca rubra. Soils
under Molinietum caeruleae showed higher fungal abundance and greater plant diversity,
while Lolio-Cynosuretum was notable for elevated Azotobacter spp. populations. Actinobac-
teria preferred soils with more organic matter, whereas Azotobacter spp. favored higher
pH. A negative correlation was observed between the Shannon diversity index (H') and
heterotrophic bacterial abundance in Arrhenatheretum elatioris and with fungal abundance
in com. Poa pratensis—Festuca rubra. Acid and alkaline phosphatase and catalase activities
were also negatively correlated with H'. Redundancy analysis showed these enzymes were
related to total nitrogen content, and enzyme activity decreased with rising soil pH. In
autumn 2022, high fungal abundance coincided with a reduction in other microorganisms.
Seasonal trends were evident: catalase and urease activities peaked in autumn 2023, while
other enzymes were more active in spring 2022. The results emphasize the significance
of seasonal shifts in shaping microbial and enzymatic soil processes, which are vital for
nutrient cycling, carbon sequestration, and climate regulation. Further research is essential
to guide sustainable grassland soil management.

Keywords: grassland ecosystems; soil microbiota; biodiversity; seasonality; soil enzymes

1. Introduction

It is widely recognized that semi-natural grasslands and pastures are key areas for
biodiversity conservation, and maintaining high levels of biodiversity is essential for the
proper functioning of numerous processes in ecosystems with multiple functions [1,2].
In areas undergoing intensive agricultural activity, a clear decline in both the area of
semi-natural grasslands and the biodiversity associated with them is observed [3,4]. The
grasslands of the Molinio—Arrhenatheretea class, which are described in this article, are a
source of broadly understood biodiversity [4-6].

Grasslands are critical ecosystems that support biodiversity and ecosystem services,
with soil microbes playing a central role in nutrient cycling and carbon sequestration. The
abundance and activity of these microbial communities are influenced by a combination
of factors, including soil composition, climate, agricultural practices, and plant-microbial
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interactions [1,7]. Soil is a dynamic environment in which microorganisms play a key role
in maintaining its fertility and health. Bacteria, fungi, and other organisms participate in
biogeochemical processes such as the decomposition of organic matter, the mineralization
of nutrients, and the formation of humus [8-10]. Their enzymatic activity affects plant
nutrient availability and the entire soil ecosystem [11].

Grassland soils have a rich and diverse microbiome. Bacteria account for 70-90% of the
total biomass in the soil, making them the most widespread organisms in this environment.
Fungi are in second place in terms of abundance. Both groups of microorganisms are
involved in most of the biological and biochemical processes that directly affect the soil
and therefore plants [12,13].

Plant growth-promoting rhizobacteria (PGPR) include Bacillus, Pseudomonas, Azospiril-
Ium, and Streptomyces and promote plant growth by producing phytohormones and organic
acids or by fixing nitrogen and solubilizing phosphorus [14,15]. Other important microor-
ganisms are the genera Azotobacter and Clostridium bacteria, which are also involved in
nitrogen-fixing processes [16,17]. Soil fungi help improve soil structure and increase water
retention capacity by producing organic acids and participating in the mineralization of
organic matter [18-20]. About 90% of all plants form symbiotic relationships with mycor-
rhizal fungi using a network of filaments, a relationship called the mycorrhizal network.
Through this relationship, plants obtain phosphates and other minerals, such as copper
and zinc, while the fungus obtains nutrients like sugars. The mycorrhizal network allows
fungi to transport nutrients over relatively long distances [21-23].

In soil ecosystems, enzymes come primarily from microorganisms, and in smaller
amounts, they are produced by plants and other organisms found in the soil. Microor-
ganisms secrete various enzymes into the environment, of which the key ones in the
decomposition of plant residues are those directly involved in the degradation of lignin
and cellulose as well as in the mineralization of organic forms of nitrogen, phosphorus,
and sulfur, which promotes their reintroduction into circulation in the ecosystem [24-26].
Enzymes are a sensitive indicator of changes occurring in soil under the influence of both
natural factors and human activity. The enzymatic activity of soil is considered a better
indicator of its fertility and production potential than other biological indicators.

Enzymes such as dehydrogenases (DhA), urease (UA), acid phosphatase (AcP) and alka-
line phosphatase (AIP), proteases (PA), and catalase (CAT) reflect the intensity of biological
processes occurring in the soil. For example, DhA and CAT are related to the respiratory
metabolism of microorganisms and can indicate the soil’s overall microbial activity [27-32].
DhA allows for various biochemical reactions [27,33,34], and CAT protects living cells from
oxidative damage [27,34,35]. UA activity is sensitive to various xenobiotics and provides
plant-available N [27,36-38], while phosphatases activity is related to phosphorus transfor-
mations [39—42]. PA participates in the initial breakdown of protein components containing
organic nitrogen into simple amino acids [28,43,44]. Therefore, it can be stated that geochemi-
cal processes occurring in soil are closely related to its biological activity.

