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Streszczenie

Dynamiczny rozwd6j technologiczny i1 cywilizacyjny wiaze si¢ z eksploatacja zasobow
naturalnych i1 rosnaca emisja szkodliwych zwigzkow, w tym wielopierscieniowych
weglowodorow aromatycznych (WWA). Zanieczyszczenia WWA  stanowig powazne
zagrozenie dla srodowiska glebowego. Obecnie podejmowane sg dziatania, ktorych celem jest
zminimalizowanie negatywnych skutkow akumulacji WWA w $rodowisku glebowym.
Gléwnym celem przeprowadzonych badan bylo poznanie roli wielopierscieniowych
weglowodoréw aromatycznych w procesach ksztattowania aktywnos$ci biologicznej gleb,
w zaleznosci od ilosci 1 jakosci glebowej materii organicznej oraz uziarnienia. W podjetych
badaniach starano si¢ ustali¢ jak sktad gatunkowy drzewostanu wplywa na akumulacje WWA
w glebach le$nych. Przeprowadzone badania sg proba uzupetnienia wiedzy na temat wielkosci
akumulacji WWA w glebach lesnych w relacji do chemicznych 1 biochemicznych wtasciwosci
gleb. Zaplanowane cele badan zrealizowano przeprowadzajac cztery doswiadczenia
na powierzchniach badawczych zlokalizowanych w Krakowie, na terenie Nadle$nictwa
Chrzanéw oraz na terenie Nadlesnictwa Rybnik. Uzyskane wyniki wskazuja, ze wielko$¢
akumulacji WWA w glebach lesnych jest determinowana wlasciwosciami gleb, zwlaszcza
iloscig glebowej materii organicznej, oraz uziarnieniem. Gleby o wigkszym udziale drobnych
frakcji zwlaszcza pylu 1 1tu charakteryzuja si¢ wyzszg zawartoscia WWA w pordwnaniu
do gleb piaszczystych. Potwierdzono znaczenie wplywu sposobu zagospodarowania gleb (lesne
oraz rolnicze) na ilos¢ i jako$¢ glebowej materii organicznej, od ktorej zalezy aktywnos¢
biochemiczna gleb, a w konsekwencji wielkos$¢ akumulacji WWA. Gleby le$ny cechuja si¢
wyzszg zawarto$cig wegla organicznego przy jednoczesnej kilkukrotnie wyzszej akumulacji
WWA. Dodatkowo, aktywno$¢ enzymatyczna gleb lesnych jest efektem oddziatywania
roslinnosci drzewiastej, ktora wptywa na glebe poprzez dostarczong biomas¢ nadziemna oraz
podziemng. Przeprowadzone badania wskazuja na istotng role skladu gatunkowego
drzewostanu w ksztaltowaniu poziomow prochnicznych oraz zakwaszenia gleb wplywajac
w ten sposob na aktywno$¢ mikrobiologiczng, a w konsekwencji na akumulacje WWA.
Drzewostany lisciaste korzystniej wptywaja na biodegradacjc WWA poprzez stymulowanie
aktywnos$ci biologicznej gleb. Sktad frakcyjny glebowej materii organicznej decyduje
o wielkosci akumulacji WWA w glebach le$nych. Istnieje bezposrednia zalezno$¢ pomigdzy

akumulacjg WWA, a zawartoscig lekkiej niezwigzanej frakcji glebowej materii organiczne;.

Stowa kluczowe: glebowa materia organiczna, wielopierscieniowe weglowodory aromatyczne,

aktywno$¢ enzymatyczna, gleby lesne, wtasciwosci gleb



Summary

Dynamic technological and civilization development is connected with exploitation of natural
resources and increasing emission of harmful compounds, including polycyclic aromatic
hydrocarbons (PAHSs). Contamination with PAHSs is a serious threat to the soil environment.
Currently, efforts are being made to minimize the negative effects of PAH accumulation in the
soil environment. The main objective of this study was to recognize the role of polycyclic
aromatic hydrocarbons in the processes of shaping the biological activity of soils, depending
on the amount and quality of soil organic matter and soil texture. The aim of the study was
to determine how the species composition of forest stands affects the accumulation of PAHs
in forest soils. The present research is an attempt to extend the knowledge on the accumulation
of PAHs in forest soils in relation to the chemical and biochemical soil properties. The planned
objectives of the study were carried out by conducting four experiments on research plots
located in Cracow, in the Chrzandéw Forest District and in the Rybnik Forest District. The results
obtained indicate that the accumulation of PAHSs in forest soils is determined by the soil
properties, especially the amount of soil organic matter and the soil texture. The soils with
a higher share of fine fractions, especially of silt and clay, are characterised by a higher PAH
content as compared to sandy soils. The importance of soil management (forest and agricultural)
on the quantity and quality of soil organic matter was confirmed. Forest soils are characterized
by a higher content of organic carbon with a several times higher accumulation of PAHSs.
In addition, the enzymatic activity of forest soils is a result of the influence of the trees
vegetation, which affects the soil through the aboveground and underground biomass supplied.
The conducted studies indicate that the species composition of forest stands has a significant
role in the formation of humus levels and soil acidification, thus influencing microbial activity
and, consequently, PAH accumulation. Deciduous tree stands have more beneficial effect
on PAHSs biodegradation by stimulating biological activity of soils. The fractional composition
of soil organic matter determines the magnitude of PAH accumulation in forest soils. There
is a direct relationship between PAH accumulation and the content of free light fraction of soil

organic matter.

Keywords: soil organic matter, polycyclic aromatic hydrocarbons, enzymatic activity, soil

degradation, forest soils
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2. Wprowadzenie

Wielopierscieniowe weglowodory aromatyczne (WWA) sa zwigzkami organicznymi
zbudowanymi z dwoch lub wiecej potaczonych ze soba pierScieni benzenowych
(Liu i in., 2008; Haritash i Kaushik, 2009). W srodowisku naturalnym WWA powstajg glownie
w wyniku niecatkowitego spalania lub pirolizy materii organicznej (Vane i in., 2014). Mozna
wyrézni¢ dwie drogi powstawania WWA. Pierwsza z nich jest naturalny proces emisji
w wyniku pozaroéw lasow, gk oraz erupcji wulkanéw (Wang i in., 2007). Drugim, obecnie
przewazajagcym zrodtem wydzielania zwigzkow WWA do sSrodowiska sg czynniki
antropogeniczne (Hu i in., 2017), obejmujace gtéwnie procesy uzyskania energii
z przemystowego spalania wegla, emisji przemystu koksowniczego i naftowego, obejmujace
prace silnikow spalinowych czy tez ogrzewanie budynkéw mieszkalnych (Wang i in., 2013;
Ruby i in., 2016). Wigkszo$¢ zwigzkow WWA cechuje si¢ zdolnoscig do bioakumulacji,
wysokimi wlasciwosciami mutagennymi, genotoksycznymi oraz teratogennymi negatywnie
oddzialywujagcymi na zdrowie organizméw zywych oraz ich prawidlowy rozwdj
(Joner i in., 2001; Ma i in., 2010; Zhao i in., 2017; Jiao i in., 2019). Hydrofobowy charakter,
staba rozpuszczalno$¢ w wodzie oraz litofilno§¢ zwiazkéw WWA sprawia, ze srodowisko
glebowe jest gtownym miejscem akumulacji ponad 90% catkowitej emisji tych zwigzkow
(Eomiin., 2007; Liiin., 2009). WWA cechuje takze niska mobilno$¢ w srodowisku glebowym
za sprawg silnego ich wigzania przez kwasy fulwowe, huminowe oraz huminy
(Yang i in., 2011). Wiasciwosci WWA czynig je zwigzkami zaliczanymi do grupy Trwalych
Zwigzkow Organicznych (TZO) (Nash, 2011; Ren i in., 2017). Ze wzgledu na ilo$¢ pierscieni
budujagcych WWA, mozemy wyodrebni¢ zwigzki o niskiej masie czasteczkowej oraz liczbie
pierscieni mniejszej od czterech (LMW) oraz zwiazki o wysokiej masie czasteczkowej
z wigkszg liczbg pierscieni (HMW) (Glaser i in., 2005). Zwiazki o wysokiej masie
czasteczkowej charakteryzuja si¢ wyzsza toksyczno$cia oraz twatoscig w porownaniu z WWA
o niskiej masie czgsteczkowej (Li i in., 2016; Nas i in., 2020). Zrozumienie mechanizméw
biodegradacji tych zanieczyszczen zagrazajacych s$rodowisku glebowemu jest obiektem
globalnego zainteresowania (Zhang i in., 2004; Chen i in., 2008). Wedlug raportu Krajowego
Osérodka Bilansowania 1 Zarzadzania Emisjami (2019) zrodlem 83,7% emisji
w Polsce jest spalanie nie zwigzane z przemystem. Pozostate 16,3% emisji to efekt procesow
produkcyjnych, gospodarki odpadami, rolnictwa oraz transportu drogowego. Zaréwno
gospodarstwa domowe jaki i przemyst wykorzystujg spalanie wegla kamiennego i brunatnego

jako gtowne zrédto energii (Roszko i in., 2020).
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Zwigzki WWA w glebie ulegajg procesom fotoutleniania, utleniania chemicznego, adsorpcji
w czastkach gleby, wymywania i degradacji mikrobiologicznej (Yuan i in., 2001;
Haritash i Kaushik, 2009; Eker i Hatipoglu, 2019). Mikroorganizmy glebowe sg kluczowym
elementem optymalizujagcym obieg materii organicznej, zapewniajacym wilasciwy rozwoj
roslin oraz ksztaltujagcym proces degradacji zanieczyszczen w Srodowisku glebowym
(Johnsen i in., 2005; Wang i in., 2020). Aktywno$¢ enzymatyczna mikroorganizmoéw jest
skutecznym wskaznikiem informujacym o stanie jakosci gleby i oceny zmian w srodowisku
glebowym (Gil-Sotres i in., 2005; Riffaldi i in., 2006). Biodegradacja zanieczyszczen odbywa
si¢ gtdéwnie poprzez aktywnos¢ biochemiczng mikroorganizmow, ktdra jest najskuteczniejsza
i najwydajniejsza metoda naturalnej redukcji toksycznych zwigzkow WWA (Ghosal i in., 2016;
Li i in.,, 2019). Uwalniane przez drobnoustroje enzymy przyspieszaja rozklad materii
organicznej odgrywajac kluczowa role w cyklach obiegu wegla (B-glukozydaza, celulaza,
dehydrogenaza), azotu (amidaza, chitynaza, proteaza) czy tez fosforu (fosfataza) w srodowisku
glebowym (Gil-Sotres i in., 2005; Berg i McClaugherty, 2008), ktore przyczyniajg si¢
do zmniejszenia akumulacji zanieczyszczen w glebie. Mozna wyrézni¢ wiele czynnikow
wplywajacych na aktywno$¢ mikroorganizméw a w konsekwencji na procesy biodegradacji
WWA w glebach. Aktywno$¢ mikroorganizméw zalezy od temperatury, dostgpnosci tlenu,
ilosci  sktadnikéw odzywczych, struktury populacji mikroorganizméw oraz odczynu
(Oleszczuk i in., 2007; Haritash i Kaushik, 2009). W procesie biodegradacji zwigzkow WWA
pH gleby odgrywa kluczowa rolg, determinujac dostgpnos¢ sktadnikow pokarmowych dla
mikroorganizmow. Niskie pH gleby zmniejsza pojemnos$¢ sorpcyjna w rezultacie redukujac
aktywnos$¢ biologiczng 1 zakldcajac optymalny obieg niezbednych sktadnikéw pokarmowych
w $rodowisku (Mueller i in., 2012).

Akumuklacja zwigzkow WWA w $rodowisku glebowym powigzana jest $cisle z glebowa
materig organiczna i jej zdolnosciami sorpcyjnymi w stosunku do zanieczyszczen organicznych
(Six iin., 2002; Ehlers i Loibner, 2006; Ukalska-Jaruga i in., 2019). Wigzanie zwigzkéw WWA
przez glebowa materi¢ organiczng opiera si¢ na dziataniu sit van der Waalsa wigzan
hydrofobowych i miedzyczasteczkowych sit wodorowych (Pignatello i in., 2012), ograniczajac
w ten sposob dyfuzje oraz uwalnianie organicznych zanieczyszczen do roztworow glebowych
(Wang i in., 2012). Ze wzgledu na niejednorodny charakter materi¢ organiczna gleby mozemy
podzieli¢ na trzy zasadnicze frakcje: frakcje o gestosci mniejszej niz <1,7 g cm™ niezwigzang
z koloidami glebowymi okreslang labilng frakcja glebowej materii organicznej (fLF); frakcje
zwigzang w okluzjach aregatow glebowych okreslang jako lekka frakcje zwiazana glebowej

materii organicznej (OLF); frakcje silnie zwigzang z czastkami mineralnymi itu i pytu okreslang
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jako frakcje ciezkg glebowej materii organicznej (MAF) (Wambsganss i in., 2017). Frakcja
ciezka glebowej materii organicznej jest odporna na procesy biodegradacji, ze wzgledu
na fizyko-chemiczne wigzania migdzy czastkami pylu Iub itu (Luo i in., 2008,
Griineberg i in. 2013). Udziatl poszczegolnych frakcji glebowej materii organicznej zalezy
od wielkosci agregatow glebowych oraz udziatu poszczegdlnych frakcji granulometrycznych
(Jastrow i in., 2007). Frakcje glebowej materii organicznej wigzaé¢ toksyczne zwigzki
orgaczniczne powodujg ich unieruchomienie w srodowisku glebowym (von Lutzov i in., 2006;
Duan i in., 2015). Znajomos$¢ udziatu poszczegdlnych frakcji glebowej materii organicznej
moze shuzy¢ jako wskaznik kondycji srodowiska glebowego (Btonska i in., 2017).

Zawarto$¢ zakumulowanych zwigzkow WWA W poszczegdlnych warstwach gleb
determinowana jest sposobem uzytkowania (Maliszewska-Kordybach, 1999). Intensywne
uzytkowanie rolnicze redukuje aktywnos$¢ biochemiczng oraz zawarto$¢ glebowej materii
organicznej (Drosos i in., 2018). Wyzszy odczyn, temperatura gleby, wlasciwosci fizyczne
wywotane orka oraz intensywne nawozenie mineralne gleb rolniczych prowadzi
do zmniejszenia zawarto$ci materii organicznej a w konsekwencji do nizszej akumulacji WWA
(Rong i in., 2007). Gleby ekosystemow lesnych charakteryzuja si¢ wyzszym potencjatem
akumulacji WWA (Jensen i in., 2007; Zhang i in., 2013; Ammer, 2019). Efektywnos¢
akumulowania zwigzkow WWA bezposrednio skorelowana jest z iloScig oraz jakoScig
glebowej materii organicznej (Matzner, 1984). Odczyn oraz ilo§¢ makroelementow ksztattuja
aktywno$¢ biologiczng gleb i jednoczesnie wptywaja na procesy biodegradacji WWA
(Reich i in., 2005; Mareschal i in., 2010). W glebach lesnych ilos¢ i jako$¢ materii organicznej
zalezy w gltownej mierze od skladu gatunkowego drzewostanu (De Deyn i in., 2008;
Blonska i in., 2017). Dostarczanie Scioty do wierzchnich warstw gleby wplywa na jej
pH i zawarto$¢ makroelementow, ktore decyduja o aktywnosci biologicznej i tempie procesow
rozktadu materii organicznej oraz zwigzanych z nig zwigzkow WWA (Hobbie i in., 2007).
Gleby drzewostanow iglastych maja nizszy odczyn w poréwnaniu z glebami drzewostanow
mieszanych lub lisciastych w efekcie dostarczanej $cioty (Jandl i in., 2007; Vesterdal i in., 2008;
Magh i in., 2018). Zwigkszona akumulacja WWA w glebach lesnych zwigzana jest takze
z wyzsza wilgotnoscia od ktoérej zalezg procesy dekompozycji materii organicznej
(Wania i McLachlan 2001; Chen, 2015). Dynamika rozktadu glebowej materii organicznej
od ktorej zalezy zdolno$¢ akumulacji oraz biodegradacji WWA, wynika z typu prochnicy gleb
lesnych (Btonska 1 in., 2020). Igly 1 liscie absorbuja zwigzki WWA 2z powietrza,
a te przenoszone sg do gleb lesnych poprzez opad $ciotki (Guggenberger i in., 1996).

Wielosezonowa obecno$¢ aparatu asymilacyjnego gatunkéw drzew iglastych oraz obecno$é¢
5
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wosku 1 lipidow na powierzchni igiet sprzyja absorbowaniu lipofilnych zwigzkow WWA

obecnych w atmosferze (Peng i in., 2012; Li i in., 2017; Lasota i Btonska, 2018).
3. Uzasadnienie wyboru tematu badawczego

Badania naukowe dotyczace wptywu WWA na $rodowisko glebowe dotyczyly do tej pory
gléwnie gleb uzytkowanych rolniczo. W dotychczasowych badaniach po§wi¢cono mniej uwagi
na wyjasnienie proceséw akumulacji WWA w glebach lesnych oraz poznanie czynnikow
je ksztaltujacych. Brak jest wiedzy na temat wielkoséci akumulacji WWA w glebach lesnych
pozostajacych pod wptywem oddziatywania drzewostandw o r6znym sktadzie gatunkowym.
Dodatkowo brak informacji na temat wptywu wtasciwosci gleb lesnych na procesy akumulacji
I biodegradacji WWA. Dotychczasowe badania wskazuja na role glebowej materii organicznej
jako glownego czynnika w akumulacji WWA (Johnsen i in., 2005; Liu i in., 2008;
Wang i in., 2011; Ukalska-Jaruga i in., 2019). Gleby lesne charakteryzuja si¢ odmiennymi
wiasciwosciami glebowej materii organicznej w porownaniu do gleb rolniczych. W glebach
lesnych dominuja typy prochnic z obecno$ci organicznych pozioméw nadktadowych.
Przeprowadzone badanie sg probg uzupehlienia braku wiedzy na temat roli poziomow
organicznych w akumulacji WWA. Gleby lesne charakteryzuja si¢ wigkszym zréznicowaniem
uziarnienia, od piaskow luznych po pyty ilaste oraz ity. Ilo§¢ WWA determinowana jest
uziarnieniem gleby (Duan i in., 2015; Yu i in., 2018). Udziat drobnych frakcji (pytu i itu)
decyduje o sktadzie frakcyjnym glebowej materii organicznej co moze przetozy¢ sie¢ na ilos¢
1 trwatos¢ WWA zakumulowanych w glebach. Obszary lesne znajduja si¢ w zasiegu silnej
antropopresji, dlatego wazne jest poznanie poziomu zanieczyszczen WWA w Srodowisku
glebowym. Sklad gatunkowy drzewostanu jest istotnym czynnikiem decydujacym o ilo$ci
i jako$ci glebowej materii organicznej od ktorych zalezy akumulacja WWA. Do tej pory nie
prowadzono badan zmierzajacych do wyjasnienia roli poszczegdlnych gatunkow drzew lesnych

w ksztattowaniu akumulacji WWA.
4. Cel pracy

Glownym celem przeprowadzonych badan bylo poznanie roli wielopierscieniowych
weglowodordw aromatycznych w procesach ksztattowania aktywnos$ci biologicznej gleb,
w zalezno$ci od ilosci oraz jakosci glebowej materii organicznej. W badaniach testowano
nastepujace hipotezy badawcze: 1) sposob uzytkowania gleb (lesny/rolniczy) wplywa

na zawartos¢ WWA poprzez wlasciwosci gleby zwlaszcza poprzez jakos¢ 1 ilo$¢ materii
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organicznej dostarczanej do gleby; 2) biologiczna aktywno$¢ gleb roznie uzytkowanych
wyrazona aktywno$cig enzymatyczng jest w wigkszym stopniu ksztaltowana przez wlasciwosci
gleb niz zawarto$¢ PAH; 3) zawarto$¢ drobnych frakcji granulometrycznych zwiaszcza pytu
petni kluczowg role w akumulacji zwigzkow WWA w glebach lesnych; 4) sktad gatunkowy
drzewostanu wplywa na akumulacje WWA poprzez ilos¢ i jakos¢ glebowej materii organicznej
oraz zakwaszenie gleby; 5) akumulacja WWA w glebach lesnych jest zwigzana ze sktadem
frakcyjnym glebowej materii organicznej od ktorej zalezy aktywno$¢ biologiczna gleb;
6) gatunki lisSciaste w wiekszym stopniu stymulujg aktywno$¢ biologiczng gleby, wplywajac
na nizsza zawarto$¢ zwigzkow WWA w porownaniu do gleb drzewostanow iglastych.

Do przeprowadzenia okreSlonych celow badawczych 1 sprawdzenia poprawnosci
postawionych hipotez wykonano cztery do$wiadczenia, ktérych rezultaty opublikowano
w publikacjach naukowych. Szczegdtowe cele przeprowadzonych badan zostaty przedstawione

ponize;.

Publikacja nr 1. Glownym celem do$wiadczenia bylo okreslenie wptywu sposobu
uzytkowania gruntdow na zawartoS¢ WWA w odniesieniu do wlasciwosci gleb.
W doswiadczeniu skupiono si¢ szczegdlnie na wyjasnieniu wptywu jakosci i ilosci materii
organicznej dostarczanej do gleby na poziom zanieczyszczenia WWA a w konsekwencji na

aktywnosc¢ biologiczng gleby.

Publikacja nr 2. Przeprowadzenie do§wiadczenia miato na celu okreslenie roli uziarnienia
na akumulacj¢ WWA w glebach le§nych. W badaniu okre$lono takze aktywno$¢ enzymatyczng

gleb w odniesieniu do typu prochnic i poziomu zanieczyszczen WWA.

Publikacja nr 3. Celem doswiadczenia byta ocena wptywu sktadu gatunkowego drzewostanu
na akumulacje WWA w drzewostanach gospodarczych. Badaniami objeto gleby drzewostanow
iglastych, liSciastych oraz mieszanych wzrastajacych w  jednakowych warunkach
siedliskowych. Podjeto probe powigzania sktadu gatunkowego z jakoscia akumulowanej

prochnicy, aktywnos$cig enzymatyczng oraz akumulacja WWA.

Publikacja nr 4. Celem badan bylo poznanie wptywu sktadu gatunkowego drzewostanow
na poziom zanieczyszczenia gleb przez WWA na terenie lasow miejskich. Doswiadczenie
obejmowato porownanie akumulacji WWA w glebach pod o$mioma gatunkami drzew (cztery

gatunki lisciaste oraz cztery gatunki iglaste). Aktywno$¢ enzymatyczna stanowila narzedzie
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do oceny wplywu poszczegdlnych gatunkow oraz akumulacji WW A na kondycje biochemiczng

badanych gleb laséw miejskich Krakowa.
5. Charakterystyka terenu badan

Do$wiadczenia, ktorych wyniki przedstawiono w publikacji nr 1 (Lyszczarz i in., 2021a)
oraz publikacji nr 3 (Lyszczarz i in., 2022) przeprowadzono na terenie Nadle$nictwa Rybnik
(50° 05’ 55" N; 18° 32’ 42" E) (Ryc. 1). Srednia roczna temperatura regionu wynosi 8,4°C,
a $rednia roczna suma opadow 705 mm. Obszar badan charakteryzuje si¢ wystepowaniem gleb
rdzawych wlasciwych oraz brunatnych. Teren Nadlesnictwa Rybnik znajduje si¢ pod wptywem
oddzialywania jednych z najwigkszych emisji przemystowych w Europie (EEA, 2020).
Wedlug prognozy oddzialywania na srodowisko (2016) na badanym obszarze w latach 2007-
2016 stwierdzono przekroczenie (5-12 ng-m) dopuszczalnych norm $redniorocznego stezenia
benzo(a)pirenu (BaP). Dodatkowo dopuszczalne normy stezenia pylu PM10 przekroczyty
$rednioroczna norme wynoszaca 20 pg-m=, osiggajac wynik 53 pg-m=3, a stezenie PM2.5
przekroczyto dopuszczalng norme 10 pg.m™ i wynosito 26 ng-:m= (WHO, 2005).

Blekko
CZECHIA Bida

|| Regionalne Dyrekcje Laséw Panstwowych *
I Nadlesnictwo Rybnik
I Nadlesnictwo Chrzandw
P Miasto Krakéw

200 km
|

Ryc. 1. Lokalizacja poszczegolnych obszarow badan

12:1052333412



Badania, ktorych wyniki przedstawiono w publikacji nr 2 (Lyszczarz i in., 2021b)
przeprowadzono na terenie Nadle$nictwa Chrzanow (50°7'18N; 19°3129E) (Ryc. 1).
Do analizy wybrano powierzchnie badawcze o zréoznicowanym uziarnieniu gleby (od piasku
luznego przez gline piaszczysta do gliny pylastej). Srednia roczna temperatura dla tego obszaru
wynosita 7.8°C, a érednia roczna suma opadow 658 mm. Na badanym terenie dominowaty
gleby opadowoglejowe wytworzone z utworéw wodno-lodowcowych. Na powierzchni
badawczej dominowat drzewostan sosnowo-debowy w wieku od 60 do 80 lat znajdujacy si¢
pod wptywem depozycji zanieczyszczen pochodzacych gtownie z Gorno$lagskiego Okregu
Przemystowego oraz Rafinerii Trzebinia. Zgodnie z raportem o stanie $rodowiska
w wojewodztwie matopolskim (2020) w latach 2012-2017, na terenie catego Nadles$nictwa
Chrzanéw s$rednioroczne stezenia benzo(a)pirenu (BaP) przekraczaty dopuszczalne normy
i wynosito 5,5 ng-m3. Roczne $rednie stezenia pylu zawieszonego PM10 w catym zasiegu
Nadle$nictwa Chrzanéw wynosity 34 pug'm3 a pylu zawieszonego PM2.5 w atmosferze
przekraczaly dopuszczalng norme osiagajac 27 pg-m?.

Doswiadczenie, ktorego wyniki przedstawiono w publikacji nr 4 (Lasota i in., 2021)
przeprowadzono w lasach miejskich Krakowa (50° 03’ 41" N; 19° 56’ 18" E) (Ryc. 1).
Badaniami obj¢to kompleksy lesne miasta Krakowa takie jak: Las Reduta, Las Zestawice, Las
Wolski i Las Tyniecki. Teren badan charakteryzowal si¢ wystepowaniem gleb plowych
(Skiba i Drewnik, 2013). Srednia temperatura na badanym obszarze wynosita 8.5°C, a $rednia
roczna suma opadow atmosferycznych wynosita ok. 715 mm. W ostatnich latach Krakow stat
si¢ jednym z najbardziej zanieczyszczonych miast w Europie, w efekcie nadmiernych emisji
SOz, NOx, CO i benzo(a)pirenu (Wilczynska-Michalik i Michalik, 2017). Duzy transport
publiczny, ruch samochodowy, blisko$¢ goérniczego regionu Gornego Slaska, port lotniczy
w Balicach uwazane sa za glowne przyczyny zanieczyszczenia gleb w Krakowie

(Ciarkowska i in., 2019).

6. Metodyka badan i wyniki
6.1. Wplyw uzytkowania leSnego i rolniczego na akumulacje wielopierscieniowych
weglowodorow aromatycznych w relacji do wlasciwosci gleb i mozliwych zrodet

zanieczyszczen

Wplyw sposobu uzytkowania na zawarto§¢ WWA w odniesieniu do wtasciwosci gleb zostat
zaprezentowany w pracy: £yszczarz S., Lasota J., Staszel K., Blonska E. 2021. Effect of forest
and agricultural land use on the accumulation of polycyclic aromatic hydrocarbons in relation
to soil properties and possible pollution sources. Badania przeprowadzono na terenie
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Nadlesnictwa Rybnik. Do przeprowadzenia doswiadczenia wytyczono sze$¢ transektow
o dtugosci 200 m, z ktérych co 50 m pobrano probki gleby. Kazdy transekt obejmowat obszar

le$ny, obszar rolniczy oraz strefe ekotonowa pomiedzy nimi (Ryc. 2).

