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Aktywnos¢ enzymatyczna gleb na obszarach sztucznej i naturalnej regeneracji lasu
po klesce huraganu w polnocno-wschodniej Polsce

Soil enzymatic activity in artificially and naturally regenerated forests
after wind damage in north-eastern Poland
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Abstract. The aim of the study was to describe biochemical reactions in the soil based on the activity of urease and dehydrogenases
in Scots pine stands damaged during and differentially managed after hurricanes.

Soil enzymatic activity was investigated in 2005 and again in 2013 for selected stands in the Pisz Forest District where wind
damage occurred in 2002. Most of the damaged stands were cut down and replanted, but 445 ha were left untouched for study
purposes. The investigated areas differed with respect to stand damage and management. The enzymatic activity correlated well
with the content of organic matter which was higher in organic than in mineral soils. In the area left to regenerate naturally,
dehydrogenase and urease activity was higher in 2013 compared to 2005, which suggests the improvement of site conditions.
The values of the examined biochemical parameters were correlated with the type of forest regeneration, with the forest soil
regeneration being higher in artificially than in naturally regenerated stands. Changes of soil enzymatic activity were correlated
with the level of stand damage and the type of management after wind damage.
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1. Wstep

Zaburzenia wielkoobszarowe, takie jak pozary i huragany,
stanowia nieodlaczny komponent ekosystemow lesnych i daja
mozliwos¢ §ledzenia naturalnych procesow regeneracyjnych
na zniszczonym terenie (Dobrowolska 2006). W drzewosta-
nie pohuraganowym wzrasta heterogenicznos¢ warunkow
mikrosiedliskowych, dla ktorych charakterystyczne sg duze
ilosci silnie nastonecznionego martwego drewna oraz prze-
suszona gleba i $cidtka. Procesy akumulacji i rozktadu mar-
twej materii organicznej ulegaja modyfikacji, co skutkuje
przeksztatceniem ekosystemow lesnych. Nie pozostaje to
bez wptywu na zasiedlajace je mikroorganizmy glebowe
(Ulanowa 2000). W ekosystemach ladowych warunki eda-
ficzne, drobnoustroje glebowe oraz szata roslinna pozosta-
ja w $cistej wspolzaleznosci. Tworzenie si¢ odpowiednich
zespotdw drobnoustrojow glebowych i formacji roslinnych
determinowane jest wtasciwosciami fizycznymi i chemicz-
nymi gleby. Mikrobiologiczne procesy mineralizacji materii
organicznej gwarantuja utrzymanie niezbednego do rozwo-
ju roslin zapasu makrosktadnikow, stad uwaza sig, ze ich

aktywnos$¢ $ci§le wigze si¢ z zyznoS$cia i produktywnoscia
ckosystemu. Ponadto biomasa drobnoustrojow jest magazy-
nem i zrédtem pokarmu dla roslin, stanowiac jeden z gtow-
nych czynnikow determinujgcych zyznosé gleb (Leiros et
al. 2000; Baldrian et al. 2010). Aktywnos¢ biologiczna gleb
uwaza si¢ za dobry wskaznik ich jako$ci. Aktywnos¢ enzy-
matyczna pozwala na okreslenie tempa regeneracji gleb na
obszarach po huraganie. Niewicle wiadomo o aktywnosci
enzymatycznej gleb we wczesnych fazach funkcjonowa-
nia ekosystemu po powstaniu wiatrolomu oraz o dynamice
W pozniejszym okresie.

Celem badan byto okreslenie intensywnosci przemian bio-
chemicznych na podstawie oznaczen aktywnoS$ci ureazy i de-
hydrogenaz w glebach drzewostanow sosnowych, o réznym
stopniu uszkodzenia i zagospodarowania po huraganie.

2. Obszar badan

Badania aktywnos$ci enzymatycznej gleb prowadzono
w latach 2005 i 2013 w wybranych drzewostanach Nadle-
$nictwa Pisz, ktore polozone jest w pdinocno-wschodniej
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czesci Polski (21°38°-22°03’E; 53°28°-53°46°N). Lasy Nad-
le$nictwa Pisz wchodza w sktad Puszczy Piskiej. Zgodnie
z ,,Regionalizacjg przyrodniczo-lesna Polski 2010 obszar
Nadlesnictwa Pisz lezy w II Krainie przyrodniczo-lesnej Ma-
zursko-Podlaskiej, mezoregionie Puszcz Mazurskich (I1.4)
—w catosci obrgbu Szeroki Bor i Wilcze Bagno oraz we frag-
mencie obrebu Pisz i Dlutowo, mezoregionie Wielkich Jezior
Mazurskich (I1.3) — czg$ci obrgbu Pisz oraz mezoregionie
Pojezierza Etckiego (I1.6) — czesci obrebu Diutowo (Zielony,
Kliczkowska 2010). Gleby sa pochodzenia polodowcowego
1 sg to zazwyczaj piaski, sandry i gliny zwatowe. Najwigkszy
obszar zajmuje typ gleb rdzawych, a w nim podtyp gleb rdza-
wych bielicowych. W lasach Nadle$nictwa Pisz gatunkiem
panujacym jest sosna zwyczajna (Pinus sylvestris L.).