The abundance of microorganisms and the enzymatic activity of soil vary depending
on its physical and chemical properties and agrotechnical treatments (cultivation methods,
plant types, and fertilization methods) [29,45-47]. Soil water content is a critical driver
of microbial activity in grasslands. Studies have shown that higher soil moisture levels
can enhance microbial biomass and enzyme activity, particularly in water-limited ecosys-
tems [48-50]. Soil organic matter (SOM) is another key factor. Labile fractions of SOM play
a critical role in controlling microbial processes [10,50]. For example, in low-productivity
grasslands, root litter decomposition is slower, which may be linked to lower microbial
activity and slower carbon cycling rates [51]. Studies have shown that the organic matter
content of soil is related to the size of the particles—the smaller the particles, the higher
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the level of organic matter. In addition, in such conditions, the structure of the microbial
community is more complex, and biodiversity is greater [52]. Nutrient availability, particu-
larly nitrogen (N) and phosphorus (P), also shapes microbial communities. For example,
fertilization can indirectly influence microbial activity by altering plant diversity and soil
carbon storage [53]. The pH value is an important indicator influencing the survival of mi-
croorganisms, their availability to other organisms, and the chemical form of the substrate
in which they operate [10,54].

The main aim of this study was to evaluate the relationships between selected mi-
crobiological and biochemical properties in grassland soils under different syntaxonomic
vegetation units. We address the following research hypothesis: The abundance of selected
microorganisms and the enzymatic activity in grassland soils are determined by both biotic
factors, such as vegetation units structure, and abiotic parameters, including soil pH, total
organic carbon (TOC), total nitrogen (TN), and seasonal variation.

2. Materials and Methods
2.1. Study Area

The research area is located between the northern, middle, and southern branches
of the Obra River in the Wielkopolska Lowland of central Poland. The grassland sites
are situated in a fully humid, warm temperate climate zone characterized by warm sum-
mers [55]. The region experiences a mean annual temperature of 10.6 °C and an average
yearly precipitation of 414.6 mm. Notably, the year 2022 was 1.2 °C warmer than the
climate normal for 1991-2020, while total precipitation that year amounted to only 77% of
the regional average [56]. The year 2023 was even warmer, being 1.4 °C warmer than the
climate norm for 1991-2020, while total precipitation for that year was 132% of the regional
average [57]. According to the Detailed Geological Map of Poland [58-60], the analyzed
soils developed from shallow peat layers overlying alluvial materials—primarily sands,
with occasional occurrences of silts. The current soil types were identified in the article by
Mencel et al. [61]: postmurshic soils (1, 2, 4, 10, and 13), typical semimurshic soils (3, 5, 6, 9,
12,14, 15, and 17), thin murshic soils (7, 8, 18, 19, and 20), and murshic gleysols (11 and 16).
The groundwater depths observed in soil samples 1-18 ranged from 0.8 to 1.15 m, while in
samples 19 and 20, shallower levels were recorded between 0.6 and 0.8 m. All locations
were georeferenced in situ (Table 1).

Table 1. Location of sampling sites with phytosociological classification of grasslands.

Grassland Units Coordinates WGS 84 (N/E)

52°05'42"” N 16°31'30"” E
52°0542" N 16°31'33" E
52°05'43" N 16°31'37" E
52°05'43" N 16°31'39"” E
52°06'07" N 16°22'12" E
52°06'07" N 16°22'08" E
52°06'04” N 16°22'03" E
52°01'27" N 16°16'23" E
52°06'03"” N 16°22'07"" E

Sampling Sites

1. Molinietum caeruleae

2 Molinietum caeruleae

3 Molinietum caeruleae

4. Molinietum caeruleae

5. com. Poa pratensis—Festuca rubra
6 com. Poa pratensis—Festuca rubra
7 com. Poa pratensis—Festuca rubra
8 com. Poa pratensis—Festuca rubra
9 Arrhenatheretum elatioris

10. Arrhenatheretum elatioris 52°06'00” N 16°21'56'" E
11. Arrhenatheretum elatioris 52°00'49"” N 16°16'52" E
12. Arrhenatheretum elatioris 52°01'01” N 16°16'43" E
13. Lolio—Cynosuretum 52°06'02" N 16°22'04" E
14. Lolio-Cynosuretum 52°05'59"” N 16°22'00” E
15. Lolio-Cynosuretum 52°06'00” N 16°22'01" E
16. Lolio-Cynosuretum 52°04'23" N 16°14'11" E
17. Alopecuretum pratensis 52°05'58" N 16°21'57" E
18. Alopecuretum pratensis 52°00'47" N 16°16'54" E
19. Alopecuretum pratensis 52°00'47" N 16°16'57" E

20. Alopecuretum pratensis 52°01'02" N 16°16'44" E
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2.2. Phytosociological Survey