Ryc. 2. Rozmieszczenie punktéw poboru probek w transekcie rolno-lesnym

Probki gleby zostaty pobrane z poziomu prochnicznego (0-15 ¢cm), po usunig¢ciu poziomu
organicznego. Z kazdego transektu pobrano 5 probek gleby (2 probki gleb lesnych, 2 probki
gleb rolniczych oraz 1 probke ze strefy przej$ciowej). Probki gleb o naturalnym uwilgotnieniu
przesiano przez sito o $rednicy 2 mm i przechowywano w ciemnos$ci w temperaturze 4°C.
W préobkach oznaczono zawartos¢ WWA oraz aktywno$¢ biochemiczng. Uziarnienie okreslono
metodg dyfrakcji laserowej (Analysette 22, Fritsch, Idar-Oberstein, Niemcy). pH gleby w H.O
i 1M KCI oznaczono stosujac metodg potencjometryczng. Zawartos¢ C i N 0znaczono przy
uzyciu analizatora LECO CNS (TrueMac Analyzer Leco, St. Joseph, MI, USA). Zawartos¢
kationow (Ca®*, Mg?*, K* i Na*) oznaczono po ekstrakcji w 1M octanie amonu przy uzyciu ICP
(ICP-OES, Thermo iCAP 6500 DUO, Thermo Fisher Scientific, Cambridge, UK). Zawarto$¢
Cd, Cr, Cu, Ni, Pb i Zn oznaczono po mineralizacji w mieszaninie stezonego kwasu azotowego
i nadchlorowego w stosunku 2:1 z wykorzystaniem ICP-OES. Zawartos¢ WWA oznaczono
wykorzystujac wysokocisnieniowg chromatografi¢ cieczowa (HPLC Dionex UltiMate 3000,
wyposazonego w detektor fluorescencyjny i kolumng Dionex UltiMate 3000 Column
Compartment C18 5 pm oraz kolumne HPLC 4,6-100-mm). Fazami ruchomymi byly woda
(A) i acetonitryl (B) przy szybkosci przeptywu 1 ml-min. W probkach gleb oznaczono
zawartos$¢ nastepujagcych WWA: naftalen (Nft), acenaften (Ace), fluoren (Flu), fenantren (Phe),
antracen (Ant), fluoranten (FIt), piren (Pyr), benzo(a)antracen (BaA), chryzen (Chr),
benzo(k)fluoranten (BkF), benzo(b)fluoranten (BbF), benzo(a)piren (BaP),
dibenzo(ah)antracen (DahA), indeno(1,2,3-c,d)piren (lcdP) i benzo(g,h,i)perylen (BghiP).
Do identyfikacji zrodet emisji WWA wykorzystano wspotczynniki diagnostyczne: BaP/BghiP
(Katsoyiannis i in., 2007), Flu/(Flu+Pyr) (Ravindrai in., 2008), FIt/FIt+Pyr (Roberto i in., 2009)
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oraz lcdP/(IcdP+BghiP) (Yunker i in., 2012). Przy zastosowaniu substratow znakowanych
fluorogenicznie oznaczono aktywnos$¢ enzymoéw zewnatrzkomoérkowych B-D-celobiozydazy
(CB), pB-ksylozydazy (XYL), N-acetylo-p-D-glukozaminidazy (NAG), fosfatazy (PH)
i arylosulfatazy (SP) (Pritsch i in., 2004; Turner, 2010; Sannaullah i in., 2016). Do okre$lenia
biomasy mikrobiologicznej C, N i P wykorzystano metod¢ fumigacji i ekstrakcji (Jenkinson
I Powlson, 1976; Vance i in., 1987). Analiz¢ wariancji zastosowano do oceny réznic migdzy
srednimi warto$ciami badanych wlasciwosci gleby. Obliczono wspodtczynniki korelacji
Pearsona pomi¢dzy badanymi wtasciwo$ciami gleb. Dodatkowo do oceny zaleznosci miedzy
wlasciwo$ciami gleby a zawartoScia WW A zastosowano analize¢ sktadowych gtownych (PCA).
Roéznice na poziomie istotnosci P<0,05 uznano za statystycznie istotne.

Nizszg $rednig warto$cig pH w H20 cechowaty si¢ gleby lesne oraz gleby strefy ekotonowej
(odpowiednio 4.15 i 4.40), natomiast $rednie pH gleb rolniczych wynosito 6.09. Istotne réznice
stwierdzono odnosnie pH w KCI. Srednie pH KCI gleb lesnych wynosito 3.44 a dla gleb
rolniczych 5.32. Gleby le$ne oraz gleby strefy ekotonowej charakteryzowaty si¢ statystycznie
istotnie wyzsza $rednig zawartoécig C i N oraz wyzszym stosunkiem C/N. Najwyzsza $Srednig
zawartoscig wegla organicznego odznaczaty sie gleby lesne (10.69%), a najnizsza gleby
rolnicze (1.46%). Najwyzsza Srednig zawarto$¢ azotu odnotowano w glebach lesnych (0.53%),
a najnizsza w glebach rolniczych (0.10%). Srednia wartos¢ stosunku C/N dla gleb lesnych
wynosita 19.6, dla gleb strefy ekotonowej wynosita 18.7, a dla gleb rolniczych 15.1.
Statystycznie istotnie wyzszg zawarto$¢ Ca stwierdzono w glebach rolniczych, a statystycznie
istotnie wyzszg zawarto$¢ Na stwierdzono w glebach lesnych., Nie odnotowano istotnych
roznic w zawartosci K i Mg w transekcie rolno-lesnym. Srednie wartosci aktywnosci
enzymatycznej oraz biomasy mikrobiologicznej byly statystycznie istotnie zréznicowane
w zalezno$ci od typu uzytkowania gleb. Wyzsza aktywnoscia NAG, XYL 1 PH
charakteryzowaty si¢ gleby lesne, w przypadku CB i SP rdznice nie byly statystycznie istotne.
Gleby lesne charakteryzowaty si¢ takze wyzszymi $rednimi warto$ciami mikrobiologicznej
biomasy C, N i P. Metale cigzkie W poszczegolnych glebach cechowaty si¢ zréznicowang
zawartoscia, z wyjatkiem Mn i Zn. Najwyzsza zawarto§¢ metali cigzkich odnotowano
w glebach rolniczych, gdzie zawartos¢ Cr, Cu, Ni i Pb byla statystycznie istotnie wyzsza niz
w glebach lesnych i glebach strefy ekotonowej. Przeprowadzone analizy wykazaty
statystycznie wyzszg zawarto§¢ WWA w glebach lesnych w poréwaniu do gleb rolniczych.
Srednia zawartos¢ zakumulowanych WWA w glebach lesnych wynosita 565.18 pg-kg™,
natomiast w glebach uzytkowanych rolniczo byta nizsza i wynosita 91.42 pg-kg™. Zaréwno

w glebach rolniczych jak i lesnych dominowaly czteropierscieniowe WWA. Gleby lesne
11

15:9033394582



charateryzowaty si¢ wyzsza zawartoscig trzy-, cztero-, piecio- i szesciopierscieniowych WWA
w poréwnaniu z pozostalymi badanymi glebami. Najwyzsza zawartos¢ odnotowano
w przypadku trdjpierscieniowego fluorenu, ktoérego zawartos¢ w glebach lesnych wynosita
1023 pg-kg™. Poza fluorenem w glebach lesnych odnotowano wysokie zawartosci fluorantenu,
pirenu, benzo(a)antracenu, chryzenu, benzo(b)fluorantenu i indeno(1,2,3-c,d)pirenu.
Wspotczynniki okreslajace zrodla emisji zwiazkow WWA wskazaty, ze gtéwnym zrédlem
zanieczyszczenia gleb w transekcie rolno-lesnym jest spalanie wegla. Pozostate zrodta emisji
WWA to spalanie drewna i trawy oraz spalanie benzyny w pojazdach mechanicznych.
Wigkszos¢ badanych enzymow (NAG, XYL i PH) oraz mikrobiologiczna biomasa byty
ujemnie skorelowane z pH. Aktywno$¢ enzymow i mikrobiologiczna biomasa istotnie
korelowaly z zawartoscig C, N i Na. Aktywno$¢ NAG, XYL i PH oraz mikrobiologiczna
biomasa odznaczaty si¢ statystycznie istotng, dodatnig korelacja wzgledem zawartosci WWA.
Szczegoblnie silng dodatnig korelacje z WWA wykazata zawartos¢ C, N i Na oraz w mniejszym
stopniu, zawarto$¢ K. Zawartos¢ WW A ujemnie korelowata z pH badanych gleb. W przypadku
zawarto$ci Cr, Cu, Pb 1 Zn stwierdzono ujemng korelacje z zawartoscig C i N, a dodatnig z pH
gleby. Czynniki 1 i 2, wyodrebnione w analizie PCA wyja$niaty tacznie 85,71% wariancji
analizowanych witasciwosci gleb. Analiza PCA potwierdzita zalezno$¢ migdzy zawarto$cia
C i N, a zawartoScig WWA oraz potwierdzity odrgbnos¢ gleb lesnych w stosunku do gleb
rolniczych.

Przeprowadzone doswiadczenie potwierdzito, ze sposob uzytkowania gleb ksztattuje ich
wlasciwosci, poprzez dostarczang do niej materie organiczng. Rodzaj dostarczanej materii
organicznej warunkuje akumulacje WWW oraz aktywno$¢ biochemiczng badanych gleb.
Gleby lesne charakteryzowaty si¢ wyzszym poziomem akumulacji WWA, w poréwnaniu
z glebami uzytkowanymi rolniczo. Dowiedziono takze, ze aktywnos¢ biologiczna gleby,
wyrazona aktywno$cig enzymatyczng, zalezy od ilo$ci i jako$ci materii organicznej gleby,
a w mniejszym stopniu od zakumulowanych w glebie WWA oraz metali cigzkich. Wysoka
zawarto§¢ WWA nie powodowala ograniczenia aktywnosci biochemicznej gleb lesnych.
Wskazniki charakteryzujace zrodla emisji WWA wskazaty, ze glownym zrodiem emis;ji jest
spalanie wegla. Doswiadczenie potwierdza kluczows role ilosci glebowej materii organicznej
jako sktadnika bioragcego udziat w sorpcji i starzeniu si¢ WWA. Badania wskazuja, ze wigkszy
doptyw detrytusu do gleb lesnych moze przeciwdziata¢ hamowaniu aktywnos$ci enzymow

glebowych przez WWA.
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6.2. Uziarnienie gleby jako glowny czynnik wplywajacy na zawartosé
wielopierscieniowych weglowodorow aromatycznych (WWA)

w powierzchniowych poziomach gleb lesnych

Wyniki wptywu uziarnienia na akumulacje WWA oraz aktywno$¢ enzymatyczng gleb
le$nych przedstawia praca: £yszczarz S., Lasota J., Szuszkiewicz M. M., Blonska E., 2021. Soil
texture as a key driver of polycyclic aromatic hydrocarbons (PAHSs) distribution in forest
topsoils.

Powierzchnie badawcze zostaly zlokalizowane na terenie Nadle$nictwa Chrzanow.
Do przeprowadzenia do$wiadczenia pobrano probki gleby z 20 punktéw rozmieszczonych
w regularnej siatce 100100 m (Ryc. 3). Probki gleb do analiz laboratoryjnych pobrano
z poziomu prochniczno-mineralnego, z glebokosci 0-10 cm po wczesniejszym usunigciu
poziomu organicznego. W kazdym punkcie poboru pobrano probke zbiorcza z czterech
podrobek. W §wiezych probkach o naturalnym uwilgotnieniu oznaczono aktywno$¢ enzymow,
mikrobiologiczng biomase C i N oraz zawartos¢ WWA. Przed przeprowadzeniem analizy
probki przechowywano w ciemnosci w temperaturze 4°C. Powierzchnie badawcze
pogrupowano uwzgledniajac uziarnienie badanych gleb: | grupa obejmowala gleby
0 uziarnieniu piasku luznego, Il grupa obejmowata gleby o uziarnieniu gliny piaszczyste;j,

[11 grupa obejmowata gleby o uziarnieniu gliny pylaste;j.

6004
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Ryc. 3. Schemat rozmieszczenia punktow poboru probek gleby

Do okreslenia uziarnienia wykorzystano metode dyfrakcji laserowej (Analysette 22, Fritsch,
Idar-Oberstein, Niemcy). Metoda potencjometryczng okreslono pH gleby w H>O i KCI.
Do oznaczania wegla (C) i azotu (N) zastosowano analizator LECO CNS (TrueMac Analyzer
Leco, St. Joseph, MI, USA). Metoda z wykorzystaniem ICP (ICP-OES Thermo iCAP 6500

13

17:7268207421



DUO, Thermo Fisher Scientific, Cambridge, U.K.) 0znaczono zawartos¢ kationow zasadowych
oraz zawartos¢ Cd, Cr, Cu, Ni, Pb, Zn. Zawartos¢ badanych metali ci¢zkich oznaczono
po mineralizacji w roztworze stezonego kwasu azotowego i nadchlorowego w stosunku 2:1.
Podobnie jak w poprzednim doswiadczeniu, w celu okreslenia zawartosci WWA wykorzystano
metode wysokocisnieniowej chromatografii cieczowej (HPLC). W probkach gleby
analizowano trzynascie wielopier§cieniowych weglowodoréw aromatycznych: naftalen (Nft),
fluoren (Flu), fenantren (Phe), antracen (Ant), fluoranten (Flt), piren (Pyr), benzo(a)antracen
(BaA) i chryzen (Chr), benzo(k)fluoranten (BKF), benzo(b)fluoranten (BbF), benzo(a)piren
(BaP), indeno(1,2,3-c,d)piren (lcdP) i bezo(g,h,i)perylen (BghiP). Przy zastosowaniu
substratow znakowanych fluorogenicznie 0ZNnaczono aktywnos$¢ enzymow
zewnatrzkomoérkowych B-glukozydazy (BG), B-D-celobiozydazy (CB), B-ksylozydazy (XYL),
N-acetylo-pB-D-glukozaminidazy = (NAG), fosfatazy (PH) i arylosulfatazy (SP)
(Pritsch 1 in., 2004; Turner, 2010; Sannaullah i in., 2016). Do okres§lenia biomasy
mikrobiologicznej C i N wykorzystano metod¢ fumigacji i ekstrakcji (Jenkinson i Powlson,
1976; Vance i in., 1987). Podatnos¢ magnetyczng badanych gleb oznaczono za pomocg
miernika podatno$ci magnetycznej Bartington MS2 wyposazonego w czujnik MS2B
(Bartington Instruments Ltd.). Do ukazania statystycznie istostnych réznic migdzy $rednimi
wartosciami badanych wtasciwosci gleb zastosowano analize wariancji. Wspotczynnik
korelacji Pearsona wykorzystano do oceny zalezno$ci pomigdzy badanymi whasciwosciami.
Wplyw wiasciwosci gleby na zawartos¢ WWA okreslono wykorzystujac metode drzew
klasyfikacji i regresji (C&RT). Dodatkowo do oceny zaleznosci migdzy whasciwosciami gleby
a zawarto$cia WWA zastosowano analiz¢ sktadowych gtéwnych (PCA). Roznice na poziomie
istotno$ci P < 0,05 uznano za statystycznie istotne.

Srednie pH w H20 gleb 0 uziarnieniu piasku luznego wyniosto 4,01, gleb o uziarnieniu gliny
piaszczystej wynosito 4,21, a w glebach o uziarnieniu gliny pylastej pH wynosito 4,06.
Statystycznie istotnie wyzszg zawarto$¢ wegla i azotu odnotowano w glebach o uziarnieniu
gliny piaszczystej i gliny pylastej w porownaniu do gleb o uziarnieniu piasku luznego.
W glebach o uziarnieniu gliny piaszczystej odnotowano najwyzsza zawartos¢ wegla (6,43%),
natomiast najnizsza w glebach o uziarnieniu piasku luznego (2,95%). Najwyzsza aktywnos¢
wszystkich badanych enzymow odnotowano w glebach o wuziarnieniu gliny pylaste;j.
Odnotowane roéznice aktywnosci enzymatycznej nie byly statystycznie istotne. Gleby
0 drobniejszym uziarnieniu charakteryzowaty si¢ wyzszymi wartoSciami mikrobiologicznej
biomasy C oraz N w poréwnaniu do gleb o uziarnieniu piaszczystym. Statystycznie istotnie

wyzszg mikrobiologiczng biomase¢ azotu odnotowano W glebach o uziarnieniu gliny pylaste;j.
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Aktywnos$¢ enzymatyczna oraz biomasa mikrobiologiczna C i N korelowaty istotnie dodatnio
z zawarto$cig kationow zasadowych. Badania nie potwierdzity istotnych korelacji pomiedzy
wlasciwosciami biochemicznymi a zawartoscia metali cigzkich, magnetometrii oraz
zawartoscig WWA. Najwyzsza statystycznie istotng zawarto$¢ metali ciezkich stwierdzono
w glebach o uziarnieniu gliny piaszczystej i gliny pylastej. Podatno$¢ magnetyczna korelowata
dodatnio z procentowa zawartoscig itu, natomiast ujemnie z zawartosciag piasku. Najwyzsze
$rednie wartosci podatnos$ci magnetycznej odnotowano w glebach o uziarnieniu gliny pylastej,
gdzie wyniosta 59,82:10% m3kg?, nizsze w glebach o uziarnieniu gliny piaszczystej
(53,14-10® m3-kg), natomiast najnizsze w glebach o uziarnieniu piasku luznego osiagajac
warto$¢ 16,44-10% m3-kgl. Statystycznie istotnie wyzsza zawartos¢ WWA odnotowano
w glebach o uziarnieniu piaszczystych gliny pylastej (1369,41 pg-kg?) oraz w glebach
0 uziarnieniu gliny piaszczystej (178,35 pg-kg?). Zawartoé¢ WWA w glebach o uziarnieniu
gliny pylastej oraz gliny piaszczystej byta istotnie wyzsza w porownaniu do zawartosci WWA
w glebach o uziarnieniu piasku luznego, gdzie zawartos¢ WWA wyniosta 3,62 ng-kg™. Gleby
0 o wyzszej zawartosci frakcji pylu i itu charakteryzowaty si¢ wyzszym st¢zeniem
weglowodorow 4, 5 1 6 pierScieniowych. Odnotowano istotna, dodatnig korelacje pomigdzy
zawarto$cig ilu a zawarto$cig metali cigzkich, podatno$cia magnetyczng oraz zwarto$cia
WWA. W przypadku zawartosci Cr, Cu, Pb i Zn stwierdzono dodatnig korelacj¢ z zawartoscig
pylu. Zawarto$¢ metali ciezkich 1 podatno$¢ magnetyczna byly silnie dodatnio skorelowane
z zawartoscig C, N 1 zawartoscig kationow zasadowych (K, Mg oraz Na). Analiza
z wykorzystaniem drzew regresyjnych potwierdzita znaczenie uziarnienia w ksztalttowaniu
akumulacji WWA w glebach lesnych. Dodatkowo istotnym czynnikiem decydujagcym o ilo$¢
WWA w glebach jest zawarto$¢ wegla organicznego. Analiza PCA potwierdzita rdznice we
wlasciwos$ciach gleb w odniesieniu do ich uziarnienia. Gleby piaszczyste utworzyly odrgbng
grupe, ktéra charakteryzowata si¢ mniejsza zawartosciag C, N, kationéw zasadowych oraz
WWA. Wyzsza zawartos¢ WWA cechowata gleby o cigzszym uziarnieniu. Analiza PCA
wyjasnita 76,68% zmiennos$ci badanych cech. Czynnik 1 zwigzany byl z zawartoscig frakcji
piasku, pytu i ilu oraz zawartoscig kationow zasadowych, natomiast czynnik 2 zwigzany byt
z zawarto$cia WWA w badanych glebach.

Przeprowadzone badania potwierdzity znaczenie uziarnienia, a w mniejszym stopniu
zawarto$ci wegla organicznego W ksztalttowaniu akumulacji WWA w glebach lesnych. Wyzsza
zawarto$¢ pylu pozytywnie wplyneta na zawartos¢ WWA 1 doprowadzita do wzrostu
akumulacji WWA w glebach lesSnych poprzez zwigkszenie zdolnosci sorpcyjnych gleb.

Zawarto$¢ wegla organicznego 1 zawarto$¢ azotu stymuluje aktywno$¢ enzymatyczng oraz
15
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mikrobiologiczng biomas¢ C i N w glebach lesnych o zr6znicowanym uziarnieniu. W trakcie
przeprowadzonych badaniach nie potwierdzono wptywu zawartosci WWA na ograniczenie
aktywno$ci biochemicznej badanych gleb lesnych. Uzyskane wyniki potwierdzity,
ze geochemiczne 1 magnetyczne metody okazaty si¢ uzytecznym i skutecznym narzedziem
W ocenie zanieczyszczen (w szczegolnosci metalami ciezkimi) gleb lesnych. Uzyskane wyniki
sugeruja, Ze przy ocenie zanieczyszczenia gleb przez WW A nalezy uwzgledni¢ uziarnienie gleb

oraz zawarto$¢ wegla organicznego.

6.3. Akumulacja wielopierscieniowych weglowodoréw aromatycznych (WWA)

w poziomach gleb réznych drzewostanow strefy umiarkowanej

Wyniki oceny wpltywu skladu gatunkowego drzewostanu na akumulacje WWA
w drzewostanach gospodarczych zostaly przedstawone w pracy: Zyszczarz S., Lasota J.,
Blonska E. 2021. Polycyclic aromatic hydrocarbons (PAHs) accumulation in soil horizons
of different temperate forest stands. Badaniami obj¢to gleby drzewostanow iglastych,
lisciastych oraz mieszanych wzrastajagcych w jednakowych warunkach siedliskowych. Badania
przeprowadzono na terenie Nadle$nictwa Rybnik. Do badan wytypowano drzewostany
w wieku 80 lat oraz o podobnym zageszczeniu koron drzew. Doswiadczeniem objgto trzy
drzewostany: jednogatunkowy z sosng zwyczajng (Pinus sylvestris), jednogatunkowy z dgbem
szyputkowym (Quercus robur) oraz drzewostany mieszane sosnowo-debowe. Powierzchnie
badawcze reprezentujace rozne typy drzewostandéw miaty wielkosé 2000 m?, a odleglosé
pomiedzy nimi wynosita okoto 300 m (Ryc. 4). Drzewostany objete badaniami rosty na glebach
0 podobnym uziarnieniu, gdzie zawarto$¢ piasku, pyhu i itu wynosita odpowiednio 81%, 16%
i 3%. Probki do analiz pobrano z poziomu organicznego (Ofh), prochnicznego mineralnego
(AEes) i mineralnego (B). Lacznie do Dbadan =zebrano 27 probek gleby
(3 typy stanowisk x 3 powtorzenia kazdego stanowiska x 3 horyzonty). Z kazdego poziomu
gleby pobrano zbiorcze probki, sktadajace si¢ z 3 podprobek. Pobrane probki gleb wysuszono
w temperaturze pokojowej a nastgpnie okreslono ich wiasciwosci fizykochemiczne.
Uziarnienie gleb okre$§lono metodg dyfrakcji laserowej (Analysette 22, Fritsch, Idar-Oberstein,
Niemcy). pH gleby w H20 oznaczono metoda potencjometryczng. Zawartos¢ C i N mierzono
za pomocg analizatora pierwiastkbow LECO CNS (TruMac Analyzer Leco, St. Joseph,
MI, USA). Zawartos¢ Ca, K, Mg i Na oznaczono za pomocg ICP (ICP-OES Thermo iCAP 6500
DUO, ThermoFisher Scientific, Cambridge, U.K.). Zawartos$¢ fosforu okreslono metodg Braya-

Kurtza.
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Ryec. 4. Schemat pobierania probek gleb w drzewostanach o r6znym sktadzie gatunkowym

Do analizy aktywnosci enzymatycznej, mikrobiologicznej biomasy oraz zawartosci WWA
pobierano $wieze probki o naturalnym uwilgotnieniu, przesiewano je przez sito o srednicy
2 mm i przechowywano w ciemnosci w temperaturze 4°C. AKtywnos¢ enzymow
zewnatrzkomorkowych B-D-celobiozydazy (CB), B-glukozydazy (BG), ksylanazy (XYL),
N-acetylo-p-D-glukozaminidazy (NAG), fosfatazy (PH) oznaczano przy uzyciu substratow
znakowanych fluorogenicznie. Fluorescencj¢ mierzono na czytniku plytek (SpectroMax), przy
dhugosci fali wzbudzenia 355 nm i dlugosci fali emisji 460 nm. Aktywno$¢ dehydrogenaz (DH)
oznaczono metoda Lenharda zgodnie z procedurg Casidy. Metode fumigacji 1 ekstrakcji
zastosowano do oznaczenia mikrobiologicznej biomasy C i N. Analize ilosci frakcji glebowej
materii organicznej przeprowadzono metoda fizycznego frakcjonowanie z wykorzystaniem
roztworu Nal (1,7 g-cm™®). W efekcie przeprowadzonego frakcjonowania wydzielono labilng
frakcje glebowej materii organicznej (fLF), lekka frakcje glebowej materii organicznej
zwigzanej w okluzjach agregatow (OLF) oraz cigzka zwigzang frakcje glebowej materii
organicznej (MAF). W kazdej z wydzielonych frakcji oznaczono zawarto$¢ C i N za pomoca
analizatora LECO CNS TruMac (Leco, St. Joseph, MI, USA). Zawarto§¢ WWA oznaczono
wykorzystujac metode opisang we wczesniejszych podrozdzialach niniejszej pracy.
Do okreslenia zaleznosci pomigdzy wlasciwosciami badanych gleb wykorzystano
wspotczynnik korelacji Pearsona. Analiza sktadowych glownych (PCA) zostata wykorzystana
w ocenie relacji pomiedzy wtasciwosciami gleb a typem drzewostanu. W ocenie roznic migdzy
srednimi  warto$ciami badanych wiasciwosci gleb wykorzystano test Kruskala-Wallisa
i dwukierunkowg analize wariancji. Metoda regresji wielorakiej postuzyta do opracowania
modeli opisujacych zalezno$¢ miedzy zawartoscig WWA, a wlasciwosciami badanych gleb.

pH gleb badanych drzewostanéw wahato si¢ od 3,61 do 3,98 | wzrastato wraz z glebokoscig
poszczegolnych poziomdw. Najnizszymi wartosciami pH odznaczaty si¢ gleby zlokalizowane

pod drzewostanem sosnowym. Wyzszymi wartoSciami pH charakteryzowaty si¢ gleby
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drzewostanow sosnowo-debowych oraz d¢bowych. Poziomy organiczne badanych gleb
charakteryzowaly si¢ istotnie wyzsza zawartoscig C, N 1 P. Przeprowadzone analizy
potwierdzity istotniejszy wplyw glebokosci gleby w poréwnaniu do wptywu drzewostanu
na zawarto$¢ C i N. Poziomy mineralne badanych gleb cechowat znaczny spadek zawartosci
wegla organicznego oraz azotu. Wegiel organiczny osiggnat najwyzsza zawarto$¢ w poziomie
organicznym gleb drzewostanow sosnowych(291,0 g-kgt), natomiast w glebie drzewostanow
debowych odnotowano najnizsza zawartoéé (201,8 g-kgt). W poziomie AEes drzewostanow
sosnowo-debowych i debowych odnotowano istotnie wyzsza akumulacje C w poréwnaniu
z glebg drzewostanéw sosnowych. Gleby wszystkich badanych drzewostanow
charakteryzowaty si¢ podobng zawartos$cig C w poziomie B. W poziomach organicznych gleb
drzewostanow sosnowych 0zZnaczono najwyzsza zawarto$é azotu wynoszaca 12,4 g-kg™, nizsza
zawartos¢ azotu odnotowano w poziomach organicznych gleb drzewostanow sosnowo-
debowych (10,4 g-kg™), natomiast najnizsza w glebach drzewostanéw debowych z $rednig
zawartoscig 10,0 g'kgl. Typ drzewostanu i glebokos¢ gleby ma jednoczesny wpltyw
na zawarto$¢ N (p < 0,001). Stosunek C/N byt najwyzszy w glebach drzewostanow sosnowych,
a najnizszy w glebach drzewostandw debowych. Przeprowadzone analizy potwierdzily
znaczenie typu drzewostanu w ksztattowaniu stosunku C/N (p < 0,01). Suma kationdéw
zasadowych osiggnela statystycznie istotnie wyzsze warto$ci w warstwach organicznych
badanych gleb. Gleby drzewostanow sosnowo-debowych i dgbowych charakteryzowaty sig
wyzszg zawartoScig kationow zasadowych. Gleby wszystkich badanych wariantow
drzewostanow charakteryzowaty sig istotnie wyzsza aktywnoS$cia enzymatyczng w poziomach
organicznych. Wraz z gleboko$cig gleby malata atywnos$¢ enzymow. Najwyzsze wartoSci
aktwyno$ci DH i NAG odnotowano w poziomach organicznych gleb drzewostanéw dgbowych.
W poziomach mineralno-préchnicznych gleb drzewostanéw dgbowych odnotowano najwyzsza
aktywnos¢ DH i PH. Poziomy organiczne gleb drzewostanow debowych odznaczaty sie
najwyzszymi $rednimi warto$ciami MBC wynoszacymi 2296,70 pg-kg?, natomiast gleby
drzewostanow sosnowych i sosnowo-debowych osiggnetly nizsze wartosci kolejno 2086,33
i 2097,23 ug-kg'. Typ drzewostanu wywierat istotny wplyw na mikrobiologiczng biomase
azotu w badanych glebach. Poziomy organiczne gleb drzewostanéw debowych
charakteryzowaly sie najwyzszymi wartosciami MBN (461,25 pg-kg?), a najnizsza
mikrobiologiczng biomas¢ azotu odnotowano w glebach drzewostanéw sosnowych (266,57
ng-kgl). Poziomy organiczne badanych gleb cechowaty sie istotnie wyzszymi $rednimi
zawartosciami C i1 N lekkiej frakcji glebowej materii organicznej. Najwyzsze zawartosci

