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Streszczenie
Potnaturalne taki sa nieodlagcznym elementem unikalnego krajobrazu Karpat, ktory zostat

uksztaltowany w wyniku wielowiekowej dziatalnosci cztowieka. W rezultacie zmian spotecznych
i ekonomicznych nastgpujacych po II wojnie $wiatowej, krajobraz Karpat zaczat ulegaé
ponownym przeksztatceniom. Aktualnie wiele obszaréw pédinaturalnych tagk zostaje objetych
naturalng sukcesjg le$ng. Takie zmiany, staly si¢ przedmiotem wieloaspektowych dyskusji,
szczegolnie zwigzanych z dalszym zarzadzaniem cennymi przyrodniczo terenami potnaturalnych
tak, zwiekszaniem powierzchni lesnej, Sekwestracjg wegla oraz zmianami klimatycznymi. Majac
na uwadze potrzebe poglebienia wiedzy na temat zmian zachodzacych w srodowisku
przyrodniczym terenéw o podlegajacym przemianom sposobie uzytkowania podjeto badania,
ktorych gldéwnym celem byta ocena wplywu naturalnej sukcesji lesSnej na zmiany oraz tempo
przemian morfologicznych, fizyko-chemicznych i mikrobiologicznych wlasciwosci gleb,
w wybranych, karpackich parkach narodowych. Lokalizacja badan na terenach objetych ochrong
prawng daje mozliwo$¢ zbadania zmian powodowanych naturalnym procesem sukces;ji lesnej
przy ograniczonym wptywie antropopres;ji.

Miejscem badan byly obszary Pieninskiego Parku Narodowego, Bieszczadzkiego Parku
Narodowego i Magurskiego Parku Narodowego. W kazdym z nich wytypowane zostaty
transekty, obejmujgce trzy obszary: potnaturalng tgke, obszar sukcesji le$nej poro$nigtej 25 — 75
letnig ro§linno$cia drzewiastg oraz obszar ponad 150 letniego lasu (starodrzew). Gleby do analiz
laboratoryjnych ~ pobrano z  poziomow  genetycznych  profili  glebowych oraz
z dwudziestocentymetrowych rdzeni wierzchniej warstwy gleby. Prébki gleb z poziomow
genetycznych postuzyly do charakterystyki morfologicznej gleb oraz analizy podstawowych
wlasciwos$ci tj. sktad granulometryczny, pH zawartos¢ calkowitego wegla organicznego,
zawartos¢ azotu ogodlnego, kwasowo$¢ wymienna, zawarto$¢ wymiennych kationow
zasadowych. Przemiany materii organicznej, zawarto$¢ wegla organicznego, aktywnosé
biologiczna w glebach tgk, sukces;ji i starodrzewow byty badane w wierzchnich (0-10 cm i 10-20
cm) warstwach gleb.

Stwierdzono, ze proces naturalnej sukcesji lesnej w niewielkim stopniu wptywal na
wiasciwosci morfologiczne i fizyko-chemiczne gleb. Stopniowe naturalne zmiany potnaturalnych
tak na stadium sukcesji powodowaty ciemnienie barwy gleby, zwigkszenie wartosci wskaznika
rozwoju poziomu prochnicznego gleby, zmniejszenie zawartosci wegla biomasy
mikroorganizméw, zmniejszenie wydajno$ci wykorzystania substratoéw organicznych przez
biomase¢ mikroorganizmow. Stwierdzono, ze zaawansowanie proceso6w humifikacji oraz czynniki
ksztaltujgce zawarto$¢ wegla organicznego roznity si¢ w zaleznosci od warstwy gleby i sposobu

uzytkowania.



Summary
Semi-natural mountain meadows are an integral part of the unique Carpathian landscape,

which was formed as a result of long-term human activity in the Carpathian region. As a result of
socioeconomic changes after World War 11, the landscape of the Carpathians began to transform
again. Currently, many areas of semi-natural meadows are covered by natural forest succession.
Such changes have become the issue of scientific discussions related to the further management
of valuable areas of semi-natural meadows, increasing the forest area, carbon sequestration, and
climate change. The main purpose of the study was to examine the influence of natural forest
succession on the changes and the transformation rates of morphological physio-chemical and
microbiological soil properties in the selected Carpathian national parks. The location of the
research area in the legal protection areas makes it possible to study the changes caused by the
natural forest succession with the limited impact of anthropopressure.

The research area was located in the Pieniny National Park, Bieszczady National Park,
and Magura National Park. In total, ten transects, each consisting of three different land-use areas:
1) semi-natural mountain meadow, 2) successional forest covered by different aged (25- to 75-
year-old) trees, and 3) old-growth forest (aged more than 150 years), were selected. Soil samples
were collected from genetic horizons of soil profiles and the 0-10 and 10-20 cm soil layers. Soil
samples from genetic horizons were used for the morphological characterization of soils and
analysis of soil texture, pH, total organic carbon content, total nitrogen content, and sorption
properties were made. While organic matter transformations and biological activity in the soils of
semi-natural meadows, successional forests, and old-growth forests were investigated in the 0-10
and 10-20 cm layers.

The natural forest succession process only slightly influences the morphological and
physio-chemical soil properties. The land use change from meadow to forest ecosystems caused
darkening of the top soil layer, an increasing A-horizon development index, a decrease in the
microbial biomass organic carbon, and a reduction efficiency of the use of organic substrates by

the biomass of microorganisms.
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1 Wstep, cel pracy

Wielowiekowa dziatalno$¢ cztowieka, na pierwotnie naturalnych obszarach, doprowadzita
do uksztattowania si¢ oryginalnego i obfitujacego w bior6znorodno$¢ krajobrazu Karpat, ktorego
waznym elementem staty si¢ poinaturalne taki. W wyniku, nastepujacych po Il wojnie §wiatowe;j,
przemian spoteczno-gospodarczych, z roéznych przyczyn, porzucano uzytkowanie cennych
przyrodniczo, potnaturalnych tak, co zapoczatkowalo procesy naturalnej sukcesji lesnej.
Zarastajace taki staty si¢ wyzwaniem dla oséb zarzadzajacych, szczegdlnie obszarami objetymi
ochrong prawng takimi jak parki narodowe.

Majac na uwadze mi¢dzynarodowe regulacje prawne (m. in.: Dz.U. 1996 nr 53 poz. 238,
COM 2008 0645, Rozporzadzenie...2018/841, COM 2020 0380), wspierajace i rekomendujace
zwickszanie powierzchni lesnych, w kontekscie ochrony przed zmianami klimatu i zwickszenia
sekwestracji dwutlenku wegla, a takze wysokie walory przyrodnicze 1 Krajobrazowe
potnaturalnych gk, problem postepujacej sukcesji lesnej stat sie przedmiotem licznych dyskusji.

Na obszarze polskich Karpat, temat zarastania potnaturalnych tgk poruszany byt gtéwnie
z punktu widzenia botanicznego, jednak niewiele prac rozwija zagadnienia zwigzane z gleba,
ktora jest najwigkszym ladowym rezerwuarem wegla na Ziemi. Jednocze$nie, wigkszo$¢ prac
obejmuje swoim zasi¢giem niewielkie obszary, podczas gdy brak jest opracowan, ktore gromadza
dane z réznych czgsci Karpat. Dlatego w niniejszej rozprawie doktorskiej podjeto probe opisu
srodowiska glebowego objetego procesem naturalnej sukcesji lesnej. Bazujac na dos¢ obszernym
i ro6znorodnym obszarze badan, mozliwe byto, poznanie czynnikow wptywajacych na przemiany
wegla organicznego w glebie.

W pracy postawiono nastepujaca hipoteze badawcza:

e Zmiana uzytkowania potnaturalnych tak zwigzana z procesem naturalnej sukcesji lesnej ma
wptyw na morfologiczne, fizyko-chemiczne i mikrobiologiczne wtasciwosci gleb oraz tempo
mineralizacji i humifikacji materii organicznej.

Gléwnym celem badan byta ocena wptywu naturalnej sukcesji leSnej na przemiany
morfologicznych, fizyko-chemicznych i mikrobiologicznych wilasciwosci gleb, w wybranych
karpackich parkach narodowych.

Do realizacji celu gtdwnego, wyznaczono nastepujace cele szczegdtowe:

e Okreslenie wplywu naturalnej sukcesji lesnej na witasciwosci morfologiczne i fizyko-
chemiczne gleb, ze szczegdlnym uwzglednieniem zmian zawartosci wegla organicznego.

e Analiza oraz poroéwnanie sktadu frakcyjnego substancji humusowych w glebach
pohaturalnych tgk, stadium sukcesji lesnej i starodrzewow.

e Pordéwnanie stopnia rozwoju wierzchnich warstw gleb i zaawansowania procesu humifikacji
gleb roznie uzytkowanych.

e Ocena wptywu naturalnej sukcesji le§nej na wtasciwosci mikrobiologiczne gleb oraz zmiany

wskaznikéw biochemicznych.



e Okreslenie mikrobiologicznych witasciwosci gleb oraz wskaznikoéw biochemicznych,
ksztattujacych zawarto$¢ wegla organicznego w zréznicowanych sposobach uzytkowania

gleb — potnaturalna taka, stadium sukces;ji, starodrzew.

7:7743541860
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2 Struktura pracy

Wyniki badan prowadzonych w ramach niniejszej rozprawy doktorskiej pt. ,, Wphw
naturalnej sukcesji lesnej w Karpatach na wlasciwosci gleb” zostalty przedstawione w trzech

publikacjach naukowych:

1) Sokotowska J., Jozefowska A., Woznica K., Zaleski T. 2020. Succession from
meadow to mature forest: Impacts on soil biological, chemical and physical
properties—Evidence from the Pieniny Mountains, Poland. Catena Vol. 189,
104503. https://doi.org/10.1016/j.catena.2020.104503. IF = 5,198

2) Sokotowska J., Jozefowska A., Zaleski T. 2022. Humus horizon development
during natural forest succession process in the Polish Carpathians. Journal of
Mountain Science 19, 647-661. https://doi.org/10.1007/s11629-021-6836-X.
IF=2,071

3) Sokotowska J., Jozefowska A., Zaleski T. 2022. Impact of natural forest
succession on changes in soil organic carbon in the Polish Carpathian
Mountains. Forests 3(5), 744. https://doi.org/10.3390/f13050744. 1F=2,364

Badania rozpoczeto na obszarze Pieninskiego Parku Narodowego. Obejmowaty one prace
terenowe i wykonanie analiz fizykochemicznych (tj. sktad granulometryczny, pH, zawartos¢
wegla organicznego, wlasciwosci sorpcyjne, gestos¢ objetosciowa, porowatosC) oOraz
mikrobiologicznych (tj. zawartos¢ wegla biomasy mikroorganizmow, aktywnos¢ enzymatyczna)
gleb. Wyniki tych badan postuzyly do wstepnej oceny proceséw zachodzacych w glebach
0 roznych sposobach uzytkowania, ze szczegdlnym uwzglednieniem przemian w warstwie 0-20
cm.

W kolejnych latach, badania sukcesywnie byty realizowane na obszarze Bieszczadzkiego
Parku Narodowego oraz Magurskiego Parku Narodowego. Poszerzono, a takze uszczegdtowiono
zakres badan do specjalistycznych analiz sktadu frakcyjnego substancji humusowych
i wlasciwosci mikrobiologicznych gleb.

Wytyczony kierunek badan pozwolit na scharakteryzowanie rozwoju i przemian
powierzchniowej warstwy gleb, oraz zidentyfikowanie czynnikow wptywajacych na zawarto$¢

wegla organicznego.
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3 Przeglad literatury

3.1 Historia uzytkowania gruntoéw obszaru badan

Pierwotnie, naturalng pokrywa roslinng Karpat byty zbiorowiska lesne, ktore w wyniku
rozwoju osadnictwa byty karczowane i zajmowane przez czlowicka. Systematyczna akcja
kolonizacyjna na obszarze polskiej czgsci Karpat zostala zapoczatkowana w $redniowieczu
(Przybo$, 1995). Jako pierwsi, w XIII i XIV wieku, w Karpatach pojawili si¢ przedstawiciele
ludno$ci wotoskiej (Kubijowicz, 1927). Byli oni pionierami rozwoju pasterstwa na tych
obszarach (Kozak, 2005). Gospodarka pasterska z powodzeniem rozwijata si¢ na obszarze Karpat
przez kilka wiekow, a jej sposoby prowadzenia roznily si¢ w zalezno$ci od czynnikoéw takich jak:
lokalizacja w obrgbie Karpat, uwarunkowania fizjograficzne, sktad etniczny ludnosci i tradycje
gospodarowania, oraz ksztaltowaly si¢ na przestrzeni czasu (Zarzycki i Korzeniak, 2013).
Pasterstwo poczatkowo opierato si¢ gtdéwnie na wypasie, natomiast wzrost udziatu tak ko$nych
nastgpit dopiero w XVIII wieku (Hejcman i in., 2012).

W wyniku szerokiej dziatalno$ci antropogenicznej zwigzanej z gospodarowaniem na terenach
pierwotnie porosnigtych lasem wyksztalcily si¢ podhaturalne 1taki, ktore staly sie
charakterystycznym elementem krajobrazu Karpat. Najwiekszy rozkwit pasterstwa sezonowego
w Karpatach datuje si¢ na potowe XIX wieku (Kostuch, 1996). Nastepnie znaczenie pasterstwa
zaczelo stabnaé, co poczatkowo bylo zwigzane ze zniesieniem panszczyzny i regulacja przepisow
zezwalajacych na wypas. Kolejno duze zmiany w gospodarowaniu na obszarze Karpat przyniosty
konsekwencje spoteczno-gospodarcze po II wojnie $wiatowej. W tym czasie, miata miejsce tzw.
akcja wysiedlencza ,,Wista”, w ktorej ludnos¢ bojkowska i temkowska opuscita tereny Bieszczad,
Beskidu Niskiego i czg¢sci Beskidu Sadeckiego. Pomimo tego, ze te tereny zostaty zamieszkate
przez obywateli Polski, zageszczenie ludnosci w tych rejonach znacznie si¢ zmniejszyto, cO
skutkowato rowniez zmniejszeniem zapotrzebowania na grunty wykorzystywane rolniczo
(Zarzycki i Korzeniak, 2013).

Zmiany spoteczne i demograficzne, a takze czynniki przyrodnicze, trudna dostgpno$é terenu,
uwarunkowania ekonomiczne, zwiekszajace sie koszty produkcji oraz mniejsze zapotrzebowanie
na produkty gospodarki pasterskiej byly powodem porzucania tradycyjnej gospodarki rolno-
hodowlanej na potnaturalnych takach wyksztatconych w Karpatach (Tokarczyk, 2015).
Wylaczenie czynnika stabilizujacego ekosystemy tgkowe w postaci wypasu lub wykaszania
zapoczatkowalo procesy sukcesji wtorej, na obszarach poétnaturalnych tgk, zmierzajacej do
odtworzenia klimaksowych zbiorowisk lesnych. Ograniczenie dziatalnosci rolno-pasterskiej,
w wyniku czynnikow spoteczno-ekonomicznych byto gtéwnag przyczyna rozprzestrzenienia si¢
naturalnej sukcesji lesnej w Pieninach. Natomiast gwattowne nasilenie sukcesji lasu na obszarach
potnaturalnych tgk w Bieszczadach i Beskidzie Niskim, wiaze si¢ bezposrednio z wysiedleniem

z tych terendw czgscei autochtonicznej ludnosci (Tokarczyk, 2013; Wolski, 2009). Dodatkowym
4



czynnikiem potegujacym skale wtornej sukcesji lenej w Karpatach byto objecie terenéw ochrong

$cista, poprzez stopniowe wilaczanie ich w granice parkéw narodowych.
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11:7212008225

3.2 Dotychczasowe badania na temat naturalnej sukcesji leSnej w Karpatach

Tematyka postepowania naturalnej sukcesji na terenie Karpat byta do$¢ szeroko poruszana
w literaturze naukowej, jednak wickszo$¢ z opracowan skupiato si¢ na zagadnieniach
botanicznych, gtownie dotyczacych roslinnosci zielnej. Zarzycki i Korzeniak (2013) podjeli sie
kompleksowej oceny stanu, zrdéznicowania i przemian roslinnosci tagkowej Polskich Karpat
powigzanych ze zmianami w gospodarce rolnej, a takze przedyskutowali mozliwosci kontynuacji
uzytkowania tgk w konteks$cie aktywnej polityki rolnosrodowiskowej. Znacznie mniej opracowan
dotyczyto wkraczania na nieuzytkowne tereny roslinnosci drzewiastej i lesnej. Biorac pod uwage
poszczegdlne czgsci Karpat, najwigcej opracowan dotyczy polan Tatrzanskiego Parku
Narodowego. Skupiaja si¢ one gtownie na dynamice wkraczania §wierka na polany tatrzanskie
(Ciurzycki, 2005, 2004; Dziewolski, 1985).

W latach 90 XX wieku Bartoszek i in., (1990) oraz Bodziarczyk i in., (1992) okreslili stopien
zaawansowania wtornej sukcesji na takach pieninskich oraz omowili role poszczegdlnych
gatunkow roslinnosci le$nej. W ostatnich latach obiektem badan nad wtorng sukcesja lasu byta
polana Kogutowa w Matych Pieninach, na podstawie, ktorej okre§lono sposdb wkraczania
gatunkow drzewiastych oraz wskazano najbardziej ekspansywne gatunki drzew wkraczajace na
opuszczone tereny potnaturalnych tak (Fraczek i Dziepak, 2015). Wsrod licznych badan
dotyczacych przemian zbiorowisk takowych w Pieninskim Parku Narodowym na przestrzeni lat
nalezy podkresli¢ badania Bodziarczyka i in., (1992, 1999) i Kazmierczakowej i in., (2004).
Pojawiaty si¢ rowniez nieliczne wyniki badan florystyczno-gleboznawczych Pieninskiego Parku
Narodowego (Zaleski i in., 2014), a takze skupiajace si¢ na wstgpnej ocenie wptywu wtorej
sukcesji lesnej na wiasciwosci morfologiczne, chemiczne i fizyczne gleb (Zaleski i in., 2018).

W Beskidzie Niskim prowadzono badania obejmujace tematyke wkraczania roslinnosci
le$nej na tereny niezalesione. Nowak, (2011) w badaniach na temat obnizenia granicy rolno-lesnej
w pasmach magurskich zauwazyta zwigkszenie si¢ powierzchni lesnej 0 5,5 % od 1978 do 2004
roku. Z kolei Szwagrzyk, (2004) badat gatunki drzew i krzewow oraz sposoby ich
rozprzestrzeniania si¢ wzdhuz granicy Magurskiego Parku Narodowego. W Gorcach tematyka
zmian uzytkowania gruntéw zajmowali si¢ Michalik, (1990), ktéry wyroznit kolejne fazy
sukcesji, a takze Wezyk i Pyrkosz, (1999) i Wezyk, (2006), ktorzy na podstawie zdje¢ lotniczych
okreslili zmiany powierzchni polan oraz Tokarczyk, (2013, 2012), ktora okreslita sktad
gatunkowy oraz strukture wiekowa odnowien.

W Bieszczadach Kucharzyk i Augustyn, (2008) analizowali zmiany w przebiegu gornej
granicy lasu na przelomie XIX i XX wieku oraz okreslili czynniki powodujace te zmiany.
Ponadto, wyznaczyli czynniki wptywajace na tempo sukcesji lasu, a takze wykonali analizg
wieloczynnikowg trwatosci polan w Bieszczadzkim Parku Narodowym (Kucharzyk i Augustyn,
2010). Natomiast Wolski, (2018) szeroko przedstawit wptyw odzialywan antropogenicznych na

wspotczesny krajobraz Bieszczad Wysokich. Wsréd badan gleboznawczych na terenie

6
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Bieszczadzkiego Parku Narodowego mozna wskazaé prace Zaleskiego i in., (2007) na temat
przeksztatcen pokrywy glebowej tak porolnych w Wolosatem.

Pomimo licznych badan dotyczacych zmiany uzytkowania gruntdOw oraz rozprzestrzeniania
si¢ ro§linnosci lesnej przeprowadzonych na obszarze Karpat brak jest kompleksowych opracowan
ukierunkowanych na zmiany zachodzace w glebach, ktore sg istotng cze¢scia sSrodowiska. Dlatego,
istnieje potrzeba interdyscyplinarnego i wieloaspektowego podejscia do zagadnienia naturalnej
sukcesji lesnej, w réznych rejonach Karpat, ktore dostarczyloby informacji na temat zmian

majacych miejsce w §rodowisku podczas zachodzgcych procesow.
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3.3  Wplyw zmiany uzytkowania gruntow na wlasciwosci gleb

3.3.1 Wegiel organiczny
Wedhlug szacunkéw FAO, (2009) w 30 centymetrowej wierzchniej warstwie gleby,

globalnie zgromadzone jest niemal 700 Pg wegla, co czyni ja najwigkszym lagdowym
rezerwuarem tego pierwiastka. Wedtug Lal, (2014) nawet niewielki wzrost zawarto$ci wegla
w glebie (0,01 % rocznie), poprzez jego sekwestracje, moze zrekompensowaé wzrosty zawartosci
dwutlenku wegla w atmosferze. Dlatego nawet marginalne zmiany odgrywaja istotng rolg
w dynamice, obiegu i sekwestracji wegla, zarowno w skali lokalnej jak i globalnej. Kluczowa
rola gleby w obiegu wegla w konteks$cie zmian uzytkowania gruntéw oraz zmian klimatycznych
byta poruszana przez réznych badaczy (Amundson i in., 2015; Bell i in., 2020; Deng i in., 2016;
Garcia-Pausas i in., 2017; Guimaraes i in., 2013; Guo i Gifford, 2002; Jobbagy i Jackson, 2000;
Martin i in., 2010; Poeplau i in., 2011; Ramesh i in., 2019; Smith, 2008; Ueda i in., 2017).
Dotychczasowe badania potwierdzity, Zze na zasoby wegla organicznego w glebie istotny wptyw
maja czynniki srodowiskowe (Doetterl i in. 2016). Luo i in., (2017) wykazali duze znaczenie
klimatu, wiasciwosci gleb, doptywu wegla oraz akumulacji zasobéw wegla w regulowaniu
dynamiki glebowego wegla organicznego i podkreslili, Zze znajomos$¢ tych parametrow jest
niezbedna do modelowania procesOw przemian wegla organicznego w glebie. Natomiast
Gregorich i in., (2017) zbadali podatno$¢ rozktadu $ciotki na wzrost temperatury w kontekscie
wptywu klimatu na magazynowanie wegla w glebie oraz zauwazyli brak istotnego wptywu
wlasciwosci gleb na ten proces.

Czesto rozwazanym zagadnieniem byt wptyw zmiany uzytkowania gruntow na zawarto$¢
oraz akumulacje wegla organicznego w glebie. Davis i Condron, (2002) na podstawie krajowej
bazy gleb Nowej Zelandii dokonali przegladu wptywu zalesienia uzytkow zielonych na stopien
akumulacji i zawartos¢ wegla organicznego. Guo i Gifford, (2002) dokonali przegladu publikacji
poruszajacych temat wplywu zmiany uzytkowania gruntdéw na zawartos¢ wegla organicznego
i przedstawili zaleznos$ci pomiedzy roznymi wariantami uzytkowania. Przywrdcenie rodzimej
roslinnosci, takiej jak uzytki zielone czy lasy, na opuszczone pola uprawne w dluzszej
perspektywie zwicksza zawarto$¢ wegla organicznego w glebie (Smith, 2008). Réwniez Martin
iin., (2016) potwierdzili wzrost sekwestracji wegla w glebach uzytkowanych rolniczo,
przeksztalconych na uzytki zielone badz lasy. Podobne badania prowadzili Nadal-Romero i in.,
(2016), ktorzy poréwnali wptyw zalesienia oraz naturalnej sukcesji na opuszczonych gruntach
ornych. W aktualnych doniesieniach naukowych pojawiajg sie rdwniez prace skupiajgce sie na
wyjasnieniu zmian zawarto$ci wegla organicznego i azotu ogdlnego w glebach obszaréw
gorskich, szczegdlnie w kontek$cie zmiany sposobu uzytkowania terenu (Garcia-Pausas i in.,
2017). Uznaje sie, ze pojawienie si¢ roslinno$ci drzewiastej poprzez zalesienie lub naturalng
sukcesje na gruntach uzytkowanych rolniczo zwigksza zawarto$¢ wegla organicznego w glebach,
poprzez jego akumulacje¢ (Silver i in., 2000), natomiast wplyw zmian pomiedzy uzytkami
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zielonymi, tgkami, a gruntami le§nymi, na zawarto$¢ glebowego wegla organicznego nie zostata

jednoznacznie zidentyfikowana (Martin i in., 2016; Wiesmeier i in., 2012).

3.3.2  Substancje humusowe
Glebowa materia organiczna podlegajaca ciaglym procesom mineralizacji i humifikacji,

jest elementem, ktory w najwyzszym stopniu ksztaltuje wlasciwosci gleb, a takze wpltywa na
rozwoj ekosysteméw glebowych. Rozwazajac rolg glebowej materii organicznej, nalezy
podkresli¢ istotny wptyw polimolekularnych i polidyspersyjnych zwigzkoéw polielektrolitow
i sferokolidow, zwanych substancjami humusowymi (Gonet, 1993; Hayes i Swift, 2001;
Kononowa, 1968). Ze wzgledu na ich rozpuszczalno$é substancje humusowe mozna podzieli¢ na
kwasy huminowe, ktdore sg nierozpuszczalne w niskich wartosciach pH (pH<2), kwasy fulwowe,
rozpuszczalne w szerokim zakresie pH oraz huminy, nierozpuszczalne w warunkach kwasnych
ani zasadowych.