Fieldwork was performed on semi-natural grasslands, where 76 phytosociological
surveys were conducted following the Braun-Blanquet method [62] approach during
the 2022-2023 study period. Phytosociological relevés were conducted at 20 designated
sampling sites, each covering an area of 100 m? and characterized by a homogeneous species
composition. The collected data were entered into the TURBOVEG database [63], which
is specifically designed for storing phytosociological relevés, and subsequently exported
to the JUICE 7.1 software [64] for further analysis. Classification of vegetation types was
performed according to the phytosociological framework proposed by Matuszkiewicz [5].
As a result, four plant associations and one plant community were identified: Molinietum
caeruleae (12 relevés), the community Poa pratensis—Festuca rubra (16 relevés), Arrhenatheretum
elatioris (16 relevés), Lolio-Cynosuretum (16 relevés), and Alopecuretum pratensis (16 relevés).
These vegetation units were deliberately selected to cover a wide range of habitats with
varying moisture content, soil fertility, degree of anthropogenic pressure, and floristic
diversity, enabling a comprehensive analysis of the impact of environmental conditions
on the microbiological and enzymatic properties of soils. Floristic diversity was assessed
using species richness and the Shannon-Wiener diversity index (H') [65].

2.3. Soil Survey and Sampling

Soil sampling associated with the phytosociological survey was conducted in May and
September 2022 and 2023. The sampling sites were distributed across four municipalities:
Koécian (sites 1-4), Wielichowo (sites 5-7, 9-10, 13-15, and 17), Przemet (sites 8, 11-12,
and 18-20), and Wolsztyn (site 16). At each site, soil samples for laboratory analysis
were taken from the uppermost soil horizons (0-20 cm) in three subsections to account
for spatial heterogeneity, according to ISO 10381-1:2002. Samples were taken using an
Egner soil sampler (Egner’s cane) (Eijkelkamp, The Netherlands). The numbering of soil
samples corresponded to specific phytosociological relevés and associated soil profiles.
Collected soils were placed in plastic bags, stored in lightproof containers, and immediately
transported under refrigeration to the laboratory for further analysis.

2.4. Chemical Analyses

In the laboratory, soil samples were air-dried, mechanically disaggregated, homoge-
nized, and subsequently passed through a 2 mm mesh sieve to ensure uniformity. Chemical
analyses included the determination of total organic carbon (TOC) and total nitrogen (TN)
contents, which were measured using a Vario-Max CNS elemental analyzer (Elementar
Analysensysteme GmbH, Germany). Soil pH was assessed potentiometrically in a 1:2.5
soil-to-distilled water suspension.

2.5. Abundance of Microorganisms In Vitro

The abundance of soil microorganisms was assessed using the plate culture method
on appropriate selective media, with five replicates per sample. The analysis included
quantification of colony-forming units (CFU) for heterotrophic bacteria, Actinobacteria, fungi,
and Azotobacter spp. Heterotrophic bacteria were cultured on pre-prepared Merck standard
nutrient agar and incubated at 28 °C for 5 days. Fungal populations were enumerated using
Martin’s medium [66] following a 5-day incubation at 24 °C. Actinobacteria were cultured
on Pochon’s selective medium [67] and incubated at 26 °C for 7 days. The abundance of
Azotobacter spp. was determined using a selective medium as described by [68], with a
5-day incubation period at 24 °C. The results obtained show the number of four groups of
microorganisms cultivated in specific conditions.
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2.6. Enzymatic Activity of Soils

The activity of the following enzymes was determined: catalase (CAT), dehydroge-
nases (DhA), acid phosphatase (AcP), alkaline phosphatase (AlP), proteases (PA), and
urease (UA). For easier recognition, enzymes were assigned an Enzyme Commission num-
ber (EC). CAT (EC 1.11.1.6) activity in soil samples was assessed using the titrimetric
method described by Johnson and Temple [69]. The procedure involved the use of a 0.3%
hydrogen peroxide (H,O;) solution and 1.5 M sulfuric acid (H,SO;), followed by titration
of the residual H,O, with 0.02 M potassium permanganate (KMnOy). The activity of CAT
was expressed as milligrams of HyO, decomposed per kilogram of dry soil per minute
(mg HyO, kg~! d.m. min~!). DhA (EC 1.1) activity was determined following the method
proposed by Thalmann [70], using a 1% solution of tripheny]l tetrazolium chloride (TTC)
as a substrate. DhA activity was expressed as milligrams of triphenyl formazan (TPF)
produced per kilogram of dry soil per 24 h (mg TPF kg ! d.m. 24 h~1!). The activities of
AcP (EC 3.1.3.2) and AIP (EC 3.1.3.1) were determined following the procedure described by
Tabatabai and Bremner [71], utilizing a 0.8% solution of sodium p-nitrophenyl phosphate
as the substrate. The assays were conducted at buffer pH values of 5.4 for AcP and 8.5 for
AIP. Enzyme activities (AcP and AIP) were expressed as milligrams of p-nitrophenol (PNP)
released per kilogram of dry soil per hour (mg PNP kg~! d.m. h™1). PA (EC 3.4.4) activity
was determined following the protocol established by Ladd and Butler [72], using sodium
caseinate as the enzymatic substrate. PA activity was quantified and expressed as mil-
ligrams of tyrosine released per kilogram of dry soil per hour (mg tyrosine kg ! d.m. h™1).
UA (EC 3.5.1.5) activity was determined according to the method described by Hoffmann
and Teichert [73], using a 2.5% urea solution as the substrate. The enzymatic activity was
expressed as milligrams of ammonium nitrogen (N-NH4 ") released per kilogram of dry soil
per hour (mg N-NH,* kg~! d.m. h~!). All the measurements were made in three replicates.