C i N lekkiej frakcji odnotowano w poziomach organicznych gleb drzewostanéw sosnowych
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(266,30 g-kgi 6,65 g-kg™ odpowiednio). Z kolei wierzchnie poziomy drzewostanéw sosnowo-
debowych charakteryzowaly si¢ nizszymi zawartosciami C i N lekkiej frakcji (134,19 g-kg™
i 5,10 g-kg® odpowiednio) a w przypadku drzewostanéw debowych 0znaczono najnizsze
zawartosci C i N lekkiej frakcji (105,22 g-kgti 5,05 g-kg? odpowiednio). Istotnie wyzsze
srednie zawartosci C i N lekkiej frakcji zwigzanej glebowej materii organicznej odnotowano
w poziomach préchniczno-mineralnych drzewostanéw sosnowo-debowych (11,16 g-kgti 0,36
g-kg* kolejno) oraz debowych (11,87 g-kgi 0,48 g-kgt kolejno). Analizy potwierdzity istotng
role typu drzewostanu na zawarto$¢ N i stosunku C/N ciezkiej frakcji MAF. Glebokos¢ gleb
istotnie wptywa na zawarto$ci C i N frakcji glebowej materii organicznej. W przypadku
C i N cigzkiej frakcji glebowej materii organicznej najwyzsze warto$ci 0znaczono w warstwie
prochnicznej gleb drzewostanow sosnowo-debowych (odpowiednio 12,42 g-kg™t i 0,74 g-kg™?)
i drzewostanow debowych (odpowiednio 14,04 g-kg? i 1,16 g-kg™?). Najwyzsza zawartoécig
WWA charakteryzowaty si¢ poziomy organiczne wszystkich typow drzewostanow. W glebach
wszystkich typow drzewostanow odnotowano spadek zawartosci WWA wraz z glebokoscia
gleby. Odnotowano istotny statystycznie zwigzek glgbokosci gleby z akumulacje WWA.
Poziomy organiczne gleb drzewostanéw sosnowych osiggnelty najwyzsze zawartoSci
WWA(3805,00 pug-kg'). W glebach drzewostanéw sosnowo-debowych zawartos¢ WWA
wynosila 3087,09 pg-kg?, z kolei w glebach znajdujacych sie pod wptywem drzewostanow
debowych odnotowano najnizsza zawartos¢ WWA (2936,20 pg-kgt). W poziomach
powierzchniowych gleb drzewostanow sosnowych i sosnowo-debowych dominowaty 3- i 4-
pierscieniowe WWA. W glebach drzewostanow d¢bowych dominowaty 4-pierScieniowe
WWA, a nastegpnie 3 1 S-pierScieniowe WWA. Najwyzsza S$rednig zawartos¢
trojpierscieniowych  WWA  stwierdzono w poziomach gleb drzewostanow sosnowych
i debowych. Z kolei poziomy glebowe drzewostanow debowych wykazywaty najwyzsze
zawartosci 4-pierscieniowych WWA. Dla 5-pierscieniowych WWA najwyzsze zawarto$ci
odnotowano w warstwach gleb z debem, a dla 6-pierscieniowych WWA w warstwach gleb
z sosng. Rodzaj drzewostanu nie miat statystycznie istotnego wplywu na zawarto§¢ WWA
w zaleznosci od liczby pierScieni WWA. Wiekszo$¢ badanych enzymow istotnie korelowata
z zawarto$cig wegla organicznego 1 azotu. Potwierdzono takze, ze badane enzymy, oprécz DH
I CB, istotnie korelowaly z zawarto§cia WWA. Stwierdzono takze dodatnig zalezno$¢ miedzy
zwartoscig WWA a Cqr, Nfr | Cwar. Zawartos¢ WWA wzrastata wykladniczo wraz
ze wzrostem wegla organicznego, w szczego6lnosci dotyczylo to gleb drzewostanéw
sosonowych. Analiza regresji potwierdzila zalezno$s¢ pomigdzy zawartoscia WWA,

a zawartos$cig C labilnych i ci¢zkich frakcji glebowej materii organicznej. Analiza sktadowych
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glownych wyjasnia 84% wariancji badanych wiasciwosci gleb. PCA potwierdz ujemnag
korelacje pomigdzy zawartoscia WWA, a pH badanych gleb. Potwierdzono takze wyzsza
zawartos¢ WWA w horyzontach organicznych badanych gleb, ktére charakteryzowalo nizsze
pH oraz wyzsze zawartosci wegla organicznego.

Przeprowadzone badania potwierdzajg znaczenie sktadu gatunkowego drzewostanu
w ksztattowaniu akumulacji WWA w glebach lesnych. Sktad gatunkowy drzewostanu wptywa
na ilos¢ 1 jakos¢ glebowej materii organicznej oraz zakwaszenie, co znajduje odzwierciedlenie
w aktywnosci biochemicznej i degradacji WWA. Gatunki iglaste i lisciaste drzew odmiennie
wptywaja na wlasciwosci powierzchniowych poziomoéw glebowych, a tym samym
na zawartos¢ WWA. Gleby drzewostanow debowych charakteryzowaly si¢ najnizsza
akumulacja WWA przy jednoczesnie wysokiej aktywnosci biochemicznej wyrazonej
aktywnoscig enzymatyczng i mikrobiologiczng biomasg. Drzewostany sosnowe poprzez
obnizanie pH spowalniaja rozktad glebowej materii organicznej w efekcie przyczyniajac si¢
do wyzszej akumulacji WWA. Uzyskane wyniki potwierdzity takze znaczenie sktadu
frakcyjnego glebowej materii  organicznej w ksztaltowaniu akumulacji WWA,
a w szczegolnosci role zawartosci labilnej oraz cigzkiej frakcji glebowej materii organicznej.
Poprzez sktad gatunkowy drzewostanu, oddziatujemy na wiasciwosci gleb takie jak pH oraz
zawartos¢ glebowej materii organizcznej, w efekcie wplywajac na akumulacje WWA
I mozliwos¢ potencjalnej naturalnej biodegradacji organicznych zanieczyszczen.
Wprowadzanie domieszki gatunkéw liSciastych oraz odejscie od monokultur iglastych

skutecznie wptywa na nizszg akumulacje WWA w glebach lesnych.

6.4. Wplyw skladu gatunkowego drzewostanu na akumulacje wielopierscieniowych

weglowodorow aromatycznych (WWA) w glebach laséw miejskich Krakowa

Wptyw skladu gatunkowego drzew na akumulacje wielopierscieniowych weglowodoréw
aromatycznych (WWA) w glebach laséw miejskich Krakowa przedstawiono w pracy: Lasota
J., Lyszczarz S., Kempf P., Kempf M., Blonska E., 2021. Effect of species composition
on polycyclic aromatic hydrocarbon (PAH) accumulation in urban forest soils of Krakow.
Do zrealizowania do$wiadczenia wybrano drzewostany lisciaste i iglaste zlokalizowane
w lasach miejskich Krakowa. Badaniami objeto nastepujace gatunki drzew: $wierk pospolity
(Picea abies) i klon zwyczajny (Acer platanoides) w Lesie Reduta, sosng zwyczajng (Pinus
sylvestris) i dab szyputkowy (Quercus robur) w Lesie Tynieckim, modrzew europejski (Larix
deciduas) i robini¢ akacjowa (Robinia pseudoacacia) w Lesie Zestawice oraz daglezje ziclong
(Pseudotsuga menziesii) i buka zwyczajnego (Fagus sylvatica) w Lesie Wolskim. Kazdy
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wariant powierzchni mial trzy powtdérzenia, W sumie badaniami objeto 24 powierzchnie
badawcze (4 lasy miejskie x 2 gatunki x 3 powtdrzenia). W drzewostanach gatunkéw
lisciastych pobrano probki z poziomu prochniczno-mineralnego (A) po wczesniejszym
usinieciu poziomu $ciotki. W glebach drzewostanoéw z gatunkami iglastymi probki pobrano

z poziomu organicznego (Ofh) oraz poziomu mineralnego prochnicy (A).

Klon ~Swierk
zwyczajny 2wyczajny

Klon Swierk
zwyczajny 2wyczajny

Las Wolski

Park Reduty

Modrzew Robinia
europejski akacjowa

Dab Sosna
szyputkowy zwyczajna

Las Tyniecki Las Zestawice

Ryc. 5. Lokalizacja powierzchni badawczych w lasach miejskich Krakowa.

Uziarnienie gleb okreslono metoda dyfrakcji laserowej (Analysette 22, Fritsch, Idar-
Oberstein, Niemcy). pH gleb oznaczono metoda potencjometryczng w H20 i KCI. Zawartos¢
C i N oznaczono przy uzyciu analizatora LECO CNS (TrueMac Analyzer Leco, St. Joseph,
MI, USA). Zawartos¢ Cd, Cr, Cu, Ni, Pb i Zn oznaczono wykorzystujac ICP. . Do oznaczenia
kwasowosci hydrolitycznej zastosowano metode Kappena, a do kwasowosci wymiennej
metode Sokotowa (Ostrowska i in., 1991). Tlos¢ poszczegdlnych zwiazkoéw WWA oznaczano
metoda wysokocisnieniowej chromatografii cieczowej (HPLC). Okre$lono zawartos$¢ trzynastu
zwigzkow WWA: acenaftenu (Ace), fluorenu (Flu), fenantrenu (Phe), antracenu (Ant),
fluoranteun (FIt), pirenu (Pyr), benzo(a)antracenu (BaA), chryzenu (Chr), benzo(k)fluorantenu
(BkF), benzo(b)fluorantenu (BbF), benzo(a)pirenu (BaP), dibenzo(ah)antracenu (DBahA),
indeno(1,2,3-c,d)pirenu (IcdP) i bezo(g,h,i)perylenu (BghiP). Wykorzystujac substraty
znakowane fluorogenicznie okreslono aktywno$¢ enzymow zewngtrzkomorkowych:
B-D-cellobiozydazy (CB), B-ksylozydazy (XYL), N-acetylo-B-D-glukozaminidazy (NAG),
fosfatazy (PH) i arylosulfatazy (SP) (Pritsch i in., 2004; Turner 2010; Sanaullah i in., 2016).
Korelacje Spearmana wykorzystano do okreslenia zaleznos$ci pomiedzy badanymi cechami
gleb. Do oceny réznic miedzy $srednimi warto§ciami wlasciwosci zastosowano test U Manna-

Whitneya. Analiza sktadowych gtownych (PCA) zostata uzyta do okreslenia zwigzku pomiedzy
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badanymi wtasciwosciami gleb, zwlaszcza zawartoscia WWA, a skltadem gatunkowym
drzewostanow. Ogo6lny model liniowy (GLM) wykorzystano do okreslenia wptywu gatunku
drzew 1 wlasciwosci gleb na zawartos¢ WWA. Metoda drzew klasyfikacyjnych i regresyjnych
(C&RT) zostata wykorzystana do 0szacowania wptywu gatunkow drzew i parametroéw fizyko-
chemicznych gleb na zawartos¢ WWA.

pH badanych gleb istotnie r6znito si¢ pomiedzy drzewostanami gatunkoéw lisciastych
i iglastych. Gleby drzewostanow iglastych charakteryzowaty sig¢ istotnie nizszym pH w wodzie
w poréwnaniu do gleb drzewostanow lisciastych. Najnizsze $rednie warto$ci pH w poziomie
prochnicznym odnotowano w glebach z daglezja zielong (4,11), a najwyzsze w glebach
z klonem zwyczajnym (6,19). Gleby drzewostanow iglastych odznaczaty si¢ takze istotnie
wyzsza kwasowoscig hydrolityczng i wymienna, zwlaszcza w poziomach organicznych gleb
z sosng i $wierkiem. Gleby drzewostanow lisciastych i iglastych roznity sie istotnie pod
wzgledem zawartosci C i N, a najwyzsza zawartos¢ C odnotowano w poziomach organicznych
gleb drzewostanoéw iglastych. Odnotowano istotng réznice stosunku C/N pomiedzy glebami
gatunkoéw lisciastych i iglastych w poziomach préchniczno-mineralnych (A). Badane gleby
odznaczaty sie¢ przewaga frakcji pylastej, z niewielkim udziatem piasku oraz frakcji ilastej. Nie
odnotowano istotnych réznic w sktadzie frakcyjnym w poziomach mineralnych pomiedzy
drzewostanami iglastymi a lisciastymi. Istotnie wyzsza zawartoScig kationow zasadowych
charakteryzowaly si¢ poziomy mineralno-prochniczne gleb drzewostanow lisciastych.
Parametry biochemiczne gleb drzewostanow lisciastych i iglastych roznity sig¢ istonie,
w szczegolnosci aktywno$¢ enzymoéw BG, NAG, SP i PH w poziomach prochniczno-
mineralnych gleb drzewostanow lisciastych. Poziomy organiczne drzewostanow iglastych,
a W szczegblnosci sosnowych, charakteryzowaty si¢ najwyzsza $rednig zawartoscig WWA
(1,91 pg-gl). Badane gleby drzewostanow iglastych zawieraly statystycznie istotnie wiccej
WWA w poziomach préchniczno-mineralnych w poréwnaniu z glebami gatunkow lisciastych.
We wsyzstkich przypadkach badanych gleb dominowaty weglowodory 4- i 5-pier$cieniowe,
a udzial weglowodorow 3-pierscieniowych byt znikomy. W poziomach prochnicznych ilos¢
zakumulowanych WWA byta statystycznie istotnie i ujemnie skorelowana z pH gleb oraz
zawartoscig kationow zasadowych. Zawartos¢ WWA korelowato istotnie dodatnio
z kwasowoscia i stosunkiem C/N. Aktywnos¢ BG, NAG, SP i PH w poziomie prochnicznym
ujemnie korelowaly z iloscia WWA oraz pH gleb, a dodatnio z zawartoScig kationow
zasadowych. Analiza GLM potwierdzita znaczenie aktywnos$ci biochemicznej wyrazonej
aktywnoscig B-glukozydazy w ksztaltowaniu akumulacji WWA Analiza PCA potwiedzila

znaczenie gatunku i zawarto$ci wegla organicznego w ksztattowaniu zawartosci WWA oraz
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przedstawia zalezno$¢ pomiedzy pH badanych gleb, iloscig wegla organicznego i stopniem
rozkladu glebowej materii organicznej. Analiza sktadowych gtownych wyjasnita 77,7%
wariancji badanych wlasciwosci. PCA przedstawia zwigzek poziomow organicznych gatunkow
iglastych z zakwaszeniem, akumulacja stabo rozlozonej materii organicznej wyrazonej
wysokim stosunkiem C/N oraz wysokg akumulacje WWA. Ponadto analiza PCA wyodrgbnita
grupy pozioméw prochniczno-mineralnych gleb gatunkow lisciastych 1 iglastych pod
wzgledem zakwaszenia, ilosci i jako$ci glebowej materii materii organicznej, aktywnosci
biochemicznej, a w szczegdlnosci zawartosci WWA. Do identyfikacji cech determinujgcych
zawartos¢ WWA wykorzystano analiz¢ drzew Klasyfikacyjnych i regresyjnych. Cechy
decydujace 0 akumulacji WWA w glebach laséw miejskich to rodzaj poziomu genetyczneg,
gatunek drzew, aktywnosci B-glukozydazy i stosunek C/N. Najwicksza akumulacjc WWA
stwierdzono w poziomie organicznym przy aktywnosci BG < 114,04 nmol MUB g* smh?
i C/N >21,7.

Przeprowadzone badania potwierdzily znaczenie sktadu gatunkowego drzewostanow
w ksztaltowaniu wlasciwosci gleb, a w konsekwencji akumulacji WWA w glebach lasow
miejskich Krakowa. Dobierajac odpowiednie gatunki drzew mozemy ksztattowac podstawowe
wiasciwosci gleb, takie jak pH czy ilo$¢ i jakos$¢ glebowej materii organicznej. Gatunki lisciaste
korzystnie wptywajg na pH gleb oraz jako$¢ materii organicznej co skutkuje zréznicowaniem
aktywno$ci mikroorganizmow glebowych uczestniczacych w  procesach naturalnej
biodegradacji WWA. Przeprowadzone doswiadczenie potwierdzito pozytywny wptyw
gatunkow lisciastych, a w szczeg6lnosci klonu zwyczajnego na wiasciwosci gleb ograniczajac
jednoczesnie akumulacjc WWA w glebach lasow miejskich. Podczas planowania
zagospodarowania lasow miejskich nalezy unika¢ wprowadzania monokultur gatunkéow
iglastych, a w szczegdlnosci sosny i swierka. Potwierdzono, ze gatunki iglaste zakwaszaja
glebe, ograniczajac tym samym procesy biodegradacji zanieczyszczen organicznych, w ktorych

uczestniczg mikroorganizmy glebowe.
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7. Podsumowanie i wnioski

28:3359447540

1. Sposoéb uzytkowania gleb (lesny/rolniczy) wptywa na zawartos¢ WWA poprzez

ksztattowanie wlasciwosci gleb zwtaszcza jakosci 1 ilo$ci glebowej materii organiczne;.
Gleby uzytkowane rolniczo charakteryzujg si¢ nizsza zawarto$cig wegla organicznego

co skutkuje nizszg zawartosciag WWA.

. Rodzaj dostarczanej materii organicznej warunkuje akumulacje WWW oraz aktywnos$¢

biochemiczng badanych gleb wyrazong aktywno$cia enzymatyczng oraz
mikrobiologiczng biomasg. Wiekszy doptyw detrytusu do gleb lesnych przeciwdziata

hamowaniu aktywnosci enzymow glebowych przez WWA.

. Uziarnienie gleb jest jednym z kluczowych parametréw decydujacym o akumulacji

WWA w glebach lesnych. Zawarto$¢ drobnych frakeji granulometrycznych zwtaszcza
pyhlu prowadzi do zwigkszenia zawartosci WWA w glebach lesnych. Wyzsza zawartos¢
pylu pozytywnie wplyneta na zawartoS¢ WWA poprzez zwigkszenie zdolno$ci
sorpcyjnych gleb.

. Zawarto$¢ wegla organicznego i zawarto$¢ azotu stymuluje aktywnos$¢ enzymatyczng

oraz mikrobiologiczng biomase C i N w glebach le$nych o zréznicowanym uziarnieniu.
W trakcie przeprowadzonych badan nie potwierdzono wplywu zawartosci WWA

na ograniczenie aktywnos$ci biochemicznej badanych gleb lesnych.

. Sktad gatunkowy drzewostanéw gospodarczych wptywa na akumulacje WWA poprzez

ilo$¢ 1 jakos¢ dostarczanych do gleby szczatkdw organicznych oraz ksztattowanie
pH gleb. Gatunki iglaste i liSciaste drzew odmiennie wplywaja na wlasciwosci
powierzchniowych pozioméw glebowych, a tym samym na zawarto§¢ WWA. Gleby
drzewostanow debowych charakteryzowaty si¢ najnizsza akumulacja WWA przy
jednoczesnie  wysokiej aktywnosci  biochemicznej; wyrazonej aktywnoscig
enzymatyczng i mikrobiologiczng biomasg. Drzewostany sosnowe poprzez obnizanie
pH spowalniaja rozklad glebowej materii organicznej w efekcie przyczyniajac si¢

do wyzszej akumulacji WWA.

. Akumulacja WWA w glebach lesnych jest zwigzana ze sktadem frakcyjnym glebowej

materii organicznej od ktdrej bezposrednio zalezy aktywno$¢ biologiczna gleb.
Zawarto$¢ WWA w glebach pozostajacych pod wptywem oddziatywania drzewostanow
o ré6znym sktadzie gatunkowym dodatnio korelowala z zawarto$cig labilnej oraz

ciezkiej frakcji glebowej materii organiczne;.
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7. W lasach miejskich Krakowa gatunki li§ciaste silniej stymulujg aktywno$¢ biologiczng

gleb, wplywajac na nizsza zawarto$¢ zwigzkow WWA w poréwnaniu do gleb
drzewostanéw iglastych. Gatunkami szczegélnie korzystnie wplywajacymi
na stymulowanie aktywnos$ci biochemicznej gleb lasow miejskich oraz zmniejszenie
zawartosci WWA jest klon zwyczajny oraz robinia akacjowa. W lasach miejskich
nalezy unika¢ wprowadzania gatunkéw iglastych, zwlaszcza sosny i §wierka, poniewaz
dziataja zakwaszajaco na glebe, ograniczajac tym samym procesy rozktadu, w ktore
zaangazowane s3 mikroorganizmy glebowe co przyczynia si¢ do obnizenia

biodegradacji WWA.

. Warto$¢ pH okazala si¢ waznym parametrem decydujacym o biodegradacji WWA

w glebach laséw miejskich Krakowa, poniewaz wplywa na dostepnos¢ sktadnikéw
pokarmowych, a tym samym na rozwdj mikroorganizméw bioragcych udziat

w rozktadzie WWA.

. W glebach laséw miejskich Krakowa silnie zanieczyszczonych przez WWA

stwierdzono negatywny wptyw WWA na aktywno$¢ biochemiczng gleb wyrazong
aktywno$cig enzyméw zewnatrzkomorkowych (BG, NAG, PH).
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ABSTRACT

This study investigated the effects of forest and agricultural land use on the accumulation of polycyclic aromatic
hydrocarbons (PAHs) in relation to the chemical and biochemical properties of soil. The heavy metal content in
soil samples was also determined; PAH diagnostic ratios were used to identify pollution emission sources. Soils
from the Rybnik Forest District of Poland, which has suffered some of the most intense impacts from industrial
PAH emissions in Europe, were investigated. Six 200-m-long transects were designated for the experiment, with
samples taken every 50 m. These transects were located across forest, agricultural land, and ecotone zones. The
organic C and total N contents, pH, hydrolytic acidity and base cation content of the soil samples were deter-
mined, as well as the microbial biomass of C, N and P, the enzymatic activity, and the PAH and heavy metal
content. A significant impact of land management on the PAH content of the soil due to the supply of organic
matter was confirmed. The forest soils were more contaminated with PAHs than the agricultural soils, with an
average PAH content in the forest soils of 565.18 pg-kg™!, almost six times higher than in agricultural soils
(91.42 pg-kg™1). In addition, soil biological activity, expressed by enzymatic activity, depended on the amount
and quality of the soil organic matter and, to a lesser extent, on the PAHs and heavy metals accumulated in the
soils. This study confirmed that organic matter has a significant impact on PAH accumulation and is the main soil
component involved in the sorption and ageing of PAHs.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are pollutant organic
compounds formed by two or more joined benzene rings. Some PAHs
also have toxic and mutagenic properties (Jiao et al., 2017). PAHs have
long-lasting bioaccumulation and biotransformative properties (Sun
etal., 2018; Rajput et al., 2020) and exist in the natural environment due
to pyrolysis or incomplete combustion (Chen and Chen, 2011). Although
natural PAH emissions occur, for example, from volcanic eruptions and
forest and meadow fires (Campos et al., 2019), most are currently
anthropogenic emissions formed from the combustion of fossil and
biomass fuels, and exhaust products (Liu et al., 2008). PAHs have low
and high molecular weights, which can be deposited in soil (Gereslassie
et al.,, 2018). The low water solubility and hydrophobicity of PAHs
determine the amount accumulated in soils (Posada-Baquero et al.,
2019). The global distribution of PAHs has increased over the last cen-
tury because of their particular affinity to soil organic matter (SOM);
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more than 90% of the total mass of PAHs in the environment is stored in
soils (Wild and Jones, 1995). According to Wick et al. (2011), the
accumulation and toxicity levels of PAHs in soils stem from several
factors, such as microbial degradation, atmospheric photolysis, sorption
processes, and water and lipid solubility. The accumulation of PAHs is
closely related to the presence of SOM and meso- and macrophore clay
colloids (Cho et al., 2015; Duan et al., 2015; Tavakkoli et al., 2015).
Organic matter is the binding agent for PAHs in the soil environment. It
is responsible for the ‘ageing’ of PAHs, limiting their diffusion or release
into the soil in solution (Luo et al., 2012; Wang et al., 2012). This control
is mainly due to the effects of van der Waals forces, hydrophobic bonds
and hydrogen intermolecular forces (Pignatello, 2012).

The enzymatic activity of microorganisms is an indicator of soil
quality and has been used to evaluate changes taking place in the soil
environment (Riffaldi et al., 2006; Blonska et al., 2018; Lasota et al.,
2020). This activity depends primarily on pH, temperature, the avail-
ability of oxygen and nutrients, and the amount and type of
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Fig. 1. Localization of study area - Rybnik Forest District.

microorganisms present. Moreover, it plays a key role in removing toxic
PAHs from the soil environment (Haritash and Kaushik, 2009). The
biological activity of microorganisms is the driving force behind the
degradation of toxic PAH compounds in the soil environment (Yuan
et al., 2001). The ageing of pollutants determines the bioavailability of
PAHs and the microbial decomposition processes necessary to remove
these toxic compounds from soils (Ortega-Calvo et al., 2015). The
sorption of PAHs onto organic and inorganic soil colloids may reduce the
bioavailability of these organic compounds as substrates for microor-
ganisms. The accumulation of PAHs in the soil environment deteriorates
its biological parameters, such as the associated enzymatic activity and
microbial counts (Zhan et al., 2010). According to Tejada et al. (2007),
the amount and type of organic matter affect the biological and
biochemical properties of the soil environment. The organic matter
involved in the sorption processes of organic pollutants minimises
negative impacts relating to the number of soil microorganisms and their
enzymatic activity (Gunasekara and Xing, 2003). Hydrolytic enzymes in
the soil environment have been shown to play a key role in the C (p-d-
cellobiose, p-glucosidase, p-xylosidase) and N (N-acetyl-f-D-

41:2831029243

glucosamine) cycles (Stock et al., 2019). They specifically contribute to
the degradation of cellulose, hemicellulose and chitin (Parvin et al.,
2018). The efficiency of the degeneration of the above-mentioned
compounds into plant-absorbable nutrients is determined by the avail-
ability of substrates and reduction in nutrients. These processes signif-
icantly affect the C, N and P cycles in the environment (Adamczyk et al.,
2014).

The PAH content in the arable layers of agricultural soils can affect
habitat quality (Jensen and Mesman, 2007), with their accumulation
depending on land utilisation and the addition of organic fertilisers
(Maliszewska-Kordybach, 1999). The amount of accumulated PAHs in
arable land soils also appears to be important to human health
(Kobayashi et al., 2008). Forest ecosystems have been shown to play an
important role in treating anthropogenic PAHs (Zhang et al., 2013),
especially in forest soils (Jensen et al., 2007). Previous research has
provided evidence that different humus types accumulate different
amounts of PAHs due to differing SOM decomposition rates (Btonska
et al., 2018). Needles and leaves absorb PAH compounds from the air,
and these are transferred to forest soils via litterfall (Guggenberger et al.,
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Fig. 2. Scheme of the sampling points location in the transect.