W lipcu 2002 roku w Polsce pn.-wsch. wystapil huragan, ta-
miac 1 wywracajac drzewa na tgcznej powierzchni 33 000 ha.
Wickszo$¢ zniszczonych drzewostandow uprzatnigto i odno-
wiono, jednak 445 ha lasu w Nadlesnictwie Pisz pozostawiono
w stanie nienaruszonym do celow badawczych. Powierzch-
nie badawcze byly zréznicowane pod wzgledem stopnia
uszkodzenia drzewostanu, a takze sposobu zagospodaro-
wania po huraganie. W strefie, gdzie uszkodzenia drze-
wostanu nie przekraczaty 10%, zalozono 12 powierzchni,
w drzewostanach uszkodzonych w 11-50% — 11 powierzch-
ni, w strefie z ponad 90% uszkodzeniem drzewostanow
— 10 powierzchni. W celach poréwnawczych zatozono 5
powierzchni na uprawie odnowionej sztucznie z sadzenia
w nastepnym roku po wystapieniu huraganu. Kazda z za-
tozonych powierzchni miata 100 m? (tab. 1).

3. Material i metody badan

Do badan aktywno$ci enzymatycznej pobrano proby gle-
bowe z poziomu organicznego (O) i prochnicznego (A) na
powierzchniach ,,Szast”. Na uprawie pobrano w latach 2005
i 2013 probki mieszane z rzgdu 1 migdzyrzedzia, ktore obej-
mowaly poziom wierzchni gleby mineralnej do glgbokosci

5 cm. Poza tym w 2013 roku pobrano probe mieszang z rzgdu
1 migdzyrzedzia z tworzacego si¢ poziomu organicznego.
Oznaczenia aktywno$ci enzymatycznej gleb wykonano po
przesianiu powietrznie suchych prob glebowych przez sito
o $rednicy oczek 2 mm. Badania enzymatyczne obejmowaty
pomiar aktywnosci ureazy, ktdra oznaczono metoda kolory-
metryczng, wyrazajac aktywnos¢ w mg N-NH, na 10 g gleby
w ciggu 48 h. Dehydrogenazy oznaczono metodg koloryme-
tryczng, wyrazajac ich aktywno$¢ w mg trifenyloformazanu
(TPF) na 10 g gleby w ciagu 24 h (Russel 1972).

Srednie z wynikow aktywnosci enzymatycznej gleb zosta-
ly porownane parami w poszczegdlnych blokach powierzch-
ni. W tym celu zastosowano test t-studenta dla par obserwacji
przy poziomie p<0,05, a zré6znicowanie pomi¢dzy badanymi
powierzchniami okre$lono stosujac test Kruskala-Wallisa.
Wszystkie analizy statystyczne wykonano przy uzyciu pakie-
tu STATISTICA ver. 6.0 (StatSoft, Inc. 1997).

4. Wyniki

Aktywnos$¢ enzymow glebowych —ureazy i dehydrogenaz
— byla $cisle zwigzana z zawarto$cia substancji organicznej,
co przejawito si¢ ich wyzszg aktywno$cig w poziomie orga-
nicznym (O) niz prochnicznym (A) (ryc. 1-4).

Aktywno$¢ ureazy byla najwyzsza w glebach na uprawie
zatozonej rok po huraganie, natomiast najnizsza aktywno$¢
stwierdzono w drzewostanie silnie uszkodzonym nieuprzat-
nietym (DrN), zar6wno w poziomie organicznym, jak
i préchnicznym (ryc. 1-2).

Aktywnos$¢ ureazy byta nieznacznie wyzsza w 2013 niz
2005 roku w poziomie prochnicznym na uprawie. Notowano
bardzo wysoka aktywnosc¢ ureazy w roku 2013 w tworzacym
si¢ poziomie organicznym, ktérego nie byto w 2005 roku.