2.7. Statistical Analysis

To establish the relationship between the occurrence of higher plants and the tested
soil parameters, the Pearson correlation index was calculated, and its statistical significance
was determined. The PAST 3.20 program was used [74].

The relationships between sets of variables (microbial abundance, enzymatic activity,
and soil biochemical parameters) in the different study seasons for the study communities
were analyzed using a direct ordination technique. Redundancy analyses were selected
and, for all variants, performed using the Canoco 5.0 program [75]. Monte Carlo permuta-
tion and forward selection tests were performed during the analyses, which allowed the
identification of variables that were significant for variation in the study communities.

For all the studied parameters, analyses of variance were performed to indicate
significant differences between these parameters in the analyzed communities. ANOVA
and Tuckey’s test as a post hoc test were performed in Statistica 9.0 [76].

3. Results

The research was conducted in spring and autumn, as these two seasons are charac-
terized by the most dynamic biological and biochemical processes occurring in the soil.
Spring is a period of intensive plant growth, increased microbial activity, and mobilization
of nutrients after the winter dormancy period. Autumn, on the other hand, is the time
when plants finish their growing season, and a significant amount of organic matter (e.g.,
fallen leaves and root residues) enters the soil, which can significantly affect the develop-
ment of microbiota and enzymatic activity. The choice of these two seasons allowed us to
capture the contrast between the phase of intensive biological development and the stage
of organic matter decomposition. At the same time, we avoided the summer months, when



Agronomy 2025, 15,1573

6 of 22

droughts and high temperatures can limit the activity of microorganisms and enzymes, as
well as winter, when most biological processes in the soil slow down significantly or stop
altogether. This makes it possible to assess the seasonal impact of environmental factors
on microbiological and enzymatic processes that are important for element cycling, soil
fertility, and sustainable management of grassland habitats.

3.1. Characteristics of Selected Grasslands

The described vegetation syntaxonomic units belong to the class Molinio-Arrhenatheretea.
Two orders are distinguished: (1) Arrhenatheretalia and within it Arrhenatheretum elatioris,
Lolio-Cynosuretum, and com. Poa pratensis—Festuca rubra and (2) Molinietalia and within it
Alopecuretum pratensis and Molinietum caeruleae. The biodiversity of selected grassland commu-
nities is shown in Table 2. The vegetation units with the highest number of species recorded
were Molinietum caeruleae, while the poorest in species was Lolio-Cynosuretum.

Table 2. Biodiversity of selected grassland vegetation units.

Grassland Units

Total Number  Number of Species in the Reléve = Number of Species in the Reléve

H' Spring  H’' Autumn

of Species in Spring (Range and Mean) in Autumn (Range and Mean)
Molinietum caeruleae 57 17-20 19 22-29 26 2.25 2.45
Alopecuretum pratensis 44 10-22 16 12-22 17 1.72 1.79
Arrhenatheretum 54 16-20 18 14-24 19 2.00 2.06
elatioris
Lolio—Cynosuretum 36 8-12 11 9-16 13 1.49 1.48
com. Poa 50 12-22 19 15-24 19 217 219

pratensis—Festuca rubra

The table is divided by season. In each vegetation unit analyzed, a higher number of
species was noted in autumn. The values of the Shannon-Wiener H' index were highest
for Molinietum caeruleae and lowest for Lolio-Cynosuretum, both in autumn and spring.
Consequently, a greater number of species were recorded during autumn phytosociological
surveys, and higher values of the H’ index were recorded in autumn.

3.2. Chemical Soil Properties

The soils studied were characterized by varying organic matter content. The highest
TOC and TN contents were recorded, both in spring and autumn, in Alopecuretum pratensis
soils, which are the most productive grasslands. In contrast, the lowest TOC and TN
content was found in Molinietum caeruleae soils, which are more valuable for nature than
for production (Figure 1).

The highest mean C:N ratio in spring was recorded in Molinietum caeruleae soils and the
lowest in com. Poa pratensis-Festuca rubra. In contrast, the highest C:N in autumn was observed
in soils under Alopecuretum pratensis, while the lowest was recorded in soils associated with
Arrhenatheretum elatioris. Conversely, the highest soil pH levels in spring and autumn were
observed under Arrhenatheretum elatioris, likely due to liming practices. In contrast, the lowest
pH values in these seasons were noted in soils beneath Alopecuretum pratensis.
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Figure 1. Chemical soil properties (mean + SD and SE). Values marked with the same letter do not
differ statistically significantly (ANOVA, p < 0.05; Tukey’s test as post hoc).

3.3. Microbial Abundance and Enzymatic Activity

Heterotrophic bacteria were identified as the most abundant group of microorganisms
in the studied soils (Figure 2). In the spring season, their highest numbers were recorded in
soils associated with the Alopecuretum pratensis, whereas in autumn, peak abundance was
observed in soils under the Poa pratensis—Festuca rubra community. The lowest bacterial
counts were consistently found in Molinietum caeruleae soils during both sampling periods.