1996). The PAH content in soil is directly related to the SOM content,
with the SOM layers in forest soils playing the role of PAH sinks
(Matzner, 1984). Studies on the impacts of PAHs on the soil environment
have been focussed on agricultural areas. This study aimed to look
beyond this by investigating the effects of forest and agricultural land
use on the accumulation of PAHs in relation to the chemical and
biochemical properties of the soils. The heavy metal content in the soil
samples was also determined, and PAH diagnostic ratios were used to
identify pollution emission sources. The following hypotheses were
tested: 1) land use influences the PAH content due to soil properties,
which are especially affected by the quality and quantity of organic
matter supplied to the soil; 2) the biological activity of the soils,
expressed in terms of enzymatic activity, is determined by the soil
properties and, to a lesser extent, by the PAHs and heavy metals accu-
mulated in the soil; and 3) the PAH diagnostic ratio is a useful tool for
identifying PAH sources in soils independent of land use.

2. Materials and methods
2.1. Study area and soil sampling

The study was conducted in the Rybnik Forest District of southern
Poland (50° 05’ 55” N, 18° 32’ 42" E) (Fig. 1). The average annual
temperature for this area is 8.4 °C, and the average annual rainfall is
705 mm. The field sites were located in an area where the soils derived
from glacial moraines; they are dominated by Brunic Arenosols and
Cambisols (World Reference Base, 2015). The research area is strongly
influenced by industrial pollution from Poland. According to the Envi-
ronmental Impact Assessment Report prepared for the Rybnik Forest
District for the period 2017-2026, the average annual benzo(a)pyrene
(BaP) concentrations exceed acceptable standards (1 ng~m3) across the

Table 1
Diagnostic ratios of PAHs to distinguish the emission sources.
PAH ratio Range of Emission source References
values
Flu/(Flu + <0.5 Petrol emission Ravindra et al.,
Pyr) 2008
>0.5 Diesel emission

Flt/(Flt + Pyr) <0.4 Petrogenic Roberto et al., 2009
0.4-0.5 Fuel combustion
>0.5 Grass, wood, coal
combustion
IcdP/(IcdP + <0.2 Petrogenic Yunker et al., 2002
BghiP)
0.2-0.5 Petroleum combustion
>0.5 Grass, wood, coal
combustion
BaP/BghiP <0.6 Non-traffic Katsoyiannis et al.,
>0.6 Traffic 2007

fluorene [Flu], fluoranthene [Flt], pyrene [Pyr], benzo(a)pyrene [BaP], benzo(g,
h,i)perylene [BghiP], indeno(1,2,3-c,d)pyrene [IcdP].

42:5546660059

whole district. In the conurbation of Rybnik and Jastrzebie Zdrdj, the
average concentration of BaP is 5-12 ng-m3, whilst in the Silesian zone,
this is 5-10 ng-m°>. The average annual concentrations of particulate
matter < 10 um in diameter (PM10) exceed the standard permitted
concentration according to health protection criteria (40 ug-m>) over the
entire range of the Forest District (Environmental Impact Assessment
Report for the Rybnik Forest District, 2016), with an average annual
concentration of 53 pg-m?> recorded in Rybnik. The mean annual con-
centrations of PM2.5 in the atmosphere also exceed the admissible
standard (according to health protection criteria) of 26 pg~m3 across the
whole of the Rybnik Forest District (Environmental Impact Assessment
Report for the Rybnik Forest District, 2016).

The study areas were selected during field observations. Study plots
with a uniform soil texture (sandy loam) were selected for analysis. Soil
samples for laboratory testing were taken in May 2019. Six 200-m-long
transects, located in forest, agricultural land and ecotone zones, were
delineated, from which samples were taken every 50 m (Fig. 2). The
central point of each transect was located at a border between forest and
agricultural land. The samples were taken from the humus horizon
(0-15 cm), after removing the organic horizon, in the forest and ecotone
zone soils. The arable soils did not have organic horizons due to agri-
cultural practices. To determine the enzyme activity, microbial biomass
and PAH content, fresh samples containing natural moisture were taken,
and these were sifted through a sieve (¢ 2 mm) and stored at 4 °C in the
dark prior to analysis.

2.2. Laboratory analysis

The particle size distribution was determined using laser diffraction
(Analysette 22, Fritsch, Idar-Oberstein, Germany). The soil pH was
determined in H,0 and 1 M KCl using the potentiometric method. The C
and N contents were measured using an elemental analyser (LECO CNS
TrueMac Analyzer Leco, St. Joseph, MI, USA). The cation concentrations
(Ca%t, Mg?", K* and Na™) were extracted using ammonium acetate and
determined by inductively coupled plasma optical emission spectrom-
etry (ICP-OES, Thermo iCAP 6500 DUO, Thermo Fisher Scientific,
Cambridge, UK). The Cd, Cr, Cu, Ni, Pb and Zn contents were deter-
mined after mineralisation in a 2:1 mixture of concentrated nitric and
perchloric acids by ICP-OES. The PAH contents were determined by
extractingl0 g of each soil sample using 70 ml of propan-2-ol. The
samples were then centrifuged (4500 rpm, 5 min) and the supernatant
collected. The supernatant was extracted to the solid phase (5 ml-min 1)
using a solid-phase extraction method (Chromabond® CN/SiOH). The
residue was dissolved in acetonitrile and analysed using high-pressure
liquid chromatography (HPLC) with a Dionex UltiMate 3000 HPLC
system, equipped with a fluorescence detector and a Dionex UltiMate
3000 Column Compartment C18 5 pm and a 4.6x100-mm HPLC column.
The mobile phases were water (A) and acetonitrile (B) at a flow rate of 1
ml-min~'. Based on the standard PAH calibration mix (CRM 47940) ata
concentration of 10 pg-ml~?, calibration solutions were prepared at
different concentrations (0.1, 0.2, 0.5, 1 and 2 pg~ml’1). Each solution
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Table 2
Basic chemical properties of the analysed soils of agroforestry transect.
pH H,0 pH KCl C N P C/N Ca K Mg Na
Forest 4.15+0.13° 3.44+0.15° 10.69+5.69% 0.53+0.25% 542.06+150.57° 19.59+1.88° 1.50+0.67" 0.46+0.20% 0.37+0.12% 0.06::0.03°
Edge point 4.40+0.47° 3.65+0.41° 6.97+2.57% 0.38+0.15% 373.39+137.60 18.75+2.59° 2.11+2.39%® 0.46+0.46" 0.38+0.27% 0.05:£0.03%®
Arable land 6.09+0.74% 5.32+0.87% 1.46+0.40" 0.10+0.03° 400,65+135,29? 15.06+1.52% 3.47+1.97% 0.22+0.15% 0.34+0.14* 0.03+0.01%

mean =+ SD; small letters in the upper index of the mean values mean significant differences between different land management; carbon and nitrogen content (%); Ca,

K, Mg and Na (cmol(+)kg 1.

Table 3
Basic biochemical properties of the analysed soils of agroforestry transect.
CB NAG XYL SP PH MBC MBN MBP
Forest 113.40+134.95% 495.81+428.56° 131.09+72.43°  7.29+13.38% 1048.04+650.45°  876.20+731.04% 122.62452.22°  6.68+5.63%
Edge point 65.95::43.06° 304.58+258.00%" 76.15:£59.00°" 6.78+13.82% 616.58+645.91°° 627.76+289.63°° 95.54:+29.22°° 3.64+3.53%
Arable land 22.02:+33.73° 35.26:+31.03° 9.74+15.84" 2.6745.27° 216.20+185.24° 292.39+208.44° 49.08+:34.36° 1.57+1.38°

mean =+ SD; small letters in the upper index of the mean values mean significant differences between different land management; -D-cellobiosidase [CB], N-acetyl-p-D-
glucosaminidase [NAG], p-xylosidase [XYL], arylsulphatase [SP] and phosphatase [PH] (mol MUB g~ ! dry soil h~1); MBC [microbial biomass carbon], MBN [microbial

biomass nitrogen] and MBP [microbial biomass phosphorus] (ug-kg™1).

was placed into the chromatography column, and the chromatograms
obtained were used to produce a calibration curve. The soil samples
were then analysed in triplicate. After every ninth analysis, a control
sample (a calibration solution with a concentration of 0.1 pug-ml~!) was
injected. Naphthalene (Nft, two rings), acenaphthene (Ace, three rings),
fluorene (Flu, three rings), phenanthrene (Phe, three rings), anthracene
(Ant, three rings), fluoranthene (Flt, four rings), pyrene (Pyr, four rings),
benzo(a)anthracene (BaA, four rings), chrysene (Chr, four rings), benzo
(k)fluoranthene (BKF, five rings), benzo(b)fluoranthene (BbF, five
rings), benzo(a)pyrene (BaP, five rings), dibenzo(ah)anthracene (DahA,
five rings), indeno(1,2,3-c,d)pyrene (IcdP, six rings) and benzo(g,h,i)
perylene (BghiP, six rings) were determined. Diagnostic ratios have been
used to distinguish the emission sources of PAHs, specifically BaP/BghiP
(Katsoyiannis et al., 2007), Flu/(Flu + Pyr) (Ravindra et al., 2008), Flt/
Flt + Pyr (Roberto et al., 2009) and IcdP/(IcdP + BghiP) (Yunker et al.,
2002) (Table 1).

The activity of extracellular enzymes (p-D-cellobiosidase [CB],
B-xylosidase [XYL], N-acetyl-p-D-glucosaminidase [NAG], phosphatase
[PH] and arylsulphatase [SP]) was determined using fluorogenically
labelled substrates (Pritsch et al., 2004; Turner, 2010; Sanaullah et al.,
2016). The fluorescence was measured on a multi-detection plate reader
(SpectroMax), with an excitation wavelength of 355 nm and an emission
wavelength of 460 nm. For the determination of microbial biomass C, N
and P, the fumigation and extraction method was used (Jenkinson and
Powlson, 1976; Vance et al., 1987).

2.3. Statistical analysis

The Pearson correlation coefficients for the soil characteristics were
calculated. Principal component analysis (PCA) was used to evaluate the
relationships between the soil properties and the PAH content. Analysis
of variance was employed to assess the differences between the average
values of the soil properties and the PAH content. Differences with P <
0.05 were considered to be statistically significant. All the analyses were
performed using Statistica 13 software (StatSoft Inc., 2012).
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Fig. 3. PAH content (ug-kg™") in the soil depending on the benzene rings in
transect points (F — forest site, E — edge point, A — arable land).

3. Results

The differences between the pH values of the forest and agricultural
soils were statistically significant (Table 2), with lower pH values in H,O
recorded in the forest and border soils (4.15 and 4.40, respectively),
while in the arable soils, the pH in HoO was 6.09. Similar statistical
differences were measured in the mean values of pH in KCl, which were
3.44 for the forest soils, 3.65 for the border soils and 5.32 for the arable
soils (Table 2). The forest and border soils were characterised by sta-
tistically significant higher average C and N contents and C/N ratios. The
highest mean C content was found in the forest soils (10.69%) and the
lowest in arable soils (1.46%). The average N content was highest in the
forest soils (0.53%) and lowest in the arable soils (0.10%). The mean C/
N value for the forest soils was 19.6, whilst for the border soils, this was
18.7, and for the arable soils, 15.1. No statistically significant differences
were found in the K or Mg content. Statistically significant higher Ca

Table 4
Heavy metals and PAHs content in soils of agroforestry transect.
cd Co Cr Cu Mn Ni Pb Zn SPAH
Forest 0.55+0.22 2.934+1.16 12.09+1.82° 5.12+1.18° 255.134+159.73% 3.774+1.47° 32.9643.92° 42.57+14.94* 565.184+513.21°
Edge point 0.75+0.37% 3.30+1.217 20.58+5.82% 11.28+4.90% 110.22+46.35% 10.42+3.68% 83.04+44.31° 50.56+24.72° 227.17+184.58%
Arable land 0.69+0.27% 3.06+0.82% 23.17+8.50% 12.90+4.59% 94.96475.97° 11.80+4.10% 92.92+37.59% 39.40+8.75% 91.424106.51°

mean + SD; small letters in the upper index of the mean values mean significant differences between different land management; Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn

(mg-kg™"); ZPAH (ugkg ™).
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Table 5
The content of individual PAHs (pgkg™!) in soils depending on land
management.

Molecular Nunber of Name of Forest Edge Arable
weight rings PAH point land
LMW 2-rings Nft 2,40 0,43 1,13
3-rings Ace 26,42 2,60 13,28
Flu 1023,00 107,79 85,50
Phe 295,04 50,87 26,12
Ant 203,20 0,84 5,94
M 1547,66  162,1 130,84
4-rings Flt 957,45 157,06 130,99
Pyr 741,50 129,46 111,20
BaA 561,90 82,63 134,26
Chr 734,62 138,59 138,55
Y 2995,47 507,74 515,00
HMW 5-rings BbF 620,45 164,63 100,07
BKF 281,05 104,75 59,99
BaP 342,24 113,14 85,61
DahA 137,20 83,64 50,69
Y 1380,94 466,16 296,36
6-rings BghiP 247,45 103,34 79,21
IedP 608,21 123,27 74,52
Y 855,66 226,61 153,73

LMW - low molecular weight, HMW — high molecular weight; naphthalane
[Nft], acenapthene [Ace], fluorene [Flu], phenanthrene [Phe], anthracene
[Ant], fluoranthene [Flt], pyrene [Pyr], benzo(a)anthracene [BaA], chrysene
[Chr], benzo(k)fluoranthene [BkF], benzo(b)fluoranthene [BbF], benzo(a)pyr-
ene [BaP], dibenzo(ah)anthracene [DahAl, bezo(g,h,i)perylene [BghiP], indeno
(1,2,3-c,d)pyrene [IcdP].

content was noted in the arable soils, and statistically significant higher
Na content was found in the forest soils (Table 2).

In most cases, the enzyme activity and microbial biomass were sta-
tistically significantly different relative to the type of land management
(Table 3). The forest soils were characterised by higher NAG, XYL and
PH activity. However, in terms of CB and SP, the differences were not
statistically significant. Higher microbial biomasses of C, N and P were
found in the forest soils (Table 3). The heavy metal content varied in the
different soils (Table 4): except for Mn and Zn, the highest heavy metal
content was recorded in the agricultural soils (Table 4). The Cr, Cu, Ni
and Pb contents were statistically significantly higher in the agricultural
soils (Table 4). A statistically significantly higher PAH content was
recorded in the forest than the arable soils (Table 4). The sum of the

1 .
petrogenic coal
combustion

0.9 4
0.8 4
0.7 4

0.6 - A
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PAHs in the forest soils was 565.18 pg-kg™, whilst the total was 91.42
pngkg™! in the arable soils. Both the forest and agricultural soils were
dominated by four-ring PAHs (Fig. 3 and Table 5). In the forest soils, a
higher content of three-, four-, five- and six-ringed PAHs was observed,
compared to the rest of the studied area. The highest percentage was
recorded for three-ringed fluorene, which reached 1023 pg-kg ™! in the
forest soils (Table 5). High contents of fluoranthene, pyrene, benzo(a)
anthracene, chrysene, benzo(b)fluoranthene and indeno(1,2,3-c,d)
pyrene were also noted in the forest soils (Table 5). A comparison of
the ratios used to determine the sources of the PAHs showed that the
cause of soil contamination in all land uses is predominantly coal
combustion (Fig. 4). Figs. 5 and 6 show that the pollutants in the soils are
also from the combustion of wood and grass, and emissions from petrol
in vehicles and other petroleum uses.

The enzyme activity and microbial biomass significantly correlated
with C, N and Na content (Table 6). Most of the tested enzymes (NAG,
XYL and PH) and the microbial biomass were negatively correlated with
the pH. A statistically significant positive relationship was found be-
tween NAG, XYL and PH activity, the microbial biomass and the PAH
content (Table 6). The PAH content correlated strongly and positively
with the C, N and Na contents and, to a lesser extent, with the K content
(Table 7). A negative, statistically significant relationship was found
between the PAH content and the pH of the soils. For the Cr, Cu, Pb and
Zn contents, a negative correlation with C and N content was noted, and
a positive correlation with pH (Table 7). Factors 1 and 2, distinguished
by the PCA for the organic horizons, explained a total of 85.71% of the
variance in the soil properties (Fig. 7). The PCA confirmed the rela-
tionship between the C and N content and PAHs, and a group of forest
soils was determined to be separate from the agricultural soils (Fig. 7).

4. Discussion

The results confirmed that land management has a significant impact
on the PAH content due to the soil properties, especially the supply of
organic matter to the soil. Moreover, it was proven that the biological
activity of the soil, expressed in terms of enzymatic activity, depends on
the amount and quality of the SOM and, to a lesser extent, on the PAHs
and heavy metals that have accumulated in the soils. The forest soils
were characterised by higher levels of PAH contamination than the
agricultural soils. According to the scale of Maliszewska-Kordybach
(1996), the forest soils studied were weakly contaminated or

vehicular emission
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Fig. 4. Biplot of PAH diagnostic ratios Flu/(Flu + Pyr) and BaA/(BaA + Chr) for the identification of pollution emission sources.
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Fig. 5. Biplot of PAH diagnostic ratios Flt/(Flt + Pyr) and IcdP/(IcdP + BghiP) for the identification of pollution emission sources.
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Fig. 6. Biplot of PAH diagnostic ratios BaP/BghiP and IcdP/(IcdP + BghiP) for the identification of pollution emission sources.

Table 6
Pearson correlation coefficients between biochemical properties and physicochemical properties, PAHs content in the soils of agroforestry transect.
CB NAG XYL sp PH MBC MBN MBP

C 0,393* 0,580% 0,736* 0,036 0,700* 0,685* 0,779*% 0,621*
N 0,416* 0,585* 0,753* 0,074 0,740* 0,687* 0,803* 0,613*
P 0,434* 0,332 0,581* 0,236 0,624* 0,223 0,373* 0,418*
pH in H,O -0,322 —0,497* —0,642* —0,142 —0,460* —0,465* —0,605* —0,471*
pH in KCl —0,285 —0,466* —0,611* —0,142 —0,441* —0,476* —0,581* —0,467*
Ca 0,010 —0,161 —0,255 0,067 —0,009 —0,200 -0,278 —0,250
K 0,297 0,397* 0,501* 0,421 0,721* 0,319 0,346 0,252
Mg 0,247 0,232 0,292 0,146 0,515* 0,286 0,192 0,233
Na 0,421* 0,540* 0,645* —0,058 0,607* 0,633* 0,621* 0,577*
2PAH 0,224 0,436* 0,505* 0,032 0,501* 0,528* 0,583* 0,426*

*p < 0.05; carbon and nitrogen content (%); f-D-cellobiosidase [CB], N-acetyl-B-D-glucosaminidase [NAG], p-xylosidase [XYL], arylsulphatase [SP] and phosphatase
[PH] (mol MUB g’1 dry soil h’l); MBC [microbial biomass carbon], MBN [microbial biomass nitrogen] and MBP [microbial biomass phosphorus] (pg-kg’l); Ca, K, Mg
and Na (cmol(+)'kg’1); 2PAH (pg~kg’1)
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Table 7
Pearson correlation coefficients between PAHs, heavy metals content and physicochemical properties of the soils of agroforestry transect.
cd Co Cr Cu Mn Ni Pb Zn SPAH

C —0,222 —0,090 —0,460* —0,401* —0,331 0,318 —0,473* —0,409* 0,853*
N -0,139 —0,002 —0,440* —0,376* —0,266 0,374* —0,440* —0,386* 0,844*
P 0,371* 0,382* 0,015 0,057 0,436* 0,0128 0,076 0,513* 0,300
pH in H,O 0,301 0,135 0,475* 0,444* 0,317 —0,336 0,554* 0,470* —0,459*
pH in KCl 0,320 0,160 0,481* 0,452* 0,328 -0,319 0,541* 0,485* —0,435*
Ca 0,424* 0,259 0,279 0,261 0,276 —0,133 0,390* 0,262 —0,222
K 0,225 0,265 —0,259 -0,318 —0,005 0,415* —0,165 —0,364* 0,426*
Mg 0,318 0,224 —0,045 —0,082 0,092 0,136 0,110 —0,090 0,232
Na —0,149 —0,108 —0,399* -0,273 —0,307 0,196 —-0,337 -0,316 0,797*

*p < 0.05; carbon and nitrogen content (%); Ca, K, Mg and Na (cmol(-&-)'kg’l); Ca, K, Mg and Na (cmol(-&-)‘kg’l); YPAH (pg~kg’1).

Fig. 7. The projection of variables on a plane of the first and second PCA factor (green symbols — forest; blue symbols — edge point; red symbols — arable land).

contaminated, while the agricultural soils were not contaminated. The
average PAH content in the forest soils was 565.18 pg-kg~!, almost six
times higher than the average PAH content in the agricultural soils
(91.42 pg-kg™Y). In this study, it was found that the higher PAH content
in the forest soils is related to the SOM content. SOM consists of diverse
components with various molecular weights, functional groups and
polarities. These control the dynamics of any contaminants in the soil
through hydrophobic and electrostatic interactions or the formation of
chemical bonds (Petruzzelli et al., 2002; Ukalska-Jaruga et al., 2018).
According to Chen et al. (2015), a higher accumulation of PAHs in forest
soils is also associated with a higher humidity level, which results from
the retention of rainwater by the plant cover. Forest layering favours the
process of PAH accumulation by making their escape via water vapour
more difficult. Wania and McLachlan (2001) argued that forests effec-
tively ‘pump’ PAHs from the atmosphere into the forest soil, which acts
as a large-capacity storage reservoir for these substances. Photo-
degradation is a process that regulates the residence time and fate of
deposited PAHs in soils (Eker and Hatipoglu, 2019). It is assumed that,
in a forest environment, this process is reduced because of the relatively
low amount of light that reaches the soil, although more research is
needed to precisely determine this relationship. The conditions in
agricultural soils, especially the pH and amount of SOM, result in a
relatively low PAH content due to the relatively high pH, the increased
temperature, the availability of O,, and the nutrients regularly supplied
via agricultural treatments (Hao et al., 2007). Previous studies have
shown that three-ringed PAHs are readily absorbed by maize roots, but
that three- and four- to six-ringed PAHs are less likely to be absorbed
into such plants (Zhang et al., 2017). Our results confirmed the presence
of a large accumulation of four- to six-ringed PAHs, and the low amount
of two- and three-ringed PAHs may be the result of their bio-
accumulation in plants. The ratios calculated to determine the sources of
the PAHs indicated that the PAHs which have accumulated in the soils
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are from carbon-burning processes. These processes include emissions
from internal combustion engines. The study areas were located in a
rural area within the influence of combustion and mining industry sites.
Local households are predominantly heated by burning lignite; elec-
tricity in Poland is also largely generated by burning hard coal and
lignite (Roszko et al., 2020). Our study confirmed that PAH diagnostic
ratios are a useful tool for identifying PAH sources in soils of different
land use. Values delimiting acceptable concentrations of heavy metals in
soil are determined by the Regulations of the Minister of the Environ-
ment (2016), with the limiting values for the heavy metals tested in
forest soils being: Cd — 10 mg-kg™'; Co — 100 mg-kg~}; Cr — 500 mg-kg%;
Cu - 300 mg-kg~%; Ni — 300 mg-kg™'; Pb — 500 mg-kg~!; and Zn — 1000
mg-kg!. The limiting values for the heavy metals in agricultural soils
being: Cd - 3 mg-kg™'; Co — 30 mg-kg™%; Cr — 300 mg-kg™%; Cu — 150
mg-kg™!; Ni — 150 mg-kg~!; Pb — 250 mg-kg™'; and Zn — 500 mg-kg L.
Our forest and agricultural soil samples did not exhibit any heavy metal
values that exceeded these concentrations.

The forest soils were characterised by higher and significantly
different microbial activity compared to the agricultural soils. This dif-
ference is due to the greater thermal and humidity stability of forests
(Wallenstein and Hall, 2012) and the greater influence of trees on the
quantity and quality of organic matter released to the soil environment
(Vesterdal et al., 2008). This ultimately increases the pool of microor-
ganisms and, thus, the soil enzymatic activity (Mukhopadhyay et al.,
2017). The soils used for agricultural purposes had low enzyme activity,
an effect of agricultural practices, which result in lower SOM (Drosos
and Piccolo, 2018). Forest soils differ from agricultural soils in the
amount of biomass hosted above and belowground, which results in
differences in detrital input to the soil. The abundance and composition
of the microorganisms depend on the litter and the influence of tree
roots (Llado et al., 2017). Organic matter content is influenced by plant
biomass production and the contribution of dead organic matter, which
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provides energy and nutrients for soil microorganisms (Hairiah et al.,
2006). The increased input of plant residues into forest soils relative to
farmland leads to a high organic matter content, as well as high soil
organic carbon in the unprotected fractions of soil organic matter,
whereas a mineral clay soil may have the capacity to accumulate more
stable C (Btonska et al., 2020).

5. Conclusions

Our findings confirm the importance of the type of land management
to the PAH content of the soil. The coefficients calculated to determine
the sources of the PAHs indicated that the main accumulations in the
soils came from carbon-burning processes. Significant differences were
found in the forest and agricultural soils concerning the PAHs, the soil
organic carbon content, the enzymatic activity and the microbial
biomass. The results indicate that land use is linked to the organic
matter, a key element influencing PAH and heavy metal contents, and
enzymatic activity. The results confirm that the amount of organic
matter is the predominant soil component involved in the sorption and
ageing of PAHSs. It is implied that a higher detrital input into forest soils
may counteract the inhibition of PAHs in soil enzyme activities. By
introducing trees, we shape the quality and quantity of SOM, conse-
quently affecting the microbiological properties of the soil, which
translates into the possibility of biodegrading organic pollutants such as
PAHSs.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

Article was financed by a subvention from the Ministry of Science
and Higher Education of the Republic of Poland for the University of
Agriculture in Krakow for 2020 (SUB/040012/D019).

References

Adamczyk, B., Kilpeldinen, P., Kitunen, V., & Smolander, A., 2014. Potential activities of
enzymes involved in N, C, P and S cycling in boreal forest soil under different tree
species. Pedobiologia, 57, 2, 97-102. https://doi.org/10.1016/j.
pedobi.2013.12.003.

Bloniska, E., Lasota, J., Piaszczyk, P., Wieche¢, M., Klamerus-Iwan, A., 2018. The effect of
landslide on soil organic carbon stock and biochemical properties of soil. J. Soils
Sediment. 18, 2727-2737.

Bloniska, E., Lasota, J., da Silva, G.R.V., Vanguelova, E., Ashwood, F., Tibbett, M.,
Lukac, M., 2020. Soil organic matter stabilization and carbon-cycling enzyme
activity are affected by land management. Ann. For. Res. 63 (1), 71-86. https://doi.
org/10.15287/afr.2019.1837.

Campos, L., Abrantes, N., Pereira, P., Micaelo, A.C., Vale, C., Keizer, J.J., 2019. Forest
fires as potential triggers for production and mobilization of polycyclic aromatic
hydrocarbons to the terrestrial ecosystem. Land Degrad. Dev. 30 (18), 2360-2370.

Chen, B., Pei, N., Huang, J., Liu, S., Zhang, N.a., Xiao, Y., Pan, Y., 2015. Removal of
Polycyclic Aromatic Hydrocarbons from Precipitation in an Urban Forest of
Guangzhou, South China. Bull. Environ. Contam. Toxicol. 95 (2), 240-245.

Chen, C.-W., Chen, C.-F., 2011. Distribution, origin, and potential toxicological
significance of polycyclic aromatic hydrocarbons (PAHs) in sediments of Kaohsiung
Harbor, Taiwan. Mar. Pollut. Bull. 63 (5-12), 417-423.

Cho, S.-H., Kim, K.-H., Jeon, Y.J., Kwon, E.E., 2015. Pyrolysis of microalgal biomass in
carbon dioxide environment. Bioresour. Technol. 193, 185-191.

Duan, L., Naidu, R., Liu, Y., Palanisami, T., Dong, Z., Mallavarapu, M., Semple, K.T.,
2015. Effect of ageing on benzo[a]pyrene extractability in contrasting soils.

J. Hazard. Mater. 296, 175-184.

Drosos, M., Piccolo, A., 2018. The molecular dynamics of soil humus as a function of
tillage. Land Degrad. Dev. 29 (6), 1792-1805.

Eker, G., Hatipoglu, M., 2019. Effect of UV wavelength, temperature and photocatalyst
on the removal of PAHs from industrial soil with photodegradation applications.
Environ. Technol. 40 (28), 3793-3803.