Aktywnos¢ ureazy byla wyzsza w 2013 niz 2005 roku we
wszystkich drzewostanach lasu ochronnego ,,Szast” i w obu
poziomach. W drzewostanie stabo uszkodzonym (S) ak-
tywno$¢ ureazy byta istotnie (t=4,06) wyzsza w 2013 niz

Tabela 1. Obiekty badawcze na powierzchniach pohuraganowych w Puszczy Piskiej

Table 1. Research plots on blowdown area in Piska forest

Sposob zagospodarowania Sklad

Polozenie Oddzial i stopien uszkodzenia drzewostanu gatunkowy  Wiek STL
Localization Compartment Type of management and level of stand damage Species Age Site type
composition

Szast 118d drzewostan slabo uszkodzony (<10 %) So 104 Bsw
tree stand slightly damaged (<10 %)

Szast 104a drzewostan umiarkowanie uszkodzony (11-50 %) So 54 Bsw
tree stand moderately damaged (11-50 %)

Szast 100a drzewostan silnie uszkodzony z usuni¢tym drewnem (>90 %) So 52 Bsw
tree stand severely damaged with removed wood (>90 %)

Szast 99b drzewostan silnie uszkodzony z pozostawionym drewnem (>90%) So 55 Bsw
tree stand severely damaged with left wood (>90%)

Jeze 113 uprawa / cultivation So 12 Bsw

So — pine, B$w — fresh coniferous forest
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Rycina 1. Zmiany aktywnoSci ureazy poziomu organicznego
na powierzchniach badawczych + blad standardowy. Istotne
réznice pomiedzy Srednimi z lat 2005 i 2013 przy p<0,05
oznaczono *, S — drzewostan stabo uszkodzony, Dr — drzewostan
umiarkowanie uszkodzony, DrU — drzewostan silnie uszkodzony
z usunietym drewnem, DrN — drzewostan silnie uszkodzony
z pozostawionym drewnem, U — uprawa.

Figure 1. Changes of the urease activity of the organic horizon on
research plots + standard error. Significant differences between
averages from 2005 and 2013 were marked * at p<0.05, S — tree
stand slightly damaged, Dr — tree stand moderately damaged, DrU
— tree stand severely damaged with removed wood, DrN — tree stand
severely damaged with left wood, U — cultivation.
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Rycina 2. Zmiany aktywnosci ureazy poziomu proéchnicznego
na powierzchniach badawczych + blad standardowy. Istotne
réznice pomiedzy Srednimi z lat 2005 i 2013 przy p<0,05
oznaczono *. Oznaczenia jak na rycinie 1.

Figure 2. Changes of the urease activity of the humus horizon on
research plots + standard error. Significant differences between
averages from 2005 and 2013 were marked * at p<0.05. Designation
as in Figure 1.

w 2005 roku w poziomie prochnicznym. Natomiast w drze-
wostanie umiarkowanie uszkodzonym (Dr) istotne roznice
notowano zard6wno w poziomie organicznym (t=2,7), jak
i préchnicznym (t=7,9). W drzewostanie silnie uszkodzonym
uprzatnigtym (DrU) oraz w drzewostanie silnie uszkodzo-
nym nieuprzatnigtym (DrN) istotnie (t=4,5) wyzsza aktyw-
no$¢ ureazy stwierdzono w 2013 niz 2005 roku w poziomie
prochnicznym (ryc. 2).
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Rycina 3. Zmiany aktywnos$ci dehydrogenaz poziomu orga-
nicznego na powierzchniach badawczych + blad standardowy.
Oznaczenia jak na rycinie 1.

Figure 3. Changes of the dehydrogenases activity of the organic
horizon on research plots + standard error. Significant differences
between averages from 2005 and 2013 were marked * at p<0.05.
Designation as in Figure 1.

0,06
* * *
0,05 - T T
= *
23 *
22004 .
o0 oo
o * *
S 3003 *
o 2005
EE
w0 wp 0,02 +— m 2013
£ € *
0,01 +— I
0 - T T T T
S Dr DruU DrN U

Powierzchnie badawcze / Studied plots

Rycina 4. Zmiany aktywnoSci dehydrogenaz poziomu préch-
nicznego na powierzchniach badawczych + blad standardowy.
Oznaczenia jak na rycinie 1.

Figure 4. Changes of the dehydrogenases activity of the humus
horizon on research plots + standard error. Significant differences
between averages from 2005 and 2013 were marked * at p<0.05.
Designation as in Figure 1.

Podobnie do zmian aktywnosci ureazy ksztaltowaly sie
zmiany aktywnos$ci dehydrogenaz. Na obszarach natural-
nej regeneracji lasu aktywno$¢ dehydrogenaz byla wyzsza
w 2013 niz w 2005 roku w obu badanych poziomach. Na
uprawie aktywno$¢ dehydrogenaz byta dwukrotnie wyzsza
w 2013 niz 2005 roku w poziomie prochnicznym. Podobnie
jak w przypadku ureazy aktywnos$¢ dehydrogenaz byta naj-
Wyzsza W tworzacym si¢ na uprawie poziomie organicznym
w 2013 roku. (ryc. 3-4).