The subsequent group of microorganisms analyzed was Actinobacteria. Similar to
heterotrophic bacteria, their highest abundance in spring was observed in soils associated
with the Alopecuretum pratensis. In autumn, however, the differences in Actinobacteria
abundance among the plant communities were less pronounced, with the highest levels
recorded in Lolio—Cynosuretum soils. Bacteria of the genus Azotobacter reached their peak
abundance in Lolio-Cynosuretum soils during both sampling periods. Regarding fungal
populations, their highest abundance was recorded in spring in soils under the Poa pratensis—
Festuca rubra community. In contrast, the greatest fungal abundance was observed in
Arrhenatheretum elatioris soils in autumn.
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Overall, higher activities of the analyzed enzymes were observed during the spring
sampling period. The highest DhA activity was recorded in soils associated with Arrhen-
atheretum elatioris (Figure 3).
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Figure 2. Microbial abundance in soils (mean + SD and SE). Values marked with the same letter do
not differ statistically significantly (ANOVA, p < 0.05; Tukey’s test as post hoc).

The highest activities of AcP and AIP were recorded in soils under the Alopecuretum
pratensis in both sampling seasons. A similar pattern was observed for CAT and PA
activities. UA was the only enzyme whose activity was consistently higher in autumn than
in spring across all vegetation units. Moreover, UA activity exhibited relatively uniform
levels among the analyzed soil types.
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Figure 3. Enzymatic activity of soils (mean & SD and SE). Values marked with the same letter do not
differ statistically significantly (ANOVA, p < 0.05; Tukey’s test as post hoc).

3.4. Relationship Between Biodiversity, Soil Parameters, and Seasons

According to analysis, soils from under Molinietum caeruleae and Lolio—Cynosuretum
stand out significantly. Soils from under the first vegetation unit are characterized by
more abundant fungi and a higher diversity of higher plants. Soils from under the second
vegetation unit are characterized by the high abundance of Azotobacter spp. (Figure 4).



Agronomy 2025, 15,1573

10 of 22

Lolio-Cynosuretum

Axis 2 A=0.12

Azotobacter spp.

Molinietum caeruleae

Arrhenathere’
elatioris

com. Poa pratensis

Actinobacteria -Festuca rubra

Number of species

Alopecuretum pratensis

Axis 11=0.18

Figure 4. Redundancy analysis RDA presents the diversity of vegetation units due to the plant diver-
sity and abundance of selected soil microorganisms. Vectors marked in red represent communities
significantly different from the others (Monte Carlo permutation test, p < 0.05). A—eigenvalue of the
axes, where axis one explains 17.7% of the variability, and axis two explains 12.2%.

Pearson’s correlation coefficient analysis indicated a significant negative relation-
ship between the diversity index H' and the abundance of heterotrophic bacteria in the
Arrhenatheretum elatioris soils (Table 3).

Table 3. Pearson’s correlation index between the diversity index of a given vegetation units H' and
the number of soil microorganisms. Significance levels: * p < 0.05; ** p < 0.01; ns (not significant).

Grassland Units Heterotrophic Bacteria Actinobacteria Fungi Azotobacter spp.
Molinietum caeruleae ns ns ns ns
Alopecuretum pratensis ns ns ns ns
Arrhenatheretum elatioris —0.53* ns ns ns
Lolio—Cynosuretum ns ns ns ns
com. Poa pratensis—Festuca rubra ns ns —0.63 ** ns

Similarly, a negative significant relationship applies to fungal abundance, which
decreases with increasing H' in com. Poa pratensis—Festuca rubra. In the same community,
the chemical parameters (AcP, AP, and CAT) are negatively and significantly correlated
with the Shannon index (Table 4).

According to the analysis performed, we can conclude that Actinobacteria prefer soils
with higher TN and TOC values, while Azotobacter spp. and fungi choose a habitat with
higher pH (Figure 5). However, these correlations were not statistically confirmed. Thus,
we discuss some trends found in the grassland soils studied.
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Table 4. Pearson’s correlation index between the diversity index of a given vegetation units H' and
the soil enzymatic activity. Significance levels: * p < 0.05; ** p < 0.01; ns (not significant).

Grassland Units DhA AcP AIP CAT UA PA
Molinietum caeruleae ns ns ns ns ns ns
Alopecuretum pratensis ns -0.33* ns —0.33 ** ns ns
Arrhenatheretum elatioris ns ns ns ns ns ns
Lolio—Cynosuretum ns ns ns ns —0.65 ** ns
com. Poa pratensis—Festuca rubra ns —0.63 ** —-0.51* —0.62** ns ns
C:N
TN
TOC

Actinobacteria

Heterotrophic bacteria

Azotobacter spp.

Fungi
pH_H;0

=0.06

Axis 2 \:

Axis 1A=0.13

Figure 5. Redundancy analysis RDA indicates the relationship between the number of soil microor-
ganisms and the studied soil parameters. None of the studied soil variables is significant for the
diversity of the data (Monte Carlo permutation test, p > 0.05). A—eigenvalue of the axes, where axis
one explains 13.4% of the variability, and axis two explains 5.9%.

