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Abstract

The objective of the study was to determine the direction, intensity and duration
of changes in abundance and activity of certain microbial groups active in nitrogen trans-
formations in soil subjected to a 4-year fertilization treatment with municipal and indu-
strial sewage sludge. The study was conducted on podzolic soil, whose accumulation hori-
zon had been fertilized in 1998 with fermented sewage sludge at doses of 30 Mg⋅ha-1(1%),
75 Mg⋅ha-1(2.5%), 150 Mg⋅ha-1(5%), 300 Mg⋅ha-1(10%) and 600 Mg⋅ha-1(20%) and planted
with willow (Salix viminalis L.). Four years after the application of sludge, microbiological
and biochemical analyses were made in two soil horizons (0-20 cm and 20-40 cm). It was
found that in the soil from the 0-20 cm depth significant stimulation of the growth of pro-
teolytic fungi and bacteria continued, but only under the effect of the highest dose of slud-
ge. Moreover, there was a notable stimulation of protease activity and nitrification process
alongside a slight inhibition of ammonification. In the soil from the 20-40 cm layer stimu-
lation of the growth of protein-decomposing fungi was observed as well as that of prote-
olytic and nitrification activity of soil, while ammonification was inhibited. However, the
effect of sludge was generally less pronounced in the deeper soil layer than in the surface
soil horizon.

Key words: municipal-industrial sewage sludge, podzolic soil, microbiological transforma-
tions of nitrogen, content N-NH4 and N-NO3.
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LICZEBNOŒÆ I AKTYWNOŒÆ MIKROORGANIZMÓW CZYNNYCH
W PRZEMIANACH AZOTU W GLEBIE, W CZWARTYM ROKU OD WZBOGACENIA

JEJ OSADEM ŒCIEKOWYM

Abstrakt

Celem pracy by³o okreœlenie kierunku, natê¿enia i czasu utrzymywania siê zmian w li-
czebnoœci i aktywnoœci niektórych grup mikroorganizmów czynnych w przemianach azotu,
w glebie poddanej 4-letniemu oddzia³ywaniu osadu œcieków komunalno-przemys³owych. Ba-
daniami objêto glebê bielicow¹, której poziom akumulacyjny nawieziono w 1998 r. przefer-
mentowanym osadem œciekowym w iloœci: 30 Mg⋅ha-1(1%), 75 Mg⋅ha-1(2,5%), 150 Mg⋅ha-1

(5%), 300 Mg⋅ha-1(10%) i 600 Mg⋅ha-1(20%). Nastêpnie glebê obsadzono wierzb¹ (Salix vi-
minalis L.) i w 4-tym roku od wprowadzenia osadu wykonano w dwu jej warstwach
(0-20 cm i 20-40 cm) analizy mikrobiologiczne i biochemiczne. Stwierdzono, ¿e w glebie
z g³êbokoœci 0-20 cm utrzymywa³o siê nadal istotne pobudzenie rozwoju bakterii i grzybów
proteolitycznych, ale tylko pod wp³ywem najwy¿szej dawki osadu. Ponadto wystêpowa³a wy-
raŸna stymulacja aktywnoœci proteazy i procesu nitryfikacji oraz niewielkie hamowanie
amonifikacji. W glebie z warstwy 20-40 cm odnotowano równie¿ stymulacjê rozwoju grzy-
bów rozk³adaj¹cych bia³ko, aktywnoœci proteolitycznej i nitryfikacyjnej gleby oraz hamowa-
nie amonifikacji. Jednak oddzia³ywanie osadu by³o w tych warunkach na ogó³ s³absze ni¿
w wierzchniej warstwie gleby.

S³owa kluczowe: osad œcieków komunalno-przemys³owych, gleba bielicowa, mikrobiolo-
giczne przemiany azotu, zawartoœæ N-NH4 i N-NO3.