W poziomie organicznym istotnie (t=2,56) wyzsza ak-
tywnos$¢ dehydrogenaz stwierdzono w drzewostanie umiar-
kowanie uszkodzonym (Dr) oraz (t=2,02) w drzewostanie
silnie uszkodzonym nieuprzatnietym (DrN) (ryc. 3). W drze-
wostanie stabo uszkodzonym (S) aktywno$¢ dehydrogenaz
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wzrosta istotnie (t=3,44) w poziomie prochnicznym. Istotnie
(t=3,55) wyzsza aktywno$¢ stwierdzono w poziomie (A)
w drzewostanie silnie uszkodzonym uprzatnigtym (DrU) oraz
(t=4,5) w drzewostanie silnie uszkodzonym nieuprzatnigtym
(DrN) (ryc. 4).

5. Dyskusja

Oceniajac aktywnos¢ biologiczng gleb, przetestowano po-
wszechnie stosowane parametry, ktore zwigzane sa z podsta-
wowg rolg drobnoustrojow w glebach lesnych, a mianowicie
z procesami mineralizacji substancji organicznej. Aktywno$¢
badanych enzymow byta Scisle zwigzana z zawartoscig sub-
stancji organicznej, czego dowodem byla ich statystycznie
wyzsza aktywno§¢ w poziomach organicznych niz proch-
nicznych gleb badanych drzewostanow. Liczne dane literatu-
rowe (Leirds et al. 2000; Snajdr et al. 2008; Zwolinski 2008;
Olszowska 2010) potwierdzaja S$cisty zwigzek aktywnosci
enzymatycznej i rozwoju drobnoustrojow z zawarto$cia
wegla organicznego, ktory jest ich podstawowym substratem
energetycznym.

Wiatrolom modyfikuje warunki $rodowiska glebowego,
zmienia mikroklimat gleby, a wzrost temperatury gleby pro-
wadzi do wzrostu tempa rozktadu materii organicznej (Hyvo-
nen et al. 2005). Istnieja liczne prace dokumentujace zmiang
bilansu wegla w glebach jako skutek zmiany uzytkowania te-
renu, gtownie deforestacji, m.in. Guo i Gifford (2002), Laga-
niére i in. (2010), podczas gdy prace analizujace ten problem
w wyniku wystapienia naglych zdarzen o charakterze klesk
elementarnych sg bardzo nieliczne. Z danych literaturowych
wynika, ze dotychczas niewiele jest badan aktywno$ci enzy-
matycznej gleb na obszarach po huraganach. Badania Bton-
skiej i Lasoty (2014) wskazuja na istotnie nizszg aktywno$¢
dehydrogenaz i ureazy na powierzchniach po wiatrotomie,
ktory zaktocit rownowage biologiczng $rodowiska glebowe-
go. Prace Kramera i in. (2004) oraz Thiirig i in. (2005) przed-
stawiaja gtéwnie wyniki badan dotyczace spadku zawartosci
wegla organicznego po kilkudziesieciu latach od powstania
wiatrotomu. Rowniez badania Dona i in. (2012) dotycza zmia-
ny zawartosci wegla organicznego w poszczegolnych pozio-
mach genetycznych gleby od momentu wystapienia huraganu.
Bardzo mato wiadomo o aktywno$ci enzymatycznej gleb we
wezesnych fazach funkcjonowania ekosystemu po powstaniu
wiatrolomu. Niniejsze badania wskazuja, ze aktywno$¢ bada-
nych enzyméw podlegata wahaniom zwigzanym ze stopniem
uszkodzenia drzewostanéw i ich zwarciem oraz sposobem
zagospodarowania, ktore mialy wplyw na zréznicowanie
wilgotno$ci, temperatury i natlenienia gleby. Aktywnos$¢ ure-
azy 1 dehydrogenaz byla zwiazana z wiekiem drzewostanu,
w miodszym drzewostanie przemiany substancji organicznej
s3 intensywniejsze, co przejawia si¢ w najwyzszej aktywnosci
badanych enzymow glebowych na uprawie. Rowniez na po-
wierzchniach z drzewostanem umiarkowanie uszkodzonym
nieuprzatnigtym aktywno$¢ dehydrogenaz byta wysoka, co
moze wskazywa¢ na wplyw pozostatosci pohuraganowych na
te aktywnos¢. Aktywno$¢ badanych enzymow nie roznita si¢

istotnie od siebie w ramach wszystkich drzewostanéw w lesie
ochronnym ,,Szast” w roku 2005. Jednoczesnie analiza ak-
tywnos$ci enzymatycznej gleb w 2013 r. wskazuje na kierunek
przemian biochemicznych na powierzchniach do$wiadczal-
nych z r6znymi zabiegami. Przeswietlenie drzewostanu w lesie
ochronnym ,,Szast” spowodowalo wzrost aktywnosci enzy-
matycznej. Aktywno$¢ ureazy i dehydrogenaz byla wyzsza
w 2013 niz w 2005 roku na obszarach naturalnej regeneracji
lasu, co moze wskazywac¢ na poprawe warunkow siedlisko-
wych. Podobnie w badaniach Gomoryova i in. (2011, 2014)
na wszystkich poletkach pohuraganowych badane parametry
mikrobiologiczne oraz aktywnos¢ katalazy wykazaty istotny
wzrost, co wskazuje na stopniowe ozywienie drobnoustrojow
glebowych.