Od wielu lat badania nad zwigzkami humusowymi polegaty na rozwijaniu wiedzy na
temat struktury molekularnej i supramolekularnej substancji humusowych (Piccolo, 2002; Sutton
and Sposito, 2005; Wershaw, 1999). W 2018 roku Gerke (2018) zaproponowat nowy poglad na
substancje humusowe wystepujace w glebach, ktore jego zdaniem sg produktami syntezy
substancji fenolowych. Mohinuzzaman i in., (2020) poréwnywali metody ekstrakcji substancji
humusowych z gleb réznie uzytkowanych. W ostatnich latach badania skupiaty si¢ na
poznawaniu wiasciwosci fluorescencyjnych kwaséw huminowych i kwaséw fulwowych, ktore
okazaty si¢ przydatne dla lepszego zrozumienia przemian biochemicznych w zréznicowanych
srodowiskach glebowych (Mohinuzzaman i in., 2020; Mostofa i in., 2019). Pomimo, ze
wystepowanie substancji humusowych, jako trwatych wielkoczasteczkowych substancji zostato
zakwestionowane (Lehmann i Kleber, 2015), naukowcy nadal wykorzystujg badanie sktadu
frakcyjnego substancji humusowych jako czulego wskaznika zmian zachodzacych w glebie
(Oktaba i Kondras, 2015).

W badaniach $rodowiskowych substancje humusowe zostaty uznane za frakcje, ktore
dostarczaja informacji o poziomie wegla organicznego W glebie (Jiménez-Gonzalez i in., 2020).
Substancje humusowe byly obiektem badan w glebach na catym $wiecie, tj. w Europie na
uzytkach rolnych i tgkach (Ukalska-Jaruga i in., 2019), oraz na zalesionych gruntach rolnych
(Kukuls i in., 2019), w Azji na terenach lasu pierwotnego, uprawy mahoniu, lasow deszczowych,
plantacji kawy i uzytkow zielonych (Navarrete i in., 2010), a takze w Ameryce Potudniowej
porownywano lasy sosnowe z glebami rolniczymi (Zalba i in., 2016). Zhiyanski i in., (2017),
ktorzy analizowali wplyw intensywnos$ci gospodarowania iréznych sposobdéw uzytkowania
gruntdow na cechy ilosciowe i jakosciowe prochnicy glebowej, podkreslili znaczenie badan nad
substancjami humusowymi w glebach obszarow gorskich. Sunii in., (2012) stwierdzili, Zze zmiany
uzytkowania gruntdow moga zmieni¢ sktad chemiczny substancji humusowych pomimo ich
odpornos$ci na degradacje biologiczng. Niektorzy badacze (Panettieri i in., 2014; Tadini i in.,
2015) zwrocili uwage na zréznicowanie sktadu substancji humusowych w réznych typach gleb.
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3.3.3  Wlasciwosci mikrobiologiczne
Najwickszg cze$¢ sktadnikow biologicznych gleby stanowig mikroorganizmy glebowe,

ktore stanowig zwykle wiecej niz 10 % catej materii organicznej w glebie (Nielsen i Winding
2002). Mikroorganizmy glebowe sa gldownym czynnikiem wptywajacym na rozktad i przemiany
materii organicznej w glebie. Maja szczegodlny udzial w mineralizacji materii organicznej, a takze
w obiegu wegla i sktadnikow odzywczych (Aratjo i in., 2009; Compant i in., 2005; Kotwazn i in.,
2005). Aktywnos¢ mikroorganizmow glebowych byta szeroko wykorzystywana do okreslenia
jakosci, zyznosci i produktywnos$ci gleby (Brzezinska, 2006; Koper i in., 2008; Saxena, 2016)
oraz jako wskaznik zmian zachodzacych w srodowisku glebowym (Piotrowska i Charzynski,
2012). Sicardi i in., (2004) wskazali wlasciwo$ci mikrobiologiczne gleby takie jak: zawarto$é¢
wegla biomasy mikroorganizmow, respiracj¢ mikrobiologiczng gleby i aktywnos¢ enzymatyczna
za przydatne wskazniki do oceny zmian jakosci biologicznej gleby, w wyniku przeksztalcen
terenow uzytkowanych jako pastwiska na uzytkowanie lesne.

Biomasa mikroorganizméw glebowych jest definiowana, jako materia organiczna, na
ktorg sktadajg sie organizmy mniejsze niz 5-10 um®. Wedhug Polskiej Normy (PN-1SO 14240-2
2001) biomasa mikroorganizméw to masa nieuszkodzonych komorek mikroorganizméow
znajdujaca si¢ wdanej glebie. Wegiel mikroorganizmow jest jednym z parametrow
wykorzystywanych do opisywania zyznosci i jakosci gleby (Landgraf i Klose, 2002; Saxena,
2016), a takze wskaznikiem zmian w niej zachodzacych (Kara i Bolat, 2008). Wedtug VVoroney
i in., (2007) wegiel biomasy mikroorganizmow stanowi od 1 % do 5 % wegla materii organicznej
gleby. Zawarto$¢ mikroorganizméw w glebie zwigzana jest z: zawartoscig wegla organicznego
(Olszowska, 2014; Zwolinski, 2008), warunkami wodnymi gleby (Natywa i in., 2014; Saxena,
2016), uziarnieniem gleby (Jiang-shan i in., 2005; Miechowka i in., 2010), a takze
z wystegpowaniem korzeni i wiekiem drzewostanu (Rosenvald in., 2011).

Okreslenie zawarto$ci wegla biomasy mikroorganizmoéw jest szeroko uzywane
w badaniach zwigzanych ze zmiang uzytkowania gruntow, rowniez w glebach obszaréw gorskich
(Fang i in., 2014; Guo i in., 2014; Pabst i in., 2014). Woloszczyk i in., (2020) uwazaja, ze
zawarto$ci wegla organicznego oraz zawartosci wegla biomasy mikroorganizméw w glebach,
moga by¢ podstawg do jakosciowej oceny oraz monitorowania obiegu wegla w wierzchniej
warstwie gleb gruntow ornych, laséw i tgk. Liu i in., (2020) potwierdzili istotny wptyw sposobu
uzytkowania oraz wlasciwos$ci gleb gruntow rolniczych, rekultywowanych i leSnych na zawartos¢
biomasy i struktur¢ mikroorganizmow. Rowniez inne badania gleb obszarow gorskich
udowodnity silne powiazania zmian uzytkowania gruntow z zawarto$cia wegla biomasy
mikroorganizmow (Manpoong i in., 2020).

Aktywnos¢ enzymatyczna jest wykorzystywana, jako czuly i miarodajny wskaznik
biochemicznych przemian w glebie (Nannipieri i in., 2003; Sicardi i in., 2004), a takze, jako
wskaznik jakosci gleby (Mganga i in., 2016). Wiele badan dotyczyto reakcji aktywnoSci

enzymow glebowych na roézne praktyki gospodarowania (Acosta-Martinez i in., 2008; Nannipieri
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i in., 2003; Ndiayei in., 2000). Z kolei Jozefowska i Miechowka, (2015) badajac roznie
uzytkowane gleby w terenach gorskich, podkreslity pozytywny wptyw uzytkowania takowego na
aktywno$¢ mikrobiologiczng gleb. W literaturze mozna znalez¢ doniesienia, W ktorych okreslano
wplyw zmian uzytkowania na sktad gatunkowy i aktywno$¢ drobnoustrojow glebowych, a takze
aktywno$¢ enzymatyczng (Ren i in., 2016; Mijangos i in., 2014; Moghimian i in., 2017).

Pomiar respiracji heterotroficznej gleby, ktora odnosi si¢ do produkcji dwutlenku wegla
z oddychania drobnoustrojow znajdujacych sie w glebie (Yazdanpanah i in., 2016), jest prosta
metodg stosowang do opisu ogélnych warunkow glebowych, a takze aktywnoSci
mikroorganizmow w glebie (Jozefowska i in., 2017). Proces oddychania gleby ma istotny wptyw
na obieg wegla poprzez uwalnianie dwutlenku wegla do atmosfery (Xu i Shang, 2016). Badania
nad respiracja heterotroficzng i autotroficzng gleby byly wykorzystywane do prognozowania
procesOw zwigzanych z obiegiem wegla oraz podziemnej sekwestracji wegla w lasach
sukcesyjnych (Huang i in., 2016). Respiracja mikroorganizméw moze by¢ rowniez
wykorzystywana do monitorowania zmian zachodzacych w roznie uzytkowanych glebach takich
jak: taki przeksztatcone w pola kukurydzy (Mukumbuta i in., 2019), pola pszenicy, winnice
i uprawy wisni (Khanghahi i in., 2019), lasy naturalne, grunty orne, sady cytrusowe i pola ryzowe
(Bakhshandeh i in., 2019) oraz do badania zmian jakosci gleby zwigzanych z obiegiem wegla
organicznego (Bakhshandeh i in., 2019; Mganga i in., 2016; Moscatelli i in., 2005). Parametry
aktywnos$ci mikrobiologicznej gleb zostaty podkreslone przez naukowcow (Bastida i in., 2006;
Toh i in., 2020), jako istotne w ocenie zmian zachodzacych w glebach roéznie uzytkowanych.
Ponadto, parametry aktywnosci mikrobiologicznej stosowane sa do obliczana wskaznikow,
takich jak: iloraz metabolizmu, iloraz drobnoustrojéw 1iiloraz mineralizacji, szeroko
wykorzystywanych do monitorowania (Bakhshandeh i in., 2019; Mganga i in., 2016; Moscatelli
i in., 2005).
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4  Materialy i metody

4.1 Obszar badan

Badania obejmowatly obszar trzech karpackich parkéw narodowych — Pieninskiego Parku
Narodowego, Magurskiego Parku Narodowego oraz Bieszczadzkiego Parku Narodowego.
Wymienione parki narodowe zlokalizowane sg w roznych czesciach polskich Karpat (Ryc. 1), co
pozwolito zrealizowa¢ badania w urozmaiconych warunkach fizjograficznych.

Pieninski Park Narodowy lezy na terenie pieninskiego pasa skatkowego, rozciagajacego si¢
od Austrii az po Rumunig, rozdzielajacego Zewnetrzne Karpaty Zachodnie od Wewnetrznych
Karpat Zachodnich. Gleby Pieninskiego Parku Narodowego charakteryzuja si¢ duza
réznorodnoscia, co wynika przede wszystkim z niejednolitego podtoza geologicznego, rzezby
terenu i warunkow hydrologicznych (Niemyska-f.ukaszuk i in., 2002). W strukturze pokrywy
glebowej przewazaja gleby brunatne (58 %) i redziny (38 %) (Zaleski et al., 2016). W Pieninach
wystepuja dwa pietra klimatyczne — umiarkowanie ciepte i umiarkowanie chtodne (Perzanowska,
2004). Srednia roczna tepmeratura waha si¢ od 4 °C do 6 °C, natomiast $rednia roczna suma
opadow wynosi 690-850 mm (Perzanowska, 2004).

Magurski Park Narodowy lezy w srodkowej czgsci Beskidu Niskiego, ktory zaliczany jest do
Zewnetrznych Karpat Zachodnich. Podloze geologiczne reprezentuje jednostka magurska, ktorg
stanowig utwory fliszowe (Skiba i Drewnik, 2000). W strukturze pokrywy glebowej przewazaja
gleby brunatne, ktore stanowig okoto 85-90% pokrywy glebowej Magurskiego Parku
Narodowego (Skiba i Drewnik, 2000). W obrgbie Beskidu Niskiego wyr6zniono dwa pigtra
klimatyczne — umiarkowanie ciepte i umiarkowanie chtodne. Magurski Park Narodowy
charakteryzuje si¢ $rednig roczng tepmeraturg okoto 5 °C, natomiast $rednia roczna suma opadéw
miesci sie w przedziale od 800 do 900 mm (Stepien-Satek, 2004).

Bieszczadzki Park Narodowy zlokalizowany jest w obrebie Bieszadéw Zachodnich, lezy
W mezoregionie Zewnetrzne Karpaty Wschodnie (Kondracki, 1998). Bieszczady naleza do gor
srednich i znajduja si¢ w obrebie ptaszczowinowo-fliszowych utworéw fatdowych nalezacych do
plaszczowiny dukielskiej i ptaszczowiny $laskiej (Skiba, 1999). Gleby Bieszczadzkiego Parku
Narodowego zostaly wytworzone na pokrywach zwietrzelinowych skat fliszowych. Okoto 85-
90% powierzchni parku stanowia gleby brunatne, a wérod nich nieznacznie przewazaja gleby
brunatne kwasne (Skiba, 1999). W Bieszczadach wyroznia si¢ trzy pigtra klimatyczne, jednak
Bieszczadzki Park Narodowy i jego otulina leza na terenie zaklasyfikowanym do pigtra
klimatycznego umiarkowanie chtodnego, ze $rednig roczng temperaturg od 4 °C do 6 °C
(Nowosad, 1995). Srednie roczne opady wahaja si¢ w granicach 1000 do 1300 mm (Obrebska-
Starklowa i in., 1995).
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Ryc. 1. Lokalizacja miejsc badan w poszczegdlnych parkach narodowych na tle polskiej cze$ci Karpat.

Na podstawie informacji historycznych o uzytkowaniu gruntéw, map historycznych oraz
aktualnych map satelitarnych, a takze dostgpnych informacji i dotychczasowych doniesien
naukowych na temat gleb, w kazdym z trzech parkéw narodowych wytypowano 3-4 transektow
(Ryc. 1). Kazdy transekt obejmowat trzy powierzchnie: 1) poinaturalng take, 2) obszar sukcesji
lesnej porosnigtej 25 — 75 letnig roslinnoscia drzewiasta, 3) obszar ponad 150 letniego lasu
(starodrzew) (Ryc. 2).

Jako péhaturalne taki zostaly przyjete obszary aktualnie poro$nigte rodzimymi gatunkami
wieloletnich ro$lin zielnych (Zarzycki i Korzeniak, 2013), ktore powstaly na terenach
wykarczowanych przez pierwotne ludy zamieszkujace Karpaty i byly uzytkowane rolniczo lub
jako pastwiska, przez wiele wiekow. Stadia sukcesji to tereny porzuconych potnaturalnych tak,
na ktore wkroczyty rosliny sukcesyjne. Na obszarach sukcesji wystepuja gatunki drzewiaste takie
jak: klon jawor (Acer pseudoplatanus L.), brzoza brodawkowata (Betula pendula Roth), topola
osikowa (Populus tremuloides Michx.), swierk pospolity (Picea abies L.), olsza szara (Alnus
incana L.), sosna zwyczajna (Pinus sylvestris L.), jodta pospolita (Abies alba Mill), jesion
wyniosty (Fraxinus excelsior L.), z dominacja buka zwyczajnego (Fagus sylvatica L.). Jako
starodrzewy zostaly wybrane tereny porosnigte ponad 150-letnimi lasami, ktore pod wzgledem
siedlisk lesnych zaklasyfikowano, jako buczyny karpackie (Dentario glandulosae—Fagetum).
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Ryc. 2. Wybrane powierzchnie badawcze o roznym sposobie uzytkowania: a) potnaturalna gka, b) stadium sukcesji lesnej,
c) starodrzew (transekt MPN 2).
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4.2 Badania terenowe

Badania terenowe polegaly na wykonaniu odkrywek glebowych na kazdej z powierzchni
(p6naturalna tgka, sukcesja, starodrzew) (Ryc. 3). Lacznie wykonano 30 odkrywek glebowych.
Kazdy profil glebowy szczegotowo opisano, a gleby zaklasyfikowano wedlug Systematyki Gleb
Polski (2019) oraz klasyfikacji migdzynarodowej World Reference Base for Soil Resources
(IUSS Working Group, 2015). Z pozioméw genetycznych pobrano reprezentatywne proby gleb
do analiz laboratoryjnych. Dodatkowo, z wierzchniej warstwy gleby 0-20 cm, pobrano rdzenie
glebowe o $rednicy 5 cm (Ryc. 3). Na kazdej z powierzchni pobrano po pig¢ rdzeni glebowych,
z warstwy 0-10 cm oraz z warstwy 10-20 cm.

Majac na uwadze, ze najbardziej czuta i podatng na zmiany wynikajace np. z réznego sposobu
uzytkowania, jest wierzchnia warstwa gleb, w pracy skupiono si¢ gldwnie na rozpatrywaniu

przemian zachodzacych w warstwie 0-20 cm.

Ryc. 3. Profile glebowe i rdzenie glebowe z powierzchni: a) potnaturalnej taki, b) stadium sukces;ji lesnej,
c) starodrzewu (transekt BdPN 4)
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4.3 Badania laboratoryjne

W powietrznie suchych i przesianych przez sito o $rednicy oczek 2 mm prébach glebowych

pobranych z pozioméw genetycznych profili wykonano nastgpujace analizy:

sktad granulometryczny, metoda areometryczo-sitowa Casagrande’a w modyfikacji
Proszynskiego (PN-1SO 11277:2005);

pH, metoda potencjometryczng, w roztworze 1 M KCI (w stosunku gleby do roztworu
1:2,5) (Kabata i Karczewska, 2017);

zawarto$¢ wegla organicznego, metodg Tiurina (PN-1SO 14235:2003);

zawartos¢ azotu ogolnego, metoda Kjeldahla (Litynski i in., 1976), z wykorzystaniem
aparatu FOSS Kjeltec TM 8100;

kwasowo$¢ wymienng, poprzez wyparcie z kompleksu sorpcyjnego jonow H* i Al** za
pomocg 1 M KCI (Kabata i Karczewska, 2017);

zawarto$¢ wymiennych kationéw zasadowych, poprzez ekstrakcje gleby w 1 M
CH3COONH, i wyparcie z kompleksu sorpcyjnego kationdow Ca®*, Mg?*, K*, Na*
(Kabata i Karczewska, 2017).

Kazda z probek glebowych pobranych z rdzeni, z warstw 0-10 cm i 10-20 cm, zostata

podzielona na dwie cz¢sci. Jedna czg$¢ zostata powietrznie wysuszona oraz przesiana przez sito

0 $rednicy oczek 2 mm. Druga czes¢ gleby zostata przesiana na mokro przez sito o $rednicy oczek

2 mm i byta przechowywana w temperaturze -21 °C do czasu analiz laboratoryjnych. Na tydzien

przed analizami prébki gleby byly wstepnie inkubowane w temperaturze 25 °C i doprowadzone

do 40-60 % wilgotnosci. W tak przygotowanych probach glebowych wykonano analizy

laboratoryjne wlasciwosci mikrobiologicznych:

respiracja mikrobiologiczna gleby, metoda inkubacji w zamknigtych stojach (Hopkins,
2008);

zawarto$¢ wegla biomasy mikroorganizméw, metoda fumigacji-ekstrakcji (PN-EN 1SO
14240-2:2011), zawartos¢ wegla biomasy mikroorganizméw w wyekstrahowanych
roztworach glebowych, oznaczono z wykorzystaniem aparatu Euro Thermo TOC-TN
1200;

aktywno$¢ dehydrogenaz, wedtug metody Casida i in., (1964);

aktywno$¢ inwertaz, wedlug metody Frankenberger i Johanson, (1983), aktywnos¢

enzymoOw oznaczono przy wykorzystaniu spektrofotometru Shimadzu UV-1800.

W swiezych probach glebowych oznaczono réwniez zawarto$¢ rozpuszczalnego wegla

organicznego, poprzez ekstrakcje gleby w 0,05 M CaCl; i przefiltrowanie przesaczu przez saczki

0 $rednicy porow 0,45 pum (Jones i Willett, 2006); zawarto$¢ rozpuszczalnego wegla

organicznego w przesaczach oznaczono z wykorzystaniem aparatu Euro Thermo TOC-TN 1200.
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W powietrznie suchych glebach z rdzeni glebowych wykonano takie analizy jak:

- pH, metoda potencjometryczng, w roztworze 1 M KCl (w stosunku gleby do roztworu
1:2,5) (Kabata i Karczewska, 2017);

- zawarto$¢ wegla organicznego, metodg Tiurina (PN-1SO 14235:2003);

- zawarto$¢ azotu ogolnego, metoda Kjeldahla (Litynski i in., 1976), z wykorzystaniem
aparatu FOSS Kjeltec TM 8100;

- ckstrakcje substancji humusowych, wykorzystujac metode rekomendowana przez
Migdzynarodowe Towarzystwo Substancji Humusowych (Tan, 2005); zawarto$¢ wegla
poszczegdlnych frakcji substancji humusowych oznaczono z wykorzystaniem aparatu
Euro Thermo TOC-TN 1200, natomiast widma zostaty oznaczone na spektrofotometrze
Shimadzu UV-1800.

Dodatkowo w suchych i $wiezych glebach pochodzacych z warstw gleby 0-10 cm oraz 10-

20 cm oznaczono barwg gleby wedtug skali barw Munsell’a (Oyama i Takehara, 1970).
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4.4 Opracowanie wynikow

Na podstawie widm absorbcji kwasow huminowych i kwasow fulwowych obliczono
nastepujace wspotezynniki absorbancji, charakteryzujace substancje humusowe:

e Qus wyrazajacy iloraz absorbancji przy dlugosciach fal 400 nm i 600 nm (Schnitzer
i Khan, 1972);

o Qua wyrazajagcy wartosci absorbancji przy dlugosciach fal 280 nm i 400 nm (Gonet
i Debska, 1998);

e A log K, obliczono wedtug réwnania A log K = logK40onm — 108Keoonm, 9dzie K jest
warto$cig absorbancji przy dtugosciach fali odpowiednio 400 nm i 600 nm;

e Q3 wyrazajacy iloraz warto$ci absorbancji przy dtugosciach fal 250 nm i 365 nm (Suhett
i in., 2004).

Na podstawie barw gleby okreslonej w stanie suchym i mokrym obliczono warto$ci

wskaznika rozwoju poziomu prochnicznego gleby, wedlug rownania:

__ horizon thickness

ADI VO

+ 1,(2)

gdzie: V oznacza jasnos¢, a C oznacza nasycenie barwy wedtug skali Munsella (Mazurek
iin., 2016).

Z wynikéw uzyskanych, z pieciu kolejnych tygodni respiracji, wykorzystujac kinetyczny
model réwnania oddychania mikrobiologicznego pierwszego rzedu (Cm=Co(1-e’')) wyznaczono
skumulowang warto$¢ wegla zmineralizowanego (Cm) W okresie inkubacji (t =35 dni),
potencjalnie mineralizowany wegiel (Co) oraz stata szybkosci mineralizacji (k) (Moscatelli i in.,
2007).

Bazujac na uzyskanych wynikach wlasciwosci mikrobiologicznych oraz catkowitej
zawartosci wegla organicznego obliczono nastepujace wskazniki biochemiczne gleb:

e iloraz metabolizmu (qCO,), obliczono, jako stosunek sredniej warto$ci respiracji
mikroorganizmow W czasie inkubacji do zawartosci wegla biomasy mikroorganizmow
(Mondini i in., 2019);

e iloraz mikrobiologiczny (gMIC), obliczono, jako stosunek zawartosci wegla biomasy
mikroorganizméw do catkowitej zawartosci wegla organicznego (Bakhshandeh i in.,
2019);

e iloraz mineralizacji (qM), obliczono, jako stosunek skumulowanej wartosci wegla
zmineralizowanego do zawarto$ci calkowitego wegla organicznego (Bakhshandeh i in.,
2019).

Przy wykorzystaniu programu Statistica 13.0 wykonano obliczenia statystyczne (wartosci

$rednie, btedy standardowe), a takze porownano wyniki pomiedzy sposobami uzytkowania oraz

warstwami gleby z wykorzystaniem testow ANOVA. Ponadto, do opisania wplywu wybranych
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wlasciwosci gleb oraz wskaznikow na zawarto$¢ wegla organicznego w glebach rdznie
uzytkowanych, wykonano rownania regresji zmiennej zaleznej.

Dla wybranych wspolczynnikow i wilasciwosci gleb przeprowadzono analize gtownych
sktadnikow (PCA) oraz analiz¢ redundancji (RDA) dla catej warstwy 0-20 cm, z wykorzystaniem
programu Canoco 5.12 (Braak i Smilauer 2012).
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5 Woyniki badan

5.1 Wilasciwosci morfologiczne

Gleby o roznym sposobie uzytkowania (poinaturalna tgka, stadium sukcesji lesnej,
starodrzew) cechowaly si¢ podobng budowa morfologiczng. W wigkszo$ci opisanych profili
glebowych wyr6zniono podpowierzchniowy poziom diagnostyczny kambik. W pozostatych
glebach wystepowal, stabiej wyksztalcony, poziom wzbogacenia i podpowierzchniowego
przeobrazenia struktury — B.

Glegbokosé¢ wykonanych profili glebowych wahata si¢ od 34 cm do 115 cm. Srednia migzszo$é
profili glebowych we wszystkich parkach narodowych wynosita 77 cm dla potnaturalnych tak,
69 cm dla stadiow sukcesji lesnej oraz 60 cm dla starodrzewow.