INTRODUCTION

Numerous studies, for example HATTORI and MUKAI (1986), CZEKA£A (2002)
and BIELIÑSKA and ¯UKOWSKA (2002), indicate that sewage sludge is a rich
source of both carbon and nitrogen organic matter, and of various mineral
components. Introduced to soil, it is a valuable source of nutrients for vari-
ous soilborne microbial groups, including the ones taking part in nitrogen
transformations, thus affecting their activity and consequently the fertility
of soils (SIUTA 1998, BARAN et al. 1999, BIELIÑSKA, ¯UKOWSKA 2002, ¯UKOWSKA

et al. 2002, FURCZAK, JONIEC 2007b, JONIEC, FURCZAK 2007b). Therefore, one pos-
sible utilisation method of such waste is its application in agriculture for
fertilisation of soils under alternative crop cultures (SIUTA 1998), for example
willow (Salix viminalis). This species is characterized by high capacity for
absorption of nitrogen, phosphorus and water and - most importantly – also
of heavy metals, thus displaying phyto-remediation properties (SIUTA 1998,
BARAN et al. 2000). The crop yield of willow is used in the furniture and
wicker-products industry, in power generation as a fuel which is less nox-
ious than coal, and in the chemical industry – as a source of cellulose and
raw material for production of bio-alcohol (SZCZUKOWSKI et al. 2001). Studies
on the effect of sewage sludge on abundance and activity of microorganisms
involved in nitrogen transformations in soil are mainly fragmentary and
most often conducted under laboratory conditions (HATTORI, MUKAI 1986,
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KOBUS et al. 1990, PASCUAL et al. 2007), or else involve short-term field ex-
periments with a variety of plants (BARAN et al. 1999, BIELIÑSKA, ¯UKOWSKA

2002, GARCIA-GIL et al. 2004, FURCZAK, JONIEC 2007b,c, JONIEC, FURCZAK 2007a).
The long-term effects of sewage sludge application on the a.m. microbiologi-
cal and biochemical parameters in soil under a culture of willow have not
been performed until present. Therefore, the objective of this study has
been to estimate the direction, dynamics and duration of changes in the
numbers of microbial groups and in the activity of biochemical processes
related to nitrogen transformations in soil from a long-term field experi-
ment, in the 4th year since soil amendment with sewage sludge.

Multi-year monitoring of microbiological effects of soil fertilisation with
sewage sludge is not only of theoretical interest but has a practical applica-
tion, such as estimating the possibility of utilisation of waste in a manner
that is safe for the micro-biocenosis. Moreover, our study can help to assess
to what extent the tests used here may be applicable to the estimation of
microbiological effects of multi-year influence of sewage sludge on the soil
environment.

MATERIAL AND METHODS

The study involved a field experiment set up in Koñskie in 1998 by the
Institute of Soil Science and Natural Environment Management, Lublin Uni-
versity of Agriculture. The experiment comprised plots of a surface area of
15 m2 each. The accumulation horizon of podzolic soil developed from weak-
ly loamy sand was fertilised with fermented sludge from municipal and in-
dustrial sewage produced at the Mechanical-Biological Sewage Treatment
Plant in Koñskie. The sludge, in accordance with the current standards in
Poland (Rozp. MOŒ 2002), met the requirements set up for agricultural uti-
lisation. It was applied at doses of 30 Mg⋅ha-1 (1%), 75 Mg⋅ha-1 (2.5%),
150 Mg⋅ha-1 (5%), 300 Mg⋅ha-1 (10%) and 600 Mg⋅ha-1(20%). Next, four weeks
after the application, the soil was planted with willow (Salix viminalis L.).
The control treatment in the experiment was soil under the same crop cul-
ture but without sludge amendment. The grain size composition and certain
physicochemical and chemical properties of the soil and sludge used for the
amendment are given by BARAN et al. (2000).