Redundancy analysis indicated that the activities of AcP, AIP, and CAT were signif-
icantly related to levels of TN. Soil pH also emerged as an important factor influencing
variability within the dataset, with higher pH values exerting a markedly inhibitory effect
on the activity of the analyzed enzymes (Figure 6).

pH_H,0

3
3
i
Z
s
H

™
AcP cAT roc

Axis 11=0.42

Figure 6. Redundancy analysis RDA indicates the relationship between the enzymatic activity of
soil and the tested soil parameters. Vectors marked in red represent variables significantly different
from the others (Monte Carlo permutation test, p < 0.05). A—eigenvalue of the axes, where axis one
explains 41.9% of the variability, and axis two explains 10.5%.
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Among the relationships identified through redundancy analysis (RDA), the only
statistically significant correlation was observed in autumn 2022, when a markedly high

abundance of fungi coincided with a simultaneous decline in the populations of other soil
microorganisms (Figure 7).

Azotobacter spp.

Axis 2 A=0.02

Autumn 2022

Fungi

Actinobacteria  Sprin,

Heterotrophic bacteria

Axis 11=0.07

Figure 7. Redundancy analysis RDA indicates the relationship between the abundance of soil
microorganisms and the research season. Vectors marked in red represent variable significantly
different from the others (Monte Carlo permutation test, p < 0.05). A—eigenvalue of the axes, where
axis one explains 6.8% of the variability, and axis two explains 2.4%.

The activity of all analyzed enzymes exhibited significant seasonal variation. CAT and
UA activities were markedly higher in autumn 2023, whereas the activities of the remaining
enzymes showed significant associations with the spring 2022 sampling period (Figure 8).

Spring 2022

Autumn 2023

UA

Spring 2023

=0.25

Autumn 2022

Axis 2 \:

Axis 1A=0.28

Figure 8. Redundancy analysis RDA indicates the relationship between soil enzymatic activity and
the research season. Vectors marked in red represent values of enzyme significantly different from the
others (Monte Carlo permutation test, p < 0.05). A—eigenvalue of the axes, where axis one explains
28.1% of the variability, and axis two explains 24.6%.
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4. Discussion

4.1. The Impact of Seasonality on Vegetation, the Abundance of Selected Microorganisms, and
Enzyme Activity

Grasslands are dynamic ecosystems characterized by significant seasonal variations
in species diversity, driven by climatic factors, resource availability, and management
practices. Understanding these variations is crucial for biodiversity conservation and
ecosystem management [77-79].

Spring is usually characterized by the highest levels of biodiversity and species rich-
ness in grasslands. This phenomenon is the result of the emergence of annual and perennial
species that take advantage of favorable climatic conditions, such as moderate temperatures
and increased rainfall [80,81]. During this period, the substrate shows less competitiveness,
allowing subordinate species to develop before they are displaced by dominant species [79].
For example, grasslands in temperate climates are often dominated by spring-flowering
species, which contributes to increased taxonomic and functional diversity [80]. The re-
newal of spring plant growth also supports a wide range of pollinators and herbivores,
further enhancing ecosystem functionality [82]. However, the diversity and productivity
of spring communities can be influenced by factors such as soil nutrient availability and
management practices such as mowing and fertilization [78,79].

In contrast, autumn represents a transitional period in which species diversity and
productivity decline as grasslands prepare for the winter dormancy period. The decline
in diversity results from the aging of herbaceous plants and the disappearance of annual
species [81,83]. The process of autumn senescence depends on factors such as soil moisture,
temperature, and resource allocation below the soil surface, which can accelerate the end
of the growing season [83]. Despite the overall decline in diversity, autumn still favors
the existence of a specific set of species adapted to cooler and drier conditions. These
species play an important role in maintaining ecosystem resilience during the transition to
winter [84].

In the present study, a higher number of species and higher plant species diversity
were recorded in the autumn season. This may be due to the fact that our study was
performed in early autumn (September). In addition, the aforementioned climate change,
which lengthens the growing season, may have an impact on repeat flowering. In addition,
in autumn, all the plants were at the generative stage, making it easier to find and identify
them. It is worth noting that the differences were not large.

In autumn, significant changes occur in the microbial community structure of soils. We
noted a statistically significant correlation indicating that an increase in fungal abundance
in autumn is associated with a concomitant decrease in the abundance of the other microor-
ganisms analyzed. During this period, fungi—particularly saprotrophic species—play a
key role in the decomposition of freshly fallen leaves, plant residues, and organic matter in
general. Although bacteria are typically more abundant in soil, their activity may be lower
in autumn compared to fungi, which are more effective at decomposing complex organic
compounds such as lignin and cellulose [85-89]. The high abundance of fungi during this
season, reported by previous studies, was also confirmed in our research.