Gereslassie, T., Workineh, A, Liu, X., Yan, X., Wang, J., 2018. Occurrence and ecological
and human health risk assessment of polycyclic aromatic hydrocarbons in soils from
Wuhan, central China. Int. J. Environ. Res. Public Health 15 (12), 2751. https://doi.
org/10.3390/ijerph15122751.

47:1059169981

Forest Ecology and Management 490 (2021) 119105

Guggenberger, G., Pichler, M., Hartmann, R., Zech, W., 1996. Polycyclic aromatic
hydrocarbons in different forest soils: Mineral horizons. Z. Pflanzenernaehr. Bodenk.
159 (6), 565-573.

Gunasekara, A.S., Xing, B., 2003. Sorption and Desorption of Naphthalene by Soil
Organic Matter: Importance of Aromatic and Aliphatic Components. J. Environ.
Qual. 32 (1), 240-246.

Hairiah, K., Sulistyani, H., Suprayogo, D., Widianto, Purnomosidhi, P., Widodo, R.H.,
Van Noordwijk, M., 2006. Litter layer residence time in forest and coffee
agroforestry systems in Sumberjaya, West Lampung. For. Ecol. Manage. 224 (1-2),
45-57.

Haritash, A.K., Kaushik, C.P., 2009. Biodegradation aspects of Polycyclic Aromatic
Hydrocarbons (PAHs): A review. J. Hazard. Mater. 169 (1-3), 1-15.

1USS Working Group WRB., 2015. World reference base for soil resources 2014, update
2015: International soil classification system for naming soils and creating legends
for soil maps. World Soil Resources Reports No. 106, 192.

Jensen, H., Reimann, C., Finne, T.E., Ottesen, R.T., Arnoldussen, A., 2007. PAH-
concentrations and compositions in the top 2 cm of forest soils along a 120 km long
transect through agricultural areas, forests and the city of Oslo, Norway. Environ.
Pollut. 145, 829-838.

Jenkinson, D.S., Powlson, D.S., 1976. The effects of biocidal treatments on metabolism in
soil—V. Soil Biol. Biochem. 8 (3), 209-213.

Jensen, J., Mesman, M., 2007. Ecological Risk Assessment of Contaminated Land:
Decision Support for Site Specific Investigations (RIVM report 7110701047).
Bilthoven, The Netherlands.

Jiao, H., Bian, G., Chen, X.i., Wang, S., Zhuang, X., Bai, Z., 2017. Distribution, sources,
and potential risk of polycyclic aromatic hydrocarbons in soils from an industrial
district in Shanxi, China. Environ. Sci. Pollut. Res. 24 (13), 12243-12260.

Katsoyiannis, A., Terzi, E., Cai, Q.-Y., 2007. On the use of PAH molecular diagnostic
ratios in sewage sludge for the understanding of the PAH sources. Is this use
appropriate? Chemosphere 69 (8), 1337-1339.

Kobayashi, R., Okamoto, R.A., Maddalena, R.L., Kado, N.Y., 2008. Polycyclic aromatic
hydrocarbons in edible grain: A pilot study of agricultural crops as a human exposure
pathway for environmental contaminants using wheat as a model crop. Environ. Res.
107 (2), 145-151.

Lasota, J., Bloniska, E., Lyszczarz, S., Tibbett, M., 2020. Forest Humus Type Governs
Heavy Metal Accumulation in Specific Organic Matter Fractions. Water Air Soil
Pollut. 231 (2), 80. https://doi.org/10.1007/511270-020-4450-0.

Liu, G., Niu, Z., Van Niekerk, D., Xue, J., Zheng, L., 2008. Polycyclic aromatic
hydrocarbons (PAHs) from coal combustion: emissions, analysis, and toxicology. In:
Reviews of environmental contamination and toxicology. Springer, New York, NY,
pp. 1-28. https://doi.org/10.1007/978-0-387-71724-1_1.

Llado, S., Lopez-Mondéjar, R., Baldrian, P., 2017. Forest Soil Bacteria: Diversity,
Involvement in Ecosystem Processes, and Response to Global Change. Microbiol.
Mol. Biol. Rev. 81 (2) https://doi.org/10.1128/MMBR.00063-16.

Luo, L., Lin, S., Huang, H., Zhang, S., 2012. Relationships between aging of PAHs and soil
properties. Environ. Pollut. 170, 177-182.

Maliszewska-Kordybach, B., 1996. Polycyclic aromatic hydrocarbons in agricultural soils
in Poland: preliminary proposals for criteria to evaluate the level of soil
contamination. Appl. Geochem. 11 (1-2), 121-127.

Maliszewska-Kordybach, B., 1999. In: Bioavailability of Organic Xenobiotics in the
Environment. Springer Netherlands, Dordrecht, pp. 3-34. https://doi.org/10.1007/
978-94-015-9235-2 1.

Matzner, F., 1984. Annual rates of deposition of polycyclic aromatic hydrocarbons in
different forest ecosystems. Water Air Soil Pollut. 21 (1-4), 425-434.

Mukhopadhyay, S., George, J., Masto, R.E., 2017. Changes in Polycyclic Aromatic
Hydrocarbons (PAHs) and Soil Biological Parameters in a Revegetated Coal Mine
Spoil. Land Degrad. Develop. 28 (3), 1047-1055.

Ortega-Calvo, J.-J., Harmsen, J., Parsons, J.R., Semple, K.T., Aitken, M.D., Ajao, C.,
Eadsforth, C., Galay-Burgos, M., Naidu, R., Oliver, R., Peijnenburg, W.J.G.M.,
Rombke, J., Streck, G., Versonnen, B., 2015. From Bioavailability Science to
Regulation of Organic Chemicals. Environ. Sci. Technol. 49 (17), 10255-10264.

Parvin, S., Blagodatskaya, E., Becker, J.N., Kuzyakov, Y., Uddin, S., Dorodnikov, M.,
2018. Depth rather than microrelief controls microbial biomass and kinetics of C-, N-
, P- and S-cycle enzymes in peatland. Geoderma 324, 67-76.

Petruzzelli, L., Celi, L., Cignetti, A., Marsan, F.A., 2002. Influence of soil organic matter
on the leaching of polycyclic aromatic hydrocarbons in soil. J. Environ. Sci. Health,
Part B 37 (3), 187-199.

Pignatello, J.J., 2012. Dynamic interactions of natural organic matter and organic
compounds. J. Soils Sediments 12 (8), 1241-1256.

Posada-Baquero, R., Martin, M.L., Ortega-Calvo, J.-J., 2019. Implementing standardized
desorption extraction into bioavailability-oriented bioremediation of PAH-polluted
soils. Sci. Total Environ. 696, 134011. https://doi.org/10.1016/j.
scitotenv.2019.134011.

Pritsch, K., Raidl, S., Marksteiner, E., Blaschke, H., Agerer, R., Schloter, M.,

Hartmann, A., 2004. A rapid and highly sensitive method for measuring enzyme
activities in single mycorrhizal tips using 4-methylumbelliferone-labelled
fluorogenic substrates in a microplate system. J. Microbiol. Methods 58 (2),
233-241.

Rajput, V., Minkina, T., Semenkov, I, Klink, G., Tarigholizadeh, S., Sushkova, S., 2020.
Phylogenetic analysis of hyperaccumulator plant species for heavy metals and
polycyclic aromatic hydrocarbons. Environ. Geochem. Health 1-26. https://doi.org/
10.1007/510653-020-00527-0.

Ravindra, K., Wauters, E., Van Grieken, R., 2008. Variation in particulate PAHs levels
and their relation with the transboundary movement of the air masses. Sci. Total
Environ. 396 (2-3), 100-110.


http://refhub.elsevier.com/S0378-1127(21)00194-8/h9000
http://refhub.elsevier.com/S0378-1127(21)00194-8/h9000
http://refhub.elsevier.com/S0378-1127(21)00194-8/h9000
https://doi.org/10.15287/afr.2019.1837
https://doi.org/10.15287/afr.2019.1837
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0020
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0020
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0020
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0025
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0025
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0025
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0030
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0030
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0030
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0035
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0035
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0040
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0040
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0040
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0045
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0045
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0050
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0050
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0050
https://doi.org/10.3390/ijerph15122751
https://doi.org/10.3390/ijerph15122751
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0060
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0060
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0060
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0065
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0065
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0065
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0070
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0070
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0070
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0070
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0075
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0075
http://refhub.elsevier.com/S0378-1127(21)00194-8/h9005
http://refhub.elsevier.com/S0378-1127(21)00194-8/h9005
http://refhub.elsevier.com/S0378-1127(21)00194-8/h9005
http://refhub.elsevier.com/S0378-1127(21)00194-8/h9005
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0085
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0085
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0090
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0090
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0090
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0095
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0095
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0095
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0100
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0100
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0100
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0105
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0105
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0105
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0105
https://doi.org/10.1007/s11270-020-4450-0
https://doi.org/10.1007/978-0-387-71724-1_1
https://doi.org/10.1128/MMBR.00063-16
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0125
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0125
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0130
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0130
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0130
https://doi.org/10.1007/978-94-015-9235-2_1
https://doi.org/10.1007/978-94-015-9235-2_1
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0140
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0140
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0150
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0150
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0150
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0155
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0155
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0155
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0155
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0160
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0160
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0160
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0165
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0165
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0165
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0170
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0170
https://doi.org/10.1016/j.scitotenv.2019.134011
https://doi.org/10.1016/j.scitotenv.2019.134011
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0180
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0180
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0180
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0180
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0180
https://doi.org/10.1007/s10653-020-00527-0
https://doi.org/10.1007/s10653-020-00527-0
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0190
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0190
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0190

S. Lyszczarz et al.

Regulation of the Minister of Environment on the method of assessing the pollution of the
earth’s surface, 2016 Journal of Laws 1359. (in Polish).

Riffaldi, R., Levi-Minzi, R., Cardelli, R., Palumbo, S., Saviozzi, A., 2006. Soil Biological
Activities in Monitoring the Bioremediation of Diesel Oil-Contaminated Soil. Water
Air Soil Pollut. 170 (1-4), 3-15.

De La Torre-Roche, R.J., Lee, W.-Y., Campos-Diaz, S.I., 2009. Soil-borne polycyclic
aromatic hydrocarbons in El Paso, Texas: Analysis of a potential problem in the
United States/Mexico border region. J. Hazard. Mater. 163 (2-3), 946-958.

HAO, R., WAN, H.-F., SONG, Y.-T., JIANG, H., PENG, S.-L., 2007. Polycyclic Aromatic
Hydrocarbons in Agricultural Soils of the Southern Subtropics, China. Pedosphere 17
(5), 673-680.

Roszko, M.L., Juszczyk, K., Szczepanska, M., Swider, O., Szymczyk, K., 2020.
Background levels of polycyclic aromatic hydrocarbons and legacy organochlorine
pesticides in wheat sampled in 2017 and 2018 in Poland. Environ. Monit. Assess.
192 (2), 142. https://doi.org/10.1007/s10661-020-8097-5.

Sanaullah, M., Razavi, B.S., Blagodatskaya, E., Kuzyakov, Y., 2016. Spatial distribution
and catalytic mechanisms of p-glucosidase activity at the root-soil interface. Biol.
Fertil. Soils 52 (4), 505-514.

StatSoft Inc., 2012. STATISTICA (version 13.0). Computer software.

Stock, S.C., Koster, M., Dippold, M.A., Najera, F., Matus, F., Merino, C., Boy, J.,
Spielvogel, S., Gorbushina, A., Kuzyakov, Y., 2019. Environmental drivers and
stoichiometric constraints on enzyme activities in soils from rhizosphere to
continental scale. Geoderma 337, 973-982.

Sun, J., Pan, L., Tsang, D.C.W., Zhan, Y.u., Zhu, L., Li, X., 2018. Organic contamination
and remediation in the agricultural soils of China: A critical review. Sci. Total
Environ. 615, 724-740.

Tavakkoli, E., Juhasz, A., Donner, E., Lombi, E., 2015. Characterising the exchangeability
of phenanthrene associated with naturally occurring soil colloids using an isotopic
dilution technique. Environ. Pollut. 199, 244-252.

Tejada, M., Moreno, J.L., Hernandez, M.T., Garcia, C., 2007. Application of two beet
vinasse forms in soil restoration: Effects on soil properties in an arid environment in
southern Spain. Agric. Ecosyst. Environ. 119 (3-4), 289-298.

Turner, B.L., 2010. Variation in pH Optima of Hydrolytic Enzyme Activities in Tropical
Rain Forest Soils. AEM 76 (19), 6485-6493.

Ukalska-Jaruga, A., Debaene, G., Smreczak, B., 2018. Particle and structure
characterization of fulvic acids from agricultural soils. J. Soils Sediments 18 (8),
2833-2843.

48:2546023043

View publication stats

Forest Ecology and Management 490 (2021) 119105

Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring
soil microbial biomass C. Soil Biol. Biochem. 19 (6), 703-707.

Vesterdal, L., Schmidt, L.K., Callesen, I., Nilsson, L.O., Gundersen, P., 2008. Carbon and
nitrogen in forest floor and mineral soil under six common European tree species.
For. Ecol. Manage. 255 (1), 35-48.

Wallenstein, M.D., Hall, E.K., 2012. A trait-based framework for predicting when and
where microbial adaptation to climate change will affect ecosystem functioning.
Biogeochemistry 109 (1-3), 35-47.

Wang, Z., Chen, S., Xu, Y., Tang, J., 2012. Aging effects on sorption-desorption behaviors
of PAHs in different natural organic matters. J. Colloid Interface Sci. 382 (1),
117-122.

Wania, F., McLachlan, M.S., 2001. Estimating the Influence of Forests on the Overall Fate
of Semivolatile Organic Compounds Using a Multimedia Fate Model. Environ. Sci.
Technol. 35 (3), 582-590.

Wick, A.F., Haus, N.W., Sukkariyah, B.F., Haering, K.C., Daniels, W.L., 2011.
Remediation of PAH-contaminated soils and sediments: a literature review. CSES
Department, internal research document 102.

Wild, S.R., Jones, K.C., 1995. Polynuclear aromatic hydrocarbons in the United Kingdom
environment: A preliminary source inventory and budget. Environ. Pollut. 88 (1),
91-108.

Yuan, S.Y., Chang, J.S., Yen, J.H., Chang, B.-V., 2001. Biodegradation of phenanthrene in
river sediment. Chemosphere 43 (3), 273-278.

Yunker, M.B., Macdonald, R.W., Vingarzan, R., Mitchell, R.H., Goyette, D., Sylvestre, S.,
2002. PAHs in the Fraser River basin: a critical appraisal of PAH ratios as indicators
of PAH source and composition. Org. Geochem. 33 (4), 489-515.

Zhan, X., Wu, W., Zhou, L., Liang, J., Jiang, T., 2010. Interactive effect of dissolved
organic matter and phenanthrene on soil enzymatic activities. J. Environ. Sci. 22 (4),
607-614.

Zhang, K., Wei, Y.-L., Zeng, E.Y., 2013. A review of environmental and human exposure
to persistent organic pollutants in the Pearl River Delta, South China. Sci. Total
Environ. 463-464, 1093-1110.

Zhang, S., Yao, H., Lu, Y., Yu, X., Wang, J., Sun, S., Liu, M., Li, D,, Li, Y.-F., Zhang, D.,
2017. Uptake and translocation of polycyclic aromatic hydrocarbons (PAHs) and
heavy metals by maize from soil irrigated with wastewater. Sci. Rep. 7 (1) https://
doi.org/10.1038/541598-017-12437-w.


http://refhub.elsevier.com/S0378-1127(21)00194-8/h0200
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0200
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0200
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0205
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0205
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0205
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0210
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0210
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0210
https://doi.org/10.1007/s10661-020-8097-5
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0220
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0220
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0220
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0225
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0225
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0225
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0225
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0230
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0230
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0230
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0235
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0235
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0235
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0240
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0240
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0240
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0245
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0245
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0250
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0250
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0250
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0255
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0255
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0260
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0260
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0260
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0265
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0265
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0265
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0270
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0270
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0270
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0275
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0275
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0275
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0280
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0280
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0280
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0285
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0285
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0285
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0295
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0295
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0300
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0300
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0300
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0305
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0305
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0305
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0310
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0310
http://refhub.elsevier.com/S0378-1127(21)00194-8/h0310
https://doi.org/10.1038/s41598-017-12437-w
https://doi.org/10.1038/s41598-017-12437-w
https://www.researchgate.net/publication/350106197

www.nature.com/scientificreports

scientific reports

W) Check for updates

Soil texture as a key driver

of polycyclic aromatic
hydrocarbons (PAHs) distribution
in forest topsoils

Stanistaw tyszczarz!™, Jarostaw Lasota’, Maria Magdalena Szuszkiewicz? & Ewa Bloriska®

Due to the dynamic development of civilization and the increasing demand for energy, pollution

by harmful chemicals, including polycyclic aromatic hydrocarbons (PAHs) compounds, is a serious
threat to forest soils. The aim of the study was to determine the role of texture in the distribution of
polycyclic aromatic hydrocarbons (PAHs) and trace elements in forest soils. The areas with different
texture ranging from sand through sandy loam to silt loam were selected for the study. The study
was carried out in the Chrzanow Forest District in southern Poland (50° 7' 18 N; 19° 31’ 29 E), which
in one of the most intensive industrial emission zones in Europe. The soil samples for properties
determination were collected from locations distributed on a regular grid 100 x100 m (20 points).
The samples were collected from the humus horizon (0-10 cm) after removing organic horizon. Basic
chemical properties, heavy metal content, polycyclic aromatic hydrocarbons (PAHs) content and
magnetic susceptibility values were determined in soil samples. Additionally, enzymatic activity and
microbiological biomass was determined in the samples. Our study confirmed the importance of
texture in PAHs distribution. A strong correlation between PAHs content and silt content in the soils
studied was noted. The regression tree analysis confirmed the importance of the silt content, followed
by soil organic carbon in PAHs distribution. Organic carbon content and nitrogen content played a
predominant role in controlling the microbial activity. In our study, we did not note a relationship
between enzymatic activity, microbiological soil biomass and the amount of PAHs. This may be due
to the effective sorption and immobilization of PAHs by particles of fine fractions, especially silt.
Obtained results confirmed the usefulness of magnetic susceptibility in the assessment of heavy
metals contamination of forest soils. We noted high correlation between magnetic susceptibility
value and heavy metals content. Moreover, the relationship between magnetic susceptibility and soil
texture of the topsoil was also observed.

Polycyclic aromatic hydrocarbons (PAHs) are characterized by high toxicity and mutagenicity'. As the number of
benzene rings and molecular weight increase, their water solubility and biodegradability decrease, making them
more toxic®. Polycyclic aromatic hydrocarbons in the soil environment are characterized by high durability, low
mobility and high bioaccumulation capacity’. PAH compounds are classified as persistent organic pollutants*
and the US Environmental Protection Agency has identified PAHs as one of the main ecosystem pollution prob-
lems, recommending monitoring of their content in plants, soil and aquatic environments®. Currently, as a result
of increased human activity, anthropogenic PAHs emissions have increased significantly®’. PAHs are formed
mainly as a result of technological use of fossil fuels in high temperature conditions. The factors determining the
accumulation of PAHs in soils are: distance from the emission source, climatic conditions, soil organic matter®-°.
According to Terytze et al.'!, PAHs are characterized by a strong sorption affinity to soil organic matter. Extensive
studies have been done with regard to the relationship of PAHs with total organic carbon (TOC) and elemental
carbon (EC) in different environmental matrices'?. According to Duan et al.', an important role in PAHs accu-
mulation in the soil environment is played by meso- and macrophores and clay colloids responsible for sorption
of pollutants. Clay can have a significant impact on PAHs sequestration in soil'*. The addition of exogenous-rich
carbon material such as biochar to the soil significantly changes the behavior and sorption potential of PAHs in
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the soil'®. The type of stand significantly affects the content of polycyclic aromatic hydrocarbons in forest soils'.
Lasota and Bloniska'” experiment provided evidence that the quantity and quality of soil organic matter plays an
important role in controlling PAH amounts.

Monitoring by means of the characteristics of microbiological and biochemical properties of soils is success-
fully used in assessing the degree of soil contamination'®!*. Enzyme activity could be a good indicator of soil
quality because it is sensitive and reflects biological situation in the soil and is strongly correlated with important
soil characteristics, such as organic matter and soil texture?®. Weaker degradation of hydrocarbons is associ-
ated with lower biological activity of soils. Lasota and Bloniska'” noted in the mull humus type lower content
of PAHs and at the same time the highest biological activity confirmed by high dehydrogenase activity. PAH
degradation may not be directly correlated by the soil enzyme activity but related to soil indigenous population
of PAH-degrading microorganism*'.

Soil magnetic susceptibility (MS) is an important parameter in pollution studies owing to its relationship with
atmospheric deposition*. This works well due to the concomitance of technogenic magnetic particles (TMPs)
with heavy metals®. It is well-known that the main sources of TMPs and heavy metals are high-temperature
technological and combustion processes?*. The deposition and accumulation of TMPs into topsoil leads to
enhancement of magnetic signal and elevation of heavy metal contents?*-?’. The presence of TMPs in soil can
be easily detected via magnetic susceptibility measurements (especially in the highly urbanized and industrial-
ized areas). Moreover, magnetic parameters can be used to study various processes, which take place in soils
and where magnetic minerals maybe used as indicators of changes and transformation?-*%. Few of the studies
show the state of contamination with heavy metals and PAHs in forest soils in connection with the magnetic
susceptibility parameters®.

The aim of the study is to determine the role of texture in the distribution of polycyclic aromatic hydrocarbons
(PAHs) in forest soils. The areas with different texture ranging from sand through sandy loam to silt loam were
selected for the study. The following research hypotheses were tested: (1) the content of silt strongly determined
the distribution of polycyclic aromatic hydrocarbons in forest soils; (2) organic carbon plays an important role
in the accumulation of PAHs and formation of the enzymatic activity of forest soils; (3) magnetic susceptibility
is a useful tool in the assessment of contamination of forest topsoil with different texture.

Material and methods
Study area and soil sampling. The research was carried out in the Chrzanéw Forest District in southern
Poland (50° 7' 18 N; 19° 31’ 29 E) (Fig. 1). The study plots with different texture were selected for the analysis
(from sand by sandy loam to silt loam). The research area was dominated by a pine-oak stand of a similar age, i.e.
60-80 years. The average annual temperature for this area was 7.8 °C, and the average annual rainfall is 658 mm.
The study area was located in an industrial emission zone, which comes mainly from Upper Silesian Industrial
District. The elevated content of polycyclic aromatic hydrocarbons (PAH) in the studied soils was confirmed
by earlier research'®. The selection of the study plots was made during field observation. Before selecting the
research plot, the authors, using a soil auger, checked the variability of the soil cover and assessed the accompa-
nying vegetation. The study area was dominated by Stagnosols®*, created on water and glacial formations.
According to the Report on the state of the environment in the Malopolska Voivodeship in the period
2012-2017, the average annual benzo(a)pyrene (BaP) concentrations exceeded acceptable standards (1 ng m®)
across the whole Chrzanéw Forest District. The average annual concentration of BaP near air pollution station
in the neighborhood of the research area was 5.5 ng m®. The average annual concentrations of particulate matter
<10 pm in diameter (PM10) over the entire range of the Chrzanéw Forest District was 34 pg m®. The mean annual
concentrations of particulate matter <2.5 um in diameter (PM2.5) in the atmosphere exceeded the admissible
standard (according to health protection criteria) of 27 pug m? across the whole of the Chrzanéw Forest District.
Soil samples for laboratory analysis were collected in August 2018. The soil samples for properties determi-
nation were collected from locations distributed on a regular grid 100 x 100 m (20 points) (Fig. 2). The samples
were collected from the humus mineral horizon (10 cm deep) after removing organic horizon. In all the cases, the
samples for the study were collected from 4 sub-stands of soil. For determination of enzymes activity, microbial
biomass and PAHs content, fresh samples of natural moisture were sieved through a sieve (¢ 2 mm) and stored
at 4 °C in the dark before analysis. The results were analyzed in three groups of surfaces separated on the basis
of texture (I group with sand texture, II group with sandy loam texture and III group with silt loam).

Laboratory analysis. Freshly collected soil samples were dried and then sieved through a 2 mm mesh
sieve. The particle size distribution was analyzed using a laser diffraction method (Analysette 22, Fritsch, Idar-
Oberstein, Germany). The pH of soil samples in H,O and KCl was determined by potentiometric method. An
elemental analyzer (LECO CNS TrueMac Analyzer (Leco, St. Joseph, MI, USA)) was used to determine carbon
(C) and nitrogen (N). By ICP method (ICP-OES Thermo iCAP 6500 DUO, Thermo Fisher Scientific, Cam-
bridge, U.K.), the concentration of basic cations and the contents of Cd, Cr, Cu, Ni, Pb, Zn were determined. The
contents of the studied heavy metals were determined after digestion in a 2:1 solution of concentrated nitric acid
and perchloric acid.

From each soil sample collected, 10 g of soil was taken after mixing. Polycyclic aromatic hydrocarbons were
extracted from the tested amount of soil in 70 ml of 2-propanol. The samples were centrifuged (4500, 5 min) and
the supernatant was collected and later subjected to solid phase extraction (5 ml/min)—Solid Phase Extraction
(Chromabond Cn/SiOH). The resulting extraction residue was dissolved in acetonitrile and analyzed by HPLC,
equipped with a Dionex UltiMate 3000 Column Compartment—C18 5 um, 4.6 x 100 mm HPLC column and a
fluorescence detector (FLD). Water (A) and acetonitrile (B) was the mobile phase with a flow rate of 1 ml/min.
A PAH mixture standard (CRM 47940) with a concentration of 10 ug/ml was used to calibrate the analyses.
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Figure 1. Map of the study location. QGIS 3.16 software (https://www.esri.com/en-us/about/about-esri/overv
iew) was used to create the map. The layer of the location map was the World Topographic Map basemap within
QGIS 3.16 software. The map is credited to: Esri, HERE, DeLorme, Intermap, increment P Corp., GEBCO,
USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, Esri China (Hong
Kong), swisstopo, MapmyIndia, OpenStreetMap contributors, and the GIS User Community.

Calibration solutions had concentrations of 0.1 pg/ml, 0.2 pg/ml, 0.5 pg/ml, 1 pg/ml, and 2 ug/ml. Samples of
the prepared solutions were dosed onto the chromatograph column. The generated chromatograms determined
the standard curve. Later, soil samples were dosed in triplicate. At the end of each analysis, an "unknown"
sample was applied, which was a 0.1 ug/ml calibration solution used as control material. Thirteen polycyclic
aromatic hydrocarbons were analyzed in the soil samples: naphthalene (Nft), fluorene (Flu), phenanthrene (Phe),
anthracene (Ant), fluoranthene (Flt), pyrene (Pyr), benzo(a)anthracene (BaA), and chrysene (Chr), benzo(k)
fluoranthene (BKF), benzo(b)fluoranthene (BbF), benzo(a)pyrene (BaP), indeno(1,2,3-c,d)pyrene (IcdP), and
bezo(g,h,i)perylene (BghiP).

Enzymatic activity was determined using fluorogenic labeled substrates*>*®. The fluorogenic enzyme sub-
strates that were used for analysis were based on 4-methylumbelliferone (MUB). The following substrates
were used: MUB-[B-D-cellobioside for B-p-cellobiosidase (CB), MUB-f-p-xylopyranoside for xylanase (XYL),
MUB-N-acetyl-B-p-glucosaminide for N-acetyl-B-p-glucosaminidase (NAG), MUB-f-p-glucopyranoside for
B-glucosidase (BG)™. 2.75 g of soil from each sample was measured and mixed with 92 ml of universal buffer (pH
6.0). The resulting soil solution was pipetted into wells located on a microscope plate that contained the substrate
and a modified universal buffer. Fluorescence was determined by incubating the soil suspension determined for
1.5 h at 35 °C in 96-well microplates (Puregrade, Germany). Fluorescence was then immediately determined on a
multi-detector plate reader (SpetroMax), with excitation at 355 nm and emission at 460 nm. Carbon in microbial
biomass (MBC) and nitrogen in microbial biomass (MBN) were determined by fumigation and extraction®®*.
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Figure 2. Scheme of the sampling points locations. GIMP 2.10.20 (https://www.gimp.org), Surfer 10 software
and elements from the Freepik website (https://www.freepik.com) were used to create the structure of the figure.