In the fourth year of the experiment, i.e. 2001, samples of soil were
taken from the depths of 0-20 cm and 20-40 cm in three sampling seasons
(spring, summer and autumn) to perform the following determinations (with
three replications): counts of protein-decomposing bacteria and fungi on the
Frazier substrate (RODINA 1968), to which – in the case of fungi – antibiotics
were added in accordance with the recommendations by MARTIN (1950); am-
monification intensity, in 25-gram weighed portions of soil containing 0.1%



548

of asparagine, from which – after 3 days of incubation – ammonium ions
were extracted and their content was determined according to Nessler’s
method (NOWOSIELSKI 1974); nitrification intensity, in 25-gram weighed por-
tions of soil containing 0.1% of monobasic ammonium phosphate, from which
– after 7 days of incubation – nitrate ions were extracted and their level
was measured using the brucine method (NOWOSIELSKI 1974); protease activi-
ty, according to the method of Ladd and Butler (LADD, BUTLER 1972); content
of N-NH4 and N-NO3

 ions in the soil after extraction of 25-gram weighed
portions of the soil, following Nessler’s (NOWOSIELSKI 1974) and the brucine
(Nowosielski 1974) methods, respectively; soil reaction, potentiometrically in
1 mol⋅dm-3 KCl, and soil moisture with the gravimetric method. During the
determinations of ammonification and nitrification, the moisture content of
the incubated soil was maintained at the level of 50-60% of total hydraulic
capacity. Mineral forms of nitrogen were extracted from the soil with 2%
KCl at the 1:5 ratio.

The results were processed statistically with the method of analysis
of variance. The significance of differences was determined with Tukey’s test
at p = 0.05.
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RESULTS AND DISCUSSION

The study performed in the fourth year of the experiment showed that
in the soil from 0-20 cm a significant stimulating effect of sewage sludge on
the growth of protein-decomposing bacteria and fungi occurred only under
the influence of the highest dose of sludge (Table 2). This indicates that the
effect of sludge on the microbial groups examined was notably weaker than
in the previous years of the experiment (FURCZAK, JONIEC 2007b, JONIEC, FUR-
CZAK 2007a,c). Some changes in this respect were observable also in the soil
from the depth of 20-40 cm (Table 2). Although by then no effect of sludge
on the numbers of proteolytic bacteria was observed, the highest dose of
sludge caused stimulation of the growth of “proteolytic” fungi, which was
even stronger than in the soil from 0-20 cm (Table 2). While analysing peri-
odic oscillations (Table 2) in the soil from the two horizons, it was noticed
that generally both microbial groups occurred most abundantly in spring,
which was probably caused by a temperature increase after the winter sea-
son.

The stimulation of the growth of protein-decomposing bacteria and fungi
observed in the combination with the highest dose of sludge (Table 2) could
have been caused by the persistently increased level of nutrients – under
those conditions – for the microbial groups. This explanation is supported
by ¯UKOWSKA et al. (2002), who showed a continuingly increasing content
of organic carbon and total nitrogen in soil treated with sludge. Those com-
pounds had certainly originated from the sludge added to soil and, addition-
ally, were a product of microbiological transformation of organic matter in-
troduced to soil with the sludge. It appears that also the growth of proteolytic
bacteria and fungi could have been supported by improvement of other liv-
ing conditions of these microbial groups, i.e. soil reaction and moisture (Ta-
bles 1, 3), and probably the water-air relations. Some authors report that in
soils amended with sewage sludge (at greater doses in particular) the soil
retention capacity increases, aggregate and semi-aggregate structure is
formed, soil density decreases while the full water capacity of soil increases
(BARAN et al. 1996a,b).

It has also been demonstrated that the proteolytic activity in the top
layer of the soil (0-20 cm) was stimulated by the higher levels of the sludge,
i.e. 150 Mg⋅ha-1, 300 Mg⋅ha-1 and 600 Mg⋅ha-1 (Table 4). Similar tendencies
were observed by BARAN et al. (1999) in soil 0-20 cm deep originating from
a 4-year field experiment with sewage sludge. It has been demonstrated (DICK

1994) that the primary producers of proteases in soil are protein-decompos-
ing bacteria and fungi. Therefore, their stimulation in treatments with higher
doses of sludge, and especially with the highest one (Table 2), was accompa-
nied by an increase in the proteolytic activity (Table 4).
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In some of the treatments, the activity of proteases was also observed
to have increased in the soil from the deeper layer (20-40 cm), but the
stimulation was weaker than in the 0-20 cm deep soil horizon (Table 4). Our
comparison of the data given in Table 4 with the results obtained in the
previous years (FURCZAK, JONIEC 2007b,c, JONIEC, FURCZAK 2007b) shows that
the effect of sludge on the proteolytic activity in both soil layers weakened
with time.