Ze wzgledu na szybsza, w poroéwnaniu z organizmami
wyzszymi, reakcje drobnoustrojow na czynniki zewngtrzne,
poprzedzajaca zazwyczaj dostrzegalne zmiany wilasciwosci
chemicznych i fizycznych gleb, pomiar parametrow bioche-
micznych pozwala na wczesng oceng poprawy jakosci gleb.
Zarowno w 2005, jak 1 2013 roku wystapily istotne roéznice
pomiedzy uprawg a wszystkimi obiektami lasu ochronnego
»Szast”. W wyniku sztucznego zagospodarowania terenow
pohuraganowych — uprawa, nastgpily tez istotne zmiany
w aktywnosci badanych enzyméw glebowych, ktore utrzy-
muja si¢ wyraznie po jedenastu latach od momentu wysta-
pienia huraganu. W tym czasie warunki siedliskowe ulegly
przeksztatceniom, co przejawilo si¢ najwyzsza aktywnos$cia
enzymatyczng, ktora zostala zaobserwowana na powierzch-
niach zagospodarowanych sztucznie — uprawie i do dzi$ ta
réznica jest nadal widoczna.

Jednoczesnie aktywno$¢ enzymatyczna, jak wskazujg ba-
dania Dinesh i in. (2004), Nourbakhsh (2007), Lagomarsi-
no i in. (2011), moze by¢ czulym wskaznikiem wczesnych
zmian warunkow glebowych spowodowanych zabiegami ho-
dowlanymi. Wskazniki biochemiczne moga by¢ bardzo przy-
datne w badaniach poréwnawczych do oceny jakosci gleb
lub ich reakcji na czynniki zewngtrzne, zarobwno naturalne,
jak 1 antropogeniczne. Pokazaty to przeprowadzone badania
na obszarach pohuraganowych charakteryzujacych si¢ natu-
ralnymi procesami oraz brakiem zabiegdw gospodarczych.
Przemawia to za szerszym wykorzystaniem wskaznikow
biochemicznych w badaniach gleb lesnych, zwtaszcza przy
ocenie wplywu czynnikéw stresowych (np. wiatrotomdw,
pozardOw czy zanieczyszczen przemystowych), zmian kli-
matycznych oraz zabiegow hodowlanych na lasy, a takze
w prognozowaniu dalszego ich rozwoju. Kontynuacja badan
z zakresu aktywnosci enzymow, pozwoli na dalsze obserwa-
cje zmian parametréw w czasie, dotyczacych wilasciwosci
biochemicznych gleb na obszarach pohuraganowych.

6. Podsumowanie

Aktywno$¢ enzymow byta Scisle zwigzana z zawarto$cia
substancji organicznej, czego dowodem byta ich wyzsza ak-
tywnos$¢ w poziomach organicznych niz prochnicznych gleb
badanych obiektow.
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Aktywnos$¢ ureazy i dehydrogenaz byla wyzsza w 2013
niz w 2005 roku na obszarach naturalnej regeneracji lasu, co
moze wskazywac na poprawe warunkow siedliskowych.

Wartosci badanych parametréw biochemicznych pozo-
stawaty w $cistym zwigzku ze sposobem odnowienia lasu,
korzystniejszy wptyw na tempo regeneracji gleb ma odno-
wienie sztuczne niz naturalne.

Zmiany aktywnoS$ci enzymatycznej gleb byly skorelowane
zardwno ze stopniem uszkodzenia drzewostanow, jak i spo-
sobem zagospodarowania terendw po wystapieniu huraganu.

Podzi¢kowania i zrodla finansowania

Badania przeprowadzono w ramach projektu sfinanso-
wanego przez Dyrekcje Generalng Laséw Panstwowych
BLP-359.
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Abstract. The aim of the study was to describe biochemical reactions in the soil based on the activity of urease and dehydrogenases
in Scots pine stands damaged during and differentially managed after hurricanes. Soil enzymatic activity was investigated in 2005
and again in 2013 for selected stands in the Pisz Forest District where wind damage occurred in 2002. Most of the damaged stands
were cut down and replanted, but 445 ha were left untouched for study purposes. The investigated areas differed with respect to stand
damage and management. The enzymatic activity correlated well with the content of organic matter which was higher in organic
than in mineral soils. In the area left to regenerate naturally, dehydrogenase and urease activity was higher in 2013 compared to 2005,
which suggests the improvement of site conditions. The values of the examined biochemical parameters were correlated with the type
of forest regeneration, with the forest soil regeneration being higher in artificially than in naturally regenerated stands. Changes of soil
enzymatic activity were correlated with the level of stand damage and the type of management after wind damage.