Class Sand Silt Clay pHH,O pPHKCI C N C/N Ca K Mg Na

Sand 93+2° 6+2° 1£1° 4.01£021* |3.17+0.25° [2.95+147° |0.12+£0.05° |25.8+5.6* |[0.27+0.22° |0.05+0.02° | 0.07+0.04> | 0.01+0.01*
Sandyloam | 57+10° [37+£9* |5+2° |421+0.50° |3.50+0.43" |6.43+235 [0.34%0.14*° |19.8+59" |175+0.77%° |0.15+0.07* | 0.35+0.22* | 0.02+0.01°
Silt loam 41+2° 53420 |4%1*  [4.06+0.23* |3.43+029° |586+0.39" |0.34+0.09° |185+59" |0.89+0.47® |0.1240.03* | 0.25+0.11%® | 0.02+0.01°

52:3421603978

Table 1. Basic properties of analysed soils. Mean + standard deviation; sand, silt and clay content (%); carbon
and nitrogen content (%); Ca, K, Mg and Na content (cmol(+)/kg). Small letters in the upper index of the
mean values mean significant differences between texture class.

By measuring magnetic susceptibility in the studied soil samples, the proportion of magnetic particles was
determined. In the laboratory, low-field magnetic susceptibility (volumetric—«) was measured at two different
frequencies: low (465 Hz) and high (4650 Hz) using a Bartington MS2 magnetic susceptibility meter equipped
with an MS2B sensor (Bartington Instruments Ltd.) Based on the measurements of k values, the bulk magnetic
susceptibility (y) and the percentage frequency-dependent magnetic susceptibility (yy) were determined*.

Statistical analysis. ANOVA test was used to evaluate the differences between the mean values of the soil
properties. Pearson correlation coefficients for the soil characteristics were calculated. The principal component
analysis (PCA) method was used to evaluate the relationships between soil properties and PAH content. The
classification and regression tree (C&RT) approach was applied to estimation of soil properties influence on
PAH content. Differences with P <0.05 were considered statistically significant. All analyses were performed
using Statistica 12 software.

Results

Physicochemical properties. The soils studied were divided into three groups, which differed signifi-
cantly in sand, silt and clay content. The highest silt content was recorded in soils with sandy loam and silt loam
texture (Table 1). No statistically significant differences in pH of the soils studied were noted. Average pH in
H,O of soils with sand, sandy loam and silt loam texture was 4.01, 4.21 and 4.06 (Table 1). Soils with the texture
of sandy loam and silt loam were characterized by statistically significantly higher carbon and nitrogen content
compared to soils with sand texture (Table 1). The highest carbon content was recorded in soils with sandy
loam grain size (6.43%) and the lowest in soils with sand grain size (2.95%). The mean nitrogen content in soils
with sandy loam and silt loam texture is 0.34% and in sandy soils it is significantly lower at a level of 0.12%. No
statistically significant differences in C/N of the soils studied were recorded (Table 1). The content of alkaline
cations was significantly lower in sandy soils (Table 1). In soils with different grain sizes, different enzymatic and
microbial biomass of C and N was noted (Table 2).

Biochemical properties. High activity of CB, BG, NAG and XYL was recorded in soils with sandy loam
and silt loam texture (Table 2). The differences in enzymatic activity were not statistically significant. In the case
of microbial biomass C and N, the results were similar to the enzymatic activity. High microbial biomass C and
N was recorded in soils with a finer grain size. The microbial biomass N was statistically significantly higher in
soils with silt loam texture (Table 2). Enzymatic activity and microbial biomass C and N correlated significantly
with C, N and Na content (Table 3). In case of CB, BG, MBC and MBN a positive correlation with potassium
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Class CB BG NAG XYL MBC MBN

Sand 9.95+3.46" 9.15+£8.15% 9.56+6.81% 11.69+8.76* 348.71+£186.94* | 39.30+30.71°
Sandy loam 16.62+14.36" | 21.95+13.18" | 16.93+8.62* 15.29+10.76* | 571.20+285.82* | 63.49+36.89%
Silt loam 14.74+£6.91* 19.44+11.30* | 20.37+10.20° | 14.57+£10.54" | 446.50 +54.13% 95.02+£28.29°

Table 2. Enzyme activities of soil and microbial biomass carbon and nitrogen. Mean + standard deviation.
Small letters in the upper index of the mean values mean significant differences between texture class. CB
B-p-cellobiosidase, BG B-glucosidase, NAG N-acetyl-B-p-glucosaminidase, XYL xylanase (nmol MUB/gd s/h),
MBC microbial biomass carbon, MBN microbial biomass nitrogen (ug/g).

CB BG NAG XYL MBC MBN
N 0.6234* | 0.5516* | 0.5321* | 0.4851* | 0.6076* | 0.6392
C 0.6083* | 0.4818* | 0.3877 0.4936* | 0.6272* | 0.5783
Sand -0.3690 |-0.4212 |-0.3241 | -0.2795 | -0.4041 | -0.3635
Silt 0.3903 0.4484* | 0.3541 0.3002 0.4004 0.3678
Clay 0.1094 0.1015 | -0.0183 0.0366 0.3451 0.2460
pH in H,0 -0.2914 | -0.1549 |-0.2329 | -0.4048 | -0.0870 0.0161
pH in KCl -0.0528 0.1370 0.0645 | —0.1986 0.1879 0.2857
Ca —-0.1498 | -0.1244 |-0.1456 | -0.3139 | -0.0962 0.0173
K 0.5456* | 0.5059* | 0.4410 0.4351 0.5995* | 0.6072*
Mg 0.0062 0.0142 | -0.0020 | -0.1739 0.0442 0.1610
Na 0.7006* | 0.7628* | 0.6017* | 0.5191* | 0.6510* | 0.6109*
PAHs 0.0114 0.0465 | —0.0883 | —0.0678 0.1144 | -0.0087
Cd 0.2406 0.1309 0.0607 0.0688 0.0729 0.1067
Co 0.4145 0.4498* | 0.4387 0.2139 0.2599 0.2966
Cr 0.4060 0.3896 0.3929 0.2261 0.3049 0.3565
Cu 0.3650 0.3432 0.3605 0.2121 0.3154 0.3385
Mn 0.0820 0.1250 | -0.0060 | -0.1687 0.0608 | —0.0236
Ni 0.1007 0.2463 0.2543 0.0656 | —0.0418 | —0.1686
Pb 0.5166* | 0.4369 0.4099 0.3470 0.4459* | 0.4393
Zn 0.3731 0.3884 0.3136 0.1219 0.2505 0.2820

Table 3. Correlation between biochemical properties and basic properties of soils. *p <0.05.

Class Cd Co Cr Cu Mn Ni Pb Zn X Xfd XPAHs

Sand 0.67+0.60° | 0.33+0.15" | 4.86+2.06" | 18.13+7.45" | 18.25+9.30" 6.73+2.96" | 53.16+£27.96" | 22.69+14.44° | 16.44+7.37° | 1,47+0.12" | 3.62+2.37°
lssa“nfy 1.55+0.65* | 1.92+1.22% | 22.81+13.82% | 34.07+14.83% | 97.89+61.45° | 6.96+2.25* | 197.83+127.96" | 83.64+40.14° | 53.14+40.14* | 1,74+1.10* | 178.35+115.11°
Silt loam | 1.35+0.25* | 2.93+1.88* | 22.14+11.68* | 35.91+5.56* | 181.69+119.86* | 7.81+1.37* | 162.38+37.71* | 84.06+40.62° | 59.82+32.50% | 1.19+0.50* | 1369.41 +1003.39°

53:7881008729

Table 4. Heavy metals content, magnetic susceptibility and PAHs content in soils. Mean + standard deviation;
X —mass magnetic susceptibility (107 m’/kg); x4 (%)—frequency-dependent magnetic susceptibility; Cd, Co,
Cr, Cu, Mn, Nj, Pb and Zn (mg/kg); XPAHs sum of polycyclic aromatic hydrocarbons content (pug/kg).

content was noted. No significant correlations of biochemical parameters with heavy metals, magnetometry and
PAHs content were found (Table 3).

Polycyclic aromatic hydrocarbons and heavy metals content. The highest content of heavy met-
als was recorded in the soils with sandy loam and silt loam texture (Table 4). The differences were statistically
significant. The relationship between magnetic susceptibility and soil texture of the topsoil was also observed.
Magnetic susceptibility was directly correlated with the percentage of silt and inversely correlated with the per-
centage of sand, suggesting that magnetic particles are associated with finer soil fraction. Magnetic susceptibility
gradually decreases with sand fraction content (Table 4), i.e. the highest mean values of y were recorded in soils
with silt loam texture (59.82x 10-® m?/kg), lower in soils with sandy loam texture (53.14 x 10® m?/kg) and the
lowest in sandy soils (16.44 x 10-® m*/kg). In contrast, the percentage values of frequency-dependent magnetic
susceptibility () were comparable, regardless of soil texture and show similar patterns for study soil fraction
(i.e. did not exceed 2%, Table 4). The highest sum of PAHs was recorded in soils with heavy texture (sandy loam
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Figure 3. PAHs content (ug/kg) in soil depending on the benzene rings, was generated using Statistica 13
software.

Cd Co Cr Cu Mn Ni Pb Zn X PAHs
N 0.5625* 0.7640* 0.8775* 0.7434* 0.4303 0.1207 0.8754* 0.7981* 0.7341* 0.0971
C 0.6605* 0.5139* 0.6531* 0.6445* 0.3019 0.1306 0.8110* 0.6271* 0.6042* 0.2561
C/N —-0.1513 —-0.7007* | —0.7085* | —0.5109* | -0.4170 —0.0055 | —0.4440* | -0.6330* | -0.5307* 0.1319
Sand —-0.5205* | —0.7026* | -0.6662* | —-0.6187* | -0.5031* |-0.1723 |-0.6365* | —-0.6801* |—-0.5083* |—0.4640*
Silt 0.5209* 0.7186* 0.6672* 0.6079* 0.5026* 0.1840 0.6246* 0.6845* 0.5223* 0.4696*
Clay 0.4169 0.4042 0.5055* 0.5721* 0.3948 —-0.0002 0.5983* 0.4971* 0.2799 0.3184
pH in H,0 0.0208 0.1931 0.1992 —-0.1385 0.2226 —0.3404 | -0.0789 0.2724 0.0655 -0.1653
pH in KCl 0.0616 0.4228 0.3952 0.0537 0.2933 —-0.2504 0.0813 0.4303 0.3204 —-0.1450
Ca 0.2674 0.3149 0.4196 0.0998 0.3368 -0.2073 0.2541 0.4576* 0.1363 -0.1177
K 0.5226* 0.6680* 0.8664* 0.7150* 0.3428 0.0961 0.8879* 0.7639* 0.6482* 0.0718
Mg 0.4736* 0.5591* 0.6784* 0.3713 0.4916* | —0.1401 0.5051* 0.6991* 0.4159 —-0.1187
Na 0.5581* 0.7437* 0.7153* 0.6110* 0.4702* 0.1887 0.6809* 0.7783* 0.6976* 0.2519
X 0.5508* 0.7539* 0.7450* 0.7262* 0.5296* 0.2148 0.6814* 0.7622* 1.000 —-0.0347

Table 5. Correlation between heavy metals content, PAHs content, magnetic susceptibility and soil properties.
%
p<0.05.

and silt loam). The mean sum of PAHs was 3.62 pg/kg in soils with sand texture, 178.35 pg/kg in sandy loam and
1369.41 ug/kg in silt loam texture. These values were significantly higher compared to sandy soils (Table 4). In
soils with a higher silt content, high contents of 4, 5 and 6 ring hydrocarbons were recorded (Fig. 3). In the case
of most heavy metals, magnetic susceptibility and PAHs, a significant positive correlation with silt content and
a negative correlation with sand content was observed (Table 5, Fig. 4). For Cr, Cu, Pb and Zn, a positive cor-
relation with clay content was noted (Table 5). Heavy metals content and magnetic susceptibility were strongly
positively correlated with N, C and selected alkaline cations (K, Mg and Na) (Table 5). Moreover, the high and
significant correlation between x and Cd, Co, Cr, Cu, Mn, Pb and Zn was stated (Table 5).

Correlations. The regression tree for PAHs content in soils confirmed the importance of texture in shaping
the distribution of PAHs (Fig. 5). The regression tree indicates silt content as a variable explaining the concen-
tration of PAHs in the studied soils. Carbon content in soils determines PAHs distribution in forest soils to a
smaller extent (Fig. 5). The PCA analysis confirmed the differences in properties of soils with different texture.
Sandy soils form a separate group which is characterized by lower contents of C, N, alkaline cations and PAHs.
Soils with heavier texture were characterized by higher PAHs content and more favorable soil properties (Fig. 6).
Factors 1 and 2 explain 76.68% of the variability of the examined features. Factor 1 is related to the content of
sand, silt, clay and alkaline cations. Factor 2 is related to the content of PAHs in the tested soils (Fig. 6).

Discussion

The study carried out confirmed the validity of the first hypothesis. Soil texture, especially the silt content, was
importance in PAHs distribution in forest soils. A significant correlation of PAHs content in soils with the content
of silt fraction was recorded. The share of particular granulometric fractions to a large extent determines the soil
sorption properties®**!. Previous studies have confirmed the importance of soil texture in PAHs accumulation*>*.
In soils with heavier texture like sandy loam, silt loam, high content of 4, 5 and 6 ring aromatic hydrocarbons
was recorded. The key factors determining the stability of PAHs in soil include their structure and properties*.
Two and three-ringed hydrocarbons which have a lower molecular weight and higher water solubility are more
susceptible to degradation than those with more rings. An increase in the number of rings in PAH molecules
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Figure 4. Spatial distribution of silt (a) and PAHs (b) content in soils, was plotted using Surfer 10 software.
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Figure 5. The regression tree (C&RT) for PAHs content in soils, was generated using Statistica 13 software.

increases their molecular weight and hydrophobic properties, thus reducing microbiological degradation'®. Due
to water solubility, 2-ring PAHs and to a lesser extent 3-ring PAHs are more available for biological degrada-
tion and uptake®. Sorption and degradation are key processes that affect the fate and transport of PAHs in the
environment*®.

When listing the soil properties that determine PAHs accumulation in soils, soil organic matter is indicated
first, followed by soil texture. Our study shows that texture is more important in shaping PAHs distribution in
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Figure 6. The projection of variables on a plane of the first and second PCA factor (green symbols—sand; red
symbols—sandy loam; blue symbols—silt loam), was generated using Statistica 13 software.

forest soil. The regression tree analysis confirmed the importance of silt content, followed by soil organic carbon
in PAHs distribution. Many studies demonstrated that PAHs adsorb strongly on the surface of soil particles
and organic matter and are therefore not easily biodegradable!”*’. In our study, we did not note a relationship
between soil enzymatic activity and PAHs content in soils. This may be due to the strong binding of PAHs by fine
fraction particles, especially silt. Maliszewska-Kordybach and Smreczak noted that high PAHs concentrations
did not affect enzymatic activity*®. This is related to the low solubility of these compounds and consequently low
bioavailability to soil biota. Baran et al. noted a stimulating influence of PAHs on dehydrogenase activity and
biochemical potential fertility indicator, which was attributed to an adaptation of the soil microflora and the
use of pollutant as a C and energy source®. When there are significant differences in the amount of soil organic
matter, it has a greater effect on enzyme activity than low-level exotic pollutants®. The enzymatic activity and
microbial biomass of the soils studied correlated very strongly with the carbon and nitrogen content of the soils.
There was a strong correlation between the organic carbon content and the enzymes involved in the C and N
cycles. Changes in the dynamics of soil microorganisms are related to the availability of substrates®’. Dou et al.
noted a significant relationship between arylsulphatase, phosphatase and p-p-glucosidase activity and C, N and P
concentration in soils®%. Soil organic matter is a carrier of enzymes, affects the microbial biomass and community
structure®, It is revealed that SOC was positively correlated with soil microbial community and organic carbon
availability was reported to be major determine for preservation of soil microbial diversity>>. Nitrogen affects
many ecosystem functions, plant community diversity and microbial communities®. In our study, we noted
the stimulating role of nitrogen on enzymatic activity and microbial biomass C and N. N addition indirectly
affects soil enzyme activity through changes in the composition of microbial communities®’. Summarizing the
analyses carried out, the second hypothesis concerning the role of organic carbon in shaping PAHs content and
enzymatic activity of forest soils is correct.

The permissible content of heavy metals was exceeded most in soil with sandy loam and silt loam texture. The
clay and silt fractions are the main carrier of the soil’s adsorption properties. According to Kabata-Pendias®, the
admissible level of Cd amounts to 1 mg/kg, Co to 10 mg/kg, Cr to 60 mg/kg, Cu to 30 mg/kg, Ni to 20 mg/kg,
Pb to 50 mg/kg and Zn to 100 mg/kg. The metal contents found in uncontaminated soils were not exceeded for
manganese, chromium, cobalt and nickel. In our study, we confirmed a strong relationship between heavy metals
and soil texture, organic carbon content and the content of alkaline cations. Verla et al. showed that clay particle
size had strong influence on heavy metals mobility*’. Soil organic matter and clay minerals is the main component
of soil that possess significant sorption capacity relative to metals through exchange sorption, complexing or
chelation'®. High level of PAHs were recorded in soil with sandy loam and silt loam texture. The sum of PAHs in
that soils exceed 100 pg/kg, the threshold values of classification according to Maliszewska-Kordybach criteria®.
The studied soils with highest PAHs content were dominated by the silt fraction which conducive to PAH
accumulation. According to Lu et al. the highest PAH concentration was associated with clay and silt fraction®'.

Our data set indicate that the mean topsoil value of mass magnetic susceptibility (42 x 107 m*/kg) was
higher than the mean topsoil values found by Dearing et al. and Hanesch and Scholger for typical Stagnosol®*¢3.
Observed differences might be an effect of particular parent material, soil properties (e.g. soil texture), environ-
mental settings, or impact of industrial emission. Three times higher magnetic susceptibility was determined
in topsoil with fine grains (Table 4). This phenomenon was proved by significant (both positive and negative)
correlation between magnetic susceptibility and soil texture in topsoil (Table 5), as reported by many other®-6.
On the other hand, the presence of ultra-fine superparamagnetic grains of pedogenic origin was not confirmed
by percentage frequency-dependent magnetic susceptibility measurements®. The values of 4 in the study soil
samples were low (i.e. below 2%, Table 4), suggesting the technogenic or geogenic origin of magnetic particles.
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However, in the case of relatively low values of both y and -z, and due to the fact that the study area was located
in the industrial emission zone, the presence of geogenic iron minerals ought to be excluded.

Conclusions

Our analysis confirmed the importance of the soil texture, followed by soil organic carbon in PAHs distribu-
tion. High silt content positively affected PAHs content and led to an increase in the PAHs accumulation in
forest soil by increasing the sorption capacity of soils. Organic carbon content and nitrogen content stimulates
enzyme activity and microbial biomass C and N. Obtained results confirmed that the integrated geochemical
and magnetic methods proved to be a useful and effective tool in the assessment of contaminants (in particular
heavy metals) of forest soil. Based on this study there is clear evidence that PAH pollution assessments need to
consider grain size and soil organic carbon.
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1 | INTRODUCTION

Jarostaw Lasota

| Ewa Btonska

Abstract

Pollution due to polycyclic aromatic hydrocarbons (PAHSs) is a serious environmental
issue. The aim of this study was to determine the effect of stand species composition
on PAH content. The research covered the stand soils of the Rybnik Forest District,
which experiences some of the highest deposition of industrial emissions in Europe.
Pine, pine-oak and oak stands growing in the same soil conditions were selected for
the study. Samples for further analyses were collected from the organic, humus min-
eral and mineral soil horizons. The organic C and N concentrations, pH, alkaline cat-
ion content, microbiological biomass of C and N, soil enzyme activity, soil organic
matter (SOM) fractions and PAH content were determined. The oak stand soils were
characterised by the lowest accumulation of PAHs (2936.0 pg kg~1) with high bio-
chemical activity expressed by enzyme activity (dehydrogenases, N-acetyl-3-b-glu-
cosaminidase, phosphatase) and high microbiological biomass. In contrast, pine stand
soils are acidified; hence, SOM decomposition is slowed, resulting in a high accumula-
tion of PAHs (3805.0 pg kg~1). A strong correlation (r = 0.825) between PAH accu-
mulation and SOM free light fraction (fLF) C concentration was noted. The stand
species composition plays an important role in shaping the quality and quantity of
SOM and soil acidification, which is reflected in the microbial activity and PAH accu-
mulation in forest soils. Such accumulation in forest soils is related to the fractional
composition of SOM, which is due to the influence of species composition through

the supplied biomass.

KEYWORDS

degradation, enzyme activity, forest soils, polycyclic aromatic hydrocarbons, soil organic
matter

et al., 2007; Kovats et al., 2021) and arrive at the land surface through
both wet and dry deposition (Choi et al., 2009; Ding et al., 2007).

61:367m10DVad Dev. 2022;1-15.

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds
comprising two or more interconnected benzene rings and are known
to contaminate soil environments (Cao et al., 2020; Ghosal
et al,, 2016; Sun et al., 2012). The prevalence of PAHs in the soil is
mostly of anthropogenic origin (Zhou et al., 2005) due to the increas-
ing use of energy from the combustion of fossil fuels, oil and internal
combustion engines (Lui et al., 2017; Tiwari et al., 2011). Atmospheric
PAHSs accumulate easily in the soil due to their sorption capacity (Eom

Organic pollutants are stored, captured and delivered to the litter in
forest soils by tree crowns (Matzner, 1984). The accumulation of
PAHs in soils depends on the amount and quality of the organic mat-
ter and, in particular, the pH (Aichner et al., 2015; Chaineau
et al., 2005; Lladd et al., 2009; Wu et al., 2008). As a result of the
impact of woody vegetation, forest soils are characterised by a high
concentration of organic carbon, which is reflected by an increased

accumulation of PAHs compared to agricultural soils (kyszczarz
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et al., 2021). Soil organic matter (SOM) consists of diverse compo-
nents with varied molecular weights, functional groups and polarities,
which control soil contaminant dynamics through hydrophobic and
electrostatic interactions as well as chemical bond formation (Ukalska-
Jaruga et al., 2018). In addition, soil mineral particles (silt and clay) are
important for accumulating PAHs in the soil environment (Luo
et al.,, 2008).

The pH is an important parameter in the PAH biodegradation pro-
cess because it is a key factor for the availability of nutrients and,
thus, for the development of microorganisms involved in PAH degra-
dation. Strong soil acidification results in a reduction of sorption
capacity, causing reduced biological activity and disruption of the C, N
and P cycles in the forest ecosystem (Mueller et al, 2012). The
amount and quality of organic matter in forest soils is determined by
the species composition of the stand (Btorska et al., 2016; Btonska
et al., 2017; De Deyn et al., 2008).Through litterfall and root systems,
the stand shapes soil pH and soil chemical properties (Mareschal
et al., 2010; Reich et al., 2005). Coniferous stand soils have a lower
pH compared to mixed or deciduous stand soils (Jandl et al., 2004).
The fall of litter in deciduous stands has a positive effect on soil pH
and provides macroelements that improve the biological activity of
the forest soil and promote organic matter decomposition (Btoriska
et al., 2016; Hobbie et al., 2007).The soil organic matter, due to its
heterogeneous structure and composition, shows strong sorption
properties for the most persistent organic pollutants, including PAHs
(Ehlers & Loibner, 2006; Ukalska-Jaruga et al., 2015). SOM contains
three distinct fractions: the free light fraction (fLF), aggregate-
occluded light fraction (oLF) and mineral-associated fraction (MAF)
(Wambsganss et al., 2017). The fractional composition of SOM deter-
mines its sorption capacity (Gruba et al., 2015; Six et al., 2002). Labile
C can remain in the ground from weeks to years, and recalcitrant C
can persist for decades or even centuries (von Lutzov et al., 2006).
SOM associated with minerals can be stabilised due to its protection
from mineralisation through chemical or physicochemical binding
between SOM and clay or silt particles (Six et al., 2002). The light frac-
tion is more susceptible to changes in soil use and altered litter inputs
(Griineberg et al., 2013; Li, Vogeler, & Schwendenmann, 2019). SOM
fractions can serve as an indicator of carbon accumulation changes
(Btonska et al., 2017).

The processes of SOM decomposition depend on the diversity
and activity of the soil microorganisms. The primary decomposers
(bacteria and fungi) release extracellular hydrolytic enzymes into their
immediate environment, catalysing organic matter decomposition
(Berg & McClaugherty, 2008). Thus, the enzymatic activity provides
information about the condition of the soil environment and the soil
microorganism activity (Gil-Sotres et al., 2005; Li, Luo, et al., 2019).
Soil microorganisms and enzymes are responsible for the C (-glucosi-
dase, cellulases, dehydrogenase), N (amidase, chitinase, protease) and
P (phosphatase) cycles (Makoi & Ndakidemi, 2008). Toxic organic
compounds such as PAHs can be degraded by enzymes secreted by
microorganisms (Haritash & Kaushik, 2009). Biodegradation of these
pollutants depends primarily on the moisture, pH, soil temperature

and bioavailability of the organic matter contained in the soil (Johnsen
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et al., 2005). The biological breakdown of persistent organic pollutants
by microorganisms is one of the most important and effective
methods of removing PAHs from the environment (Azadi &
Shojaei, 2020; Ghosal et al, 2016). The rate of biodegradation
changes is influenced by the composition and activity of the microor-
ganisms and the contamination's properties and age (Lors et al., 2012).

The aim of this study was to determine the accumulation of PAHs
in soils influenced by differing species composition of forest stands.
Pine, pine-oak and oak stands growing on the same soil conditions
(Brunic Arenosols) were selected for the research. We also aimed to
determine the activity of extracellular (5-p-cellobiosidase, $-glucosi-
dase, xylanase, N-acetyl-p-p-glucosaminidase, phosphatase) and intra-
cellular (dehydrogenases) enzymes and fractional composition of SOM
in relation to the species composition of forest stands and accumula-
tion of PAHSs. The following hypotheses were tested during the study:
(1) stand species composition influences PAH accumulation through
the amount and quality of SOM and soil acidification; (2) deciduous
species positively influence the enzymatic activity of the soil, increas-
ing PAH degradation; and (3) PAH accumulation in forest soils is

related to the fractional composition of the SOM.

2 | METHODS

21 | Study area and soil sampling

Our study was conducted in the Rybnik Forest District of southeast-
ern Poland (50°05'55" N; 18°32'42" E) (Figure 1). The average annual
temperature in this area is 8.4°C, and the average annual rainfall is
705 mm. The field sites were located in an area where the soils
derived from glacial sand; they are dominated by Brunic Arenosols
(IUSS Working Group WRB, 2015). The Rybnik Forest District is
located in one of the areas in Europe most exposed to industrial emis-
sions (EEA, 2020). The average annual concentrations of benzo(a)
pyrene (5-12 ng m~3) for the Rybnik Forest District for the years
2007-2016 exceeded the admissible standards according to Directive
2004/107/EC (Directive, 2004; Environmental Impact Assessment
Report, 2016). The average annual PM10 concentration recorded in
Rybnik Forest District, 53 pg m~2, also exceeded the permissible stan-
dard (20 pg m~3). Similarly, the average annual concentrations of
PM2.5, 26 yg m~3, exceeded the permissible standard (10 pg m~3)
(WHO, 2005).

The research used stands of similar age with the same tree can-
opy density. The age of the stands was 80 years. We focused on three
forest stands: monospecific Scots pine (Pinus sylvestris), pedunculate
oak (Quercus robur) and mixed pine and oak. Each study plot had an
area of 2,000 m?, and the mean distance between plots was 300 m.
The stands grew on soils with a similar grain size; the average con-
tents of sand, silt and clay were 81%, 16% and 3%, respectively. The
samples were taken from the organic (Ofh), humus mineral (AEes) and
mineral horizons (B) (Figure 2). In total, 27 soil samples were investi-
gated (3 types of stands x 3 repetitions of each stand x 3 horizons).

Composite soil samples, consisting of 3 subsamples from different
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FIGURE 2  Scheme of soil
sampling in different forest stands
[Color figure can be viewed at
wileyonlinelibrary.com]

points, were collected from each horizon. Three repetitions were
taken from each study plot. All soil samples for laboratory testing

were collected in June 2020.