Zawarto$¢ szkieletu w profilu glebowym réznita si¢ w zaleznos$ci od sposobu uzytkowania
(Ryc. 4). Srednio, najwicksza zawartoscia czesci szkieletowych w profilu glebowym,
w Pieninskim Parku Narodowym i Bieszczadzkim Parku Narodowym, charakteryzowaty sie
gleby uzytkowane, jako sukcesja (odpowiednio 45 % i 32 %), jednak w Magurskim Parku
Narodowym najwickszy udziatl czgéci szkieletowych stwierdzono w glebach starodrzewow
(40 %). Srednio, najmniej czesci szkieletowych byto w glebach potnaturalnych tak, odpowiednio
34 %, 24 % i 24 % — Pieninski Park Narodowy, Magurski Park Narodowy i Bieszczadzki Park

Narodowy.
Zawartos¢ szkieletu [%] Zawartos¢ szkieletu [%] Zawarto$é szkieletu [%]
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
0 0 0
10 10 10
20 20 20
E 30 5 30 E' 30
s = =
= 40 = 40 = 40
e = e
= 50 5 50 5 50
S S S
§ 60 ﬁ 60 § 60
> 70 = 70 = 70
80 80 80
90 90 90
100 100 100
Laka Sukcesja Starodrzew Laka Sukcesja Starodrzew Laka Sukcesja Starodrzew
PPN MPN BdPN

Ryc. 4. Zawarto$¢ szkieletu w wybranych profilach glebowych Pieninskiego Parku Narodowego (transekt PPN 2), Magurskiego
Parku Narodowego (transekt MPN 2) i Bieszczadzkiego Parku Narodowego (transekt BdPN 2).
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5.1.1 Barwagleby
Barwa gleby oznaczona w rdzeniach glebowych 0-20 c¢cm réznita si¢ miedzy sposobami

uzytkowania, zwlaszcza w warstwie 0-10 cm. Najciemniejsze zabarwienie mialy gleby
uzytkowane, jako starodrzewy, a najjasniejsze gleby pomaturalnych tak. Wyniki te znalazty
rowniez odzwierciedlenie w obliczonych  wartosciach  wskaznika rozwoju poziomu
prochnicznego gleby (ADI) (Publikacja nr 2, Tabela 7). Barwa gleby zwigzana byta z zawartoscig

wegla organicznego i zawartoscig wegla poszczegodlnych frakcji substancji humusowych.
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5.2 Wilasciwosci fizyko-chemiczne

5.2.1 Sklad granulometryczny
Wséréd gleb Pieninskiego Parku Narodowego przewazaly utwory o uziarnieniu pylow

ilastych, glin ilastych i glin pylasto-ilastych. Gleby Magurskiego Parku Narodowego zostaty
zaklasyfikowane gtownie do grup granulometrycznych glin lekkich, glin zwyktych lub glin
ilastych. Natomiast gleby Bieszczadzkiego Parku Narodowego miaty uziarnienie glin
piaszczystych, glin lekkich, glin zwyktych pytow gliniastych i pytow ilastych (Ryc. 5).
Analizowane gleby pod wzgledem kategorii agrotechnicznej zaklasyfikowano do gleb $rednich

i cigzkich.

PPN Laka

PPN Sukcesja
PPN Starodrzew
MPN taka

MPN Sukcesja
MPN Starodrzew
BdPN taka

BdPN Sukcesja
BdPN Starodrzew

eQrceeoeceoeecC

60

y i N\ %] %y
N e\
gpl /) . ®) .v N \fh/

ap \39\') k & i ‘%
ps P9 ® Qg ° / pyg / pyz \.97

e v % v v % v W N N

20

piasek

Ryc. 5. Srednie uziarnienie gleb w profilach glebowych Pieninskiego Parku Narodowego (PPN),
Magurskiego Parku Narodowego (MPN) i Bieszczadzkiego Parku Narodowego (BdPN).

Poréwnujac uziarnienie wierzchnich warstw 0-20 cm gleb potnaturalnych tak, sukcesji oraz
starodrzewow nie wykazano istotnych réznic pomigdzy glebami o réznych sposobach
uzytkowania. Natomiast roznice w sktadzie granulometrycznym wierzchnich warstw gleb
wystepowaty miedzy glebami parkéw narodowych. Gleby Pieninskiego Parku Narodowego
charakteryzowaly si¢ najmniejszg zawarto$cia frakcji piaskowej i najwicksza zawartoscia frakcji
pylastej. Gleby Pieninskiego Parku Narodowego i Magurskiego Parku Narodowego
charakteryzowaly si¢ istotnie wyzsza zawartoscig frakcji ilastej w poréwnaniu z glebami
Bieszczadzkiego Parku Narodowego (Publikacja nr 1, Tabela 4; Publikacja nr 2, Tabela 4).
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5.2.2 Odczyn gleb
Odczyn gleb Pieninskiego Parku Narodowego byt mocno zréznicowany, znajdowat sie

w przedziale od silnie kwasnego, gtownie w wierzchnich poziomach, do zasadowego szczegdlnie
w dolnych czgéciach profili glebowych. Gleby Magurskiego Parku Narodowego
i Bieszczadzkiego Parku Narodowego charakteryzowaty si¢ silnie kwasnym odczynem w catych
profilach glebowych. Poréwnujac pH gleb potnaturalnych tak, stadium sukcesji i starodrzewow

w obrebie tego samego parku narodowego nie stwierdzono istotnych roznic (Ryc. 6).

pH pH pH
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Ryc. 6. Odczyn gleb w wybranych profilach glebowych Pieninskiego Parku Narodowego (transekt PPN 2), Magurskiego Parku
Narodowego (transekt MPN 2) i Bieszczadzkiego Parku Narodowego (transekt BdPN 2).

5.2.3 Zawartos$¢ wegla organicznego i azotu ogdélnego
Gleby starodrzewow charakteryzowaly si¢ wyzsza zawarto$cia wegla organicznego

W poroéwnaniu do gleb potnaturalnych tak i sukcesji. Zawarto$¢ wegla organicznego zmniejszata
sic w glgb profili glebowych. Srednio najmniejsza zawartoécia wegla organicznego
charakteryzowaty si¢ gleby Magurskiego Parku Narodowego, natomiast najwyzsze $rednie
zawartosci wegla organicznego byty w glebach Bieszczadzkiego Parku Narodowego (Ryc. 7).
W warstwie 0-10 cm stwierdzono nieznaczny wzrost §redniej zawartosci wegla organicznego
w zaleznosci 0d sposobu uzytkowania, potnaturalne taki charakteryzowaly si¢ najnizsza,
a starodrzewy najwyzsza Srednig zawartoscig wegla organicznego. Natomiast w warstwie 10-20
CM najnizsza srednig zawarto$¢ wegla organicznego stwierdzono w glebach sukcesji, a najwyzsza

w glebach starodrzewow. We wszystkich sposobach uzytkowania warstwa 0-10 cm
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Migzszo$¢ profilu [cm]
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charakteryzowala si¢ wyzszg $rednig zawartoscig wegla organicznego W porownaniu z warstwa

10-20 cm (Publikacja nr 2, Tabela 4; Publikacja nr 3, Figura 2).
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0.0 0 20 30 40 00 10 20 30 40 00 20 40 6.0
0 0
10 10
20 20
S IS
=30 =30
2 2
S 40 S 40
S, S
Q ~Q
\é 50 *é 50
£ 60 S 60
= p
70 70
80 80
90 90
100 100
Laka Sukcesja Starodrzew Laka Sukcesja Starodrzew Laka Sukcesja
PPN MPN BdPN

8.0
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Ryc. 7. Zawarto$¢ wegla organicznego w wybranych profilach Pieninskiego Parku Narodowego (transekt PPN 2), Magurskiego
Parku Narodowego (transekt MPN 2) i Bieszczadzkiego Parku Narodowego (transekt BdPN 2).

29:1755344203

W warstwie 0-10 cm $rednia zawarto$¢ rozpuszczalnego wegla organicznego byta najwyzsza
w glebach starodrzewow, a najnizsza w glebach sukcesji. Natomiast w warstwie 10-20 cm $rednia
zawarto$¢ rozpuszczalnego wegla organicznego nieznacznie wzrastala ze zmiang sposobu
uzytkowania potaturalna tgka<sukcesja<starodrzew (Publikacja nr 3, Figura 2).

Zawarto$¢ azotu ogodlnego byla zréznicowana pomigdzy glebami parkéw narodowych, ale
nie pomiedzy réznymi sposobami uzytkowania. Srednie zawartosci azotu ogélnego w glebach
Pieninskiego Parku Narodowego byly wyzsze, w poréwnaniu z glebami pozostatych parkéow
narodowych. Podobnie warto$ci stosunku C:N roznity sie miedzy glebami parkow narodowych,
ale nie miedzy glebami réznie uzytkowanych w obrebie tego samego parku. Gleby
Bieszczadzkiego Parku Narodowego charakteryzowaly si¢ istotnie najwyzszymi warto§ciami

stosunku C:N (Publikacja nr 2, Tabela 4).

5.2.4 Wlasdciwosci sorpcyjne
Suma kationow zasadowych w glebach Pieninskiego Parku Narodowego byta znacznie

wyzsza niz w glebach Magurskiego Parku Narodowego i Bieszczadzkiego Parku Narodowego.
Wysycenie kompleksu sorpcyjnego kationami zasadowymi bylo najnizsze w glebach
Bieszczadzkiego Parku Narodowego, a najwyzsze w glebach Pieninskiego Parku Narodowego.

W glebach Pieninskiego Parku Narodowego wysycenie kompleksu sorpcyjnego kationami
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zasadowymi bylo podobne we wszystkich sposobach uzytkowania. Natomiast w glebach 1gk
Magurskiego Parku Narodowego i Bieszczadzkiego Parku Narodowego s$rednie wysycenie
kompleksu sorpcyjnego kationami zasadowymi byto wyzsze niz w glebach uzytkowanych, jako

starodrzewy (Ryc. 8).
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Ryc. 8. Wysycenie kompleksu sorpcyjnego kationami zasadowymi w wybranych profilach Pieninskiego Parku Narodowego
(transekt PPN 2), Magurskiego Parku Narodowego (transekt MPN 2) i Bieszczadzkiego Parku Narodowego (transekt BdPN 2).
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5.3 Kilasyfikacja gleb

Wedhug Systematyki Gleb Polski (2019) wigkszo$¢ gleb zostato zaklasyfikowanych do rzedu
gleb brunatnych, wyrdzniono typy gleb brunatnych tj. brunatne wilasciwe, brunatne kwasne
i brunatne wylugowane. Natomiast wedlug miedzynarodowej systematyki World Reference Base
for Soil Resources (IUSS Working Group, 2015) wigkszos¢ gleb zostato okreslonych jako

Cambisols, a pozostate dwie gleby zostaty zaklasyfikowane jako Leptosols z poziomem cambic

(Tab. 1),

Tab. 1. Klasyfikacja gleb wedtug Systematyki Gleb Polski (2019) oraz World Reference Base for Soil

Resources (IUSS Working Group, 2015).

. . Systematyka Gleb Polski World Reference Base for Soil
transekt uzytkowanie (2019) Resources (IUSS Working
Group, 2015)
Laka Gleba brunatna wylugowana Eutric Endoskeletic Cambisols
PPN 1 Sukcesja Gleba brunatna wytlugowana Eutric Endoskeletic Cambisols
Starodrzew Gleba brunatna wytlugowana Eurtic Skleletic Cambisols
Laka Gleba brunatna wiasciwa Eutric Endoskeletic Cambisols
PPN 2 Sukcesja Redzina brunatna Eutric Cambic Leptosols
Starodrzew Redzina brunatna Eutric Endoskeletic Cambisols
Laka Gleba brunatna wytlugowana Eutric Cambisols
PPN 3 Sukcesja Gleba brunatna wytlugowana Endoeutric Cambisols
Starodrzew Gleba brunatna wylugowana Endoeutric Cambisols
Laka Gleba brunatna wiasciwa Eutric Endoskeletic Cambisols
MPN 1 Sukcesja Gleba brunatna wiasciwa Eutric Skeletic Cambisols
Starodrzew Gleba brunatna wiasciwa Dystric Skeletic Cambisols
Laka Gleba brunatna wlasciwa Dystric Skeletic Cambisols
MPN 2 Sukcesja Gleba brunatna kwasna Dystric Endoskeletic Cambisols
Starodrzew Gleba brunatna kwasna Dystric Cambisols
Laka Gleba brunatna whasciwa Eutric Skeletic Cambisols
MPN 3 Sukcesja Gleba brunatna wlasciwa Dystric Enodskeletic Cambisols
Starodrzew Gleba brunatna wlasciwa Eurtic Skeletic Cambisols
Laka Gleba brunatna wlasciwa Dystric Endoskeletic Endostagnic Cambisols
BdPN 1 Sukcesja Gleba brunatna wtasciwa Dystric Endoskeletic Cambisols
Starodrzew Gleba brunatna wlasciwa Dystric Leptic Skeletic Cambisols
Laka Gleba brunatna wlasciwa Dystric Endoskeletic Amphistagic Cambisols
BdPN 2 Sukcesja Gleba brunatna wlasciwa Dystric Endoskeletic Cambisols
Starodrzew Ranker zbrunatiaty Dystric Cambic Skeletic Leptosols
Laka Gleba brunatna kwasna Dystric Skeletic Epistagnic Cambisols
BdPN 3 Sukcesja Gleba brunatna kwasna Dystric Skieletic Cambisols
Starodrzew Gleba bruntana wiasciwa Dystric Endoskeletic Leptic Cambisols
Laka Gleba bruntana wiasciwa Eutric Cambisols
BdPN 4 Sukcesja Gleba bruntana wiasciwa Dystric Endoskeletic Cambisols
Starodrzew Gleba brunatna kwasna Dystric Skeletic Cambisols

PPN — Pieninski Park Narodowy; MPN — Magurski Park Narodowy; BdPN — Bieszczadzki Park Narodowy
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5.4 Substancje humusowe

5.4.1 Zawartos$¢ wegla substancji humusowych
Substancje humusowe sg produktem procesu humifikacji i stanowig okoto 80 % masy

prochnicy. Dominujacg frakcja substancji humusowych w warstwie 0-10 cm, w glebach
wszystkich sposobow uzytkowania tj. pdinaturalna taka, stadium sukcesji i starodrzew byly
huminy. Natomiast w warstwie 10-20 cm, we wszystkich glebach dominowata frakcja kwasow
fulwowych. Suma wegla kwasow huminowych i kwaséw fulwowych, w warstwie 0-10 cm byta
najwyzsza w glebach starodrzewow, a najnizsza w glebach potnaturalnych tagk. Warstwa 10-20
cm charakteryzowata si¢ wyzszg zawartosciag sumy wegla kwasow huminowych i fulwowych
w glebach sukcesji w porownaniu z glebami tagk poéinaturalnych i starodrzewow. W glebach
wszystkich sposobow uzytkowania zawarto$¢ wegla kwasow huminowych byla wyzsza
w warstwie 0-10 cm niz w warstwie 10-20 cm, ale statystycznie istotne rdznice stwierdzono tylko
w glebach sukcesji. Stosunek wegla kwasow huminowych do wegla kwasoéw fulwowych,
w warstwie 0-10 cm wzrastat w kierunku poinaturalna gka<stadium sukcesji<starodrzew.
Natomiast w warstwie 10-20 cm najnizszy stosunek wegla kwaséw huminowych do wegla

kwaséw fulwowych byt w glebach sukcesji (Publikacja nr 2, Tabela 5).

5.4.2 Wspolcezynniki absorbancji kwasow huminowych i kwasow fulwowych
Wspodtezynniki absorbancji sa istotnymi wskaznikami stopnia zaawansowania procesOw

humifikacji. Wartosci wspotczynnika Que, ktory jest wskaznikiem stopnia humifikacji oraz
dojrzatosci substancji humusowych, byty wyzsze w warstwie 0-10 cm niz 10-20 cm, zaréwno dla
kwasé6w huminowych jak i dla kwaséw fulwowych. W warstwie 0-10 cm najwyzszy stopien
humifikacji i kondensacji kwasow huminowych (najnizsza warto$¢ Qus) zaobserwowano
w glebach potnaturalnych tgk, a najnizszym stopniem dojrzatosci (najwyzsza warto$¢ Quse)
charakteryzowaty si¢ gleby sukcesji. Natomiast w warstwie 10-20 cm wartosci wspotczynnika
Qus dla kwaséw huminowych, byly nizsze w glebach sukces;ji i starodrzewow niz w glebach
pohaturalnych tak. Wartosci wspotczynnika Qus wyznaczonego dla kwaséw fulwowych byly
najnizsze w glebach uzytkowanych jako pétnaturalne taki, w obydwu warstwach. Wspotezynnik
Q2a, ktory jest wskaznikiem zaawansowania procesu humifikacji substancji humusowych,
obliczony dla kwasé6w huminowych byt najwyzszy w glebach pétnaturalnych gk, zaréwno
w warstwie 0-10 cm jak i warstwie 10-20 cm. Podobnie gleby poaturalnych 1ak,
charakteryzowaty si¢ mniejszym zaawansowaniem procesu humifikacji kwaséw fulwowych,
w porownaniu do stadium sukcesji i starodrzewow, w obydwu badanych warstwach. Warto$ci
wspotczynnika Qas, ktory odzwierciedla stopien degradacji struktur substancji humusowych,
obliczone dla kwasoéw fulwowych byly najwyzsze w glebach potnaturalnych tak, w warstwie 0-
10 cm. Natomiast w warstwie 10-20 cm nizszy stopnien zdegradowania struktur kwasow
fulwowych (nizsze wartosci Q2s3) Stwierdzono w glebach sukcesji i starodrzewow, w poréwnaniu
z glebami potnaturalnych tak (Publikacja nr 2, Tabela 6).
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5.5 Aktywnos$¢ mikrobiologiczna

55.1 Wegiel biomasy mikroorganizmoéow
Wegiel biomasy mikroorganizmoéw to masa nieuszkodzonych komoérek mikroorganizméow

w glebie. W warstwie 0-10 cm, $rednia zawarto$¢ wegla biomasy mikroorganizméow uktadata sie
w nastepujacej, malejacej kolejnosci: poétnaturalna tgka>stadium sukcesji>starodrzew. Natomiast
w warstwie 10-20 cm gleby potnaturalnych tak charakteryzowaty sig istotnie wyzsza zawartoscia
wegla biomasy mikroorganizmoéw w porownaniu z glebami sukcesji lesnej. Zawarto$¢ wegla
biomasy mikroorganizméw roéznita si¢ miedzy warstwami, w warstwie 0-10 cm S$rednie
zawarto$ci wegla biomasy mikroorganizméw byly wyzsze w poréwnaniu z warstwa 10-20 cm,

dla wszystkich sposobow uzytkowania (Publikacja nr 3, Figura 2).

55.2 Aktywno$¢ enzymatyczna
Dehydrogenazy to enzymy wystepujace w zywych organizmach, przyspieszajace utlenianie

materii organicznej. Srednia aktywno$¢ dehydrogenaz w warstwie 0-10 cm byla najnizsza
w glebach potnaturalnych tak, a najwyzsza w glebach starodrzewow. Odwrotnie, w warstwie 10-
20 cm najwyzszg $rednig aktywnoscig dehydrogenaz charakteryzowaty si¢ gleby potnaturalnej
taki, a najnizsza gleby sukcesji (Publikacja nr 3, Figura 4).

Inwertazy to zewnatrzkomorkowe enzymy hydrolityczne biorgce udzial w mineralizacji
materii organicznej, a takze w oObiegu azotu i weggla w glebie. Gleby starodrzewow
charakteryzowatly si¢ $rednio najwyzsza aktywnoS$cig inwertaz, a najnizsza aktywno$¢ tych

enzymow zostata stwierdzona w glebach sukces;ji lesnej (Publikacja nr 3, Figura 4).

5.5.3 Respiracja mikroorganizmow
Respiracja mikroorganizmow jest wskaznikiem dwutlenku wegla produkowanego przez

mikroorganizmy glebowe podczas procesu oddychania. W warstwie 0-10 ¢cm najwyzszymi
srednimi warto$ciami oddychania mikrobiologicznego, za wyjatkiem pierwszego tygodnia,
charakteryzowaty si¢ gleby sukcesji. W warstwie 10-20 cm w ciggu pierwszych trzech tygodni
najwyzsze wartosci respiracji mikroorganizméw odnotowano W stadium sukcesji, natomiast
wdwoch  kolejnych  tygodniach  najwyzszymi  $rednimi  warto§ciami  oddychania
mikroorganizméw charakteryzowaty si¢ gleby tak potnaturalnych. Respiracja drobnoustrojow
glebowych malata wraz z czasem inkubacji (Publikacja nr 3, Figura 3).

W warstwie 0-10 cm $rednie najwyzsze zawartoSci skumulowanego wegla
zmineralizowanego w czasie inkubacji (Cm) oraz wegla potencjalnie mineralizowanego (Co) byty
w glebach sukcesji, anajnizsze w glebach starodrzewow. Natomiast w warstwie 10-20 cm
najwyzsze S$rednie zawartoSci wegla zmineralizowanego w czasie inkubacji oraz wegla
potencjalnie mineralizowanego byly odpowiednio w glebach sukcesji i potaturalnych tak,
a najnizsze w glebach starodrzewow. Z kolei stale szybkosci mineralizacji (K), w warstwie 0-10
cm, w glebach pohaturalnych tak i sukcesji byty istotnie nizsze w poréwnaniu z glebami

starodrzewow (Publikacja nr 3, Tabela 2).
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5.5.4 Wskazniki biochemiczne
Srednia warto$¢ ilorazu metabolizmu (qCO5), w warstwie 0-10 cm, byla najnizsza w glebach

starodrzewow, a najwyzsza w glebach sukcesji. Natomiast w warstwie 10-20 cm gleby sukcesji
charakteryzowaly si¢ niemal dwukrotnie wyzsza wartoscia qCO2 w pordéwnaniu z glebami
poaturalnych 13k i starodrzewow. Srednie wartosci ilorazu mikrobiologicznego (qMIC) malaty
wraz ze zmiang sposobu uzytkowania, pétnaturalna tgka>sukcesja>starodrzew, w obu warstwach.
Ale tylko w warstwie 10-20 cm $rednia warto$¢ qMIC w glebach 1gk byta istotnie wyzsza
W porownaniu z glebami sukcesji i starodrzewow. lloraz mineralizacji (QM), w warstwie 0-10
cm, rowniez malat wraz ze zmiang sposobu  uzytkowania, poéhnaturalna
taka>sukcesja>starodrzew, jednak w warstwie 10-20 c¢cm najwyzszg S$rednig wartoscig qM

charakteryzowaty si¢ gleby sukcesji, a najnizsza gleby starodrzewow (Publikacja nr 3, Tabela 3).
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5.6 Rozwoj poziomu prochniczego gleb

Wartoséci wskaznika rozwoju poziomu prochnicznego gleby (ADI) réznity si¢ pomigdzy
poszczegdlnymi sposobami uzytkowania. W warstwie 0-10 cm $rednie warto$ci ADI wzrastaly
od potnaturalnej taki do starodrzewu, zarowno dla gleb w stanie wilgotnym i suchym. Natomiast
w warstwie 10-20 cm, najnizszymi wskaznikami ADI charakteryzowaty si¢ gleby sukcesji,
a najwyzszymi gleby starodrzewow (Publikacja nr 2, Tabela 7).

Na podstawie analizy PCA, wykonanej dla wierzchniej, 0-20 cm warstwy gleby, stwierdzono
dodatnig korelacje pomiedzy wskaznikiem rozwoju poziomu prochnicznego gleby oraz
zawartoscig wegla organicznego, wegla kwasow huminowych i wegla kwasow fulwowych.
Badania potwierdzily, ze zawarto§¢ wegla organicznego w istotny sposob ksztaltuje rozwdj
poziomu prochnicznego gleb. Uzyskane wyniki badan wykazaty, ze wskaznik ADI jest dobrym
i fatwym do okre$lenia parametrem, szacujgcym zawarto$¢ wegla organicznego w glebie.
Stwierdzono réwniez dodatnig korelacje pomigdzy wskaznikami ADI, a wskaznikiem Qus
wyznaczonym dla kwasow fulwowych, a takze ujemna korelacj¢ migdzy wskaznikami ADI,
a wskaznikami Q24 1 Q23 Wyznaczanymi dla kwaséw fulwowych (Publikacja nr 2, Figura 1).
Ujemne korelacje pomiedzy powyzszymi parametrami sugeruja, ze kwasy fulwowe 0 mniejszych
rozmiarach powoduja wzrost wartosci ADI, co moze by¢ zwigzane z wyksztalceniem si¢

ciemniejszej barwy gleby i przyczynia¢ si¢ do rozwoju poziomu prochnicznego.
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5.7 Parametry wplywajace na zawartos¢ wegla organicznego

We wszystkich badanych glebach, rownanie regresji zmiennej zaleznej dla zawartosci wegla

organicznego (Corg), wykazato wysoka korelacj¢ pomiedzy zawartoscia wegla organicznego

i zawartos$cig wegla biomasy mikroorganizméw (MBC), wskaznikami — iloraz mikrobiologiczny

(gMIC) i iloraz metabolizmu (qCO,) oraz zawartoscig wegla rozpuszczalnego (DOC) zgodnie

Z réwnaniem: Corg = 28.6 + 0.22MBC — 4.83gMIC — 0.02DOC — 0.21qCO,. (2)

Otrzymany model wyjasnit 83% wariancji zmiennej zalezne;j.