Keywords: wind damage, urease, dehydrogenases, forest soils

1. Introduction

Large-scale disturbances, such as fires and hurricanes, are
inevitably connected with the forest ecosystem processes,
and the after-effects of such events allow for studying the
forest natural regeneration (Dobrowolska 2006). In win-
d-throw- affected stands, with high amounts of strongly
insolated deadwood and the dried out soil and litter, there
increases the heterogeneity of microhabitat conditions.
The usual processes of accumulation and decomposition
of dead organic matter are altered and the ecosystem is
transformed. This is not without the consequences for the
microorganism communities in the soil (Ulanowa 2000).
In terrestrial ecosystems, edaphic qualities, soil microorga-
nisms, and vegetation cover remain in close interdependen-
ce. The development of fitting microorganism communities
and vegetation formations is determined by the soil physi-
co-chemical properties. The processes of microbiological
mineralisation of the soil organic matter assure availability
of macronutrients indispensible for plant growth; therefore,
it is assumed that the soil microbial activity is strongly asso-

ciated with ecosystem fertility and productivity. Additional-
ly, microbial biomass constitutes nutrient source and storage
for plants; thus, it is an essential factor that determines soil
fertility (Leiros et al. 2000; Baldrian et al. 2010). The soil
biological activity is considered to be a good indicator of
soil quality. The evaluation of the enzymatic activity allows
for determination of soil regeneration rates in wind- dama-
ged areas. Little is known about the soil enzymatic activity
in the early stages of ecosystem functioning after stand-re-
placing wind-throw and later soil dynamics.

The aim of the study was to determine the intensity of the
soil biochemical changes based on evaluation of urease and
dehydrogenase activities in the soil in wind-throw- affected
Scots pine stands with different levels of wind damage and
different forest management practices applied afterwards.

2. Study area

The study on the soil enzymatic activity was conducted
in the years 2005 and 2013, in chosen stands under manage-
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ment of the Pisz forest district (Pisz FD), located in north-e-
astern Poland (21°38°-22°03°E; 53°28’-53°46’N). Pisz FD
forests are an integrant part of the Puszcza Piska forest. In
reference to The Natural — Forest Regionalization of Poland
2010, Pisz FD is placed in the Second Natural-Forest Re-
gion (II. Mazury-Podlasie), in the Masurian Forests mesore-
gion (I1.4) (the Forest Inspectorates: Szeroki Bor and Wilcze
Bagno and parts of the Forest Inspectorates: Pisz and Dtuto-
wo), and also in the Great Masurian Lakes mesoregion (I1.3)
(a part of the Forest Inspectorate Pisz) as well as in the Etk
Lakeland mesoregion (I1.6) (a part of the Forest Inspectora-
te Dhutowo) (Zielony, Kliczkowska 2010). The region has
glacial soils, mainly — sands, sandurs, and glacial tills. The
largest part of Pisz FD is covered by rusty soils (subtype:
podzolic). Scots pine Pinus silvestris L. is a dominant tree
species in the forests managed by Pisz FD.

In July 2002, hurricane winds broke or uprooted tree
stands on 33 thousand ha of Pisz FD. In most cases, wind-
damaged trees were removed and the area was reforested;
however, for scientific purposes, 445 ha of the wind-throw-
affected stands remained unmanaged. The plots studied
were different with regard to the extent of stand damage
and the type of management applied after wind-throw.
There were established 12 study plots in the zone with da-
mage below 10%, 11 study plots in that with 11%-50%
damage, and 10 study plots in that with 90% damage. For
purposes of comparison, there were also established five
study plots in the reforested area (planted 1 year after the
hurricane). The size of all the experimental plots was 100
m? (Table 1).

3. Material and research methods

For the assessment of enzyme activities, there were
taken soil samples at the organic (O) and humus (A) hori-
zons in the study area ‘Szast’. In the years 2005 and 2013,
in the reforested area (tree plantation established 1 year
after the hurricane), mixed soil samples (comprising 5- cm
thick mineral soil layer) were taken from tree rows and the

Table 1. Research plots on blowdown area in Piska forest

spacing in between the rows. Besides, in 2013, a mixed
soil sample (from tree rows and the spacing in between)
from the newly formed organic horizon was collected. The
assessment of the soil enzymatic activity was performed
on air-dried soil samples put through a 2-mm sieve. The
urease activity was determined with the use of the colo-
rimetric technique and expressed as N-NH, mg in 10 g of
soil per 48 h. Dehydrogenases were determined with the
use of the colorimetric technique and their activities were
expressed as triphenylformazan (TPF) mg in 10 g of soil
per 24 h (Russel 1972).

The mean values of the soil enzymatic activities were pa-
irwise compared in the experimental blocks, with the use
of the paired t-test at p < 0.05. The differences among the
study plots were determined with the Kruskal-Wallis test.
All calculations were performed using STATISTICA ver. 6.0
(StatSoft, Inc. 1997).