2.2 | Laboratory analysis
The soil samples were dried in air at room temperature to determine
soil properties. Dry soil samples were sieved (2 mm). The soil proper-
ties were analysed using common pedological methods (Pansu &
Gautheyrou, 2006; van Reeuwijk, 2002). The particle size distribution
was determined using laser diffraction (Analysette 22, Fritsch, Idar-
Oberstein, Germany). The soil pH was calculated in H,O using the
potentiometric method. The C and N concentrations were measured
using an elemental analyser (LECO CNS TruMac Analyzer Leco,
St. Joseph, MI). Ca, K, Mg and Na contents were determined by an
ICP (ICP-OES Thermo iCAP 6500 DUO, ThermoFisher Scientific,
Cambridge, UK). Available phosphorus was measured using the Bray-
Kurtz method.

To analyse enzyme activity, microbial biomass and PAH content,

naturally moist fresh samples were taken, sieved (2 mm) and stored at
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4°C in the dark before analysis. The PAH contents were determined
from 10 g of each soil sample, extracted using 70 mL of 2-propanol
(Klamerus-lwan et al., 2015; tyszczarz et al., 2021). The samples were
centrifuged (4500 rpm, 5 min), and the supernatants were collected.
The supernatants were extracted to the solid phase (5 ml/min) using
solid-phase extraction (CHROMABOND® CN/SiOH). The residue was
dissolved in acetonitrile and analysed using high-pressure liquid chro-
matography (HPLC) with a DionexUltiMate 3000 HPLC system,
equipped with a fluorescence detector and a DionexUIltiMate 3000
Column Compartment C18 5 pm with a 4.6 x 100-mm HPLC column.
The mobile phases were water (A) and acetonitrile (B) at a flow rate of
1 ml/min. Based on the standard PAH Calibration Mix (CRM 47940)
at a concentration of 10 pg ml~%, calibration solutions at different
concentrations (0.1, 0.2, 0.5, 1 and 2 pg ml~Y) were prepared. Each
prepared solution was placed into the chromatography column, and
the chromatograms obtained were used to produce a calibration
curve. The soil samples were then analysed in triplicate. After every
ninth analysis, a control sample (a calibration solution with a concen-
tration of 0.1 pg ml~2) was injected. The concentrations of naphtha-
lene [Nft], acenaphthene[Ace], fluorene [Flu], phenanthrene [Phe],
anthracene [Ant], fluoranthene [Flt], pyrene [Pyr], benzo(a)anthracene
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[BaA], [Chr], [BKF], benzo(b)
fluoranthene [BbF], benzo(a)pyrene [BaP], dibenzo(ah)anthracene

chrysene benzo(k)fluoranthene
[DBahAnt] indeno(1,2,3-c, d)pyrene [lcdP] and benzo(g, h, i)perylene
[BghiP] were determined.

The activity of the extracellular enzymes ($-p-cellobiosidase [CB],
B-glucosidase [BG], xylanase [XYL], N-acetyl-g-p-glucosaminidase
[NAG], phosphatase [PH]) was determined using fluorogenically
labelled substrates (Pritsch et al., 2004; Sanaullah et al., 2016;
Turner, 2010). The fluorescence was measured on a multidetector
plate reader (SpectroMax), with an excitation wavelength of 355 nm
and an emission wavelength of 460 nm. The dehydrogenase activity
(DH) was determined using Lenhard's method according to the Casida
procedure (Alef, 1995). The fumigation and extraction method was
used to determine the microbial biomass of C, N and P (Jenkinson &
Powlson, 1976; Vance et al., 1987).

The physical separation of SOM fractions was performed using
the method described by Sohi et al. (2001). A sample of soil (15 g) was
placed in a 200-ml centrifuge tube, and 90 ml of Nal (1.7 g cm~3) was
added. Each tube was gently shaken for 1 min and centrifuged for
30 min. The fLF was removed using a pipette and collected on a glass-
fibre filter. The soil remaining at the bottom of the centrifuge tubes
was mixed with another 90 ml of Nal and subjected to sonication
(60 W for 200 s) to destroy aggregates. After centrifugation, the mat-
ter released from aggregates, the oLF, was collected on a glass-fibre
filter. The remaining fraction was assumed to consist of the MAF of
the SOM. After drying (40°C), the subsamples of the different frac-
tions were weighed and analysed for Csr, Cor and Cmar, respec-
tively, using a LECO CNS TruMac Analyzer (Leco, St. Joseph,
M, USA).

2.3 | Statistical analysis

The Pearson correlation coefficients for the soil characteristics were
calculated. Principal component analysis (PCA) was used to evaluate
the relationships between the soil properties and PAH content. The
Shapiro-Wilk test was used to assess normality, and Levene's test
was used to check the homogeneity of variances. The Kruskal-Wallis
test and two-way ANOVA were utilised to assess the differences
between the average values of the soil properties and the PAH con-
tent. The multiple regression method was used to develop models
describing the relationship between the PAH content and soil proper-
ties. All statistical analyses were performed using the statistical pro-
grams R (R Core Team, 2020) and R Studio (RStudio Team, 2020).

3 | RESULTS

3.1 | Physicochemical properties

The soil pH ranged from 3.61 to 3.98 and increased with soil depth
(Table 1). The type of stand and soil depth has an effect on soil pH. The
soils from pine stands were characterised by the lowest pH. The soils of
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pine-oak and oak stands were characterised by a similar pH. The con-
centrations of C, N and P were significantly higher in the organic hori-
zons of the tested soils (Table 1). The conducted analyses confirmed the
highest importance of the soil depth in comparison to the forest stand
for the concentration of C and N in the studied soils (p < 0.001)
(Table 1). In the mineral horizons, there was a clear decrease in C and N
highest

2910 g kg%, was recorded in the organic horizon of the pine stand

concentration. The concentration of organic carbon,
soils. The lowest C concentration, 201.8 g kgfl, was found in the soil of
oak stands. In the AEes horizon of the pine-oak and oak stands, a signif-
icantly higher accumulation of C was noted compared to the pine stand
soil. The soils of all examined stands were characterised by a similar C
concentration in the B-horizon. The highest nitrogen concentration was
recorded in the organic horizons of the pine stand soils (12.4 g kg™2). A
lower nitrogen concentration was observed in the pine-oak stand soils
(10.4 g kg~ tin the Ofh horizon), and the lowest nitrogen concentration
was recorded in the organic horizons of the oak stand soils
(10.0 g kg™ 1). The type of stand and soil depth have an interactive effect
on N concentration (p < 0.001). The C/N ratio was highest in the pine
stand soils and the lowest in the oak stand soils. The conducted analyses
confirmed the importance of the stand type in shaping C/N ratio
(p < 0.01) (Table 1). The sum of alkaline cations reached significantly sta-
tistically higher values in the organic-horizons of the tested soils
(Table 1). Soils of pine-oak and oak stands were characterised by a
higher content of basic cations.

3.2 | Microbial enzymatic activity and biomass

In all stands, the organic soil horizons were characterised by signifi-
cantly higher enzymatic activity (Table 2). The activity of enzymes
decreased significantly with the depth of the soil profile. Enzyme
activities (BG, NAG, XYL, PH) were significantly influenced by the soil
depth (p < 0.001) (Table 2). In the case of DH and NAG activity, the
highest values were recorded in the organic horizons of the oak stand
soils. In the mineral humus horizons, the highest activities of DH and
PH were recorded in the oak stand soils (Table 2). The highest MBC
was noted in the organic horizon of the oak stands (2296.70 ug kg™ %)
(Table 2). Soils of pine and pine-oak stands had similar MBC values in
the organic horizons (2086.33 and 2097.23 ug kg1, respectively).
The highest MBN was recorded in organic horizons of oak stands
(461.25 pg  kg™Y),
(421.62 pg ke™!), and the lowest in the pine stand soils
(266.57 pg kg™1) (Table 2). A significant effect (p < 0.01) of type of
stand was apparent on MBN (Table 2).

decreasing in the pine-oak stand soils

3.3 | Soil organic matter fraction parameters

The significantly highest average C and N concentrations in the fLF
were found in the organic horizons of the soils studied (Table 3). The
highest C and N concentrations in the fLFs were observed in the

organic horizon of the pine stand soils (266.30 and 6.65g kg™,
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respectively). The surface horizons of the pine-oak stands were
characterised by lower values of the C and N concentrations in the
fLFs (134.19 and 5.10 g kg%, respectively), and the surface horizons
of the oak stands by the lowest values (105.22 and 5.05g kg™ ?,
respectively). Significantly higher mean C and N concentrations in the
oLF were recorded in the humus mineral horizons of the pine-oak
stand (11.16 and 0.36 g kg1, respectively) and oak stand soils (11.87
and 0.48 g kg™, respectively) (Table 3). In the case of the C and N of
the MAF, the highest values were determined in the humus horizon of
the pine-oak stand soils (12.42 and 0.74 g kg%, respectively) and oak
soils (14.04 and 1.16 g kg™, respectively) (Table 3).The conducted
analyses confirmed the importance of soil depth in shaping the C and
N of the SOM fractions (p < 0.001). The type of stand influenced the
concentration of MAF N and C/N (p < 0.001 and p < 0.01, respec-
tively) (Table 3).

3.4 | Polycyclic aromatic hydrocarbon content

The highest PAH content was recorded in the organic soil horizons of
all stand variants (Table 3 and Figure 3). The PAH content decreased
with soil depth, regardless of the stand variant. A statistically signifi-

cant effect of soil depth on PAH accumulation relative to the number

of rings in the PAH was observed (Table 4). The largest concentration
of PAHs was recorded in the organic horizons of the pine stand soils
(3805.00 pg kg™1). In the Ofh horizon of the pine-oak stand soils, the
average PAH content was 3087.09 pg kg~ and in the oak stand soils,
it was 2936.20 pg kg™ (Table 3 and Figure 3). In the surface horizons
of the pine and pine-oak stand soils, 3- and 4-ring PAHs were domi-
nant (Figure 3). In the oak stand soils, 4-ring PAHs dominated,
followed by 3- and 5-ring PAHSs. The highest mean content of 3-ring
PAHs occurred in the soil horizons of the pine and oak stands
(Figure 4). In turn, the soil horizons of the oak stand showed the
highest values for 4-ring PAHs. For 5-ring PAHs, the highest values
were reached in the oak soil horizons, and for 6-ring PAHSs, the
highest values were noted in the pine soil horizons. The stand type
did not have a statistically significant impact on the PAH content in
relation to the number of rings in the PAH (Table 4).

3.5 | Correlations

The activity of enzymes strongly correlated with the C and N concen-
trations: in the case of BG, XYL, NAG and PH, it was a positive rela-
tionship. For most of the enzymes studied, statistically significant

positive correlations with the PAH content were noted, apart from

(a) (Hg kg™) (b) (ug kg™) (c) (hg kg')
0 1000 2000 3000 4000 0 1000 2000 3000 4000 0 1000 2000 3000 4000
A S A N R A AT A R ST S
Ofh Ofh Ofh
—&—3-rings
—6—4-rings
AEes AEes AEes 5-rings
—%—6-rings
—e— IPAH
B B B

FIGURE 3 Average PAHSs content in relation to the number of rings in different soil horizons of the pine (a), pine-oak (b) and oak stands (c)

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Two-way ANOVA results

Parameter 3-rings PAH 4-rings PAH 5-rings PAH 6-rings PAH . .
for PAHs content in relation to the
S ns ns ns ns number of rings
H kK ok k %ok k *k
SxH ns ns ns ns

Abbreviations: H, horizon effect; ns, not significant; S, type of stand effect; SxH, interactive stand and

horizon effect
**p < 0.01; ***p < 0.001
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DH and CB activity (Table 5). Furthermore, a positive relationship
between the concentration of PAHs and Cer, Nir and Cyar Was
found in the soils studied (Table 5). A significant positive correlation
between the PAH content and the amount of organic carbon was pre-

sent, particularly in the pine stand soils, where PAHs increased

3-rings: 1,240.71

Pine (Ofh): 3,804.99 4-rings: 2,134.92

5-rings: 936.56
[l Pine (AEes): 650.71 -

— Pine (B): 90.59 6-rings: 234.10 =
3-rings: 950.95

Pine-Oak (Ofh): 3,087.09 4-rings: 1,906.96

Pine-Oak (AEes): 713.43 o-Angs: 845.23

Pine-Oak(B): 91.64 6-rings: 189.02 =
3-rings: 1,235.67
Oak (Ofh): 2,936.20

4-rings: 2,740.33

Oak (AEes): 2,344.55 -
5-rings: 1,196.29

— Oak (B): 108.62 6-rings: 217.08 =
FIGURE 4 Sankey diagram presenting the average PAHs content
in terms of number of rings (ug kg~1) in each soil horizon according to
stand type [Color figure can be viewed at wileyonlinelibrary.com]

exponentially with organic carbon (Figure 5). Multiple regression anal-
ysis confirmed relationships between the PAH content and the C of
the light and heavy fractions of the SOM. Multiple regression models
explained 84% of the variance in PAH content (Table 6). Factors 1 and
2, distinguished in the PCA analysis, explained a total of 67.39% of
the variance of the properties of the tested soils (Figure 6). The PCA
analysis confirmed the negative correlation between the PAH content
and the pH of the tested soils. The PAH content was positively corre-
lated with the Cq ¢ and N ¢ (Figure 6). The PCA analysis confirmed a
higher PAH content in the organic horizons of the studied soils, where
a lower pH and a higher C concentration were observed. Mineral hori-
zons were associated with the higher concentrations of C and N of
the oLF and MAF (Figure 6).

4 | DISCUSSION

The results obtained in this study confirm that the stand species com-
position significantly affects the amount and quality of the SOM sup-
plied to the soil and, consequently, the forest soil PAH accumulation.
The conducted analyses confirmed the effect of soil depth on PAH
accumulation, which decreased with depth due to fewer humic sub-
stances being present. The highest average accumulation of PAHs in
organic horizons was recorded in the soils of the pine stands, lower in
the soils of the mixed pine-oak stands and the lowest in the oak stand
soils (Figures 3 and 4). In all investigated soils, the amount of PAHs
accumulated in the organic horizons indicated the third, moderate
degree of soil contamination (1000-5000 pg kg™1), according to the
classification proposed by Maliszewska-Kordybach (1996). At the

TABLE 5 Correlations between biochemical properties, soil organic matter fraction content and basic properties, PAHs content in relation to
the number of rings in all horizons of the tested soils
pH C N C/N P 3-rings 4-rings 5-rings 6-rings PAHs

DH 0.342 -0.173 —0.123 —0.325 —0.002 —0.148 -0.018 —0.058 0.009 —0.069
CB 0.088 0.051 0.038 0.407* —0.066 0.115 0.084 0.099 —0.083 0.098
BG —0.165 0.711*** 0.707*** —0.154 0.587** 0.649** 0.640** 0.625** 0.204 0.681**
NAG 0.054 0.554** 0.570*** —0.279 0.508** 0.494* 0.511* 0.446* 0.110 0.522*
XYL —0.380* 0.509* 0.501* —0.037 0.413* 0.506* 0.528* 0.394* 0.080 0.521*
PH 0.216 0.479* 0.482* —0.087 0.410* 0.539** 0.520* 0.469* 0.046 0.543**
MBC —0.250 0.919*** 0.942*** —0.571* 0.887*** 0.690*** 0.778*** 0.855*** 0.456* 0.828***
MBN —0.040 0.760*** 0.805*** —0.563** 0.679*** 0.566** 0.717*** 0.786*** 0.355 0.738***
Car —0.338 0.910*** 0.891*** —0.443* 0.769*** 0.819*** 0.795*** 0.643*** 0.386* 0.825***
NeLr —0.311 0.955*** 0.951*** —0.540* 0.850*** 0.822*** 0.817*** 0.704*** 0.415* 0.853***
Colr —0.401* 0.204 0.176 —0.239 0.239 —0.041 0.091 0.064 0.511* 0.071
NoLr —0.381* 0.230 0.202 —0.252 0.291 0.012 0.164 0.100 0.545** 0.135
Cmar -0.275 0.465* 0.441* —0.424* 0.344 0.350 0.407* 0.318 0.549** 0.414*
Nmar —0.078 0.127 0.118 —0.335 0.036 0.082 0.202 0.071 0.322 0.159

Note: n-rings PAHs and total average of PAHs

Abbreviations: BG, #-glucosidase; CB, -b-cellobiosidase; Cs r, carbon of free light fraction; Cpmar, carbon of mineral associated fraction; Cof, carbon of
occluded light fraction; DH, dehydrogenase; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; NAG, N-acetyl-3-p-glucosaminidase; Ng r,
nitrogen of free light fraction; Npmar, nitrogen of mineral associated fraction; Ng g, nitrogen of occluded light fraction; PH, phosphatase; XYL, xylanase

*p < 0.05; **p < 0.01; ***p < 0.001
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increase in nutrient utilisation efficiency compared to coniferous
monocultures (Btonska et al., 2017; Epron et al., 2013). An increased
PAH accumulation capacity in the organic horizons of coniferous

stand soils is also due to the effect of the assimilation of pollutants

-2000
0 10 20 30 0 10 20 30 10 20 30
C (%)

TABLE 6 Multiple regression analysis for content of PAHSs in
relation to the chemical properties of soil

R? Equation parameter p p

0.84 Cor 15.007 ok

Cmar 70.423 *

Note: R? describes the percentage of explained variance, 4 is the
regression coefficient for given equation parameter and p is the
significance level for the equation parameter

*p < 0.05; ***p < 0.001

same time, the soils with the highest PAH accumulations were
characterised by acidification and less decomposed organic matter.
The quality and quantity of SOM is an effect of the stand species
composition, which has already been described by other authors
(Btonska et al., 2021; Gruba et al., 2015; Jandl| et al., 2007; Schulp
et al., 2008; Vesterdal et al., 2008; Zhang et al., 2008). The deciduous
species in the stand improve the biogeochemical cycles of the organic
matter by providing nutrients (Ammer, 2019; Augusto et al., 2015).
Coniferous species, particularly pine, provide litterfall to the soil,
which acidifies the top soil horizons. Our statistical analyses confirm
the importance of the stand type in shaping the pH of the studied
soils (Table 1). As a result of the coniferous species' influence, the
microbiological decomposition processes of the fallen organic matter
on the soil surface are generally slower (Btoriska et al., 2016; Eisalou
et al., 2013; Magh et al., 2018; Schulp et al., 2008). The trees provide
the soil with carbon substrates and the nutrients used by microorgan-
isms in the decomposition processes through the litterfall and root
systems (Btonska, 2015; Btonska et al., 2021). The beneficial effect of
deciduous species on the topsoil was reflected in higher pH values
and increased alkaline cation content. It was also observed that the
proportion of deciduous species in the stand had a significant positive
effect on the biochemical properties of soils expressed by enzymatic
activity and microbial biomass, as reflected in organic matter decom-
position processes and PAH biodegradation potential (Table 2). An
increased share of deciduous tree species in the stand leads to the

relocation of carbon to the ground biomass, resulting in a beneficial

70:5817250662

from the atmosphere due to the presence of photosynthetic appara-
tus throughout the year (Hill et al., 2002; Lasota & Btonska, 2018;
Peng et al., 2012). Increased PAH accumulation in coniferous forest
soils can be explained by the presence of wax and lipids on the needle
surface, which absorb and accumulate lipophilic PAHs present in the
contaminated atmosphere (Li et al., 2017). Our study noted a strong
positive relationship between enzymatic activity with organic carbon
and PAH content in soils (Table 5). The lack of limitation of enzyme
activity in soil samples with high PAH content can be explained by the
masking effect of SOM. The strong affinity of SOM for PAHs and the
simultaneous high enzymatic activity in samples with a high concen-
tration of organic carbon explains the observed relationships. Similar
results have been obtained previously for the case of the relationship
between enzyme activity and heavy metal content with simultaneous
high accumulation of organic carbon (Lasota et al., 2020).

Our research confirmed the validity of the third hypothesis regard-
ing the importance of the SOM fractions in the accumulation of PAHs in
forest soils. In our study, the PAH content was closely related to the
amount of organic carbon and nitrogen contained in the SOM fLF
(Tables 5 and 6). According to Cachada et al. (2018), the amount and
quality of the SOM and its fractions control the accumulation of PAHs
in soils. The soils of pine stands are characterised by a higher proportion
of SOM light fractions due to the slowdown of decomposition pro-
cesses. Additionally, a high C/N ratio of the light fraction of the soils of
pine stands confirms the weaker decomposition of organic residues. In
the case of the soils of oak stands, a significantly lower C/N ratio of the
light fractions of SOM was recorded. The light fraction present in the
soil is formed by partially decomposed plant residues and animal
remains in the intermediate stage of decomposition between the sta-
bilised carbon (Btoriska, 2015). According to Li et al. (2014), the organic
fraction has stronger sorption properties than the mineral fraction. The

biodegradation efficiency of PAHs by microorganisms is related to the
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FIGURE 6 Projection of the variables on the factor plane [Color figure can be viewed at wileyonlinelibrary.com]

bioavailability of compounds dissolved in the soil solution (Ghosal and N contents of the organic matter fLF, the PAH content and most of
et al, 2016; MacKay & Gschwend, 2001). According to Jastrow the studied soil enzymes (Tables 5 and 6). Strong sorption of PAH com-
et al. (2007), the biological activity of soils is regulated by the structures pounds within organic matter structures reduces bioavailability, as well
of the organic matter present and is determined by the soil aggregate as the desorption and diffusion of pollutants by microorganisms
size. In our study, positive relationships were observed between the C (Ukalska-Jaruga et al., 2015, 2018).
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According to Oleszczuk (2007), strong sorption of PAH com-
pounds occurs under low pH conditions, which are characteristic for
soils from coniferous stands in our study. The low soil pH may result
from the presence of a significant amount of humic and fulvic acids
(Maliszewska-Kordybach et al., 2010), which significantly reduce the
bioavailability of organic matter and PAHs in soil solutions
(Haynes, 2005; Lasota & Bfonska, 2018). Strongly absorbed, soil-
accumulated PAH compounds inaccessible to microorganisms are sub-
ject to an ageing process (Zhang et al., 2011). Ni et al. (2008) claim
that an effective method of bioremediation of soils contaminated with
PAHs is to reduce the fLF content of the organic matter. However,
Wilson and Jones (1993) suggest that the bioremediation method of
reducing the organic matter fLF is only effective for low molecular
weight PAHSs. The presence of oak in a stand could be an effective
factor in the process of natural soil bioremediation and elimination of
toxic soil contamination levels, particularly for stands exposed to
intensive industrial emissions. However, more research is required on
the impact of the other deciduous species forming the stands. Their
role in reducing PAHs in the soil through beneficial effects on the
amount and quality of SOM and the amount of nutrients they contrib-

ute is unknown.

5 | CONCLUSIONS

Our research confirms the importance of stand species composition in
PAH accumulation in forest soils. The stand species composition influ-
ences the amount and quality of SOM and acidification, which is
reflected in the biochemical activity and degradation of organic pollut-
ants in the soil. Deciduous species significantly influence the proper-
ties of surface soil horizons and, consequently, the PAH content. The
soils of oak stands were characterised by the lowest accumulation of
PAHSs with high biochemical activity indicated by enzyme activity and
microbiological biomass. Pine stand soils are acidified, slowing the
decomposition of SOM and resulting in a high accumulation of PAHSs.
Our results confirmed the importance of the fractional composition of
SOM in PAH accumulation. The free light fractions (fLFs) of the SOM
and the mineral-associated fraction (MAF) are of the highest impor-
tance in PAH accumulation. By selecting the species composition of
the forest stand, we can influence the soil properties (i.e., pH, SOM)
that determine PAH accumulation. Avoiding coniferous monocultures
and introducing admixtures of deciduous species will lower the accu-

mulation of PAHs in forest soils.
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Abstract Polycyclic aromatic hydrocarbons (PAHs)
are among the most hazardous organic pollutants due
to their toxic, carcinogenic, mutagenic properties, wide
distribution, recalcitrance and stability in the environ-
ment. The study objective is to determine the impact of
the species composition of tree stands on PAH accumu-
lation in urban forest soils of Krakow. The study com-
pared the impact of deciduous and coniferous species on
similar soils on PAH biodegradation. Basic physico-
chemical properties, activity of enzymes involved in
the nutrient cycle and PAH content were measured in
soil samples. Our study shows lower accumulation of
PAHSs in soils with deciduous tree stands, which are
characterized by higher pH and higher biochemical
activity expressed by enzymatic activity. There is statis-
tically significant difference in the enzymatic activity in
the soils of deciduous tree stands, which results in
differences in PAH accumulation. Among the studied
deciduous species, soils with Norway maple and locust
were characterized by highest enzymatic activity. At the
same time, soils under these species were characterized
by the lowest PAH accumulation. Among the conifer-
ous species, highest PAH accumulation was observed
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under pine and spruce, where low enzymatic activity
was observed at the same time.

Keywords Acidity - Biochemical activity - Deciduous
species - Coniferous species - Krakow - Soil organic
matter

1 Introduction

Increase in the soil environment pollution with per-
sistent organic pollutants has been observed for
many years. This group includes polycyclic aromatic
hydrocarbons (PAHs). PAHs are generated during
the processes of hydrolysis and incomplete combus-
tion of organic matter; they can be created naturally
or as a result of human activity (Srogi 2007). Poly-
cyclic aromatic hydrocarbons are substances with
carcinogenic and mutagenic potential (Btaszczyk
et al. 2017). The effect of PAHs on soil results in
changes of the physicochemical properties of the
solution and toxicity towards cells and tissues of
living organisms (Oleszczuk 2007; Zhan et al.
2010). PAHs have ring structure meaning that they
are resistant to biodegradation, and carcinogenic
index increases with the growth of the number of
aromatic rings (Marston et al. 2001). The biological
decomposition of organic pollutants such as PAHs
by microorganisms is one of the most significant
and efficient means of removing these compounds
from the environment. PAHs in soils are subject to

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-021-05043-0&domain=pdf

74 Page2of 12

Water Air Soil Pollut (2021) 232: 74

microbiological transformations with the participa-
tion of fungi, bacteria and actinomycetes, as well as
sorption, leaching, reactions with other compounds
and photodegradation (Wilcke and Amelung 2000).
The biodegradation consists in the decomposition of
exogenous substances present in the environment
with the participation of metabolic pathways of liv-
ing organisms, mainly bacteria, fungi and plants
(Gan et al. 2009). The degradation process depends
on the composition and activity of microorganisms,
pH, access to oxygen or nutrient content (Mrozik
et al. 2003). One of the most important parameters
affecting the amount of PAHs in soil is the content
of organic matter, which is characterized by high
sorption capacities (Blonska et al. 2016a; Lasota
and Btonska 2018). Organic matter is the binding
factor for PAHs in soil environment and it is respon-
sible for the ageing of PAHs, restricting their diffu-
sion or release to soil in the solution (Luo et al.
2012; Wang et al. 2012). Soil microorganisms con-
stitute the main motor for the biochemical cycle,
affecting the decomposition of organic compounds
(Deng et al. 2016). The quality of the litter directly
affects microbial decomposer communities, which
are related to the decomposition of litter by the
secretion of extracellular enzymes (Graga and
Poquet 2014). Soil properties can be affected by
the species composition of vegetation, i.e. amount
and quality of soil organic matter, acidification or
the amount of nutrients (Btonska et al. 2016b;
Btonska et al. 2017). Coniferous and deciduous spe-
cies of trees affect soil properties differently via the
plant litter fall and root systems (Btonska et al.
2021). Coniferous species lead to pH reduction,
and as a consequence to reduce the enzymatic activ-
ity of soils (Blonska et al. 2016a). Deciduous spe-
cies contain more easily decomposed components
than coniferous species. It is known that changes
in soil properties are associated with changes in its
microbial structure. Communities of soil microor-
ganisms impact on the function of soil, because they
participate in the nutrient cycle and carbon storage
(Xue et al. 2018). The belowground microbial com-
munities are acting as regional drivers of the above-
ground biotic communities such as plant species
diversity and productivity (Van Der Heijden et al.
2008). Measurements of the extracellular enzymes
activity involved in the nutrient cycles originating
from organic compounds provide information about
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the biogeochemical circulation that occurs in soil
(Yavitt et al. 2004). The availability of C and nutri-
ents in the soil, especially in the rhizosphere, strong-
ly affects the microbial biomass and catalytic effi-
ciency of enzymes (Loeppmann et al. 2016).