It is commonly known that proteases play the main role in nitrogen
transformations in soil and their activity is largely dependent on the con-
tent of C org and total N (CHAZIJEW 1982, BIELIÑSKA, ¯UKOWSKA 2002). The
present study confirms this relationship, similarly to ¯UKOWSKA et al. (2002),
who demonstrated a continuing increase of the level of a.m. fractions of
organic matter in treatments with higher doses of sludge. This effect could
have also been facilitated by increased numbers of various microbial groups
(Table 2, FURCZAK, JONIEC 2007a). KOBUS (1995), SASTRE et al. (1996) and PAUL

and CLARK (2000) report that dead micro-organisms are an important source
of carbon and mineralised nitrogen, affecting directly the growth in the pro-
teolytic activity of soil. Positive correlation of the proteolytic activity with
the content of microbial biomass carbon in soil is also reported by WICK et
al. (2002). While analysing periodic oscillations of the proteolytic activity, it
was noticed that, contrary to the most abundant occurrence of proteolytic
microorganisms in spring (Table 2), the proteolytic activity was the most
intensive in autumn (Table 4). Taking into account the protective function
of soil with respect to extracellular enzymes (KOBUS 1995), it is likely that
this activity in autumn was a sum of the currently present proteolytic mi-
croorganisms and proteases released earlier.

The proteolytic activity of soil is also determined by such factors as soil
reaction, moisture, temperature and oxygenation (CHAZIJEW 1982, CIEŒLA, KO-
PER 1990). This is supported by the present study, which showed continued
improvement of living conditions of proteolytic microorganisms (especially
soil moisture and, to a certain extent, reaction) – Tables 1, 3. Also the
improvement of other soil properties (aggregate structure and water-air re-
lations), as indicated by studies by BARAN et al. (1996a,b), could have provid-
ed an additional contribution to the stimulation of this activity.

Moreover, a slight although significant inhibition of the process of am-
monification was observed in the soil from 0-20 cm sampled from the plots
fertilized with the higher rates of sludge (150 Mg⋅ha-1 and 300 Mg⋅ha-1) –
Table 4. This effect was also noticed in the soil from the depth of 20-40 cm,
but it was less intensive than in the surface horizon and observable only in
the treatment with the 300 Mg⋅ha-1 dose of the waste. It should be empha-
sized that the effect of sludge on the a.m. parameter weakened in compari-
son to the preceding years (FURCZAK, JONIEC 2007b,c, JONIEC, FURCZAK 2007b).
As in the case of the protease activity, the intensity of ammonification in
samples from both horizons of the soil was the highest in autumn (Table 4).
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A decline in ammonification in incubated soil under the effect of in-
creased doses of sludge was probably attributable mainly to the simultane-
ous intensification of nitrification under these conditions. As a result of the
latter process, rapid oxidation of ammonium ions occurred, which caused
a reduction of their content in the soil samples (Table 4). Slight inhibition of
ammonification in the incubated soil was not accompanied by any reduction
in the level of ammonium ions under natural conditions (Table 3). In some
treatments a significantly higher content of these ions was even recorded.
KOBUS et al. (1990) and HERRERO et al. (1998) reached similar conclusions
studying the effect of sewage sludge on intensification of the process of am-
monification.

Since N-NH4 ions are generally more preferred by micro-organisms as
a source of nitrogen than N-NO3 ions (PAUL, CLARK 2000), it appears that the
depressed ammonifying power determined on the basis of the content of
ammonium ions could have also been, to some extent, an effect of its more
intensive incorporation by microorganisms into their own cells. The above
observation, as in the study by HERRERO et al. (1998), is supported by the
fact that the decrease in ammonification in the 4th year of the experiment
was accompanied by a simultaneous increase in the activity of dehydroge-
nases in soil (FURCZAK, JONIEC 2007a), as these enzymes are responsible for
transformations of ammonium ions in the processes of nitrification and their
immobilization via incorporation into microbial biomass (HERRERO et al. 1998,
PAUL, CLARK 2000).