Biorac pod uwagg odrgbne rownania regresji dla poszczegoélnych sposobow uzytkowania

w dwoch warstwach gleby (Tab. 2) stwierdzono, Zze rozne parametry mikrobiologiczne

i wskazniki biochemiczne ksztattowaty zawarto$¢ wegla organicznego w glebach. W warstwie 0-

10 cm zawarto$¢ wegla organicznego w glebach pohaturalnych tak ksztaltowana byla przez:

iloraz mineralizacji (qM), skumulowang zawarto$¢ wegla zmineralizowanego (Cm) i aktywnos¢

dehydrogenaz (DHA); w glebach sukces;ji:

aktywno$¢ dehydrogenaz (DHA),

iloraz

mikrobiologiczny (gMIC), zawarto$¢ wegla rozpuszczalnego (DOC), zawartos¢ wegla biomasy

mikroorganizmow (MBC) i aktywnos¢ inwertaz (INV); w glebach starodrzewow: iloraz

mineralizacji (qM), iloraz mikrobiologiczny (qMIC), zawarto$¢ wegla rozpuszczalnego (DOC),

aktywno$¢ inwertaz (INV), iloraz metaboliczny (qCO>) oraz zawarto$¢ skumulowanego wegla

zmineralizowanego (Cm) i aktywnos¢ dehydrogenaz (DHA). Natomiast w warstwie 10-20 cm na

zawarto$¢ wegla organicznego w glebach poétnaturalnych tak i sukcesji wptyw miaty: iloraz

mineralizacji (QM), iloraz mikrobiologiczny (qMIC), zawarto$¢ wegla rozpuszczalnego (DOC)

oraz zawarto$¢ wegla biomasy mikroorganizmow (MBC), aktywno$¢ inwertaz (INV) i iloraz

metaboliczny (qCO,); a w glebach starodrzewow: iloraz mikroorganizmow (qMIC), zawarto$¢

wegla rozpuszczalnego (DOC), iloraz metaboliczny (qCO2) oraz iloraz mineralizacji (qM)

i zawarto$¢ wegla biomasy mikroorganizméw (MBC) (Tab. 2). Porownujac sktadowe modeli

regresji, w warstwie 0-10 c¢m, dla poématuralnych 1ak, stadiow sukcesji i starodrzewow

stwierdzono roznice w sktadowych dla poszczegdlnych sposobow uzytkowania. Natomiast

w warstwie 10-20 cm na zawarto$¢ wegla organicznego w glebach potnaturalnych tak i sukcesji

wplyw miaty doktadnie te same parametry. Modele regresji wyjasnialy od 77 % do 99 %

zmienno$ci zawartosci wegla organicznego (Publikacja nr 3, Tabela 4).

Tab. 2 Rownania regresji zmiennej zaleznej wegla organicznego (Corg) dla poszczegdlnych sposobow

uzytkowania i warstw gleby.

Sposéb
uzytkowania

Warstwa [cm]

0-10

10-20

Corg = 2,59 — 0.09gM — 0,52qMIC + 0,14MBC — 0,10DOC +

0,06DOC —0,04INV —7,18qCO2

Laka Corg =—5,10 - 0,39gM +2,90Cm + 0,41DHA 0.38INV + 2.41GCO:
Sukcesja | O = 39,22~ 0,39DHA - 9,14qMIC + 0,35MBC — 0,11DOC + | Corg = 12,01 - 0,01qM — 3,24gMIC + 0,30 MBC - 0,03DOC +
0,09INV 0,10INV +0,16qCO>
Starodrzew | o = 67,24 —0,30gM +2,04Cm +0,57DHA — 5,60gMIC — Corg = 45,98 + 0,23qM — 9,54qMIC +0,19MBC - 0,05DOC -

2,759C0O2

36:7298356381

31




37:6560661146

6 WhnioskKi

1)

2)

3)

4)

5)

6)

7)

8)

9

Proces naturalnej sukcesji lesnej w niewielkim stopniu wptyngt na wilasciwosci
morfologiczne gleb.

Zmiana sposobu uzytkowania potnaturalnych tgk na ekosystemy lesne Spowodowata
zwiekszenie wysycenia barw w wierzchnich (0-10 cm i 10-20 cm) warstwach gleby.
Sktad frakcyjny substancji humusowych w glebach potnaturalnych tak, w stadium
sukcesji lesnej i starodrzewow nie roznil si¢ istotnie miedzy tymi sposobami
uzytkowania.

Zawarto$¢ wegla kwaséw huminowych w warstwie 0-10 cm stadium sukcesji byta
istotnie wyzsza w poréwnaniu z warstwa 10-20 cm.

Stopien zaawansowania procesu humifikacji zalezat od warstwy gleby i sposobu
uzytkowania. W warstwie 0-10 cm zmiana uzytkowania, z péinaturalnej faki na
uzytkowanie le$ne, wptyneta na zmniejszenie tempa procesu humifikacji oraz obnizenie
stopnia dojrzatosci kwasow fulwowych. W warstwie 10-20 cm nastgpit wzrost tempa
humifikacji, jak rowniez spadek zawartosci kwasow humusowych i kwasow fulwowych
W poczatkowym stadium rozktadu.

Wartosci wskaznikow ADI korelowaly z zawarto$cia wegla organicznego oraz
zawartoscig wegla frakcji substancji humusowych. Wedlug wskaznikow ADI, gleby
starodrzewow charakteryzowaly si¢ najbardziej rozwinigtym poziomem prochnicznym,
a gleby potnaturalnych tak miaty najmniej rozwinigty poziom prochniczny.

Naturalna sukcesja le$na spowodowala zmniejszenie zawartosci wegla biomasy
mikroorganizmow, gtéwnie w warstwie 10-20 cm.

Gleby objete naturalng sukcesja lesna charakteryzowaly si¢ mniej wydajnym
wykorzystaniem  substratow  organicznych przez biomase¢ mikroorganizmow
w pordéwnaniu do gleb potnaturalnych tak i gleb starodrzewow.

Sktadowe rownan regresji objasniajace zawartosci wegla organicznego w glebach
potnaturalnych 1ak, stadium sukces;ji i starodrzewow roznity sie w zaleznosci od sposobu

uzytkowania i warstwy gleby.

10) W warstwie 0-10 cm na zawartos¢ wegla organicznego w glebach péinaturalnych tak

wptynety: iloraz mineralizacji (ujemna Kkorelacja), skumulowana zawartos¢ wegla
zmineralizowanego i aktywno$¢ dehydrogenaz (dodatnia korelacja). W glebach sukcesji
zawartos¢ wegla organicznego ksztaltowaly: aktywnos¢ dehydrogenaz, iloraz
mikrobiologiczny, zawarto$¢ wegla rozpuszczalnego (ujemna korelacja), zawarto$é
wegla biomasy mikroorganizméw i aktywno$¢ inwertaz (dodatnia korelacja). W glebach
starodrzewOw na zawarto$¢ wegla organicznego wptyw miaty: iloraz mineralizacji, iloraz

mikrobiologiczny, zawartos¢ wegla rozpuszczalnego, aktywno$¢ inwertaz, iloraz
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metaboliczny  (ujemna  korelacja) oraz zawartos¢ skumulowanego wegla
zmineralizowanego 1 aktywnos$¢ dehydrogenaz (dodatnia korelacja).

11) W warstwie 10-20 cm zawarto$¢ wegla organicznego w glebach poétnaturalnych tak
i sukcesji ksztaltowana byla przez: iloraz mineralizacji, iloraz mikrobiologiczny,
zawarto$¢ wegla rozpuszczalnego (ujemna korelacja) oraz zawarto$¢ wegla biomasy
mikroorganizméw, aktywno$¢ inwertaz i iloraz metaboliczny (dodatnia korelacja).
W glebach starodrzewow wplyw na zawarto$¢ wegla organicznego miaty: iloraz
mikroorganizméw, zawarto$¢ wegla rozpuszczalnego, iloraz metaboliczny (ujemna
korelacja) oraz iloraz mineralizacji i zawartos¢ wegla biomasy mikroorganizmow
(dodatnia korelacja).
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ARTICLE INFO ABSTRACT

Keywords: Long-term human agricultural activity in the Carpathian region created meaningful landscape transformations;
Land-use change for example, valuable and high-biodiversity, semi-natural areas were formed. Subsequently, socioeconomic
Succession

changes after World War II started a trend of decreasing agricultural activity and pasturing, as well as the
abandonment of higher-altitude and more-difficult-to-access meadows. As a result, in many cases, landscape
transformation, such as secondary forest succession, began to occur. This study examined the influence of
natural forest succession by comparing a semi-natural meadow to a 25-year-old forest succession area and an
old-growth forested area, taking into account selected soil physical, chemical and biological properties. The
study sought to answer the following questions: where are the greater carbon stocks found — in meadows, forest
successions or old-growth forests?; does soil microbial activity change during succession?; and does succession
cause changes in soil physical properties? The research area was located in Pieniny National Park in southern
Poland. No significant differences in the amount of carbon stock or the microbial activity (i.e. microbial biomass
carbon content and dehydrogenase activity) were found among the meadow, succession and old-growth forest
soil samples. However, the old-growth forest soils showed a much higher invertase activity than the succession
and meadow soils. Nevertheless, when we took into consideration variables associated with the microbial
properties, and placed these into an ordination space, more visible differences among the meadow, succession
and forest samples became apparent. Thus, any discussion of land use in mountainous areas should take multiple
aspects into account.

Organic carbon stock
Mountain soils
Western Beskids

1. Introduction

Natural forest succession is an overgrowing process that helps to
increase the extent of forested areas. Globally, an increase in forested
areas is viewed favourably, with current international policy agendas
supporting increasing forest areas in the context of carbon sequestra-
tion. However, at the same time, this could contribute to a decrease in
biodiversity and the disappearance of unique landscapes, especially on
a local scale (Szwagrzyk, 2004; Wolski, 2009). Semi-natural meadows
are an integral part of mountain landscapes (Tokarczyk, 2017), such as
those found in Pieniny National Park (PNP). PNP includes a large
number of unforested areas that occupy 22% of the park
(Kazmierczakowa et al., 2004). Socioeconomic changes after World
War II caused a trend of decreasing agriculture and pasturing
(MacDonald et al., 2000), as well as the abandonment of higher-altitude
and more-difficult-to-access meadows (Bodziarczyk et al., 1996). As a
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result, in many cases, secondary forest succession began to occur
(Bodziarczyk et al., 1999; Cammeraat, 2005), which can alter soil
characteristics, such as microbiological properties or organic carbon
stocks. The effects of increasing succession vegetation have recently
been receiving greater scientific attention, but the information is scat-
tershot. It is thus important to examine the impact of forest succession
with respect to ecosystems and soil carbon storage.

Soil organic carbon (SOC) is the largest terrestrial organic carbon
pool (Doetterl et al., 2016), with soils globally containing 699 Pg C in
the 0-30 cm layer (FAO, 2009). Recent research (Doetterl et al., 2016)
has suggested that a variety of environmental factors more readily
impact SOC stability than intrinsic molecular structure. The crucial role
of soil in the global carbon cycle and turnover is being increasingly
acknowledged, especially in the context of land use and climate change
(Amundson et al., 2015). The impact of different agricultural land uses
and practices on soil organic matter (SOM) changes have been
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thoroughly reviewed by Guo and Gifford (2002) and Murty et al.
(2002). However, there has been a lack of research covering all major
land-use types (Poeplau and Don, 2013), and also the effects of natural
forest succession on SOC are still largely unknown. The afforestation of
arable lands could restrict degradation processes and increase organic
carbon sequestration in soils (Silver et al., 2000). Nadal-Romero et al.
(2016) suggested that the rate of accumulation of SOC in soils under
secondary succession after cropland abandonment is really slow.
Grassland and forest soils vary in terms of their root architecture and
density, which influence the mechanism of carbon sequestration (Six
et al., 2000). Nevertheless, several studies have shown that the affor-
estation of grassland can also lead to a reduction in the SOC stock
(Davis and Condron, 2002). Jobbagy and Jackson (2000) and Martin
et al. (2016) found significant differences in SOC content among the soil
profiles of various vegetation types, including grasslands, shrublands
and forests, and croplands, grasslands and forests, respectively. How-
ever, so far, there has been no clear identification of the SOC accu-
mulation patterns between forests and grasslands (Martin et al., 2016;
Wiesmeier et al., 2012).

Soil biological properties could be sensitive indicators of soil
transformations (Yakovchenko et al., 1996). An important feature of
soil biological properties is microbial activity. According to Sicardi
et al. (2004), microbial properties, such as microbial biomass, soil re-
spiration and enzyme activity, are useful tools for assessing changes in
biological soil quality resulting from the conversion of pasture to
planted forest, as well as for determining changes in soil properties
during natural forest succession (Zaleski et al., 2018). Moreover, many
studies have suggested that enzyme activities are sensitive and reliable
indicators of the biogeochemical changes in soil (Nannipieri et al.,
2003; Sicardi et al., 2004) and of soil quality (Mganga et al., 2016). The
measurement of general enzymatic activities, such as those of en-
docellular (e.g. dehydrogenases) and specific exocellular enzymes, in-
volved in nutrient transformations provides useful indications of mi-
crobial activity (Nsabimana et al., 2004). The response of soil enzyme
activities to management practices is well known (Acosta-Martinez
et al., 2008; Nannipieri et al., 2003), and comparisons of microbial
activity in arable land and grasslands in mountain areas abound
(Jozefowska and Miechéwka, 2015). Conversely, there have only been
a few studies on the influence of land-use changes—for example, the
afforestation of farmlands (Ren et al., 2016) and the replacement of
meadows with pine plantations (Mijangos et al., 2014)—on soil mi-
crobial activity, or on comparisons of enzyme activity among different
covered lands, such as virgin and degraded natural forests and tree
plantations (Moghimian et al., 2017).

The most common indicators of soil quality are the soil microbial
properties, such as enzyme activity and microbial biomass carbon
(MBC) content, and the soil chemical properties, such as organic carbon
content and organic carbon stock, with soil physical properties, such as
soil bulk density (BD), porosity, aggregate stability, aeration infiltra-
tion, and water retention capacity, being the most widely used physical
indicators (Pagliai and Vignozzi, 2002; Schoenholtz et al., 2000). Ac-
cording to Schoenholtz et al. (2000), forest soil attributes help to pro-
mote plant root growth and biological activity, and facilitate the soil in
accepting, holding and releasing carbon. Land-use changes can con-
tribute to alterations in soil bulk density. Van Hall et al. (2017) de-
monstrated that decreased soil bulk density existed among areas of
secondary vegetation succession. Moreover, soil physical properties,
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such as soil porosity, bulk density, and soil moisture, influence micro-
biological activity. Several studies (e.g. Giusquiani et al., 1995; Pagliai
and De Nobili, 1993) have also explored the interrelationship between
pore size and enzyme activity.

The present study investigated the changes in soil properties ex-
hibited in areas that had experienced a natural forest succession process
in the Pieniny Mountains (Carpathians, Poland). The goals of this paper
were to: (1) observe the changes in soil microbial activity (microbial
biomass carbon and enzyme activity) during the succession process; (2)
examine the changes in soil physical properties, such as total porosity
(TP) and soil bulk density (BD), during the natural forest succession
process; and (3) calculate the organic carbon stocks of the meadow,
succession and old-growth forest land-use variants.

2. Materials and methods

The research area for this study was located in Pieniny National
Park (PNP) in the Carpathian Mountains in southern Poland. PNP is one
of the smallest Polish national parks, but it comprises significantly
varied habitats and a richness of floral and faunal species (Witkowski,
2003). The Pieniny Mountains possess features typical of low moun-
tains (Jaworski and Jakubowska, 2011). The total annual precipitation
ranges from 690 mm to 850 mm and the mean annual temperature
ranges from —6.7 °C in January to 17 °C in July (Perzanowska, 2004).
PNP contains a wide variety of soil types, likely related to differentia-
tion in the bedrock, land relief, hydrological conditions, and morpho-
genic and pedogenic processes (Niemyska-Lukaszuk et al., 2002). The
most common soil type in the PNP forest monitoring areas is eutric
cambisol (Wanic et al., 2017; Zaleski et al., 2018, 2016). Three trans-
ects, each consisting of areas of semi-natural meadow, succession cov-
ered by 25- or 30-year-old forest, and old-growth forest (trees aged
150-200 years old), were selected. All of the tree stands belonged to, or
(in the case of the succession stage) probably will belong to, a Dentario
glandulosae—Fagetum (Carpathian beech forest) vegetation complex.
Carpathian beech forest is the most common forest habitat in PNP
(Wanic et al., 2017).

Soil samples were taken in the autumn of 2017. According to the
World Reference Base (WRB, 2015), almost all the examined soils were
classifiable under the term ‘cambisol’, with the exception of one that
was a cambic leptosol (Table 1). In each area, five soil subsamples from
depths of 0-10 cm and 10-20 cm were collected. These samples were
investigated to determine their soil microbial, physical and chemical
properties. Measurements of MBC content, according to Voroney et al.
(2007), enzyme activity, such as dehydrogenase activity (DHA), ac-
cording to Casida et al. (1964), invertase activity (Al), according to
Frankenberger and Johanson (1983), and dissolved organic carbon
(DOC) content, according to Jones and Willett (2006) were made on
fresh soil samples that had been passed through a 2-mm-mesh sieve.
Using dry soil passed through a 2-mm-mesh sieve, the soil texture was
examined using the Casagrande-Proszyriski aerometer method (PN-R-
04032, 1998), while the pH was determined using a potentiometric
method in 1 M of potassium chloride solution and the total organic
carbon (TOC) content was estimated using the Tiurin method (Lityniski
et al., 1976). The sorption properties, such as base saturation (BS), was
calculated, according to the following equation:

BS = (S/(S+Ex. A.)) X 100(%)

Table 1
Soil units at the area of the transects according to WRB classification (WRB, 2015).
Transect Meadow Succession Forest
1 Endoskeletic Eutric Cambisols Endoskeletic Eutric Cambisols Skeletic Eutric Cambisols
2 Endoskeletic Eutric Cambisols Eutric Cambic Leptosols Endoskeletic Eutric Cambisols
3 Eutric Cambisols Endoeutric Cambisols Endoeutric Cambisols
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where S is the sum of the exchangeable basic cations (Ca®*, Mg?™, K™,
Na™) extracted using 1 M of CH;COONH,4 and measured by ICP-OES
(Optima 7300 DV), while Ex.A. is the exchangeable acidity, measured
by extraction using 1 M of potassium chloride (Kabata and Karczewska,
2017).

In addition, four repetitions of undisturbed soil samples were col-
lected in Kopecky cylinders (100 cm® volume) from each area of the
three examined transects and both mineral soil layers (0-10 cm and
10-20 cm). The soil samples were taken from the two mineral soil
layers after removing the litter. These samples were used to determine
the soil bulk density (BD); soil total porosity (TP); and the volume of
macro-, mezo-, and micropores based on the curves given by the soil
water retention capacity derived using a porous plate in a pressure
chamber (Eijkelkamp’s apparatus), according to Richard’s method
(Blake and Hartge, 1986).

Finally, the SOC stock was calculated, according to the following
equation:

SOC = TOC x BD x d

where the SOC represents the soil organic carbon stock in Mg-ha™?, the
TOC is the soil organic carbon content in %, the BD is the bulk density
in (g-cm_3) and d is the sampling depth (cm). In the investigated soil
layers, the coarse fragment portion was below 5% in all the studied
micropedons, and so was not taken into consideration in the above
equation.

3. Statistical analyses

The statistical analyses were performed using Statistica 12.0 soft-
ware. Means and standard deviations were calculated for the different
land-use variants (meadow, succession, forest) for both the 0-10 cm
and 10-20 cm layers. Tukey’s post-hoc test was used to test for sig-
nificant differences in the soil properties among the different land-use
variants. Additionally, a Pearson correlation analysis was performed for
selected soil properties in the entire 0-20 cm soil layer. All correlation
coefficients significant at p < 0.05 are shown herein. Also, the loca-
tions of the examined sites (meadow, succession, forest) in the ordi-
nation space were considered using redundancy analysis (RDA), taking
the variables associated with microbial properties into consideration.
The ordination was calculated using the Canoco 5 programme (Braak
and Smilauer, 2012).

4. Results

As shown in Table 2, the investigated soils were relatively homo-
genous. The pH values of the respective top layers of the soils trended
towards strongly acidic. Except for TOC, there were no significant dif-
ferences in the examined chemical soil properties among the different
land-use variants or between the two depths. In the 0-10 cm layer, the
forest and succession soils had the highest TOC content (3.3%) com-
pared to the meadow soils (2.8%). Conversely, in the 10-20 cm layer,
the average TOC values were 1.5%, 1.4% and 1.6% in the meadow,
succession and forest soils, respectively. The mean TOC values in the
forest and succession soils in the 0-10 cm layer were significantly lower

Table 2
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than in the 10-20 cm layer. The TOC content of the soils was positively
correlated with microbial activity (MBC and AlI), TP and SOC, and ne-
gatively correlated with BD (Table 5). Moreover, the differences be-
tween the SOC values in the entire 0-20 cm meadow, succession and
forest layers were similarly not significant. It was noted that the suc-
cession and forest SOC values were similar and slightly higher than the
meadow SOC values. Additionally, in both the succession and forest
soils, the SOC was greater in the 0-10 cm layer than in the 10-20 cm
layer (Table 3).

The enzymatic activity and MBC content varied among the soils,
although there were no significant differences in DHA or MBC in the
land-use variants and layers (Table 3). The mean DHA of the 0-10 cm
succession soil was not quite as high as those from the meadow or forest
soils. However, in the 10-20 cm layer, the mean DHA slightly increased
during the natural forest succession process, with meadow soils having
lower DHA and forest soils having the highest. The soil DHA values
were positively correlated with DOC (Table 5). The MBC content also
did not significantly vary among the investigated land-use variants.
However, in both layers, the meadow soil samples showed slightly
higher mean MBC values than those of the succession and forest soil
samples. In the top layer (0-10 cm), a slight decrease in mean Al values
was observed, from meadow to forest. The mean Al values of the lower-
layer soil (10-20 cm) also varied among the three land-use variants, but
the differences were not significant. The AI was positively correlated
with TOC, DOC and TP, and negatively correlated with BD.

The soils had similar soil texture ranging from silty clay to silty loam
(Table 4). Significant differences were observed only in the case of clay
content. The meadow soil of the 10-20 cm layer had the highest clay
content by far, while the succession soil of the 0-10 cm layer had the
lowest clay content. The TP of the soils was higher in the 0-10 cm layer
than in the 10-20 cm layer, but no significant differences were ob-
served (Table 4). The 0-10 cm meadow soil was characterised by
slightly higher TP than the succession and forest soils. In the 10-20 cm
meadow and succession soils, the TP was not quite as high as in the
forest soil. The volumes of micropores and mezopores in the soils were
similar. However, the volume of macropores was higher in the forest
soil than in the meadow and succession soils, especially in the 10-20 cm
layer, where significant differences were observed. The TP of the soils
positively correlated with pH KCl, TOC, Al and the sorption properties
(i.e. cation exchange capacity (CEC) and S), whilst being negatively
correlated with BD (Table 5).

Fig. 1 shows the relation between microbial activity (DHA, AL, MBC)
and the measured soil parameters (BD, DOC, TOC, SOC, mesopores,
micropores), as selected using the Monte Carlo test (p < 0.05). These
results revealed the positioning of the different land-use variants in the
ordination space (Fig. 1). The RDA analysis indicated that these char-
acteristics in the 0-10 cm layer overlapped among the land-use var-
iants, but at 10-20 cm, differences between the meadow, succession
and forest samples became more obvious. Fig. 1 also suggests a corre-
lation among the soil properties. DHA positively correlated with
available food, as expressed by DOC and mesopores, and negatively
correlated with micropores. Al strongly positively correlated with me-
sopores, DOC and TOC, although AI negatively correlated with BD.
However, MBC strongly positively correlated with TOC and SOC,

Mean and standard deviation values and post-host Tuckey test results for soil properties (TOC: total organic carbon, DOC: dissolved organic carbon, Ex.A.: ex-
changeable acidity, S: sum of basic cations, CEC: cation exchange capacity, BS: base saturation).

Depth [cm] Land use pH KCl TOC [%] DOC [mgkg '] Ex.A. [mmolkg '] S [mmolkg '] CEC [mmolkg '] BS %

0-10 Meadow 42 + 04°? 2.8 * 0.5% 204.4 + 121.5* 108.1 + 31.9% 156.6 + 45.3% 264.7 + 50.8% 58.8 + 10.2°
Sucession 42 + 08° 3.3 + 0.4° 143.3 + 30.5% 110.6 + 73.4° 134.7 + 59.0° 245.3 + 35.87 56.0 * 24.5%
Forest 44 * 09° 3.3 + 0.8° 201.3 * 71.5% 105.6 + 55.3° 228.0 * 120.5% 333.6 = 75.8% 65.8 = 20.17

10-20 Meadow 40 £ 02° 1.5 + 0.3% 111.4 + 29.0° 84.4 + 36.6" 133.8 + 21.1° 218.1 + 57.7% 62.5 + 6.9%
Sucession 41 £ 05° 1.4 + 0.2° 1259 + 42.1° 110.0 + 57.5% 122.0 + 39.9% 232.0 = 20.7% 53.7 + 21.2%
Forest 45 * 1.0° 1.6 = 0.8° 152.6 + 48.0° 89.4 * 71.6° 226.3 + 124.0% 315.7 = 78.9% 69.7 * 24.5%
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Table 3
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Mean and standard deviation values and post-host Tuckey test results for microbial biomass carbon (MBC) content, dehydrogenase activity (DHA), invertase activity

(AI), and soil organic carbon stock (SOC).

Depth [cm] Land use MBC [mg>kg’1] DHA [ug TPF-g"soil-l h™11 Al [mg CgH;206 kg1 h™1] SOC [Mg~ha’1]

0-10 Meadow 174.6 + 107.6* 25.7 + 13.9% 54.3 + 39.3% 27.7 + 7.8%¢
Sucession 130.3 + 36.4° 139 + 12.4° 66.8 * 52.9% 36.0 + 5.0°
Forest 1357 * 21.2° 26.7 * 12.2° 161.3 * 40.8° 33.6 + 5.3

10-20 Meadow 115.8 + 75.0? 16.6 + 11.37 141 + 18.9° 18.7 + 3.6%°
Sucession 45.6 + 24.3% 21.4 + 31.6* 9.4 + 16.2% 17.1 = 1.7°
Forest 59.9 + 31.5% 259 + 20.2% 68.3 + 23.8% 171 = 7.1°

positively correlated with micropores and negatively correlated with
BD.