4. Results

The activities of the soil enzymes studied — urease and
dehydrogenases — were strongly associated with soil con-
tents of organic matter, as the enzymes showed higher ac-
tivities in the organic (O) horizon than in the humus (A)
horizon (Fig. 1-4).

Equally, at the organic and humus horizons, the urease
activity was the highest in the area reforested 1 year after
the hurricane, and the lowest in the stand severely dama-
ged and not cleared away (with not removed wood — DrN)
(Fig. 1-2).

In the reforested area, in the humus horizon, the urease
activity was slightly higher in the year 2013 than that ob-
served in 2005. In the year 2013, there was observed very
high urease activity in the newly formed organic soil horizon
(which did not exist in 2005).

In all the stands studied in the protected forest ‘Szast’, in
both soil horizons examined, the urease activity was higher
in 2013 than that in 2005. In the humus horizon, in slightly
damaged tree stand (S), the urease activity was significantly

Localization Compartment Type of management and level of stand damage Speci.eé Age Site type
composition
Szast 118d tree stand slightly damaged (<10 %) So 104 Bsw
Szast 104a tree stand moderately damaged (11-50 %) So 54 Bsw
Szast 100a tree stand severely damaged with removed wood (>90 %) So 52 Bsw
Szast 99b tree stand severely damaged with left wood (>90%) So 55 Bsw
Jeze 113 cultivation So 12 Bsw

So — pine, B$w — fresh coniferous forest
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Figure 1. Changes of the urease activity of the organic horizon
on research plots + standard error. Significant differences between
averages from 2005 and 2013 were marked * at p < 0.05, S —
tree stand slightly damaged, Dr — tree stand moderately damaged,
DrU - tree stand severely damaged with removed wood, DrN — tree
stand severely damaged with left wood, U — cultivation.
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Figure 2. Changes of the urease activity of the humus horizon
on research plots + standard error. Significant differences between
averages from 2005 and 2013 were marked * at p <0.05.
Designation as in Figure 1.

higher (t = 4.06) in 2013 than in 2005. In the stand moderate-
ly damaged (Dr), significant differences between the years of
observation were found for the organic horizon (t = 2.7) and
the humus horizon (t = 7.9). In the stand severely damaged
and cleared away (with removed wood — DrU) as well as
the stand severely damaged and not cleared away (with left
behind wood — DrN), a significantly higher (t = 4.5) urease
activity was observed in 2013 in the humus horizon than that
in 2005 (Fig. 2).

The changes in the dehydrogenase activities were sim-
ilar to those observed in the urease activities. In the areas
with natural forest regeneration, in both soil horizons
studied, the dehydrogenase activities were higher in 2013
than those in 2005. In the artificially reforested area, in the
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Figure 3. Changes of the dehydrogenases activity of the organic
horizon on research plots + standard error. Significant differences
between averages from 2005 and 2013 were marked * at p <0.05.
Designation as in Figure 1.
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Figure 4. Changes of the dehydrogenases activity of the humus
horizon on research plots + standard error. Significant differences
between averages from 2005 and 2013 were marked * at p <0.05.
Designation as in Figure 1.

humus horizon, dehydrogenase activities were two-fold
higher than those observed in 2005. Similar to the urease
activity, the dehydrogenase activities were the highest in
2013, in the newly formed organic horizon in the reforest-
ed area (Fig. 3-4).

In the organic horizon, significantly higher (t = 2.56)
dehydrogenase activities were observed in the stand mod-
erately damaged (Dr) as well as in the stand severely dam-
aged and not cleared away (DrN) (t = 2.02) (Fig. 3). In the
stand slightly damaged (S), the dehydrogenase activities
were increased significantly (t = 3.44) in the humus horizon.
Significantly higher dehydrogenase activities were observed
in the humus horizon in the stand severely damaged and
cleared away (DrU) as well as in the stand severely dam-
aged and not cleared away (DrN) (t = 3.55 and t = 4.5,
respectively) (Fig. 4).
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5. Discussion

The soil biological activity was tested based on the com-
monly used parameters linked with vital microbial functions
in forest, that is, soil mineralisation processes. The activities
of the enzymes studied were strongly connected with the soil
organic matter contents, as significantly higher enzyme activ-
ities were observed in the organic horizon than in the humus
horizon in the soils of the studied forest stands. Numerous lit-
erature data ( Leirds et al. 2000; gnajdr et al. 2008; Zwolinski
2008; Olszowska 2010) confirm a strong relationship between
the development of soil microorganisms, as well as soil en-
zymatic activity, and soil contents of organic carbon — basic
energy substrate for microorganisms in the soil.