We also noted that the activity of all analyzed enzymes showed significant seasonal
variation. CAT and UA activities were significantly higher in autumn 2023. UA is the
enzyme responsible for hydrolyzing urea to ammonia and carbon dioxide, playing a
key role in the soil nitrogen cycle. Studies in various ecosystems have shown that UA
activity is highest in spring and summer, which is associated with higher temperatures and
greater availability of organic substrates. For example, UA activity was highest in June
and September in a mountainous region in northern China and lowest in December [90].
Other studies indicate UA activity may be higher in spring and summer due to higher
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temperatures and greater availability of organic substrates. For example, a study conducted
in Poland’s crop fields indicated UA activity was highest in May, lower in June, and lowest
in March and August [91]. It is worth noting that soil UA activity can also be influenced
by factors such as soil moisture, pH, organic matter content, and grassland management
practices. Therefore, seasonal changes in the activity of this enzyme may vary depending on
local environmental conditions and farming practices [32,92-95]. In the scientific literature,
higher CAT activity is often observed in warmer months, such as spring and summer,
which is associated with higher temperatures and greater activity of soil microorganisms.
Therefore, the correlation of UA and CAT activity with the autumn of 2023 may be due to
the significantly higher temperature in 2023, which we mentioned in the methodology. The
growing season was longer and warmer.

In contrast, the activity of the other enzymes analyzed in our study was significant in
spring 2022. Studies indicate that grasslands have the highest number of microorganisms
and enzymatic activity, including DhA, phosphatases, and PA, in spring and summer.
This phenomenon is attributed to the intensive growth of root systems of grassland plants
during these seasons [32]. Similar observations were made in the subalpine meadows of
Switzerland, where the activity of enzymes associated with the carbon cycle was higher in
summer than in winter. This was due to greater water availability and higher microbial
activity in the warmer months [96].

4.2. The Influence of Chemical Properties on Vegetation, the Abundance of Selected
Microorganisms, and Enzyme Activity

Molinietum caeruleae was clearly distinguished from the other communities studied.
These meadows exhibited the highest biodiversity index (H' = 2.25 in May and H' = 2.45
in September), which is confirmed in the literature. Molinia meadows are considered
one of the most important communities in our region in terms of species richness and
biological diversity, providing a habitat for rare and endangered plant species [5,97-99].
The soils of Molinietum caeruleae were also characterized by the lowest content of TOC and
TN as well as the lowest enzymatic activity. Statistical analyses revealed that the soils of
these grasslands exhibited a higher abundance of fungi, which significantly differentiated
them from other syntaxonomic units. Similar relationships were noted in their studies by
Zelnik and Carni [100], Koztowski et al. [101], and Swacha [102]. The authors described a
low-nutrient status and low-organic-matter content in Molinia meadow soils.

The Alopecuretum pratensis soil was richest in TOC and TN, which confirms its high
utility value, but this affects its lower floristic diversity. In addition, grass soils from this
syntaxonomic unit were characterized by the highest AcP and AIP activity in both sampling
seasons. This is directly related to the phosphorus content in the soil, as confirmed by
Suder [103], who referred to Alopecurus pratensis as an indicator of phosphorus-rich soils.
Mencel et al. [61] also confirmed a high phosphorus content in grassy soils that are part of
Alopecuretum pratensis. This unit is characterized by the highest population of heterotrophic
bacteria and Actinobacteria. Organic matter provides essential nutrients and energy, which
promote the growth of microbial biomass and increase their enzymatic activity [104,105].

Soils under Lolio—Cynosuretum showed the highest abundance of Azotobacter spp., a
group of nitrogen-fixing bacteria that enhance soil fertility by converting atmospheric
nitrogen into plant-available forms [106]. Previous studies reported their presence in 43—
52% of soils in Poland, with counts ranging from a few to nearly 10,000 cfu g~! [107,108].
Their occurrence is typical in neutral to slightly alkaline soils and influenced by various
environmental factors such as pH, organic matter, and moisture [109-111]. In our study,
Azotobacter spp. abundance reached 34.8 cfu g~! d.m. in spring and 32.6 cfu g~! d.m. in
autumn, with soil pH averaging 6.55 and 6.71, respectively—values confirming favorable
conditions for their development.
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Based on our analysis, it can be concluded that Azotobacter spp. choose habitats with
higher pH. According to Jnawali et al. [106], these bacteria are sensitive to acidic pH.
The results of studies on the presence of Azotobacter bacteria in soils indicate that their
abundance depends on a number of physicochemical and microbiological factors. A study
by Kizilkaya et al. [112] showed that Azotobacter spp. populations in soils are strongly
related to organic matter content, pH, temperature, soil moisture, and depth of the soil
profile. In addition, microbial interactions, such as competition with other microorganisms,
also affect their abundance. These results may explain seasonal fluctuations, especially
during periods of high nitrogen demand.