5. Discussion

The natural forest succession process in PNP is contributing to de-
creased biodiversity and the disappearance of unique landscapes. On
the other hand, natural forest succession is an important issue in the
context of carbon sequestration. As explained below, the natural forest
succession process slightly influences soil parameters (e.g. carbon ac-
cumulation, microbial activity and physical properties).

5.1. Total organic carbon content

In the case of converting agricultural land to forest, the input of
organic matter is significant (Kondras et al., 2012). There is no agree-
ment in the literature in relation to the effects of forest succession or
afforestation on total organic carbon content. Vesterdal et al. (2002)
suggested that after afforestation, in the relatively short term, carbon is
accumulated mainly in the biomass, whilst in the longer term, the soil
becomes responsible for storing carbon. However, according to Flinn
and Marks (2007), post-agricultural forest may not fully recover to
achieve the same soil parameters as primary forest, especially in terms
of soil organic matter, and undergrowth diversity may not return to its
original status. Bhardwaj et al. (2019) indicated a gradual improvement
in soil properties as succession progresses, especially an increase in the
levels of organic carbon and nitrogen, in the mid-Himalayan region of
India. However, the findings of the present study do not support those
of Bhardwaj et al. (2019), with the (more than 100-year-old) forest and
(25-year-old forest) succession samples from PNP having similar mean
TOC values in the 0-10 cm layer. In general, an increasing TOC content
results from a slow increase in the input of organic matter (Cammeraat,
2005). The meadow soils herein had slightly lower TOC values than the
succession and forest soils. Such a difference could be caused by tree
cover, which might lead to increased above- and belowground vege-
tation input and, as a consequence, organic carbon accumulation (Nair
et al., 2009). Additionally, it is well known that trees promote changes
in soil total porosity and contribute to organic carbon accumulation, as
confirmed by a positive correlation (r = 0.643, p < 0.05) between
TOC and TP in the examined soils.

5.2. Soil organic carbon stock

According to Nadal-Romero et al. (2016), SOC accumulation in soils
under secondary forest succession after cropland abandonment in
mountain areas is a relatively slow process due to the slow increase in
organic matter input. In the 0-10 cm layer of the succession and forest
soils, however, there were slightly higher SOC values than in the
meadow soil. Poeplau and Don (2013) found an insignificant decline in
mean SOC in the mineral soil following the conversion of grasslands
back to forests. Despite this, global patterns of soil carbon stock changes
due to land-use conversions have shown a significant increase in SOC
with the conversion of grasslands to forests (Deng et al., 2016). Like-
wise, in this study, slight differences in SOC values in the 0-10 cm
layer, especially between meadow and succession soils, were observed.
Moreover, many studies (e.g. DeGryze et al., 2004; Post and Kwon,
2000) have confirmed a significant effect of land-use change on the
global carbon cycle through changing soil carbon accumulation and
turnover. Forest soils and forest biomes may retain about 0.4 Pg C and
1-3 Pg C per year, respectively; thus, carbon storage in forests should be
of significant interest (Lal, 2005).

Carbon accumulation in soil correlates with depth, it being well
known that topsoil contains greater concentrations of soil carbon than
the subsoil (Poeplau and Don, 2013), which is supported by our results.
The respective higher and similar SOC values in the 0-10 cm layer in
the succession and forest soil samples could be associated with litter
decomposition and ecosystem stabilisation. The accumulation of carbon
in soil occurs faster in the early stages of the succession process because
of the rapid increase in litter production and input in young forests
(Xuluc-Tolosa et al., 2003). Moreover, forests and meadows are stable
ecosystems, shaped over hundreds of years; in contrast, succession is a
dynamically changing ecosystem (Zaleski et al., 2018). Thus, ecosystem
carbon storage has certain limits and, as a result, the soil carbon eco-
system stabilises due to limitations on tree growth and carbon satura-
tion in the soil (Six et al., 2002). In agreement with Fontaine et al.
(2007), the greater SOC accumulation in the 0-10 cm soil layer is likely
influenced by fresh carbon input (positive correlation with TOC), as
well as ongoing microbial activity (positive correlation with MBC).
Additionally, a higher root input rate, created by increasing plant di-
versity, would impact the metabolic activity of soil microbes, pro-
moting an increase in soil carbon storage (Lange et al., 2014). Poeplau
and Don (2013) suggested that the SOC of forest soils is more labile
than that of grassland soils. Nevertheless, the meadow soils from PNP

Table 4
Means and standard deviation values and post-host Tuckey test results for soil bulk density (BD); total porosity (TP); micro-, mezo-, and macropore volumes; and soil
texture.
Depth [cm] Land use BD [g:em 2] TP [% v/V] Micropores [% v/v] Mezopores [% v/v] Macropores [% v/v] Sand [%] Silt [%] Clay [%]
0-10 Meadow 1.0 = 0.2° 58.8 + 9.7% 259 + 8.1? 28.0 + 13.2° 49 + 50 22 + 9 56 + 14* 22 + 6%
Sucession 1.1 = 0.1? 54.0 + 1.6" 249 + 51° 23.4 + 557 56 = 2.7% 29 + 3° 58 + 17 13 + 3
Forest 1.0 = 0.1? 57.7 + 2.7¢ 25.3 + 6.5% 19.9 + 6.4° 12.4 = 1.7%® 19 + 6° 59 + 15% 22 + 9%
10-20 Meadow 1.3 = 0.1* 47.8 = 2.0° 31.3 + 3.9* 10.3 = 8.3* 6.2 + 2.8° 15 + 22 52 + 7° 33 + 6°
Sucession 1.2 = 0.1° 49.3 + 2.4* 24.3 + 54* 15.2 = 4.8* 9.9 + 4.2% 24 + 5° 58 + 37 18 + 6%
Forest 1.1 = 0.1? 53.8 + 4.2% 243 + 7.4% 13.8 = 7.5% 15.7 + 1.6° 28 + 77 54 + 7° 19 + g

55:5369675658
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Table 5
Pearson correlation analyse results for selected examined soil properties (0-20 cm). All correlation coefficients significant at p < 0.05 are shown.
BD TOC pH KCl1 Ex.A. CEC TP MBC DOC DHA Al BS S clay SOC
BD - —0.661 —0.482 n.s —0.554 —0.987 n.s n.s n.s —0.562 n.s —0.523 n.s n.s
TOC —0.661 - n.s n.s n.s 0.643 0.617 n.s n.s 0.521 n.s n.s n.s 0.946
pH KCl1 —0.482 n.s - —0.762 0.514 0.473 n.s n.s n.s n.s 0.872 0.880 n.s n.s
Ex.A n.s n.s —0.762 - n.s n.s n.s n.s n.s n.s —0.938 —0.587 n.s n.s
CEC —0.554 n.s 0.514 n.s - 0.531 n.s n.s n.s n.s n.s 0.794 n.s n.s
TP —0.987 0.643 0.473 n.s 0.531 - n.s n.s n.s 0.563 n.s 0.504 n.s n.s
MBC n.s 0.617 n.s n.s n.s n.s - n.s n.s n.s n.s n.s n.s 0.580
DOC n.s n.s n.s n.s n.s n.s n.s - 0.490 0.516 n.s n.s n.s n.s
DHA n.s n.s n.s n.s n.s n.s n.s 0.490 - n.s n.s n.s n.s n.s
Al —0.562 0.521 n.s n.s n.s 0.563 n.s 0.516 n.s - n.s n.s n.s n.s
BS n.s n.s 0.872 —0.938 n.s n.s n.s n.s n.s n.s - 0.803 n.s n.s
S —0.523 n.s 0.880 —0.587 0.794 0.504 n.s n.s n.s n.s 0.803 - n.s n.s
clay n.s n.s n.s n.s n.s n.s n.s n.s n.s n.s n.s n.s - n.s
SOC n.s 0.946 n.s n.s n.s n.s 0.580 n.s n.s n.s n.s n.s n.s -
n.s. not significant.
= activity is enhanced by denser vegetation, which reduces evaporation
from the topsoil (Lange et al., 2014). In other research, Jangid et al.
(2011) suggested that management history, such as long-term cultiva-
tion, is a more important determinant of the current microbial com-
munity than plant vegetation and soil properties. Also, Laganiere et al.
(2010) noted the importance of previous land use, selected tree species
\ S_10-20 °° and soil texture on carbon storage in afforested, former agricultural
\ / land. Likewise Jiang-Shan et al. (2005) found a positive correlation
- M between MBC and the soil clay fraction, although Miechowka et al.
P~ mezypored\o—— (2019) showed a rTege.lt.ive correlatio.n with silty 10311.1 or silty clay soils.
< Al M. 10-20 In this study, no significant correlations between soil texture and MBC
o were observed. Instead, the SOC stock of the examined soils strongly
correlated with MBC (r = 0.580, p > 0.05) content, which can be
F explained by soil microorganisms—the active components of the soil
organic pool that are responsible for organic matter decomposition
(Gregorich et al., 2000). The findings of this study are in agreement
/ S.0-10 micropores with those of several other works (e.g. Ekelund et al., 2001; Taylor
MBC et al., 2002) that have reported a decrease in MBC content with in-
TOC soc creasing soil depth, linked to decreased SOM content. Several studies
= (e.g. Gémez-Sagasti et al., 2012; Nsabimana et al., 2004) have high-
i lighted that enzyme activity is associated with soil microbial commu-
10 RDA 56.7% 10 nities, which play an essential role in many soil processes. Praveen-
Kumar and Tarafdar (2003) suggested that DHA is an indicator of mi-
Simple Term Effects: Meadow _ Succession _ Forest croorganism—especially bacterial and acinomycete—activity in the
Name Explains % pseudo-F P 0-10 cm = soil. However, this study suggests no statistically significant correlation
BD 264 57 0.02 . m between MBC and the activity of the examined enzymes (i.e. DHA and
bocC 25.9 56 0.02 Al). Additionally, the DHA of the examined soils did not significantly
TOC 25.1 5.4 0.02 vary amongst the investigated land-use variants, while in the 10-20 cm
mezopores  20.6 4.1 0.04 layer, an increase in DHA during the natural forest succession process
micropores 20.2 4.1 0.04 was noticeable. Several studies have shown slightly or significantly
SOC 18.0 35 0.05 higher DHA values in native forest soil than in secondary forest and

Fig. 1. RDA showing the main trends in the dataset and indicating the ap-
proximate direction of soil variable effects on soil microbiological properties
(p < 0.05, Monte Carlo permutation, simple term effect) in both the 0- to 10-
cm and 10- to 20-cm examined soil layers.

exhibited an equitable distribution of SOC in both the examined soil
layers (0-10 cm and 10-20 cm) when compared with the succession
and forest soils.

5.3. Microbiological activity

The slightly higher MBC content in the PNP meadow soils as op-
posed to the succession and forest soils could be associated with the
presence of grassy and dense land-cover at the meadow sites, which
would accord with Lange et al. (2014), who showed that soil microbial
communities are strongly linked to plant diversity. Soil microbial

56:9254157051

reforestation soils (Bini et al., 2013), or 20-year-old regenerated forest
in lower-slope mountain areas (Gamboa and Galicia, 2011), respec-
tively. In fact, a slight increase in TOC in the 10-20 cm layer of the
examined soils might support an increase in DHA during the natural
forest succession process in PNP. The RDA analysis confirmed a sig-
nificant correlation between TOC and DHA, which is in agreement with
previous research (Skowron et al., 2010). Moreover, the DHA and Al of
the investigated soils positively correlated (r = 0.490, r = 0.516,
p > 0.05) with the available food, measured as DOC. DOC is a really
important labile fraction of organic soil carbon because it plays a cru-
cial role as an energy substrate for soil microorganisms (Marschner and
Bredow, 2002). DOC in the soil comes from plant remains, root secre-
tions, organic matter and microbial biomass (Kalbitz et al., 2000).
Kobus et al. (1987) additionally suggested that the main source of in-
vertase is, in fact, plant residues in the soil.

The Al of the investigated forest soils was significantly higher than
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in the succession and meadow soils; this may be linked to the nature of
the surface cover. Moreover, surface cover and the presence of roots
increase the soil porosity and, in this study, we observed a positive
correlation TP and Al According to Speir and Ross (2002), plant ma-
terials would noticeably contribute to a rapid increase in Al. Moreover,
soil invertase plays a very significant role in the hydrolysis of sucrose to
glucose and fructose, which are important sources of energy for soil
organisms (Gu et al., 2009); however, this study did not find any re-
lationships between AI and MBC. Finally, several studies have sug-
gested a positive correlation between Al and organic matter content
(Ciarkowska and Solek-Podwika, 2012; Jézefowska and Miechéwka,
2015), which is in line with our results.

5.4. Physical soil properties

The SOC stock, soil organic carbon (TOC and DOC) and microbial
activity in the investigated soils were associated with certain physical
soil properties, such as soil TP and BD. The different land-use soils
showed similar soil porosity, while the volume of macropores was
higher in the forest soil than in the succession and meadow soils. The
volume of macropores in the forest soils may have been affected by tree
roots. Yu et al. (2018) noted a positive, significant and linear correla-
tion between root density and soil porosity. The soil porosity of the
examined soils likely had a significant influence on the soil microbial
activity. Pore shape and size distributions relate to chemical, biogeo-
chemical and biological properties, such as enzyme activity (Pagliai and
Vignozzi, 2002). In this study, enzyme activity and MBC content posi-
tively correlated with the volume of mesopores, which consist of both
soil water and soil air. Moreover, the volume of the micropores (mi-
cropores being the places only the microbiota can access water) posi-
tively correlated with MBC. The content and availability of soil water
influence the abundance and diversity of microorganisms in the soil;
Natywa et al. (2014) noted that, with increased soil moisture, the mi-
crobial biomass also increases. However, at the extremes of soil
moisture, the microorganismal biomass could also decrease (Saxena,
2016).

The occurrence of microorganisms in soil is also linked with soil
bulk density. According to Natywa et al. (2014), a decreased soil bulk
density facilitates greater microorganism penetration of the soil en-
vironment. However, we found no significant differences in the BD
values among the studied soils, whilst Zhang et al. (2016) noted de-
creased soil bulk density in the secondary forest succession of aban-
doned farmland, associated with an increase in the abundance of soil
bacterial communities, which was also not confirmed by our study.

5.5. Limitations of the experimental approach and dataset

Since the end of the 20th century, the land-use changes in PNP have
been the subject of several studies, most of them focused on floristic
changes. For example, Bodziarczyk et al. (1992) examined the floristic
composition and structure of vegetation in areas occupied by natural
forest succession. There has been a lack of research directed towards
changes in the soil, which is a very important part of the environment.
In this context, there needs to be a focus on studying the chemical,
physical and microbiological properties of soils to provide information
on the changes that occur in the soil during the natural forest succession
process. To date, the literature on land-use change has focused heavily
on the investigation of selected soil properties, such as organic carbon
storage (DeGryze et al., 2004), microbial parameters (Mganga et al.,
2016), enzyme activity (Mijangos et al., 2014) and carbon and nitrogen
pools (Ross et al., 2002), unlike this study. Recently, research on land-
use change has begun to incorporate different land-use variants, such as
agricultural lands, forestlands and grasslands (J6zefowska et al., 2016;
Martin et al., 2016), or different succession phases (Bhardwaj et al.,
2019). This study involved only part of the Polish Carpathians (the
PNP), which could be viewed as a limitation of the dataset, although the
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examined stages (meadow, succession, old-growth forest) are common
land-use variants across the Carpathians. Similarly to our study,
Mganga et al. (2016) investigated the common land-use systems in East
Africa based on soil samples from the Mount Kilimanjaro region.

5.6. Wider landscape-scale implications

Natural forest succession is a process that is spreading through PNP
and also across the Carpathian region, primarily as a result of agri-
cultural and pastural land abandonment. As a result, changes in the
unique mountain landscape are occurring, associated with the dis-
appearance of valuable and high-biodiversity, semi-natural mountain
meadows (Tokarczyk, 2017). To date, succession has been the subject of
many studies in different parts of the Carpathians (e.g. Bodziarczyk
et al.,, 1992; Ciurzycki, 2005; Jozefowska et al., 2018; Tokarczyk,
2016); however, most of these have primarily focused on plant diversity
and species replacement. To address the lack of scientific knowledge on
changes in the soil environment that occur during natural forest suc-
cession, this study of soil physical, chemical and biological properties
was carried out. This kind of research, which took into consideration
soil as a whole, will contribute to a better understanding of the natural
succession process and be useful in the decision-making associated with
protected mountain-area management.

Natural forest succession has been the focus of global research,
especially in North and South America and Europe. Most of these stu-
dies have, however, examined tropical forest succession (e.g. Boukili
and Chazdon, 2017; Xuluc-Tolosa et al., 2003), whilst papers on the
succession process in Europe are less common (e.g. Nadal-Romero
et al., 2016). Similarly to our study, these papers have addressed the
impact of forest succession on soil properties, aimed at answering the
question of whether succession can lead to a recovery of soil properties.
Nadal-Romero et al. (2016) suggested that land cover has a significant
effect on physical and chemical soil properties in the Mediterranean
region. Moreover, they highlighted that there is no agreement in the
literature in relation to the effect of succession on soil properties,
especially in humid mountain areas. Thus, broad studies in different
parts of world are needed to contribute to the knowledge base, and the
combined results of these should be taken into account when designing
the management of future abandonment areas. Thus, our study is both
locally and globally important.

6. Conclusions

The natural forest succession process only slightly influences soil
properties. The SOC stock in the 0-20 cm layer of mountain soils cov-
ered by old-growth forest (50.7 + 10.0 Mg ha™') and 25-year-old
succession forest (53.1 * 4.8 Mg ha™?) is slightly higher than that in
soils covered by meadow (46.4 + 3.6 Mg ha~'). Moreover, the
meadow soils exhibited a smaller difference in organic carbon stock
between the 0-10 cm and 10-20 cm soil layers than measured in the
succession and old-growth forest soils.

The type of soil cover does not affect soil microbial activity never-
theless, soil porosity favouring the growth of microorganisms. Litter
accumulation and root input into old forest soil led to higher invertase
activity when compared to the succession and meadow soils. Natural
forest succession increases the soil porosity in the 10-20 cm layer,
especially affecting the volume of macropores. Soil changes caused by
natural forest succession are better captured when multiple soil prop-
erties (physical, chemical, biological) are taken into consideration.

Land-use change and the decrease in valuable and high-biodiversity,
semi-natural meadow areas in the Polish Carpathians constitute a broad
issue. Semi-natural meadows, which are an integral part of mountain
landscapes, require extensive attention and care to maintain their bio-
diversity. On the other hand, the conversion of meadows into forests
has an essential role in carbon sequestration over the long term. Future
studies should be interdisciplinary and cover a broader research area to
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include other areas of the Carpathians, in order to provide information
about the benefits to, and/or losses from, the environment during
landscape transformations. On the local scale, such studies may be
usefully employed in the decision-making associated with managing
protected areas (such as national parks).
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Abstract: As a result of socio-economic changes and
land abandonment, the main ecological driver of the
Carpathian landscape is the progression of the natural
forest succession process. Thus, aspects of this
process have become worthy of attention, especially in
the context of carbon sequestration and the
management of protected areas. Soil processes,
especially within the topsoil, are some of the most
susceptible to change, due to the accumulation of
organic matter during such land-use transformations.
The purposes of this study were to investigate the
differences in topsoil development using the A
Horizon Development Index (ADI) and to study the
composition of humic substances and advanced
organic matter humification in different land-use
areas in selected Carpathian national parks, i.e.
Bieszczady, Magura and Pieniny National Parks in
southern Poland. Additionally, a goal of this study was
to compare the ADI and the spectroscopic coefficients
of humic substances as indicators of the degree of
humus horizon shaping as well as advanced organic
matter humification. In total, ten transects were
selected, each consisting of three different land-use
areas: semi-natural meadow, successional forest and
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old-growth forest. Soil colour was determined in fresh
and air-dried samples using the Munsell colour chart.
In air-dried soil samples pH, soil texture, total organic
carbon and total nitrogen were measured. Humic
substances were extracted and further characterized
by UV-VIS spectroscopy. The ADI confirmed the
influence of natural forest succession on soil colour
darkening and the development of the uppermost soil
layer. Spectroscopic analyses of humic substances
showed two different patterns depending on soil
depth. In the 0—10 c¢m layer, natural forest succession
reduced the rate of the humification process and
decreased the degree of maturity of fulvic acids; in the
10—20 cm layer, it led to an increase in the rate of the
humification process and a decrease in the content of
humic and fulvic acids at the beginning of the
transformation. The comparison of two different
indicators of soil development — the ADI and the
spectroscopic coefficients of humic substances (Q./s,
Q-/4, Q2/3, A log K) — indicated that these indexes are
based on different features of soil and cannot be used
interchangeably.

Keywords: Land use changes; Natural forest
succession; Polish Carpathians; Landscape
transformation; Protected areas management; Humic
substances
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1 Introduction

Originally, the Carpathians were covered with
primary forests. Settlement in these virgin areas of the
mountains led to the formation of semi-natural
meadows in an initial transformation of the landscape.
In the Polish part of the Carpathians, this was related
to agriculture, especially the pasture practices of
Italian immigrants in the area in the 13t and 14%
centuries (Kubijowicz 1927). Later, sheep herding
developed in this area; initially, this activity only
involved grazing. The development of hay meadows
took place in the 18 century; however, a significant
rise of pasture activity in the Carpathians was noted
from the 19t century to the first half of the 20t
century (Hejcman et al. 2012). After World War 11
and the related socio-economical changes, the
abandonment of agricultural land initiated plant
succession processes and a reduction in the area of
the semi-natural meadows (Zarzycki and Korzeniak
2013), and encroachment of secondary forests to their
original territory began to change the unique
Carpathian landscape again.

Nowadays, the natural forest succession process
is an important ecological driver in the Carpathian
landscape as well as a major factor that causes the
disappearance of highly ecologically valuable semi-
natural meadows. Previous studies in the Pieniny
National Park have shown that forest succession
influences chemical, physical and microbiological soil
properties to a slight extent (Sokotowska et al. 2020).
However, a deeper look at morphological features
may be a simpler way to assess changes in the soil
environment without time-consuming laboratory
analyses. Soil colour is one of the most commonly
assessed features of soil morphology (Buol et al. 2003)
and may be an indicator of various other soil
properties, although so far, soil colour has been used
mostly as an indicator of soil organic carbon (SOC)
content in the literature (Konen et al. 2003; Wills et al.
2007).

In soil science, the Munsell colour chart (Oyama
and Takehara 1970) is commonly used to determine
soil colour. Significant relationships were observed
between SOC concentration of intensively farmed soils
and the Munsell value and the Munsell chroma
measured for moist and air-dried soils (Konen et al.
2003). As noted above, the relationship between soil
colour and soil organic matter (SOM) or SOC content is
well known; however, in some studies other factors
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that influence soil colour have been assessed. Novak et
al. (2018) have shown some positive correlations
between the colour index and soil texture, as well as a
negative relation between the colour index and calcium
content and also pH. Aitkenhead et al. (2013), using a
dataset derived from the National Soil Inventory of
Scotland database, determined the relationships
between soil colour and a range of physical and
chemical soil characteristics. Recently, a new approach
of using an inexpensive colour sensor was used to
develop SOC and total nitrogen predictions for Russian
Chernozems (Mikhailova et al. 2017).

Soil colour measurement has also been used in
the investigation of urban soils. Mazurek et al. (2016)
determined the stabilization of organic matter (OM)
by calculating the A Horizon Development Index
(ADI), based on the Munsell value and Munsell
chroma of the soil colour. Also, Wills et al. (2007)
predicted SOC content using soil colour measurement
and presented a simple linear regression of SOC with
soil depth, Munsell value and Munsell chroma. Thus,
so far soil colour has been widely used to assess
various soil properties, but mostly in agricultural or
urban ecosystems. Further studies are needed to
explore the differences in properties and associations
of soil colour for other land uses (Wills et al. 2007).
The present study focused on soils undergoing natural
environmental processes, i.e. natural forest
succession in protected areas such as nature preserves,
to contribute to a wider knowledge about using soil
colour as a valid descriptive feature in soil science.

It is well known that SOM is a crucial factor in
soils, determining soil properties as well as playing a
very important role in the development of the soil
ecosystem. Organic matter is one of the basic soil
pigments, colouring soils black (Vodyanitskii and
Savichev 2017). Viscarra Rossel et al. (2006) have
shown that the darkening of soils rich in organic
carbon is caused by saturated OM, the variation and
quantity of black humic acid, as well as soil moisture.
Regarding the OM, a very important role is played by
polymolecular and polydispersion compounds of
polyelectrolytes and spherocolides, called humic
substances (Gonet 1993; Hayes and Swift 2001;
Kononowa 1968).

Some papers have highlighted the role of humic
substances in soil colour. According to Lindbo et al.
(1998), the composition of humic substances is one of
the factors influencing the degree of soil darkening.
Vodyanitskii and Kirillova (2016) highlighted that the



pigmenting ability of humic acids is greater than that
of fulvic acids. Thus, changes in soil colour during
natural forest succession could be provoked by humic
substance composition as well as changes in humic
substance structure.