In the wind-throw- affected areas, the conditions of soil
environment, including soil microclimate, are altered, and
increasing temperature enhances the rate of organic matter
decomposition (Hyvonen et al. 2005). There are available, the
results of several studies that show carbon balance alteration
due to land use change, mainly on account of deforestation
(among others: Guo & Gifford 2002, Laganiére et al. 2010).
However, a small amount of data is available on carbon chan-
ges as a consequence of sudden and unforeseeable natural
disasters. The subject literature shows that not many studies
have been hitherto conducted on the soil enzymatic activity in
the areas impacted by a natural disaster, such as a hurricane.
Blonska and Lasota (2014) showed significantly lower dehy-
drogenase and urease activities in the wind-throw- affected
areas, where the biological balance of the soil environment
was disturbed. Kramer et al. (2004) as well as Thiirig et al.
(2005) demonstrated a decrease in the organic carbon during
some decades after the wind-throw. Likewise, a study by Don
et al. (2012) concerns the changes in the organic carbon con-
tents in different soil horizons, which occurred in the area
affected by a hurricane. A little is known about the soil enzy-
matic activity at early stages of functioning of the ecosystem
affected by the wind-throw. The results of the present study
indicate that the activities of the enzymes studied fluctuated,
depending on stand damage extent, stand density, and forest
management practice applied after the hurricane. All these
factors affected the humidity, temperature, and oxygenation
of the soil examined. The dehydrogenase and urease activities
observed in the present study were associated with the stand
age. As organic matter changes more intensely in younger tree
stands, the highest activity of the soil enzymes tested was ob-
served in the reforested area with young trees. Also, the de-
hydrogenase activities were high in the moderately damaged
tree stand with left behind wood, and this can indicate that the
remnant forest affected the soil enzymatic activity. In 2005,
there were found no significant differences in the activities of
the enzymes studied in the hurricane- affected tree stands in

the protected forest ‘Szast’. The analysis of the soil enzymatic
activity, carried out in the year 2013, showed directions of the
biochemical changes within differently managed forest plots.
The reduction in the tree density in the wind-throw- affected
protected forest ‘Szast’ resulted in an increase in the soil en-
zymatic activity. In 2013, the dehydrogenase and urease acti-
vities were higher in naturally regenerating forest areas than
in 2005, and this may indicate a gradual improvement of the
site conditions. Likewise, studies by Gomoryova et al. (2011,
2014) showed a significant enhancement of the soil microbial
community response as well as an increase of catalase activity
on the monitoring plots on the wind-throw areas, which indi-
cated a gradual recovery of soil microorganisms.

As the microbial response to environmental factors is quic-
ker than that of other living organisms, the assessment of the
soil biochemical parameters allows for an early detection of
soil improvement, before changes of the soil physico-chemi-
cal properties grow to be visible. In the present study, in both
observation years (2005 and 2013), there were observed signi-
ficant differences between the reforested area (planted 1 year
after the hurricane) and the plots studied in the protected forest
‘Szast’. Artificial regeneration of the wind-throw- affected fo-
rest areas resulted in significant changes in the activities of the
soil enzymes studied — distinctive in the year 2013, that is, 11
years after the hurricane damage. The altered site conditions
within this period of time and the highest soil enzymatic activi-
ty were detected in the area with trees planted after the hurrica-
ne damage. This effect has been observed up until now.

At the same time, in line with the results obtained by Dine-
sh et al. (2004), Nourbakhsh (2007), and Lagomarsino et al.
(2011), the soil enzymatic activity is a sensitive indicator of
the soil changes caused by different forest management prac-
tices. The biochemical indicators can be very useful in com-
parative studies on soil quality or on soil response to a range
of environmental factors (biotic and anthropogenic). This was
confirmed by the research carried out on not managed and
naturally regenerating wind-throw- affected areas. Such re-
sults support the increased use of biochemical indicators in
research on forest soils — especially, in the evaluation of the
effects of stress factors (e.g., wind-throws, fires, industrial
pollution) and those of the forest management practices and
climatic changes. Furthermore, the use of soil biochemical in-
dicators could be helpful in forecasting forest development.
Ongoing studies on the soil enzymatic activity will allow for
continuous evaluation of gradual changes in the soil bioche-
mical properties in the hurricane- affected forest areas.

5. Conclusions

Enzyme activities were strongly associated with the con-
tents of the organic matter in the soil, as evidenced by higher
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enzymatic activity in the organic horizon than that in the
humus horizon of all the tested soils.

In naturally regenerating forest areas, the urease and de-
hydrogenase activities were higher in the year 2013 than in
2005, which can indicate a improvement of site conditions.

The obtained values of the soil biochemical parameters
were strongly dependent on the forest regeneration me-
thods — artificial reforestation had more beneficial effect
on the regeneration rate of forest soil than on the natural
regeneration.

The changes in soil enzymatic activity were correlated
with both stand damage extent and the type of forest mana-
gement applied after the hurricane.
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