In Arrhenatheretum elatioris soil, we noticed a negative relationship between the H’
diversity index and the abundance of heterotrophic bacteria. In general, high floristic
diversity does not necessarily directly cause a decrease in the abundance of bacteria in the
soil, but it can affect the structure and dynamics of the microbial community indirectly.
Greater plant diversity usually means more complex sources of organic matter (different
types of roots, root secretions, and leaf fall), which promotes an increase in microbial
diversity but does not necessarily increase total bacterial abundance. Instead of one
dominant group of bacteria, many different, more specialized groups may develop. In
addition, in soils with high plant diversity, a more diverse but less numerically dominant
bacterial community is often observed—that is, there are more species of bacteria but fewer
representatives of a given species [113-116]. Similarly, a negative significant relationship
applies to fungal abundance, which decreases with increasing H' in com. Poa pratensis—
Festuca rubra soils. Current scientific research indicates that higher floristic diversity in
grasslands tends to promote greater soil fungal diversity, not reduce it. For example, a
study of 60 grassland sites showed that soil fungal diversity was positively correlated
with plant diversity, even after accounting for environmental and geographic factors.
However, this correlation was not observed for individual functional groups of fungi
analyzed individually [117]. A study in Central Europe found that areas with high plant
diversity had higher fungal diversity, including AMF, as well as different fungal community
compositions and higher biomass of bacteria and AMF in the soil [45]. Current scientific
evidence suggests that higher floristic diversity in grasslands promotes rather than reduces
soil fungal diversity. However, this impact may vary depending on specific environmental
conditions and ecosystem types. As with bacteria, lower abundance does not mean lower
diversity.

According to the analysis performed, we can conclude that Actinobacteria prefer soils
with higher TN and TOC values. In the study by Zhang et al. [118], the application of
nitrogen fertilizers increased soil organic carbon (SOC) and nitrogen, which correlated with
a higher abundance of Actinobacteria. Other studies [119] showed that TOC and TN are
key factors determining the composition of bacterial communities, including Actinobacteria.
Higher values of TOC and TN were associated with higher diversity and abundance
of Actinobacteria.

In the Poa pratensis—Festuca rubra community, chemical parameters (AIP, AcP, and
CAT) were negatively and significantly correlated with the Shannon index. Research from
the Biodiversity and Climate (BAC) experiment in Minnesota [120] showed that higher
plant diversity (up to 16 species) led to increased activity of enzymes associated with
carbon, nitrogen, and phosphorus cycles, such as 3-glucosidase, N-acetylglucosaminidase,
phosphatase, and peroxidase. However, specific enzymatic activity relative to microbial
biomass decreased with increasing plant diversity, suggesting changes in nutrient limitation
or microbial community composition. The Jena experiment [121] found that the presence of
legumes increased the activity of enzymes associated with nitrification and denitrification.
In contrast, a higher proportion of grasses in the plant community decreased denitrification
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activity. These effects were more related to the functional composition of the plants than to
the number of species themselves.

Activities of AIP, AcP, and CAT were significantly related to levels of TN. Research in-
dicates that higher levels of TN in the soil promote increased activity of enzymes associated
with the nitrogen and phosphorus cycles, which can improve soil quality and its ability
to cycle nutrients. Analysis of data from different grassland types showed a significant
correlation between enzyme activity (including AIP and CAT) and TN, organic matter,
available potassium, and soil moisture [122]. In an experiment on the effect of plant diver-
sity on enzyme activity in the soil, it was found that the activity of AcP was significantly
correlated with the content of TN in the soil [120]. Other studies, including correlation
and path analysis, showed a significant positive relationship between TN content and the
activity of urease, invertase, alkaline phosphatase, and catalase in soil [123].

We noted that higher pH values had a markedly inhibitory effect on the activity of
the analyzed enzymes. High soil pH values can significantly inhibit the activity of soil
enzymes, which affects biogeochemical processes such as the decomposition of organic
matter and the cycling of carbon, nitrogen, and phosphorus [29,124,125]. For example,
studies in peatlands found that the activity of enzymes such as CAT, UA, and phosphatase
was dependent on soil pH. Increasing pH led to a decrease in the activity of these enzymes,
indicating their sensitivity to pH changes [126]. However, it is worth noting that there
is research confirming that long-term changes in soil pH can lead microorganisms and
enzymes to adapt to new conditions. Studies have shown that pH optima for enzymes can
shift toward the pH of the source environment, suggesting the ability to adapt to changing
pH conditions [127].

5. Conclusions

This study confirms that grassland soils exhibit complex seasonal dynamics in biologi-
cal and chemical processes that are fundamental to ecosystem functioning. Considering
their pivotal role in carbon sequestration, biodiversity maintenance, and the regulation
of biogeochemical cycles, further investigation into their functioning is warranted. A
comprehensive understanding of the interactions among soil biological activity, plant com-
munity composition, and soil chemical properties is essential for elucidating the underlying
mechanisms governing these ecosystems. Such knowledge is critical for the development
of evidence-based management strategies aimed at enhancing ecosystem resilience, mit-
igating climate change, and ensuring the long-term conservation of these ecologically
valuable landscapes.
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AcP acid phosphatase
AlIP alkaline phosphatase
AMF  arbuscular mycorrhizae fungi
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CAT catalase
CFU colony-forming units

com. community
DhA  dehydrogenases
PA proteases

PGPR  plant growth-promoting rhizobacteria
RDA  redundancy analysis

SOC soil organic carbon

SOM  soil organic matter

TN total nitrogen

TOC  total organic carbon

UA urease
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