One broadly used method to assess changes in
humic substances caused by environmental factors is
absorption spectrophotometry in the UV-visible (UV-
VIS) range. This method allows qualitative analyses of
humic substances (Golebiowska 2004); moreover,
appropriate analysis of UV-VIS spectra may provide
very interesting information on the chemical structure
of humic substances (Kumada 1987; Stevenson 1994).
The Q4/6,Q2/4, Q2/3and A log K are the most common
coefficients calculated from the results of absorption
spectrophotometry in the UV-VIS range. The Qs is
considered as an indicator of humus quality and
humification degree (PospiSilovd et al. 2014).
According to Orlov (1983), higher Q,/s values show a
lower molecular weight and lower degree of
condensation of aromatic structures. The Qa4
coefficient reflects the proportion between lignins and
other materials at the beginning of humification as
well as the content of materials at the beginning of
transformation stage (Erraji et al. 2017). The Q3
indicates the degradation of humic substance
structures; higher Q.3 values reflect a higher degree of
degradation (Golebiowska 2004). Finally, the A log K
indicates the level of humic substance maturity
(Wnuk et al. 2020).

Humic substances, based on their solubility, are
divided into humic acids (HA), which are non-soluble
at low pH (<2); fulvic acids (FA), which are soluble at
acidic and alkaline conditions; and humins, which are
non-soluble in both acidic and alkaline conditions. To
better understand the nature of humic substances,
Mohinuzzaman et al. (2020) examined different
methods for humic substance extraction from soils
from varying land uses and provided useful
information about labile and insoluble humic
substance fractions. Moreover, Mohinuzzaman et al.
(2020) and Mostofa et al. (2019) studied the
fluorescence features of humic acids and fulvic acids,
which are very useful for a better understanding of
biochemical transformations and consequences in
diverse soil environments.

Humic substances have been considered as a
suitable soil fraction to provide information about
SOC levels in environmental studies (Jiménez-
Gonzélez et al. 2020). As stated by Sun et al. (2012),
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changes in land wuse can alter the chemical
composition of humic substances despite their
resistant nature to biological degradation. Kukuls et al.
(2019) examined the influence of land afforestation
on humic substances and saw a gradual decrease in
the ratio of carbon of humic acids and fulvic acids
(Cua:Cra) after land-use changes. Several studies
(Panettieri et al. 2014; Tadini et al. 2015) have
especially highlighted the role of humic acids as
including molecular components of plant and
microbial origin and showing their different
compositions soils. So far, humic
substances have been the object of study around the
world, e.g. in Europe in arable lands and grasslands
(Ukalska-Jaruga et al. 2019) and afforested
agricultural lands in the boreal-nemoral ecotone
(Kukuls et al. 2019); in Asia (Navarrete et al. 2010); as
well as in South America (Zalba et al. 2016). Zhiyanski
et al. (2017) examined the effects of management
intensity and different land uses on quantitative and
qualitative features of soil humic and highlighted the
importance of such research in mountain ecosystems.

However, changes in humic substance
composition during the natural forest succession
process are still unknown. Therefore, this study
investigated how the content and composition of
humic substances may be altered during natural
forest succession, extending the knowledge about soil
changes during land-use change, especially topsoil,
which is the most susceptible to changes due to the
short-term accumulation of various kinds of OM. In
meadows, for instance, topsoil incorporates easily
decomposed grass and herbaceous plants; in
successional forests, fresh litterfall from young trees;
and in old-growth forest — a climax stage — a constant
supply of fresh litter, and these should be mirrored as
changes in soils resulting from different land uses.

The purpose of this study was to test the
following hypotheses:

1) Natural forest succession influences topsoil
development, as expressed by ADI values.

2) The composition of humic substances varies
in soils from different land uses (semi-natural
meadow, successional forest, old-growth forest) and
soil layers (0—10 and 10—20 cm).

3) Advanced OM humification differs between
land uses and the examined soil layers (0—10 and 10—
20 cm).

4) The ADI and UV-VIS spectroscopic
coefficients are suitable and comparable indicators to

in various
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determine the degree of humus horizon shaping as
well as advanced OM humification.

2 Materials and Methods

The research was conducted in the Polish
Carpathians, southern Poland. The soil samples were
taken from three Carpathian national parks -
Bieszczady National Park (BANP), Magura National
Park (MNP) and Pieniny National Park (PNP) (Table
1). The precise characteristics of these sites with
particular attention to soil cover were presented in
previous studies: BANP (Skiba 1999), MNP (Skiba
and Drewnik 2000) and PNP (Niemyska-Eukaszuk et
al. 2002). In total, ten transects, each consisting of
three different land-use areas: 1) semi-natural
meadow, 2) successional forest covered by different
aged (25- to 75-year-old) trees and 3) old-growth
forest (aged more than 150 years), were selected.
Table 1 shows the precise GPS location as well as
elevation and slope of the investigated succession
areas, while the nearest meadows and forests adjacent
to the selected succession area were also assessed.
The transects were selected based on historical data
as well as historical maps, available present-day
satellite =~ maps  (https://geoportal36o.pl/) and
database (https://www.bdl.lasy.gov.pl) covering the
study area. The semi-natural meadows were created

in the 13% and 14t centuries as a result of tree cutting
and maintained by pasture and agriculture. They are
formed mostly by native species which have spread
across the landscape (Zarzycki and Korzeniak 2013).
The natural forest succession areas were created as a
result of encroachment of successional plants on
abandoned semi-natural meadows. They contain tree
species such as Acer pseudoplatanus L. (sycamore
maple), Betula pendula Roth (silver birch), Populus
tremuloides Michx. (aspen poplar), Picea abies L.
(Norway spruce), Alnus incana L. (grey alder), Pinus
sylvestris L. (Scots pine), Abies alba Mill. (silver fir)
and Fraxinus excelsior L. (common ash) dominated
by of Fagus sylvatica L. (common beech). The old-
growth forest stands belonged to one of the most
common forest habitats in the Carpathians - Dentario
glandulosae—Fagetum (Carpathian beech forest).
Example photographs of the semi-natural meadow,
natural successional forest and old-growth forest
plots are provided as Appendix 1.

After removing fresh leaf fall from the surface, soil
samples were collected using a metal 5 cm diameter
core (Appendix 2) from the 0—20 cm layer of soil. Then
the soil core was divided into two layers, 0—10 cm and
10—20 cm. The soil cores were collected from all ten
transects (Table 1) in five repetitions from each of
semi-natural meadow, successional forest and old-
growth forest area. Soil colour was determined in fresh
and air-dried samples using the Munsell colour chart

Table 1 Location of the three study areas, along with topographical (elevation, slope) and climatic conditions

(temperature, rainfall, climate classification)

GPS .
Location coordinates of gf\;gon (S(};) pe
the transects
1. 49°06'20" N
22°4348" E 1,124 20
Eastern Bieszczady 2 320 07.45”}:\1 930 12
Outern National 3 490%56%72.,1\1
Carpathians Park (BANP) 25°34'14" E 1,162 15
4.49°03'17"N
22°41'18"E 803 5
1. 49°27'46" N
000" 550 6
Western Magura 221 fzgg nEN
Outern National 21902 : 6§'E 673 10
Carpathians Park (MNP) 9,5 "
3.49°28'48" N
542 3
21°25'14" E
1.49°25'35" N 669 1
Western Pieniny - - 025 %1 n]il
Intern National '23025,11?,13 671 15
Carpathians Park (PNP) = 5, =
3.49°2549" N 575 4
20°19'38"E
650

67:6856571471

Mean annual

Temperature (°C)  Rainfall (mm) Climate
1,000-1,300
4.0-6.0 (Obrebska- Moderately cool
(Nowosad 1995) Starklowa et al. (Nowosad 1995)
1995)
Moderately
5:0 o9 g?)rérelrirtle(zily cool
(Stepien-Salek (Stepien-Salek (Obrebska-
2004) 2004) Starklowa et al.
1995)
Moderately
3.0-6.3 690-850 warm and
(Perzanowska (Perzanowska moderately cool
2004) 2004) (Perzanowska
2004)



(Oyama and Takehara 1970). Based on the wet and dry
soil colour — i.e. the value and chroma in the individual
soil layers (0—10 cm and 10—20 cm) — the ADI was
calculated according to the following equation:

ADI = horizon thickness +1 ’ (1)
VxcC

where V is Munsell value and C is Munsell chroma
(Mazurek et al. 2016).

In our study, each of the examined layers was 10
cm thick, so the ADI values in this case indicated only
the differences in soil colour and did not depend on
soil layer thickness. The extraction of humic
substances (humic and fulvic acids) was performed in
air-dried soil samples, sieved with a mesh size of 2
mm, using the procedure recommended by the
International Humic Substance Society (Tan 2005).
The extraction of humic substances was performed on
three replicates from each collected soil sample. The
carbon from the mixture of humic substances (the
sum of humic and fulvic acids Cua+ra) was extracted in
an alkaline solution (0.1 M NaOH) for 4 hours. The
carbon of humic acids (Cua) was precipitated and
separated after acidification of humic substances
solution by 6 M H.SO, to pH = 1.5, and next diluted in
0.1 M NaHCOs. The carbon of fulvic acids (Cra) were
obtained as a supernatant after separation from the
humic acids. The content of organic carbon in
obtained solutions of humic substances was measured
using a Euro Thermo TOC-TN 1200 (Landsmeer,
Netherlands). The non-extractable organic carbon
(Cne), defined as the humins, was calculated by the
difference between total organic carbon (Corg) and
Cha-+Fa.

The obtained Cua and Cra solutions were further
characterized by UV-VIS spectroscopy, using a

J. Mt. Sci. (2022) 19(3): 647-661

Shimadzu UV-1800 (Kyoto, Japan)
spectrophotometer UV-VIS. Based on the measured
absorption spectra the following coefficients were
calculated: 1) Qe representing the quotient of
absorbance values at wavelengths 400 nm and 600
nm (Schnitzer and Khan 1972); 2) Q./,4 expressing of
absorbance values at wavelengths 280 nm and 400
nm (Gonet and Debska 1998); 3) A log K calculated
following the equation:

Alog K = 1ogKsgonm — 108Keoonm > (6)]

where K is absorbance value at 400 nm and 600 nm
(Kumada 1987); and 4) Qy3, expressed as a ratio of
absorbance values at wavelengths 250 nm and 365
nm (Suhett et al. 2004).

Additionally, in the air-dried soil samples, soil
properties of two replicates for each soil sample were
measured such as: pH in 1 M KClI (in the 1:2.5 ratio)
by the potentiometer method, using combined
electrode Hydromet type ERH-12-6 (Gliwice, Poland);
soil texture (sand, silt, clay) according to the
Casagrande—Proszynski aerometer method; total
organic carbon (Corg) content using the Tiurin method
(Kabala and Karczewska 2017); and total nitrogen
(Ntot), using a FOSS Kjeltec™ 8100 (Hoganis, Sweden)
(Litynski et al. 1976). Investigated soils were classified
according to the World Reference Base (IUSS
Working Group WRB 2015). Almost all soils, except
for two, were classifiable as cambisols with a varied
trophicity (dystric and eutric cambisols) (Table 2).
The other two soils were classified as leptosols with a
not-fully-shaped cambic horizon.

Statistical analyses were performed using
Statistica 13.0 software. Means and standard errors of
the various measured properties were calculated for

Table 2 Soil units at the area of the transects according to World Reference Base for Soil Resources (WRB)

classification (IUSS Working Group WRB 2015).

Study Number of Land use
site  transect Meadow Succession Forest
Dystric Endoskeletic . . . . . . .
1 it ezt Canlefesls Dystric Endoskeletic Cambisols Dystric Leptic Skeletic Cambisols
Dystric Endoskeletic . . . Dystric Cambic Skeletic
BdNP 2 Amphistagic Cambisols Dysicdelieddll oGl Leptosols
Dystric Skeletic Epistagnic . . . Dystric Endoskeletic Leptic
3 Cambisols Dystric Skeletic Cambisols Cambisols
4 Eutric Cambisols Dystric Endoskeletic Cambisols Dystric Skeletic Cambisols
1 Eutric Endoskeletic Cambisols ~ Eutric Skeletic Cambisols Dystric Skeletic Cambisols
MNP 2 Dystric Skeletic Cambisols Dystric Endoskeletic Cambisols Dystric Cambisols
3 Eutric Skeletic Cambisols Dystric Endoskeletic Cambisols Eutric Skeletic Cambisols
1 Eutric Endoskeletic Cambisols ~ Eutric Endoskeletic Cambisols  Eutric Skeletic Cambisols
PNP 2 Eutric Endoskeletic Cambisols ~ Eutric Cambic Leptosols Eutric Endoskeletic Cambisols
3 Eutric Cambisols Endoeutric Cambisols Endoeutric Cambisols

Notes: BANP — Bieszczady National Park; MNP — Magura National Park; PNP — Pieniny National Park.
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the individual land use (semi-natural meadow,
successional forest and old-growth forest) for both the
0-10 cm and 10-20 cm soil layers. An ANOVA
Kruskal-Wallis test, at a significance level of p<0.05,
was used to examine the effect of land use and
location on basic soil properties. The contents of
carbon humus fractions and calculated coefficients
were used to test for significant differences among the
different land use variables and soil layers, using an
ANOVA Kruskal-Wallis rank test at a significance
level p<o0.05.

Additionally, Principal Component Analysis (PCA)
and Redundancy Analysis (RDA), using the Cannoco
5.12 program (Braak & Smilauer 2012), were
performed for selected coefficients and soil properties
over the entire 0—20 cm layer. In the PCA diagram,
only variables that were significant at p<o0.02
according to a Monte Carlo permutation test with 499
random permutations (Table 3) were included.

Table 3 Redundancy analysis (RDA) showing the main

trends in the data set and indicating the approximate
direction of soil variable effects.

Name Variation explained (%) pseudo-F p

Cra 49.0 26.9 0.002
CHA+FA 47.2 25.1 0.002
Cra 39.4 18.2 0.002
Q23 FA 381 17.3 0.002
Corg 38.0 17.2 0.006
clay 34.6 14.8 0.002
Q46_FA 26.2 10.0 0.002
Q24 FA 218 7.8 0.012
C:N 20.6 7.3 0.012

Notes: Analysis RDA selected only variables that were
significant at p<o0.05 according to a Monte Carlo
permutation test with 499 random permutations.

Cua — carbon of humic acids; Cua+ra — carbon of humic
acids and fulvic acids; Cra — carbon of fulvic acids;
Q2/3_FA — quotient of the absorbance measured at 250
nm and 365 nm wavelengths measured for fulvic acids;
Corg — total organic carbon; Q46 _ FA— quotient of the
absorbance measured at 400 nm and 600 nm
wavelengths measured for fulvic acids; Qz/4_FA —
quotient of the absorbance measured at 280 nm and
400 nm wavelengths measured for fulvic acids; C:N —
organic carbon and total nitrogen ratio.

3 Results

The soils of meadow, successional forest and old-
growth forest in selected national parks had slightly
different properties (Table 4). The highest Corg content
characterized the soils of BANP. The content of Corg in
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BdANP compared to MNP and PNP in the 0-10 cm
layer were higher, about 36 g kg and 29 g kg in the
meadow, 32 g kg and 23 g kg in the successional
forest and 28 g kg* and 24 g kg in the old-growth
forest, respectively. While in the 10-20 cm the
differences between the content of Corg in BANP and
MNP and PNP were less than 20 g kg for all land
uses. Overall, the 0—10 c¢cm layer had higher Corg
compared to the 10—20 cm layer in all national park
soils; however, significant differences only in the
successional forest soils were noted (Table 4). The
highest content of Nit was found in PNP, while
significant differences between land uses were not
found (Table 4). As also seen in Table 4, the C:N ratio
values were significantly highest in BANP, whereas
the mean pHka ranged from 3.3 in the 0—10 cm layer
of forest in BANP to 4.5 in the 10—20 cm layer of
forest in PNP and increased from BANP and MNP to
PNP. All of these soil properties depended on
localization effects, while the Coy content depended
on localized and land-use effects (Table 4). Overall,
soils were classified as loamy (Table 4). Significant
differences depended on location were found in the
soil texture fractions. The soils of PNP had the lowest
content of sand fraction and the highest content of silt
fraction while the soils of MNP and PNP characterized
higher content of clay fraction compared to the soils
of BANP (Table 4).

The organic carbon fraction composition varied
slightly depending on land cover and soil layers
(Table 5). In the 0—10 cm layer, the Cne fraction was
the dominant fraction, compared to Cua by 28%, 7%
and 8% and Cra by 12%, 3% and 6% of all carbon
fractions in the semi-natural meadow, successional
forest and old-growth forest soils, respectively. While
in the 10-20 cm layer of semi-natural meadow,
successional forest and old-growth forest soils the
dominant fraction was Cra, which constituted 11%, 20%
and 10% of the sum of Cua:ra and Cxg, respectively
(Table 5). Regarding the land uses in the 0—10 c¢cm
layer, old-growth forest soils had the highest and
semi-natural meadow soils the lowest content of
Cua+ra, whereas in the 10—20 cm layer, there was a
higher content of Cuma:ra in old-growth forest soils
compared to semi-natural meadow and successional
forest soils. The content of Cua in the 0—-10 cm layer
was higher than in the 10-20 cm layer, whereas the
statistically significant difference was found only for
successional forest soil (Table 5). In the 0-10 c¢m layer,
semi-natural meadow was characterized the lowest
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Table 4 The characterization of soils in the investigated national parks. Mean and standard error values, ANOVA
Kruskal-Wallis test results for selected soil properties (Corg, Ntot, C:N, pH, soil texture).

Study Layer Corg Niot
site Landuse oy (gkg™) (gkg™
- Babe Aa
Meadow 0-10 57.1110.(1)3 . 1.710.5A
10-20 27.5+5.082 1.1£0.142
- Bbc Aa
BANP Succession O *° sl e 0 1.7+£0.4
10-20 26.1+2.582 1.0£0.3 44
- Be Aa
Forest 0-10 57.216.5B . 1.9:1:0.4A
10-20 30.7+3.482c  1.0+0.242
0-10  21.0+4.042c  1.5+0.342
vikzadlon 10-20 12.0+1.8%2b 1.4+0.242
_ Ab A
MNP  Succession 0-10 23.842.74bc 1.7+£0.14a
10-20 9.9+0.742 1.0£0.142
0-10  29.1+3.3A¢ 1.8+0.042
Pz 10-20 17.443.643b¢  1.3+0.142
0-10  28.1+3.24abc 3 9+0.4B2
vilzadlon 10-20 14.8+2.04b 2.240.4 B2
- Abc Ba
PNP Succession 0-10 32.7i2.z;i 2.2:&0.6B
10-20 13.8+1.1 2.1+0.3 B2
0-10  33.1%4.94¢ 3.7+0.3 B2
Forest 10-20 15.9+4.74%¢  2.410.4 B2
Effect:
Location (F;p) 23.76; 22.27;
0.00 0.00
; 23.71; 9.34;
Land use (F;p) 0.00 096

C:N pHxa S(i;)‘)d (SO}S ((3(1,/2‘{
52.1+23.682  3.7+0.142  39+0gBa 524642  gf3Aa
26.04+5.082  3.0+0.142 37+10%B2 431942 144542
36.7+7.782  3.5+0.242 got7Ba 43178 6+142
33.4+9.782  3.8+0.142 47+7B2 48+842  8ioha
33.3+6.4%2  3.3+0.142 58162 371642 61142
35.1+10.482  3.7+0.142 55+8Ba 381682  Ht242
13.8+£0.642  3.9+0.142 48+9gBa 40+£642 12438
9.6+2.5%2 3.0+0.142  47+gkB2 371642 154482
13.840.5%2  3.5+0.242 52+8Ba 38+642  10+2Ba
9.8+0.542 3.6+0.142  51+gBa 37+842 124182
15.9+1.4%2  3.4+0.042 3243Ba 53+142 15+2B2
13.5£2.042  3.5+0.142 214482 53+54%  26+4%B2
7.2+0.5%2 4.2+0.382 224572 56+8B2  2214Ba
6.7+0.242 4.0+0.182 154142 524482  33+3Ba
18.4+6.782  4.2+0.4B2 29+142 58+082  13+2Ba
6.8+1.142 4.1£0.3B2 244342 58+1Ba  18+44Ba
8.9+0.842 4.440.582 191442 59+8B2  2o4gka
6.6+1.142 4.5+0.682 281472 54+482  19+4PB2
41.67; 15.28; 23.84; 12.91; 27.63;
0.00 0.00 0.00 0.00 0.00
4.43; 9.37; 3.34; 0.71; 6.12;
0.49 0.09 0.65 0.98 0.29

Notes: BANP — Bieszczady National Park; MNP — Magura National Park; PNP — Pieniny National Park; Corg — total
organic carbon, Nit — total nitrogen, C:N — organic carbon and total nitrogen ratio. Different capital letters indicate
significant differences between national parks and lower case letters indicate significant differences between land use

and soil depth variants. Kruskal-Wallis rank test, p < 0.05).

Table 5 Mean and standard error values and the ANOVA Kruskal-Wallis rank test results for organic matter
fractions (Cha + ra, CHa, Cra, Cxe and Cua:Cra) in different soil layers of semi-natural meadow, natural successional

forest and old-growth forest.

Layer (cm) Land use Cua+ra(gkg?) Cua(gkg™) Cra(gkg 1) Cne(g kg 1) Cua:Cra
Meadow 21.3+3.42 6.5+1.82b 12.0+1.72 16.3+5.72 0.8+0.12
0-10 Succession 24.9+3.82 11.8+1.9P 13.1+2.02 14.4£2.52 0.9£0.12
Forest 25.74+3.52 12.4+2.1P 13.3+1.52 15.8+3.72 0.9+0.12
Meadow 12.9+2.32 4.641.02 8.2+1.52 6.2+1.02 0.6+0.12
10-20 Succession 12.5+2.22 3.94£0.82 8.6+1.62 5.1+1.02 0.5£0.12
Forest 14.9+2.12 5.2+0.82b 9.6+1.42 7.4+2.02 0.6+0.12

Notes: Cua+ra— carbon of humic acids and fulvic acids; Cua — carbon of humic acids; Cra — carbon of fulvic acids, Cne
— non-extractable carbon. Different lower case letters indicate significant differences between land use and soil depth

variants (ANOVA, Kruskal-Wallis rank test, p < 0.05).

Cua:Cra ratio , while in the 10-20 cm layer the lowest
Cua:Cra in the successional forest soil was found
(Table 5).

The Qg6 coefficient values calculated for humic
acids and fulvic acids were higher in the 0-10 cm than
those in the 10-20 c¢m layer for each examined land
use variable (Table 6). In the 0—10 cm layer, the lowest
Q./6 value for humic acids was observed in the semi-
natural meadow and the highest in the succession
forest, while in the 10—20 cm layer the lowest Qu
value for humic acidsin the successional forest and the

70:4626510011

highest in the old-growth forest were noted. However,
the Qs coefficient values for fulvic acids were the
lowest in the semi-natural meadow in both examined
layers (Table 6). The Q-4 coefficient calculated for
humic acids had the highest values in the semi-natural
meadow soils for both 0—10 ecm and 10-20 cm layers.
Alike, the calculated coefficient Q-4 for fulvic acids was
higher in the semi-natural meadow soils compared to
successional forest and old-growth forest soils in both
examined layers. In the 0-10 cm layer, the semi-
natural meadow soils characterized the highest Q-3
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Table 6 Mean and standard error values and the Kruskal-Wallis rank test results for absorbance coefficients (Qq/s,
Q2/4, Q2/3and A log K) in humic and fulvic acids in soil layers of semi-natural meadow, natural successional forest and

old-growth forest.

Layer (cm) Land use

Qa6
Meadow 3.8+0.3bc
0-10 Succession 4.3+0.2¢
Forest 4.1£0.1¢
Meadow 2.4+0.42b
10-20 Succession 2.040.32
Forest 2.6+0.22b

Layer (cm) Land use Quo
Meadow 3.5+0.62b
0-10 Succession 5.1+0.5P
Forest 4.74£0.2P
Meadow 2.2+0.42
10-20 Succession 3.1+0.92b
Forest 3.6+0.72P

Humic acids

Qz/4 Qz/3 Alog K
3.8+0.1¢ 2.8+0.12P 0.6+0.0%
3.740.0°¢ 2.9+0,0P 0.6£0.0P
3.6+0.1b¢ 2.9+0.0P 0.6£0.0P
3.4+0.13b¢ 2.5+0.22P 0.5+0.12b
2.7+0.22 2.240.22 0.4+0.0?
3.0+0.12P 2.6+0.12 0.4+0.02

Fulvic acids

Q2/4 Q23 Alog K
21.1+2.72b 7.440.23bc 0.6£0.12
14.1+0.92 6.6+0.12 0.7+0.02

14.4+0.92P 6.7+0.3% 0.7+0.02
23.2+3.3b 9.2+0.5¢ 1.0+0.3?
21.5+1.92b 8.8+£0.4¢ 0.9+0.22
16.7+0.82 8.0+0.4bc 0.6+0.12

Notes: Q.6 — quotient of the absorbance measured at 400 nm and 600 nm wavelengths; Q2/4 — quotient of the
absorbance measured at 280 nm and 400 nm wavelengths; Q2/3 — quotient of the absorbance measured at 250 nm
and 365 nm wavelengths; A log K = log K400 — log Keoo, where K is a absorbance values measured at 400 nm and 600
nm wavelengths. Different lower case letters indicate significant differences between land use and soil depth variants

(ANOVA, Kruskal-Wallis rank test, p < 0.05).

Table 7 Minimum and maximum of colour value and chroma, Munsell chart colours, mean and standard error

values of A Horizon Development Index (ADI).