During the study, the most pronounced changes caused by sludge oc-
curred in the process of nitrification (Table 4). This is indicated by a dis-
tinct, usually increasing with the dosage, stimulation of this process. This
effect persisted in both layers of the soil, but it was stronger in the soil
from 0-20 cm. Also the content of nitrate ions in the 0-20 cm layer was
higher in almost all treatments with sludge compared to the control soil
(Table 3), while in the soil from the deeper layer it was higher only in the
treatment with 600 Mg⋅ha-1 content of the waste.

As in the case of the other biochemical tests under analysis, stimulation
of nitrification was weaker than in the preceding three years of the experi-
ment (FURCZAK, JONIEC 2007b,c, JONIEC, FURCZAK 2007b).

The results obtained for particular time periods of the study indicate
that in both layers of the soil the intensity of the process of nitrification
and the content of N-NO3 ions were the highest in spring (Tables 3, 4).

In the soil with sludge, stimulation of oxidation of ammonium nitrogen
was most likely caused by the higher level of nutrient substrate for nitrifi-
ers, which is indicated by the content of N-NH4 ions in the soil (Table 3)
and by the persisting favourable living conditions for those microorganisms,
i.e. increased soil moisture, somewhat higher reaction (Tables 1 and 4) and,
probably, improved oxygenation of the soil. Studies by BARAN et al. (1996a,b)
indicate that sewage sludge introduced to soil notably improves its water-air
relations.
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In the fourth year after the application of sludge, under the effect of the
in the presence higher sludge doses, a slight increase of pH in the soil from
0-20 cm appeared (Table 3). The effect was more pronounced in spring and
autumn. The effect of sludge on the reaction of the deeper layer of soil was
notably weaker and observable only in certain treatments of the experiment
(Table 3).

CONCLUSIONS

1. In the fourth year after the introduction of municipal and industrial
sewage sludge to soil, it was only the highest sludge dose that continued to
stimulate the growth of proteolytic bacteria and fungi in the soil from
0-20 cm. In the 20-40 cm layer the effect was observable only for “proteolytic”
fungi.

2. The higher doses of sludge (150 Mg⋅ha-1, 300 Mg⋅ha-1 and 600 Mg⋅ha-1)
caused an increase in the proteolytic activity of the soil from 0-20 cm. In
the deeper layer of the soil (20-40 cm), stimulation of this enzymatic param-
eter was recorded as well, but it was notably weaker.

3. In some of the treatments, a slight inhibition of the process of ammo-
nification continued in the soil from the depth of 0-20 cm (150 Mg⋅ha-1,
300 Mg⋅ha-1). The effect was also noticed in the deeper layer of soil, where
it was distinctly weaker. The content of ammonium ions, on the other hand,
was higher in certain treatments in the 0-20 cm (dose of 600 Mg⋅ha-1) and
in the 20-40 cm layers (doses of 30 Mg⋅ha-1, 75 Mg⋅ha-1 and 150 Mg⋅ha-1)
than in the control.

4. The most intensive changes persisted in the course of the process
of nitrification. In the soil from 0-20 cm a distinct stimulation of nitrification
was observed for all the doses of sewage applied, although larger at higher
fertilization rates. Also the content of nitrates was notably higher in almost
all the treatments with sludge. The positive effect of sludge on the process
of nitrification and on the concentration of N-NO3 ions was observable also
in the deeper layer of the soil, but it was less pronounced. This process
turned out to be the most sensitive indicator of the analysed changes per-
sisting in the soil amended with sludge.

5. In the fourth year of the experiment, there was a continuing albeit
slight increase of soil pH in the 0-20 cm layer in all the treatments, while
in the 20-40 cm layer the effect of sludge on the soil reaction was nearly
absent.

6. The results indicate that the products of transformations of ferment-
ed sewage sludge introduced in the soil four years before continued to pro-
duce a generally stimulating effect on the analysed studied parameters of
microbiological activity of the soil environment. The study may be useful
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for comprehensive assessment of long-term effects of agricultural utilisation
of such waste. Therefore, it is recommended that research on this matter
be continued also in the future.
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