The study objective is to determine the effect of tree
stand species composition on PAH accumulation in
urban forest soils of Krakow. In the study, influence of
deciduous and coniferous species growing on similar
soils was compared. We tested the following research
hypotheses: (1) by providing more easily decomposable
organic matter, deciduous species stimulate biochemical
activity of soils, which results in lower PAH content; (2)
coniferous species reduce soil pH and increase soil
acidity, which results in lower enzymatic activity and
reduces PAH biodegradation.

2 Materials and Methods
2.1 Study Area and Soil Sampling

The study was conducted in the urban forest in the
Krakow (50° 03" 41" N; 19° 56’ 18" E) (Fig. 1). The
research covered Reduta Forest, Zeslawice Forest,
Wolski Forest and Tyniec Forest. The area covered by
the study is occupied by Luvisols (Skiba and Drewnik
2013). The soils studied were characterized by a similar
moisture. The average temperature in the study area was
8.5 °C and the average annual precipitation was about
715 mm. Krakéw is the second largest town in Poland
with an area 327 km?. Krakéw has become one of the
most polluted cities in Europe, in recent years
(Wilczynska-Michalik and Michalik 2017). The main
contaminations are SO,, NOy, CO and benzo(a)pyrene.
The dense public transport, private car traffic, close
proximity to the mining region of Upper Silesia, Balice
airport and long-distance road traffic were reasons for
soil pollution in Krakow (Ciarkowska et al. 2019).

The study was conducted in 2020. Deciduous and
coniferous stands were selected for further analysis in
each of the four Kakow urban forests covered by the
study. The study covered Norway spruce (Picea abies)
and Norway maple (Acer platanoides) in Reduta Forest,
Scots pine (Pinus sylvestris) and English oak (Quercus
robur) in the Tyniec Forest, European larch (Larix de-
ciduas) and black locust (Robinia pseudoacacia) in the
Zestawice Forest, and Douglas fir (Pseudotsuga
mengziesii) and European beech (Fagus sylvatica) in
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Fig.1 Localization of study plots
in urban forest of Krakow (green
point—Reduta Forest; blue
point—Zestawice Forest; yellow
point—Wolski Forest; red
point—Tyniec Forest)

Krakow

the Wolski Forest. Each variant of study plots was in
three repetitions. In total, 24 study plots were investi-
gated (4 urban forest X 2 species X 3 repetitions). Soil
samples were collected on each study plot for laboratory
analysis. On plots with deciduous species, soil samples
were taken from the humus mineral horizon (A). On the
other hand, on the plots with coniferous species, soil
samples were collected from the organic horizon (Oth)
and humus mineral horizon (A). In the soils of decidu-
ous and coniferous stands, the samples for analysis were
collected after removing the litter level.

2.2 Laboratory analysis

The texture was determined using laser diffraction
(Analysette 22, Fritsch, Idar-Oberstein, Germany). The soil
pH was determined in H,O and KCl using the potentio-
metric method. C and N were measured using an elemental
analyser (LECO CNS TrueMac Analyzer Leco, St. Jo-
seph, MI, USA). The cation concentrations and contents of
Cd, Cr, Cu, Ni, Pb and Zn were determined by inductively
coupled plasma analysis (ICP-OES Thermo iCAP 6500
DUO, Thermo Fisher Scientific, Cambridge, UK). We
used the Kappen method to determine the hydrolytic acid-
ity and Sokolow method to determine the exchangeable
acidity (Ostrowska et al. 1991). The PAHs were deter-
mined in 10 g of each soil sample, extracted using 70 ml of
propan-2-ol. The samples were centrifuged (4500 rpm, 5
min) and the supernatant collected. The supernatants were
extracted to the solid phase (5 ml/min) using solid-phase
extraction (CHROMABOND® CN/SiOH). The residue
was dissolved in acetonitrile and analysed using high-
pressure liquid chromatography (HPLC) with a Dionex
UltiMate 3000 HPLC system, equipped with a
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fluorescence detector and a Dionex UltiMate 3000 Col-
umn Compartment C18 5 pm with a 4.6 x 100-mm HPLC
column. The mobile phases were water (A) and acetonitrile
(B) at a flow rate of 1 ml/min. Based on the standard PAH
Calibration Mix (CRM 47940) at a concentration of 10
pg/ml, calibration solutions at different concentrations (i.c.
0.1,0.2,0.5, 1 and 2 pg/ml) were prepared. Each prepared
solution was placed into the chromatography column, the
chromatograms obtained being used to produce a calibra-
tion curve. The soil samples were then analysed in tripli-
cate. After every ninth analysis, a control sample (a cali-
bration solution with a concentration of 0.1 pg/ml) was
injected. Acenapthene (Ace), fluoren (Flu), phenanthrene
(Phe), antracen (Ant), fluoranthene (Flt), pyrene (Pyr),
benzo(a)anthracene (BaA), chrysene (Chr),
benzo(k)fluoranthene (BKF), benzo(b)fluoranthene (BbF),
benzo(a)pyrene (BaP), dibenzo(ah)anthracene (DBahA)
indeno(1,2,3-c,d)pyren (IcdP), and bezo(g,h,i)perylene
(BghiP) were determined. The activity of extracellular
enzymes ([3-D-cellobiosidase - CB, {3-xylosidase - XYL,
N-acetyl-3-D-glucosaminidase - NAG, phosphatase - PH
and arylsulphatase - SP) was determined using
fluorogenically labeled substrates (Pritsch et al. 2004;
Turner 2010; Sanaullah et al. 2016). The fluorescence
was measured on a multidetection plate reader
(SpectroMax), with excitation at a wavelength of 355 nm
and emission at 460 nm.

2.3 Statistical analysis
The Spearman correlation coefficients for the soil char-
acteristics were calculated. The distribution was

checked for normality. U Mann—Whitney test was used
to evaluate the differences between the mean values of
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properties. Principal component analysis (PCA) was
used to evaluate the relationships between the soil prop-
erties and PAH content. A general linear model (GLM)
was used to investigate the effect of tree species and soil
properties on PAH content. The classification and re-
gression tree (C&RT) approach was applied to estimate
the influence of tree species and soil properties on PAH
content. Differences with P<0.05 were considered sta-
tistically significant. All the analyses were performed
using Statistica 13 software (StatSoft 2012).

3 Results

Statistically significant differences in the pH of the
studied soils were observed between deciduous and
coniferous species. Independently of the urban forest
location, soils of coniferous were characterized by
significantly lower pH. The lowest mean pH in the
humus mineral horizon was recorded for Douglas fir
(pH H,O 4.11), and highest for maple (pH H,O
6.19) (Table 1). Soils of coniferous species were
characterized by a significantly higher hydrolytic
and exchange acidity. Highest acidity levels were
recorded in organic horizons of coniferous species,
in particular pine and spruce (Table 1). Soils of
deciduous and coniferous species differed clearly

in the content of carbon and nitrogen. The highest
organic carbon content was recorded in organic ho-
rizons of coniferous species (spruce 23.52%, larch
20.40%, Douglas fir 10.93% and pine 27.66%).
Significant difference in the C/N ratio between de-
ciduous and coniferous species was found in humus
mineral horizons (A). Deciduous species (with the
exception for beech) were characterized by a better
distribution of organic matter expressed by the C/N
ratio (Table 1). The studied soils were characterized
by high contribution of silt fraction, with lower sand
contribution and clay constituted an admixture
(Table 2). No significant differences in the content
of individual fractions in humus mineral horizons
could be found between deciduous and coniferous
species (Table 2). Humus mineral horizons of decid-
uous species were characterized by a significantly
higher content of basic cations, in particular of Ca
and Mg.

Soils of the studied deciduous and coniferous
species differed in the enzymatic activity, in partic-
ular BG, NAG, SP and PH activity. Humus mineral
horizons of deciduous species differed statistically
significantly by the higher activity of BG, NAG, SP
and PH (Table 3). No significant differences in CB
activity in humus mineral horizons could be found
between deciduous and coniferous species. Highest

Table 1 Acidity, carbon and nitrogen content in soil under influence of different tree species

Forest  Species  Horizon  pH H,O pH KCI Hh Hw C N C/N
cmol(+) kg_1 %
R M A 6.1940.09*°  527+0.13° 5984029  028+0.04° 228+024°  024+£0.02° 9.67+0.23°
S 0 391£0.16  3.23+0.06  59.7943.69  13.11£1.22  23.52+1.53  0.99£0.07  23.86+0.63
A 427+0.09°  3.72+0.10°  18.69+0.91°  7.61+0.55*  3.95+0.08°  0.22+0.01*  17.60+0.54*
7 R A 6.34+0.34*  5.78+0.51°  3.01£1.12°  0.31+0.08°  3.97+0.09°  0.32+£0.01*°  12.37+0.09°
L 0 42040.04  3.62+0.06 44424557 7344024  20.40+0.92  1.03+0.04  19.72+0.68
A 47240.13°  3.70£0.40°  14.58+1.94°  3.62+0.38*  3.59+0.32%  0.24+0.03°  14.79+0.28"
W B A 4.66+0.14°  3.75£0.06°  11.43+0.99°  4.60£0.07°  5.22+0.59°  0.33+0.03*  15.78+0.34"
D 0 4.04+0.08  3.35£0.04 22454216  7.79+0.39  10.93+0.75  0.51£0.04  21.34+0.40
A 41140.01°  3.4140.02°  11.80+0.74*  6.16£0.25°  3.49+0.19°  0.25+0.01°  13.84+0.64°
T e} A 5.42+0.40° 471059  5.17+1.95°  0.9620.66°  3.72+0.16°  0.24+0.01*  15.21+0.41°
P 0 3.90+0.13  3.36+0.16  46.15+1.29 8424048  27.66+0.48  1.26+0.09  22.04+1.35
A 438+0.06° 3.46+0.06° 18.524125* 5.07+0.61*  4.03£0.16°  0.25+0.02*  16.39+£0.60°

Urban forest: R, Reduta forest; Z, Zestawice forest; W, Wolski forest; 7, Tyniec Forest. Species: M, maple; S, spruce, R, Robinia; L, larch, B,
beech; D, Douglas fir; O, oak; P, pine. Horizon: A, mineral humus horizon; O, organic horizon; /i, hydrolytic acidity; Hw, exchangeable
acidity; C, organic carbon; N, total nitrogen. Small letters in the upper index of the mean values mean significant differences between species

in humus mineral horizon (A)
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73.7£1.5% 6.4+1.6*

20.0£2.0°

81.20+15.31*
45.96+8.05

17.41£7.98

34.40+3.94
7.44+0.32

1.28+0.14% 0.29+0.02° 0.01+0.01°
3.18+0.28 0.52+0.05

6.91+0.56

15.8248.10%
23.8443.38

5.7+0.6"
7.2£1.1°

75.3£1.5%

19.0+1.0°
16.14£5.9°

16.44+1.72°
52.5042.62*
38.04+4.77

22.5042.51°

0.15+0.02*
0.06+0.00°
0.42+0.01

0.49+0.05%

1.20+0.06"
3.3540.15%
5.99+0.42

5.61+0.36"
23.0242.69"
22.30+1.15

76.7+5.8"

26.89+2.81

0.47+0.07°
2.70+0.25

31.41+0.87
8.99+0.42
4.35+2.95
3.74+0.38
0.82+0.00
6.69+4.52

72.742.0* 5.4+0.0°

71.5+£2.3%

22.141.8°
24.442.7°

0.19+0.02°
0.010.00°
0.03+0.01

1.37+0.11° 0.66+0.06"

0.4840.07°
0.54+0.01

6.78+0.32°

4.3+0.4*

75.65+1.36%
80.46+5.35

0.2940.04°
0.27+0.01

6.90+0.26"
2.90+0.35

5.6+0.4°
4.340.6

71.9£1.0°
72.0£1.7*

22.7+1.6°

26.121.22°
52.69+1.13*

0.03+0.00*
0.00+0.00°
0.39+0.11

0.13+0.00° 0.06+0.00°

0.48+0.29"
4.97+0.42

0.59+0.01°

23.742.1%

0.17+0.03°
2.57+0.23

6.03+4.20"

77.41£7.21

26.10+1.20
5.02+0.14

18.17+0.99
3.26+0.26"

74.7+1.5% 4.1x1.17

21.3+1.2°

46.24+10.39*

0.47+0.05" 0.12+0.01*

1.18+0.09"

Urban forest: R, Reduta forest; Z, Zestawice forest; W, Wolski forest; 7, Tyniec Forest. Species: M, maple; S, spruce; R, Robinia; L, Larch; B, beech; D, Douglas fir; O, oak; P, pine. Horizon:
A, mineral humus horizon; O, organic horizon. Small letters in the upper index of the mean values mean significant differences between species in humus mineral horizon (A)

PAH accumulation characterized organic horizons of
coniferous tree stands (Fig. 2). The highest total
PAH content was recorded in organic horizons of
pine tree stands (mean content was 1.91 pg g ). In
all investigated urban forest locations, the humus
mineral horizons (A) of coniferous species exhibited
statistically significantly higher PAH accumulation
in comparison to deciduous species. Mean total
PAH level in humus mineral horizons of coniferous
species ranged from 0.196 ug g ' to 0.385 ug g ',
and for deciduous species from 0.061 ug g ' to
0.146 ug g ' (Fig. 2). 4- and 5-ring hydrocarbons
were predominant in the investigated soils indepen-
dently of the analysed horizon and species (Table 4).
In the soils of the investigated tree stands, no 2-ring
PAHs could be found and the contribution of 3-ring
hydrocarbons was minor (Table 4). In the humus
mineral horizon, the total PAH level was statistically
significantly and negatively correlated with pH and
content of base cations, and positively correlated
with acidity and C/N ratio (Table 5). The activity
of BG, NAG, SP, and PH in the A horizon nega-
tively correlated with total PAH level (=—0.887,
r=—0.823, r=—0.804 and r=—0.777, respectively). In
addition, the enzymatic activity correlated positively
with pH, base cation content and P content and
negatively with soil acidity (Table 5). GLM analysis
confirmed the significance of biochemical activity
expressed by [3-glucosidase activity in the formation
of PAH accumulation (Table 6). In addition, signif-
icance of species and organic carbon content in the
formation of PAH amount was revealed. PCA anal-
ysis confirmed a clear relationship between acidifi-
cation of the investigated soils, amount of organic
carbon and the degree of soil organic matter decom-
position expressed by the C/N ratio (Fig. 3). The
two primary factors had a significant impact on the
variance of properties (77.7%). PCA indicated
strong relationship of organic horizons of coniferous
species with acidification, accumulation of poorly
decomposed organic matter and high PAH accumu-
lation. PCA produced clear groups of humus mineral
horizons of deciduous and coniferous species in
terms of acidification, quantity and quality of soil
organic matter, biochemical activity and above all
PAH content (Fig. 3). Classification and regression
tree charts were used to identify the characteristics
that determine PAH accumulation in urban forest
soils (Fig. 4). They are type of soil horizon, species,

@ Springer
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24

Fig. 2 Sum of PAH content in
soil under influence of different 22
species (M, maple; S, spruce; R, 20
Robinia; L, larch; B, beech; D,

Douglas fir; O, oak; P, pine)

PAHs [ugg™)
s

0,2

[G] Reduta A horizon

[ Reduta O horizon
[T] Zestawice A horizon
[c1] Zestawice O horizon
[c] Wolski A horizon

[G] Wolski O horizon

[©] Tyniec A horizon

[&] Tyniec O horizon

0,0 n
-0,2

[3-glucosidase activity and C/N ratio. The highest
PAH accumulation was fund in organic horizon at
a BG activity < 114.04 nmol MUB g 'd.s. h™" and
C/N >21.7 (Fig. 4).

4 Discussion

The conducted research has confirmed the validity
of the advanced research hypotheses. Species com-
position is important in PAH accumulation in urban
forests of Krakow. By means of the provided organ-
ic matter, tree species affect the chemical properties
of soils, and as a consequence the biochemical ac-
tivity and biodegradation of PAHs. Deciduous spe-
cies provide soil with easily decomposable organic
matter, and the components released during its de-
composition raise soil pH. We recorded lower PAH
accumulation under deciduous tree stands in urban
forests of Krakow. Soils of such stands were char-
acterized by higher pH and higher biochemical ac-
tivity expressed by the activity of enzymes involved
in the cycle of C, N, P and S. According to
Maliszewska-Kordybach (2005), some soil proper-
ties (acidity, content of fine fractions and organic
matter content) affect the course of PAH decompo-
sition. Soil characteristics greatly influence the effi-
ciency of microbial PAH degradation (Zhang et al.
2006; Lors et al. 2012). Better quality of soil organic
matter was observed for deciduous stands, expressed
as the C/N ratio. Lowered nitrogen availability may
restrict the activity of soil microorganisms, and thus

82:5165738708
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species

the processes of organic matter decomposition
(Treseder 2008; Averill and Waring 2017). Accord-
ing to Zhou and Hua (2004), appropriate level of
nutrients, particularly of nitrogen, is necessary for
improved PAH bioremediation. Earlier study indi-
cates marked differences in the release of nutrients,
particularly of C, N and P during the decomposition
of plant litter of deciduous and coniferous species
(Btonska et al. 2021). More carbon and nitrogen are
released to soil from deciduous litter than from
coniferous litter, which results in increased activity
and diversity of the microbial community. Apart
from the fall of plant litter, tree stands affect soil
properties via their root systems, which apart from
organic matter provide nutrients via root secretions.
Root secretions provide soil with sugars, amino
acids, organic acids, hormones and vitamins as well
as high-molecular compounds such as enzymes,
which translates into higher metabolic activity of
the microflora, which is abundant in the rhizosphere
(Lu et al. 2012). Earlier research confirmed the
increased biodegradation rate of organic contami-
nants in the rhizosphere zone as compared with
non-rhizosphere zone (Zhuang et al. 2007). Wang
et al. (2019) found that the influence of deciduous
rhizosphere on the microorganism biomass, enzyme
activity and N mineralization rate was 2-fold higher
than for coniferous species. The tree stand species
composition has a very pronounced effect on soil
pH, which is of key significance for PAH biodegra-
dation. According to Pawar (2015), biodegradation
processes can be enhanced by considering the
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Table 4 PAH content (ug g ') in soil under influence different species taking into account the number of rings

Broadleaved species

Coniferous species

A - horizon O - horizon A - horizon

LMW 3rings Flu 0.00000+0.00000? 0.00066+0.00065 0.00000+0.00000%
Ant 0.00000+£0.00000? 0.00012+0.00022 0.00000=0.00000*

Ace 0.00044::0.00040° 0.01363+0.00577 0.00218+0.00141*

Phe 0.02021+0.00974° 0.09447+0.03375 0.03261+0.00808*

> 0.02065+0.00990° 0.10888+0.03920 0.03479+0.00925*

4rings Flt 0.01337+0.00817° 0.29030+0.10936 0.04715+0.02055%

Pyr 0.01209+0.00742° 0.28454+0.07566 0.06026+0.06110*

BaA 0.00509+0.00301° 0.14098+0.04033 0.03061+0.03692*

Chr 0.00965+0.00626° 0.25943+0.07022 0.03970+0.01897%

> 0.04020+0.02417° 0.97526+0.28004 0.17772+0.07720*

HMW Srings BbF 0.01436+0.00376" 0.13371+0.03306 0.02935+0.00882*
BaP 0.006410.00324° 0.12605+0.02902 0.02148+0.01099*

BKF 0.00256:+0.00171* 0.02834+0.01590 0.00348+0.00140*

DBahA 0.0001340.00005" 0.00211+0.00092 0.00071+0.00102*

> 0.02346+0.00821° 0.29021+0.07037 0.05502+0.02042*

6rings BghiP 0.00319+0.00133" 0.04070+0.00945 0.00763+0.00310*

IcdP 0.00443+0.00212° 0.09033+0.02536 0.01390+0.00673*

> 0.00762+0.00332° 0.13103+0.03476 0.02153+0.00973%

>'PAHs 0.09192+0.04052° 1.50537+0.41661 0.28905+0.10111*

PAH: Flu, fluoranthene; Ant, anthracene; Ace, acenapthene; Phe, phenanthrene; Fl#, fluoranthene; Pyr, pyrene; BaA, Benzo(a)anthracene;
Chr, chrysene; BbF, benzo(b)fluoranthene; BaP, benzo(a)pyrene; BkF, benzo(k)fluoranthene; DBahA, dibenz(a,h)anthracene; BghiP,
benzo(g,h,i)perylene; IcdP, indeno(1,2,3-cd)perylene; LMW, low molecular weight PAHs; HMW, high molecular weight. Small letters in
the upper index of the mean values mean significant differences between broadleaved and coniferous species in humus mineral horizon (A)

enzymes present in soil and their active role varying
pH values. The capacity of microorganisms to de-
grade PAHs in soil environment depends on the
physical and chemical properties of soils, in partic-
ular on its pH. Higher soil pH results in higher
activity of microorganisms, whereas the diversity
and activity of microorganisms are limited in acidic

environment (Uzarowicz et al. 2020). According to
the aforementioned authors, the low enzymatic ac-
tivity and low bacterial counts were associated with
highly acidic soils (pH H,O 3.0-3.9). It can be
assumed that higher PAH accumulation in soils with
coniferous stands is associated with their acidifying
effect. The acidifying effect of tree species on sandy

Table 5 Correlations between enzyme activity, PAH content and soil properties in mineral humus horizon (A)

pH H,O pH KCl Hh BC C N C/N P PAHs
PAHs —0.830* —0.755%* 0.891* —0.601* 0.382 —0.126 0.697* —0.549* 1.000
CB 0.168 0.062 —0.231 0.129 0.211 0.350 —0.104 -0.079 0.050
BG 0.854%* 0.785% —0.914* 0.622* —0.240 0.244 -0.713* 0.503* —0.887*
NAG 0.6327* 0.611* —0.878%* 0.283 —0417* 0.094 —0.702* 0.357 —0.823*
XYL —0.051 0.085 0.091 0.154 0.060 —0.004 -0.071 —0.243 0.273
SP 0.760* 0.764* —0.915% 0.508* —0.250 0.263 - 0.776%* 0.569* —0.804*
PH 0.643* 0.475* —0.785%* 0.431* —0.405%* 0.133 —0.700%* 0.516%* = 0.777*
*p <0.05
@ Springer
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Table 6 Summary of GLM analysis of the effect of the soil
properties and tree species on the PAH content

F p value
Species 1.770 0.1907
pH 0.046 0.8343
C 0.094 0.7652
BG 17.431 0.0015
Species x pH 1.850 0.1737
Species x C 6.356 0.0036

bold values -p < 0.05

soil was in the order of spruce = pine > oak, while
that on loess was pine > beech > hornbeam (Btonska
et al. 2016b). Our study shows stronger degradation
of PAHs in soils with deciduous tree stands, which
are characterized by higher pH and higher biochem-
ical activity expressed by enzymatic activity. Statis-
tically significant difference in the activity of en-
zymes involved in C, N, P and S transformations
in deciduous stand soils was observed in comparison
with coniferous stands, which results in the differ-
ences of PAH accumulation. Among the studied
deciduous species, highest enzymatic activity char-
acterized soils were Norway maple and locust. At

the same time, soils under these species were char-
acterized by the lowest PAH accumulation. Among
the coniferous species, highest PAH accumulation
was observed under pine and spruce, where low
enzymatic activity was observed at the same time.
In our study, we have been able to record a strong
relationship of the enzymatic activity with pH and
with organic carbon content. The pH value has a
significant effect on the activity of microorganisms
in the soil, and many enzymes are very sensitive to
the pH of soil. The soil pH influences the activity of
soil enzymes by controlling ionization caused by
conformational changes of enzymes, availability of
substrates and enzymatic cofactors (Blonska et al.
2021). Soil organic matter is the main source of
enzyme substrate, and the content of organic matter
greatly affects the activity of soil enzyme (Zhang
et al. 2020). It has been recognized that PAHs are
degraded by the synthesis of lignin modifying en-
zymes like lignin peroxidases, manganese peroxi-
dases laccases and other oxidases (Cao et al.
2020). Catabolic activity of microorganisms in
PAH degradation depends largely on the environ-
mental conditions (pH, temperature and nutrients),
counts and type of microorganisms, character or
properties of the degraded PAHs (Singh and Ward

05

0,0

Factor 2 : 23.98%
Factor 2: 23.98%

-0,5

-1,0 -0,5 0,0 05 10 -6
Factor 1:53.72%

Fig. 3 The projection of variables on a plane of the first and
second PCA factor (DH, dehydrogenase activity; CB, 3-D-
cellobiosidase; XYL, 3 xylosidase; NAG, N-acetyl-f3-D-
glucosaminidase; BG, {3-glucosidase; PH, phosphatase; SP,
arylosulphatase; C, organic carbon content; N, total nitrogen con-
tent; Hh, hydrolytic acidity; black circle, organic horizon of

84:7459212118

-5 -4 -3 -2 -1 0 1 2 3 4
Factor 1: 53.72%

coniferous species; red circle, humus mineral horizon of

broadleaved species; green circle, humus mineral horizon of co-

niferous species; R, Reduta forest; Z, Zestawice forest; W, Wolski

forest; T, Tyniec Forest; species: M, maple; S, spruce; R, Robinia;

L, larch; B, beech; D, Douglas fir; O, oak; P, pine)
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N=36)

Mean=0.6288
Var=0.4473

horizon

Ahorizon O horizon
1 1
N=24| N=12]
Mean=0.1905 Mean=1.5054
Var=0.0152 Var=0.1591
Species BG
r—r——————
Coniferous Broadleaved <=114.04 >114.04
N=T2 N=T2 =] =
Mean=0.2891 Mean=0.0919 Mean=1.7760 Mean=1.1264
Var=0.0094 Var=0.0015 Var=0.0635 Var=0.0468
BG CIN CIN
_— B —
<=28.79 >28.79 <=1548 >15.48 <=21.69 >21.69
N=7| N=5| N=9| N=3| N=2| N=5]
Mean=0.3361 Mean=0.2232 Mean=0.0738 Mean=0.1462 Mean=1.5856 Mean=1.8522
Var=0.0069 Var=0.0054 Var=0.0003 Var=0.0013 Var=0.0501 Var=0.0485
CIN
r—r—————— ———
<=14.52 >1452 <=179,170000 >79,170000
= =g = =]
Mean=0.2296 Mean=0.3539 Mean=0.0996 Mean=0.0664
Var=0.0000 Var=0.0058 Var=0.0001 Var=0.0001
CIN
r——
<=16.56 >16.56
=) N E

Mean=0.4199 Mean=0.2878

Var=0.0027 Var=0.0003

Fig. 4 The regression tree (C&RT) for PAH content in soil

2004). PAH biodegradation is activated by different
catalytic enzymes secreted by microorganisms. Ac-
cording to Suszek-Lopatka et al. (2019), the increase
of soil moisture enhanced PAH toxicity differently
depending on the soil. Our study included soils with
similar moisture; therefore, this factor did not influ-
ence the amount of PAH. Different microbe species
such as Pseudomonas, Sphingomonas, Micrococcus,
Xanthomonas, Corynebacterium, Enterobacter,
Paenibacillus, Bacillus, Aeromonas, Microbulbifer,
Mpycobacteria, Acinetobacter and Aspergillus are
characterized by PAH biodegradation capacity
(Sakshi and Haritash 2020). At the same time with
PAHs, significant amounts of heavy metals accumu-
late in the surface horizon of urban soils (Rodriguez-
Seijo et al. 2015). According to Ciarkowska et al.
(2019), the Krakow soils were characterized by the

@ Springer
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high levels of PAHs and heavy metals. It can be
assumed that PAH and heavy metals inhibited enzy-
matic activity in the study soils of Krakow.

5 Conclusions

The conducted study has confirmed the importance of
tree stand species composition in the formation of soil
properties, and consequently PAH biodegradation in the
urban forests of Krakow. Via the appropriate selection
of species we can influence on the quantity and quality
of soil organic matter and soil pH, which results in the
diversification and activity of soil microorganisms par-
ticipating in the distribution of organic pollutants. Our
study shows that deciduous, and in particular Norway
maple and locust have more favourable influence on soil
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properties, which translates into lower PAH accumula-
tion in the urban forests of Krakow. Introduction of
coniferous species, in particular of pine and spruce,
should be avoided in urban forests, as they have acidi-
fying effect on soil, thus restricting the processes of
decomposition, in which soil microorganisms are in-
volved. The value of pH has turned out to be an impor-
tant parameter in PAH biodegradation in urban forest
soils of Krakow, because it comprises the key factor for
the availability of nutrients, and thus for the develop-
ment of microorganisms involved in PAH
decomposition.
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