Layer Dry Wet
Land use Value Chroma  Munsell Value Chroma  Munsell
(cm) - . ADI - : ADI
min max min max chart min max min max  chart

Meadow 4 7 2 4 [N o.5+0.28c 2 5 3 6 [ o.7:0.3%

0-10 Succession 3 6 2 3 [ o8i04* 2 4 1 4 M 13:0.8
Forest 2 6 1 4 [ 11:0.7¢ 17 4 1 4 | 19+1.0°
Meadow 5 7 2 4 0.5£0.12> 4 5 2 8 I 0.6+0.3

10-20 Succession 5 7 3 4 0.4+0.12 3 5 3 6 [ o.5:0.2°
Forest 4 7 3 6 PN os+oac 2 5 2 8 [ o.9:0.4®

Notes: All of the examined soil samples were characterized by a 10YR Munsell hue. Different lower case letters
indicate significant differences between land use and soil depth variants (ANOVA, Kruskal-Wallis rank test, p < 0.05).

coefficient values calculated for fulvic acids compared
to successional forest and old-growth forest soils,
while in the 10—20 c¢m layer the lowest Q-5 in the old-
growth forest soils was noted. However, the Q.3 values
calculated for humic acids were similar between all
examined land use variants in both soil layers (Table
6). The Q3 values calculated for fulvic acids in the 10—
20 cm layer decrease from semi-natural meadow via
successional forest to old-growth forest. However, no
statistically significant differences between semi-
natural meadow, successional forest and old-growth
forest soils in the individual layers for humic and fulvic
acids were found for the A log K values (Table 6).

The colour of examined soils was different
between semi-natural meadow, successional forest
and old-growth forest, especially in the 0—10 c¢m soil
layer. All of the examined soil samples were
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characterized by a 10YR Munsell hue; however, the
soil colour darkened from semi-natural meadow via
successional forest to old-growth forest (Table 7). The
calculated ADI mean values of examined different
land use soils varied, ranging from 0.4 to 1.1 and from
0.5 to 1.9 in dry and wet soil samples, respectively
(Table 7). The ADIay and ADIwe mean values
increased significantly from semi-natural meadow to
old-growth forest in the 0—10 cm layer. Whereas, in
the 10-20 cm layer, the lowest mean ADIwe: and
ADIary values were found in the successional forest
and the highest were observed in the old-growth
forest soils.

The score plot in two principal components
represents 80.9% of the total variability. The first PCA
axis explains 70.8% and was strongly correlated with
a few original variables, positively with clay content



and negatively with ADI and content of humic
substances (Cua, Craand Cra+ra). The second PCA axis
explains only 10.1% and is weakly connected with C:N
ratio, Qz/3 and Qs coefficients determined for fulvic
acids (Fig. 1). A positive correlation between Corg, Cra,
Cua, and ADIay as well as ADIye: was noted (Fig. 1).
The ADIay and ADIwe values were positively
correlated with Q4 determined for fulvic acids.
However, a negative correlation between ADIay and
ADIwet and Q-/4 as well as Q-3 for fulvic acids was
noted (Fig. 1).

[
— [m]
02/3 FA
© 02/4 FA
= Clay
<
]
(=W
CHA 4 pidry & X

- Q4/6 FA
<

-1.0 PCA 70.8 % 1.0

’ Forest MNP >< Forest PNP
Meadow PNP

(O Forest BNP
[] Meadow BaNP [l Meadow MNP

O Succession BANP (@ Succession MNP Succession PNP

Fig. 1 Principal Component Analysis (PCA) for selected
coefficients (ADIwet, ADIary, Qua/6, Q2/4, Q2/3) and soil
properties (C:N, Corg, Cra, Cua, Cua+ra, clay) over the
entire 0—20 cm layer.

Notes: BANP — Bieszczady National Park; MNP —
Magura National Park; PNP — Pieniny National Park;
ADIwet — A Horizon Development Index measured in
wet soil samples; ADIay — A Horizon Development
Index measured in dry soil samples; Q4/6 _ FA— quotient
of the absorbance measured at 400 nm and 600 nm
wavelengths measured for fulvic acids; Qo4 FA —
quotient of the absorbance measured at 280 nm and
400 nm wavelengths measured for fulvic acids; Q2/3_ FA
— quotient of the absorbance measured at 250 nm and
365 nm wavelengths measured for fulvic acids; Corg —
organic carbon; C:N — organic carbon and total nitrogen
ratio; Cua+ra — carbon of humic acids and fulvic acids;
Cua — carbon of humic acids: Cra — carbon of fulvic

4 Discussion

The study covered three Polish national parks of
the Carpathian Mountains, whose soils varied in their
properties. The differences in their soil properties may
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reflect the location of the individual national parks.
The significantly highest content of Cog in soils of
BANP could be related to the higher altitude compared
to MNP and PNP. One of the main environmental
factor influencing soil nutrient distribution on a small
scale is topography; Martin et al. (2010), for instance,
highlighted a meaningful role of topography in soil
carbon accumulation. Additionally, a certain amount
of moisture is essential for the decomposition of
organic residues and as a result increase carbon
content in soil (Martin et al. 2010). However,
geographic location, climate, precipitation, and micro-
topography can lead to different outcomes (Jiang et al.
2019). For example in Himalayan soil, C:N ratio was
found to decrease with increasing elevation (Miiller et
al. 2017); conversely in the Polish Carpathians, C:N
increased with increasing altitude above sea level. Also,
similar results have been found in subtropical regions
in China (He et al. 2016).

However, soil texture was the factor that
influenced Niot content in studied soils the most. In
soils of the PNP, the highest content of Nt as well as
the highest silt and clay fraction were observed. Gami
et al. (2009) stated that silt+clay content significantly
explained the variation of total nitrogen content in
forest and cultivated soils. Moreover, higher pH
values in the soils of PNP compared to BANP and
MNP may reflect different parent materials.
According to Niemyska-Lukaszuk et al. (2002), the
parent materials for eutric cambisols in PNP are
especially rocks of sandstone-shale series with an
admixture of carbonate binder, which influences
higher pH values, whilst the BANP and MNP soils
were formed on the Carpathian Flysch, where the
dominant rocks are sandstones, mudstones and
shales (Skiba 1999; Skiba and Drewnik 2000).
Despite the differences in the basic properties of soil
located in different parts of the Carpathians, the
broad research area contributed to the generalization
of the changes in OM decomposition and
humification caused by natural forest succession in
this region.

4.1 Soil colour and the A Horizon

Development Index (ADI)

As expected, the old-growth forest soils were
characterized by the darkest soil colour, and the
meadow the lightest, which is related to the content of
Corg as well as the content of humic substances. So far,
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soil colour has been used mainly as an indicator of
organic carbon content in soils (Konen et al. 2003;
Wills et al. 2007). Mazurek et al. (2016), based on soil
colour features, calculated the ADI to determine the

degree of stabilization of the OM in the studied profile.

The results from our study confirm the relationship
between increasing ADI value and content of Corg, by
the positive correlation between the ADIwet and ADIary
and Corg as well as carbon content of humic substance
fractions, which are a meaningful part of organic
carbon in the soil. The correlation results confirmed
that calculating ADI value may be a simple and time-
saving way to indicate changes in Coyg and humic
substance content in soils during natural forest
succession. The colour of humic substances may be
yellowish-brown to black depending on the degree of
decay and concentration. It is well known that humic
substances contribute to the black colour of soils by
accumulation in the surface horizon of the soil (Weber
2020). Nevertheless, sometimes the darkness of soil is
not related to the content of organic carbon and may be
caused by the presence in the soil of additional
compounds such as melanin pigments found in many
fungi and some bacteria (Guggenberger 2005) which are
black and brown coloured and are assumed to represent
precursors of humic substances in soil (Saiz-Jimenez
1996). But, so far there is little information about such
interferences in soil colour; however, the relationships
between soil colour and content of organic carbon were
more often subject of studies.

4.2 Composition of humic substances

Humic substances are the most widespread
naturally occurring organic substances, which have
attracted the interest of many scientists (Weber et al.
2018). The relationship between different
components of humic substances is still of great
interest in terms of studying the effect of land use and
soil management on soil quality (Reddy et al. 2012;
Zhiyanski et al. 2017). Humins are the most dominant
fraction of humic substances in soils, independent of
land use (Guimaraes et al. 2013). This was also
observed in this study in the 0—10 cm layer, where
Cxe was the dominant fraction in all examined land
use variants. However, in the 10-20 cm layer, the
fractional composition took a slightly different shape,
with the dominance of Cra. Such a composition in the
individual layers may be related to the insolubility of
humins and the high solubility of fulvic acids under
both alkaline and acid conditions (Sutton and Sposito
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2005). Simultaneously, the higher content of Cra
compared to Cua in both examined layers and all land
use variants indicate high mobility of the OM. Also,
Guimaraes et al. (2013) have shown a higher content
of fulvic acids than humic acids in different
agriculture areas, and they stated that the
predominance of fulvic acids in organic carbon
composition indicated a slow rate of SOM
decomposition or frequent inputs of fresh residues.
Such a distribution of humic and fulvic acids was
observed in forest soils (Guggenberger and Zech 1994;
Schnitzer 1999). Moreover, Giurov and Artinova
(2001) found the humus in Cambisols as a fulvic-
humic type, which confirmed that the dominance of
Cra and Cie fractions is common in that soil type.
Despite the fact that humic acids bind strongly to soils
and are resistant to microbial metabolism, they are
depleted from soils by wind and water erosion as well
as by water leaching (Susic 2016).

The significantly higher Cua content in the o-10
cm layer compared to the 10-20 cm layer may be
caused by the continuous input of fresh organic matter
on the soil surfaces as well as greater microbial activity
in the top layer of soil, which are the main factors
affecting humification (Li et al. 2015). Conversely,
despite the higher input of OM, Corg and Cua content in
the 0—10 cm layers compared to the 10—20 c¢m layers,
the calculated coefficients such as Q,/, Q-/4 and A log
K for humic acids and fulvic acids have shown a lower
advancement of the humification process in the top
layer. Such inaccuracies might be caused by climatic
conditions, which are factors influencing SOM
humification and carbon accumulation (Wang et al.
2016b). Wang et al. (2016a) found a decrease in soil
aromaticity with increasing elevation. Moreover,
Drewnik (2000) stated that the rate of OM
decomposition in the Carpathians decreased with
increasing altitude, which could be related to lower
temperatures. The lower temperature can result in an
increase in the recalcitrant SOM due to restriction of
microbial decomposition (Wang et al. 2016a).

4.3 Advanced organic matter humification

It is well known that humification and
mineralization are parallel processes in the soil
environment. According to Kandeler et al. (2005), the
decomposition of organic material is dynamic, and a
stepwise process results in a small portion converting
to complex and more stable material; however, readily
available litter and plant exudates are transformed and



nutrients are mineralized mainly via respiratory
processes of the microbiota. Many authors (Cerli et al.
2008; Quideau et al. 2000) have highlighted the
important role of the humic substances’ age in terms of
the degree of transformations in their functional
groups, which in our study was confirmed by an
increased advancement of the humification process
with soil depth.

The  calculated  absorbance coefficients
contributed to characterizing the differences in the
soils from different land uses. Based on the Qs ratio,
which is often used to characterize humic substances
and is considered as an indicator of the degree of
maturity (Vazquez et al. 2016) as well as reflecting the
degree of condensation and aromatic structures
(Aranda et al. 2011), we observed a significant
decrease in maturity and condensation degree of
fulvic acids in the 0—10 cm soil layer from meadow to
successional forest soils (i.e. an increase in Qu/s). It is
commonly assumed that a high degree of
condensation and aromaticity of humic substances
are indicators of a highly advanced humification
process. The high humification in meadow soils was
also noted by Ukalska-Jaruga et al. (2019), who
confirmed that in grassland soils humified OM is very
well protected against mineralization.

Inversely, in accordance with the Q-5 coefficient
reflecting the degree of structural degradation of
humic substances’ components (Suhett et al. 2004), a
significantly lower degradation of fulvic acids
structures (a decrease in Q/3) in successional forest
compared to the semi-natural meadow was noted.
The differentiation between examined land uses may
be affected by microbial activity, which influences the
timing of active plant residue transformation in soils
(Li et al. 2015). More stable fulvic acids structures in
successional forest soils may be the result of the land-
use history, however. Kalbitz et al. (2000) noted the
impact of long-term agricultural use and high input
on increasing aromatic structures and further
humification of fulvic acids. Moreover, Dean et al.
(2020) noticed the influence of historical human
activity on relocated carbon from primary forests.
Such processes may account for the presence of old
fulvic acids from decomposed coarse lateral roots of
old trees in meadow soils that initially were covered
by forests. Wilson et al. (1997) observed a legacy of
SOC heterogeneity in one or two successional
generations of forests; however, the pattern was not
clear for examined different surfaces. According to
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Oyarzin et al. (2011), the SOC legacy is less in
secondary forests and could reduce soil variability.

The Q4 coefficient characterizes the advance of
OM humification (Ammari et al. 2012) as well as
reflects the contents of organic materials at the
beginning of transformation (Guangyin & Youcai 2017),
and here indicated the decrease in the content of humic
substances in the initial stage of decomposition from
semi-natural meadow to successional forest. These
results may indicate that in the 0—10 cm layer of semi-
natural meadow highly and lightly decomposed OM
occur at the same time while in old-growth forest and
successional forest, lightly decomposed material is
predominant. These differences may be influenced by
the varied susceptibility to the decomposition of
meadow vegetation compared to litterfall from
deciduous trees. Forest litter decomposition often is
divided into three stages, the early stage and the late
stage with the dominance of non-lignified and lignified
tissue decomposition, respectively, and the final stage
(Berg 2018). Similarly, in the 10—20 c¢m layer, the lower
decomposed organic material and higher content of
fulvic and humic acids at the beginning of the
transformation in semi-natural meadows (as expressed
by higher values of Q-/4) were noted. It could be caused
by higher input of plant residues compared to old-
growth forest and successional forest, particularly from
dense root systems. Gill and Jackson (2000) have
found significant differences in root turnover among
varied vegetation types; tree roots had the slowest
turnover rate and grasslands the fastest. Schmidt et al.
(2011) indicated that root-derived carbon is retained in
soils much more efficiently than aboveground inputs of
plant litter. Additionally, decreasing the Q-/, values
from semi-natural meadow to successional forest and
old-growth forest indicates a higher degree of
humification advancement in tree ecosystems. It is very
well known that long-term SOM accumulation takes
place in the humus layer of forest soils. The meaningful
role of an established forest ecosystem in carbon
sequestration is highlighted in the literature; for
example, Ni et al. (2016) have shown the importance of
continuity of alpine forests in the accumulation of SOM
and carbon sequestration.

4.4 A Horizon Development Index and UV-VIS
spectroscopic coefficients

The positive correlation between the Qus
calculated for fulvic acids, which determines the
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advancement of the humification process and ADIs
values suggests that these indexes are inconsistent.
The interpretation of the spectroscopic results was
based on a long-term study on the absorbance
features of humic substances (Chen et al. 1977; Gonet
and Debska 1998; Kononowa 1968; Kumada 1987;
Schnitzer and Khan 1972). Despite the finding that
the humification process increased aromatically of
humic substances, some authors (Baldock et al. 1992;
Kogel-Knabner 1997; Quideau et al. 2000) have
shown that an increase in the degree of humic
substance humification is accompanied by an increase
in the degree of their aliphaticity.

Moreover, the direction of humic substance
transformation is related to the oxygen conditions in
the soil. According to Thomsen et al. (2008), aerobic
conditions favour an increase in aromaticity, while
anaerobic conditions favour an increase in aliphaticity
of humic substances along the humification process.
Thus, the increase of humic substance aromaticity is
not always equivalent to the progress of the
humification process. However, in this study the
presence of fulvic acids at the beginning of the
transformation process in the examined semi-natural
meadow soils provided lower ADI values. Thus, the
more advanced the fulvic acid humification and the
higher the size of fulvic acids structures, the higher
the ADI values, which is expressed in the negative
correlation between ADI values and Q./4 as well as
Q3. In the opposite sense, the occurrence of lower-
size humic acids structures increases ADI values and
results in darker soils.

Recent research (Christl et al. 2008) has shown
that the smaller humic acids may have a more
compact structure, caused by their larger content of
aromatic carbon and a higher degree of condensation.
Christl et al. (2008) also stated that small, uniform
molecules are not the primary building blocks of
humic acids with high apparent molecular weights. In
fact, they found clear chemical differences between
the molecular size classes of soil humic acids.
Unfortunately, the chemical structure of humic
substances is difficult to uniquely define because of a
large number of chemical units in the compounds as
well as changes in the percentage contribution of
chemical units in humic substances molecules
depending on habitat and bioecological conditions
(Mielnik 2016). Despite the obvious role of the
presence of OM in soil on colour, the present study
has shown that the degree of degradation of humic
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substances structures (expressed by Q:3) is a
meaningful factor influencing soil colour and soil
development degree.

Comparing both methods used here, UV-VIS
spectroscopy is useful in determining the absorbance
of aromatic systems, which is related to the degree of
humic substances’ humification as well as the quality
of soil (Da Silva et al. 2018), whereas the ADI showed
the diversity of the degree of organic matter
stabilization. The ADI correlated with organic carbon
content and is especially dependent on soil colour and
the amount of material scattered as well as its
exposure time (Mazurek et al. 2016). Thus, each of the
presented methods investigating the advancement of
organic material decomposition and development of
uppermost soil layers is focused on different features of
the soil. The calculation of ADI focuses only on physical
soil properties, while calculating the absorbance
coefficients is based on spectroscopic analysis
penetrating the chemical structure of organic matter.

5 Conclusions

The natural forest succession in the Polish
Carpathians influenced soil colour darkening and
shaped the development of the uppermost (0—20 cm)
soil layer, as expressed by the calculated ADI.
Moreover, spectroscopic analyses of humic substances
showed that land-use changes impacted the
advancement of the humification process.
Nevertheless, these changes were also related to the
soil depth. In the 0-10 cm soil layer, the natural
forest succession reduced the rate of the humification
process as well as decreasing the degree of maturity of
fulvic acids. Conversely, in the 10—20 cm soil layer,
changing the land use from semi-natural meadow via
successional forest to an old-growth forest led to an
increase in the rate of the humification process as well
as a decrease in the content of both humic and fulvic
acids at the beginning of the transformation.

The comparison of the ADI results and the
calculated spectroscopic coefficients indicates that
these indices are based on different features of soils
and cannot be used interchangeably as indicators of
the development of soil. Moreover, the degree of
advance of the humification process is related mainly
to features of the individual humic substances.

Therefore, there is a need to extend studies of humic
substances. It is especially worth focusing on the



structure of individual humic substances and the
presence of different functional groups, which was
missing in the present study. Moreover, future research
could divide the successional stages according to the age
of the trees to capture and better understand the ratio
and direction of OM decomposition in soils during
natural forest succession.
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Abstract: The main driver of the Carpathian landscape is the process of natural forest succession on
the semi-natural meadows unique to the region. Moreover, these semi-natural mountain meadows
contribute to ecosystem services, although increasing forest areas are recommended by current
international policy agendas. The purpose of this study was to examine the impact of natural forest
succession in the Polish part of Carpathian on changes in soil organic carbon and assess the influence
of different soil properties on organic carbon content across three land uses. Soil samples were
taken from 10 transects consisting of semi-natural mountain meadow, natural successional forest
and old-growth forest, selected in three Polish Carpathian national parks. Measurements of organic
carbon, dissolved organic carbon, microbial properties, such as microbial respiration, and enzyme
activities were made; additionally, biochemical indicators were calculated. To describe the influence
of measured soil parameters and calculated indicators of soil organic carbon changes, the organic
carbon dependent variable regression equations across all studied soils and for the individual land
use and examined layers were evaluated. The overall regression equation indicated that changes
in organic carbon general to all investigated soils depended on microbial biomass carbon content,
microbial quotient, dissolved organic carbon content and metabolic quotient. The regression models
obtained for the individual land use variants and soil layers explained 77% to 99% of the variation in
organic carbon. Results showed that natural forest succession caused a decrease in microbial biomass
carbon content, and successional forest soils characterized less efficient use of organic substrates by
microbial biomass.

Keywords: ecosystem services; landscape transformation; protected areas management; microbial
activity; microbial respiration

1. Introduction

European mountain areas are characterized by the high diversity of habitats resulting
from natural conditioning as well as human activity. The Carpathian Mountains are
the largest, longest and most fragmented mountain chain in Europe. Moreover, this
mountain chain is characterized by a high variety of relief, with intra-mountainous regions,
depressions, sub-mountain hills and lowlands. These, along with altitudes exceeding
2500 m, contribute to the magnificent landscape of the Carpathians [1].

Semi-natural mountain meadows are an integral part of the Carpathian landscape [2].
In recent times, however, less-productive and inconveniently located grasslands are being
increasingly abandoned [3] due to socio-economic changes in the Carpathians. Following
abandonment, overgrowing of these unique meadows by the surrounding forest has begun
to progress. The negative and positive effects of these land-use changes and continuous
natural forest succession in the Polish part of Carpathians are a debatable issue, especially
in the context of carbon sequestration and climate changes. In any case, semi-natural
mountain meadows have a great contribution to ecosystem services. These areas provide
food, e.g., hay for sheep; regulating services, e.g., water regulation, preventing soil erosion
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and carbon sequestration; supporting services, such as primary production and water
cycling; and cultural services, e.g., tourism and contributing to the overall landscape.
Moreover, it is well known that land-cover changes influence carbon cycling in the soil.
Thus, the Polish part of the Carpathian Mountains is an appropriate study area to assess
changes in the soil carbon cycle during natural forest succession.

The importance of such studies was highlighted by Garcia-Pausas et al. [3], who
stated that woody plants can significantly influence carbon balance, but the size of this
effect is still unknown. Moreover, soils contain more than twice the carbon found in the
atmosphere [4]; thus, even a little change in soils may greatly influence the carbon balance.
Many authors [5-7] have reported the impact of land-use changes on organic carbon content
in soil. Nevertheless, land-use changes simultaneously may cause carbon sequestration
or carbon dioxide emission. Restoring grasslands, forest or other native vegetation on
former croplands increases soil organic carbon content [4]. However, there is still a lack
of knowledge covering the impact of natural processes, such as forest succession on soil
organic carbon.

Some of the main factors that influence soil organic carbon changes are biotic proper-
ties, consisting mainly of the quantity and quality of carbon inputs into soil. These factors
work together with climatic variables and abiotic soil factors to regulate carbon dynamics
in soils [8]. Natural forest succession processes in the Carpathian make it possible to
distinguish different kinds of carbon inputs, such as easily decomposed grass in meadows,
fresh fall from young, successional trees and the constant supply of fresh litter during the
climax stage of a forest. As such, studies on soil organic carbon changes in a changing
mountain environment may be particularly useful.

Soil is a dynamic environment in which accumulation and decomposition of organic
matter continuously occur. Two crucial processes leading to transformation of soil organic
matter are mineralization and humification. According to Kandeler et al. [9], microorgan-
isms play an important role in organic matter decomposition, especially mineralization,
mainly via respiratory processes. Measurement of soil heterotrophic respiration, referring
to the production of CO, from microbial respiration [10], is simply a method to describe
overall soil conditions, as well as the activity of the microbial community in soil [11]. This
process has an essential contribution to carbon cycling and the global carbon budget by
releasing carbon dioxide from the soil to the atmosphere [12].

Studies on soil heterotrophic and autotrophic respiration were used to predict soil
carbon processes and below-ground carbon sequestration in successional forests [13].
Microbial soil respiration was also broadly used in the studies to monitor changes between
different land-use areas, such as grasslands converted to cornfields [14], wheat fields,
vineyards and cherry farms [15], or natural forest, arable lands, citrus gardens and paddy
fields [16], but studies on natural soil-respiration changes in land-use transformation are
very rare. Soil heterotrophic respiration is usually used in combination with other indicators,
such as microbial biomass carbon as an indicator of soil quality. Some authors [17,18] have
highlighted the importance of quantifying soil microbial activity parameters as indicators
enhancing the evaluation of changes in land use.

Additionally, other parameters, such as metabolic quotient, microbial quotient and
mineralization quotient, have been evaluated to monitor the changes in soil quality con-
nected with soil organic carbon cycle [16,19,20]. The metabolic quotient was used as an
index of microbial efficiency in utilizing the available resources [18], as well as an indi-
cator of the degree of substrate limitation for soil microbes [21]. The microbial quotient
reflects the microbial biomass contribution to soil organic carbon and also indicates the
fraction of recalcitrant organic matter in the soil [20]. Moreover, the microbial quotient
was characterized as an indicator of further changes in organic matter during land-use
alterations [22]. The mineralization quotient expresses the fraction of total organic carbon
mineralized during the incubation time [20] and was used as an indicator of condition
stability of chemical, biochemical and microbiological properties [16], as well as being
characterized as an indicator of the efficiency of micro-flora in metabolizing soil organic
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carbon [23]. Nevertheless, Mganga et al. [19] defined the mineralization quotient as the
most sensitive indicator of land-use change from natural ecosystem to agroecosystem.

These parameters are widely used in research as responsive indicators of soil quality,
which may help to explain ecological processes of the environment [24]. Thus, in this study,
metabolic quotient, microbial quotient, mineralization quotient and chosen microbial soil
properties were used as the indicators to help assess and explain soil organic carbon changes
during the natural forest succession in the Polish part of Carpathians. The purposes of this
study were to (i) examine the impact of natural forest succession on the soil organic carbon
content, (ii) assess the differences of measured soil properties and biochemical indicators
in semi-natural mountain meadows, natural succession forest and old-growth forest and
(iii) investigate the soil properties and biochemical parameters affecting soil organic carbon
content across changing land uses.

2. Materials and Methods
2.1. Research Area

The study area was located in the Carpathian Mountains, covering the southern part
of Poland. Soil samples were collected from the three Polish Carpathian national parks—
Pieniny National Park (PNP), Bieszczady National Park (BANP) and Magura National Park
(MNP)—which are located in different parts of the Polish Carpathians (Figure 1).

—  Rzeszow

—L -~ - ., —
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—
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[ Carpathian Foothils [] West Beskidy Mts. [ ] Podhale Tatra Mts. Bieszczady Mts.

Figure 1. The location of the examined national parks in the Polish part of the Carpathian Mountains.
BdPN—Bieszczady National Park, MNP—Magura National Park, PNP—Pieniny National Park.

The Carpathian Mountains are characterized by diversity of geological cover; in the
PNP, one of the dominant parent materials are rocks of sandstone—shale series with an
admixture of carbonate binder [25], whilst the BANP and MNP soils were formed on the
Carpathian Flysch with the dominance of sandstones, mudstones and shales [26]. Almost
all of the investigated soils of PNP, BANP and MNP were classifiable as cambisols with a
varied trophicity (dystric and eutric cambisols) (Table 1) and were classified as loamy [27].
The basic soil properties of examined soil depended mainly on location. The highest content
of total nitrogen and higher pH values were found in PNP compared to BANP and MNP.
However, BANP characterized the highest C:N ratio [27].
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Table 1. Location of the study areas and soil units at the area of the transects according to World
Reference Base for Soil Resources (WRB) classification (IUSS Working Group WRB, 2015).

Location Number of Land Use GPS Co-Ordinates Soil Unit (WRB)
Transect
Meadow 49°06/22.0" N 22°43'50.5" E Dystric Endoskeletic
i Endostagnic Cambisols
Succession  49°06'20.1” N 22°43/48.2" E Dystric Endoskeletic
Cambisols
Forest 49°06/'27.8" N 22°43/55.0" E Dystric Leptic Skeletic
. Cambisols
Eastern Outer Bieszczady Dystric Endoskeletic
Carpathians ~ National Park Meadow 49°07'51.3" N 22°35'49.1" E ystre B :
Amphistagic Cambisols
2 Dystric Endoskeletic
Succession 49°07'45.0" N 22°35'37.1" E .
Cambisols
Forest 49°08/00.9” N 22°36/05.0" E Dystric Cambic Skeletic
Leptosols
Meadow 49°06/51.1" N 22°34'12.8" E Dystric Skeletic Epistagnic
3 Cambisols
Succession 49°06'52.3" N 22°34'14.5" E Dystric Skeletic Cambisols
Forest 49°06/54.2" N 22°34/34.2" E Dystric Endoskieletic Leptic
Cambisols
Meadow 49°03/20.4" N 22°41'41.4" E Eutric Cambisols
4 Succession  49°03/17.1" N 22°41'18.1" E Dystric Endoskeletic
Cambisols
Forest 49°03/21.8" N 22°40'35.9"” E Dystric Skeletic Cambisols
Meadow 49°27'53.8" N 21°29'02.3" E Eutric Endoskeletic Cambisols
1 Succession 49°27'46.4" N 21°29'04.8" E Eutric Skeletic Cambisols
Forest 49°27'33.0" N 21°28'28.2" E Dystric Skeletic Cambisols
Meadow 49°26/43.6" N 21°29'38.2" E Dystric Skeletic Cambisols
Western Outer Magura 2 Dystric Endoskeletic
Carpathians  National Park Succession 49°26/25.3" N 21°29'55.8" E Y .
Cambisols
Forest 49°26/21.3" N 21°29'35.5" E Dystric Cambisols
Meadow 49°28'54.2" N 21°25/23.3" E Eutric Skeletic Cambisols
3 Succession  49°28'48.3" N 21°25/14.0" E Dystric Enodskieletic
Cambisols
Forest 49°28'48.4" N 21°24/'46.2" E Eurtic Skleletic Cambisols
Meadow 49°25'31.8" N 20°25'28.0" E Eutric Endoskeletic Cambisols
1 Succession 49°25'35.3" N 20°25/31.1" E Eutric Endoskeletic Cambisols
Forest 49°25'34.6" N 20°25'33.4" E Eurtic Skleletic Cambisols
Western Inner Pien Meadow 49°25’30.1" N 20°25'03.1” E Eutric Endoskeletic Cambisols
Carpathians N t,lemlnl}; X 2 Succession 49°25/28.5" N 20°25'11.4" E Eutric Cambic Leptosols
P ationat bar Forest 49°25'30.1” N 20°25'08.6" E Eutric Endoskeletic Cambisols
Meadow 49°25'49.9" N 20°19'36.8" E Eutric Cambisols
3 Succession 49°25'48.7" N 20°19/38.4" E Endoeutric Cambisols
Forest 49°25'48.9" N 20°19/39.5" E Endoeutric Cambisols

2.2. Sampling Scheme

In each national park, three (PNP, MNP) or four (BANP) transects consisting of semi-

85:5221893462

natural meadow, natural succession forest and old-growth forest were chosen (Table 1).
These areas were chosen based on the historical data about land use of the study area and
available satellite maps covering the study area.

The semi-natural meadows occur at sites whose natural vegetation is forest and
were created as a result of forest clearing during the colonization of the Polish part of
Carpathians in the 13th and 14th centuries. Over centuries, the semi-natural meadows were
used for agriculture, especially pasture activity. They are formed mostly by native species
of perennial plants, which have spread across the landscape because of human activity [28].
The natural succession forests are areas covered by 25-70-year-old forest and were created
by overgrowing abandoned meadows. They are formed by different successional tree
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species and are dominated by Fagus sylvatica L. (common beech). The old-growth forests
are areas covered by more than 150-year-old forests. The study old-growth forest stands
belong to a Dentario glandulosae-Fagetum (Carpathian beech forest) forest habitat.

In each of the selected areas (semi-natural meadow, succession forest, and old-growth
forest) in each of 10 study transects, five soil samples from both 0-10 cm and 10-20 cm soil
layers were taken. Soil samples were collected using a metal five-centimetre-diameter core.

2.3. Laboratory Analyses

In the laboratory, fresh soil samples were sieved with a 2 mm mesh, and a portion of
each soil sample was kept at —21 °C prior to laboratory analysis. One week prior to the
analyses, soil samples were preincubated at a temperature of 25 °C and a soil moisture
value equal to 40-60% water holding capacity was achieved. The rest of each soil sample
was air-dried and also sieved with a 2 mm mesh.

Microbial respiration, microbial biomass carbon (MBC), dissolved organic carbon
(DOC), dehydrogenase activity (DHA) and invertase activity (INV) were assessed in the
fresh soil samples. Microbial respiration was estimated by the incubation method. First,
10 g of fresh soil was placed into a 100 mL vial containing a small beaker of 3 mL 0.5 M
NaOH as a carbon dioxide trap. Next, the vial with the fresh soil/NaOH beaker was
hermetically closed for a three-day sampling period. Incubation took place at a constant
temperature of 25 °C. After the three-day sampling period, the vial was opened and the
carbon dioxide evolved from soil was quantified by titration with 0.05 M HCI after the
addition of 2 mL of BaCl,. After this, the vial was opened and ventilated for four days.
Blank samples, i.e., vials containing only beakers with NaOH, were used to assess carbon
dioxide trapped during incubation from the air closed in the vials and during handling.
The microbial respiration measurements were repeated once a week for five weeks.

MBC was evaluated using a fumigation—extraction method [29]. DOC content was
measured following extraction using 5 mM CaCl, (soil:CaCl, ratio 1:10) and filtered by
0.45 um. MBC and DOC were measured using the dry combustion method with a Euro
Thermo TOC-TN 1200 (Landsmeer, The Netherlands). DHA levels were assessed using the
method presented by Casida et al. [30], while INV activity was determined as previously
described Frankenberger and Johanson [31]. Enzyme activities were measured using a
Shimadzu UV-1800 (Kyoto, Japan) spectrophotometer. In air-dried soil samples, the content
of total organic carbon (Corg) according to the oxidation and reduction Tiurin method was
measured [32].

2.4. Calculations and Statistical Analyses

Based on the first-order kinetic model of microbial respiration (Cpy = Co(1 — e~X)), the
calculated cumulative value of mineralized carbon during incubation time (35 days) (C),
potentially mineralizable carbon (Cp) and rate constant (k) were estimated [33].

Based on the obtained results of microbial parameters and carbon content, the follow-
ing biochemical indicators were calculated: (1) metabolic quotient (qCO,), expressing the
ratio of microbial respiration (C-CO,) to soil microbial biomass carbon (MBC) (qCO, =
C-CO,/MBC) [34]; (2) the microbial quotient (QMIC), representing the quotient of soil mi-
crobial biomass carbon (MBC) and total organic carbon content (Corg) (QMIC = MBC/Corg);
and (3) the mineralization quotient (qQM), estimated as the ratio of cumulative respiration
(CRsyeeks) and total organic carbon content (Corg) (QM = CR5yyeeks/ Corg) [16].

Statistical analyses were performed using Statistica 13.0 software. Means and standard
errors were estimated for individual land-use variants (meadow, succession forest and
old-growth forest) for both the 0-10 cm and 10-20 cm layers. To describe the influence of
measured soil parameters and calculated indicators of soil organic carbon changes, the
Corg dependent variable regression equations across all studied soils and for the individual
land-use and examined layers were evaluated. Moreover, differences in examined soil
properties and calculated indicators for the different land-use variants and soil layers were
assessed using a one-way ANOVA post hoc Tuckey’s test at a significance level of p = 0.05.
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3. Results
3.1. Total Organic Carbon and Labile Carbon

The mean Corg content slightly increased from semi-natural meadow soils (MS) to
succession forest soils (SS) to old-growth forest soils (FS) in the 0-10 cm layer, while, in
the 10-20 cm layer, SS had the lowest Corg and FS the highest. Across all land uses the
content of Corg in the 0-10 cm layer was significantly higher compared to the 10-20 cm
layer. (Figure 2). In the 0-10 cm layer, the lowest DOC values were found in SS and the
highest in FS, while, in the 10-20 cm layer, the mean DOC content increased from MS to
SS (Figure 2). SS had the lowest MBC content in both examined layers, but only in the
10-20 cm layer was the MBC significantly higher in MS compared to SS (Figure 2).
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Figure 2. Content of total organic carbon (Corg), dissolved organic carbon (DOC) and microbial
biomass carbon (MBC) in soils. The lowercase letters indicate differences between examined soil
layers for individual land-use variants, while uppercase letters show differences between land-use
variants separately for the 0-10 and 10-20 cm soil layers (Tukey post hoc test, p < 0.05). Standard
error is reported as bars.

3.2. Microbial Activity

Enzyme activity patterns differed depending on the examined enzyme (Figure 3).
DHA decreased from MS to SS to FS in the 0-10 cm layer but had the highest mean values
for MS and the lowest for SS in the 10-20 cm layer. FS had the highest INV activity and SS
the lowest activity in both the 0-10 and 10-20 cm layers (Figure 3).

DHA INV

5 |
>

Succession
Forest
Succession
Forest
Meadow
Succession
Forest
Meadow ‘ HZ
Succession E,’
Forest -

[=}

0-10 [em] 10-20 [cm) 0-10 [em] 10-20 [em]
Figure 3. Dehydrogenase activity (DHA) and invertase activity (INV) results. The lowercase letters
indicate differences between examined layers for individual land-use variants, while uppercase

letTable 0 and 10-20 cm layers (Tukey post hoc test, p < 0.05). Standard error is reported as bars.

The mean microbial respiration ranged from 0.09 mg CO, g soil ! 24 h~! (FS, 0-10 cm,
5th week) to 1.57 mg CO, g soil 124 h1 (MS, 0-10 cm, 1st week). Overall, the microbial
respiration values decreased with the incubation period. In the 0-10 cm layer, SS had the
highest microbial respiration values in almost all incubation weeks, except the first week.
In the 1020 cm layer, over the first three weeks, the highest microbial respiration values
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were found in SS; however, in the fourth and fifth weeks, the highest values were noted in
MS (Figure 4).

Meadow Meadow
M Succession W Succession
M Forest 1.6 W Forest

[mg CO, g soil* 24h1]
° o o B e e
> o -] (=] N >

o
[N)

5 week 5 week

Figure 4. Soil respiration results for the (a) 0-10 cm and the (b) 10-20 cm soil layers. The lowercase
letters indicate differences between individual weeks in the same land-use variants, while uppercase
letters show differences between land-use variants for individual weeks (Tukey post hoc test, p < 0.05).
Standard error is reported as bars.

The calculated values of mineralized carbon during the incubation time (Cp,) and
potentially mineralizable carbon pools (Cp) did not differ significantly between individual
land-use variants as layers (Table 2). However, in the 0-10 cm layer, the mean Cy, and Cy
values were the highest in SS and the lowest in FS. Meanwhile, in the 10-20 cm layer, the
highest C;,, and Cy mean values were found in SS and MS, respectively. In contrast, the
first-order rate constant of labile pool mineralization (k) was significantly lower in MS and
SS compared to FS in the 0-10 cm layer (Table 2).

Table 2. Mean and standard error values of cumulative value of mineralized carbon during incubaT-
able 35 days (Cn), potentially mineralizable carbon (Cy) and rate constant (k) results. The lowercase
letters indicate differences between examined soil layers for individual land-use variants, while
uppercase letters show differences between land-use variants separately for the 0-10 and 10-20 cm
soil layers (Tukey post hoc test, p < 0.05). Standard error is reported behind “£”.

Layer
(cm)

Land Use Cm (mgC-CO, g 1) Cp (mgC-CO g™ 1) k

10-20

Meadow
Succession
Forest
Meadow
Succession
Forest

20.58 + 1.72 Aa
2217 + 2.69 Aa
18.14 4+ 1.53 Aa
16.97 & 2.55 Aa
17.96 4 2.62 Aa
13.91 4 2.40 A2

25.73 + 4.66 A2
32.75 + 5.23 Aa
18.93 + 1.59 Aa
33.76 + 6.11 A2
26.68 =+ 4.55 Aa
24.30 + 6.22 A2

0.081 + 0.007 AP
0.059 + 0.011 Aa
0.095 =+ 0.002 BP
0.045 + 0.012 Aa
0.047 + 0.009 A2
0.063 + 0.013 A2

88:5558741715

3.3. Biochemical Indicators

The calculated values of the biochemical indicators slightly depended on land use and
soil layer (Table 3). The qCO, mean value was almost two times higher in SS compared
to MS and FS in the 10-20 cm layer. Mean gMIC decreased from MS to SS to FS in both
examined soil layers; significant differences were found between soils in the 10-20 cm
layer. Mean gM slightly decreased from MS to FS in the 0-10 cm layer, whereas in the
10-20 cm layer the qM mean value in SS was about 47% higher compared to FS. Moreover,
the mean values of qCO; and gM in the 0-10 cm layer of SS were significantly lower than
the 10-20 cm layer (Table 3).
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Table 3. Mean and standard error values of metabolic quotient (qCO;), microbial quotient (GMIC) and
mineralization quotient (qM) results. The lowercase letters indicate differences between examined soil
layers for individual land-use variants, while uppercase letters show differences between land-use
variants separately for the 0-10 and 10-20 cm soil layers (Tukey post hoc test, p < 0.05). Standard

error is reported behind “+”.

Layer Land Use qCO, qMIC qM
(cm) (mgC-CO, mgMBC-124 h-1) (mgMBC gCorg 1) (mgC-CO; mg Corg 1)
Meadow 3.60 £ 0.68 A2 6.12 & 0.83 A 0.76 & 0.19 A2
0-10 Succession 4.19 £ 0.61 42 447 05242 0.62 = 0.08 A2
Forest 3.38 £ 0.37 42 4.21 +£0.39 42 0.49 + 0.06 A2
Meadow 6.51 & 1.77 A2 7.14 £1.348a 1.15£0.33 A2
10-20 Succession 12.87 +3.93 AP 3.82 £ 0.6143 1.32 £0.30 4P
Forest 6.35 + 1.83 Aa 3.83 £ 0.47 A2 0.84 £ 0.23 Aa
3.4. Parameters Affecting Soil Organic Carbon Content
The overall regression equation indicated that the soil organic carbon content, across all
studied soils, depended on MBC, gMIC, DOC and qCO; values, according to the equation:
Corg = 28.6 + 0.22MBC — 4.83qMIC — 0.02DOC - 0.21qCO, (1)
The obtained model explained 83% of the variance in the dependent variable, and the
standard error of estimation was 7.5. Nevertheless, when we took into consideration the
regression equations for individual land-use variants, we can state that different microbial
parameters and biogeochemical indexes shaped Corg content depending on land cover and
soil layer. Comparing the regression models for meadow, succession forest and old-growth
forest soil for both examined layers, it was noted that the models for different land-use
variants clearly differed between MS, SS and FS for the 0-10 cm layer, while, in the 10-20 cm
layer, Corg MS and FS depended on the same parameters (Table 4). The regression models
explained 77% to 99% of the variation in Corg in the individual land-use variants and
soil layers.
Table 4. Total organic carbon (Corg) dependent variable regression for individual examined land-use
and soil layer variants.
Land Use Meadow Succesion Forest
Layer (cm) 0-10 10-20 0-10 10-20 0-10 10-20
Free word —-5.10 2.59 39.22 12.01 67.24 45.98
qM —0.39 —0.09 - —0.01 —0.30 0.23
Cm 2.90 - - - 2.04 -
DHA 041 - —-0.39 - 0.57 -
qMIC - —0.52 —9.14 —3.24 —5.60 —9.54
MBC - 0.14 0.35 0.30 - 0.19
DOC - —0.10 —0.11 —0.03 —0.06 —0.05
INV - 0.38 0.09 0.10 —0.04 -
qCO;, - 241 - 0.16 —7.18 —2.75
Corrected R? 0.77 0.93 0.95 0.97 0.99 0.95
Estimation error 10.11 2.52 4.16 1.53 0.79 2.17

89:1152390920

gM—mineralization quotient; C,—cumulative value of mineralized carbon during incubation time (35 days);
DHA—dehydrogenase activity; qMIC—microbial quotient; MBC—microbial biomass carbon; DOC—dissolved
organic carbon; INV—invertase activity; qCO,—metabolic quotient.

4. Discussion
4.1. Impact of Natural Forest Succession on Soil Organic Carbon

Land-use change is one of the main factors influencing the organic carbon cycle. Many
studies, Bell et al., Liu et al., Luo et al., Mganga et al. [19,35-37], highlighted the importance
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of land-use conversion on soil organic carbon dynamics. Moreover, such changes in land
cover and land use can have a significant impact on global carbon pools and fluxes [38].
While, here, only a slight increase in Corg during natural forest succession was noted, this
was also confirmed in a previous study [39]. However, according to estimations, even a
marginal (0.01% annually) increase in Corg content in soil via carbon sequestration may
easily offset annual rises in the atmospheric carbon dioxide [40]. Thus, even small changes
may play an important role in carbon dynamics, carbon cycle and carbon sequestration at
both the local and global scale.

Natural succession is the default management strategy for the abandonment of agricul-
tural lands, which influence both aboveground and belowground carbon accumulation [41].
Moreover, natural forest succession increases forested areas, which are considered an im-
portant soil organic carbon pool. Forest soils contain almost half of the total organic carbon
in terrestrial ecosystems [42] and play a crucial role in the context of carbon sequestration;
therefore, increasing forest areas is recommended by current international policy agendas.
On the other hand, overgrowth of highly valuable semi-natural meadows in Polish na-
tional parks in the Carpathian Mountains, caused by a continuous process of natural forest
succession, can decrease biodiversity and cause the disappearance of unique mountain
landscapes [43,44]. The differences in meadow and forest ecosystem stability compared to
succession forests has been highlighted in previous studies [39,45]. However, the present
study showed a greater similarity of Corg changes in MS and FS in the 0~10 cm layer, while,
in the 10-20 cm layer, the factors shaping Corg in MS and SS were the same. Such results
may confirm that the 0-10 cm soil layer is more susceptible to changes along land-use and
land cover changes, such as natural forest succession.

4.2. The Soil Properties and Biochemical Parameters Affecting Soil Organic Carbon Content across
Changing Land Uses

The influence of studied soil properties and calculated parameters on Corg across all
land uses in the Polish Carpathians was more differential in the 0-10 cm layer compared to
the 10-20 cm soil layer. Forests and grasslands are assumed to be stable ecosystems, playing
a crucial role in carbon sequestration and the carbon cycle. Moreover, grasslands, through
photosynthesis, capture about 20% of the CO, released to the atmosphere annually [46].
Thus, the regression results of our study showed that the content of Corg in FSand MS in
the 0-10 cm layer is determined by some similar parameters. The positive impact of DHA
in the regression model of Corg in MS and FS highlights an important role of microbial
activity in shaping the organic carbon pool in such ecosystems. Maini et al. [47] related
that DHA levels vary in soils of different land uses with the addition of organic residues
on the soil surface. However, Bloriska et al. [48] found a large amount of component of
nutrient cycling in the initial stages of organic matter decomposition in forest systems,
which resulted in higher DHA levels. Meanwhile, in the 0-10 cm layer of SS, the INV
level had significant influence on the Cyg content. Invertase is one of the most important
enzymes in the soil carbon cycle and is related to the transformation and decomposition of
soil organic carbon by hydrolyzing carbohydrates to sugars and oligomers that are suitable
for uptake by plants and microbes [49].

The positive influence of INV and MBC on Cog, as well as the fact that the lowest
mean values of these parameters were found in SS, may indicate that the presence and
activity of microorganisms in such a constantly changing environment is the limiting factor
for Corg changes in succession land use. According to Souza et al. [50], the ability of
microbial biomass to convert organic carbon under stress is reduced, resulting in decreased
gMIC levels. Natural forest succession caused the deterioration of conditions for microbial
growth, which was confirmed by the decrease in qMIC from MS to FS, as well as the
negative impact of qMIC in the regression of Corg in SS and FS. In contrast, Susyan et al. [51]
noted an increase in qMIC levels within secondary forest succession. However, Insam
and Domsch [52] reported declining gMIC in open-pit mine soils under forest succession,
which indicated decreasing Corg availability due to progressive accumulation of recalcitrant
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humic material. Additionally, Corg in the 0-10 cm layer for MS and FS was significantly
influenced by mineralization parameters (QM and Cp,), which may also confirm the higher
stability of such ecosystems.

Bakhshandeh et al. [16] used gM as an indicator of chemical, biochemical and microbi-
ological soil properties” stability. Meanwhile, here, natural forest succession influenced an
increase in Cp, and Cy content in the 0-10 cm layer, which indicated faster mineralization
of organic matter in SS compared to FS and MS. According to Moscatelli et al. [33], lower
values of C, and Cy demonstrate lower respiration rates and the presence of a smaller frac-
tion of organic carbon available for mineralization. Nevertheless, the rate constant of labile
pool mineralization in SS was significantly lower compared to FS. Similarly, Jiang et al. [53]
found the highest k values in forest land compared to other land-use types.

Conversely, in the 10-20 cm layer, the influence of natural forest succession on organic
carbon changes was inconsiderable; especially in the MS and SS, the same parameters
defined the Corg content in regression models. However, the qCO,, which is a frequently
used indicator of ecosystem development and soil disturbance [54], was the most important
parameter that influenced Corg changes in Carpathian soils, especially in the 10-20 cm
layer. SS had the highest qCO;; similar results were presented by Susyan et al. [51], who
found the highest qCO; values in succession stages on the arable lands. Susyan et al. [51]
also stated that the lack of a decline in qCO; values during forest succession confirmed
simultaneous changes in microbial biomass and respiration activity. The MS and FS in the
Carpathians had a higher microbial efficiency in utilizing the available resources, which
was related to the lower qCO; [19].

Additionally, lower qCO; in MS and FS may reflect the higher stability of organic
substrates by the presence of microbial biomass [55]. However, the highest qCO; in SS
was related to the lowest MBC, especially in the 10-20 cm layer. Such results are in
agreement with Umarov et al. [56], who showed an increase in microbial biomass carbon
content during the first 17 years after secondary forest succession, which then gradually
decreased and remained at a quite constant level after 24 years of succession. Nevertheless,
Susyan et al. [51] stated that microbial biomass increase could be related to increasing
input and accumulation of organic carbon during forest succession, and, in disagreement
with our results, they noted an increase in microbial biomass carbon along succession.
Likewise, Mganga et al. [19] found lower qM values in the natural ecosystem in the Mt.
Kilimanjaro region compared to arable land, which was associated with lower ratios of
easily mineralizable organic matter to stable organic matter in soils under natural vegetation.
These findings are in accord with our results obtained for FS, expressed by the qM values
and regression models.

5. Conclusions

Despite no significant differences in the content of Corg between semi-natural meadow,
succession and old-growth forest, the natural forest succession in the Polish Carpathian
Mountains influences the type and the rate of the Cyrg decomposition and transformation.
The obtained results have shown that the natural forest succession caused a decrease in
MBC content, especially in the 10-20 cm layer. Moreover, SS characterized less efficient use
of organic substrates by microbial biomass compared to MS and FS, expressed by qCO,.

Overall, across all studied soils, the significant impact on Corg had MBC, qMIC, qCO,
and DOC. The obtained model explained 83% of the variance in Corg. Meanwhile, the
content of Cyrg in the individual land-use variants and depths was shaped by different
biochemical factors depending on land use and soil layer. In the 0-10 cm soil layer, the
differences between MS and SS, and FS and SS were more distinct, while the changes in
Corg in MS and FS were determined by similar properties. Meanwhile, in the 10-20 cm
layer in MS and SS, the Corg content was shaped by the same parameters.

The insight into Corg changes confirmed the findings that meadows and forests are
stable ecosystems that were formed over hundreds of years, while successional processes
are dynamic continuously changing ecosystems—ecotone zones. The stability of meadow
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and forest ecosystems is an important issue in the context of carbon sequestration and
climate change. Taking into account the problems of decision makers managing protected
areas, such as national parks, it would be appropriate to protect the semi-natural mountain
meadows to preserve their biodiversity and the ecosystem services they provide, which are
important globally, but even more at the local scale.
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