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Abstract

Our study was conducted on a podzolic soil from a field experiment, fertilized with increasing doses of
fermented municipal-industrial sewage sludge: 30 Mg-ha' (1%), 75 Mg-ha' (2.5%), 150 Mg-ha' (5%), 300
Mg-ha' (10%) and 600 Mg-ha'' (20%). Following the preparation as above, the soil was planted with basket wil-
low (Salix viminalis L.). After five years of maintaining the plantation in Ap horizon of the soil, continued stim-

ulation was observed in the growth of most of the microbial groups under study, i.e. oligo- and macro- trophic

bacteria, filamentous fungi, cellulolytic bacteria and fungi, and a slight increase in the numbers of proteolytic

bacteria. A certain intensification was also observed in the respiratory activity, rate of cellulose mineralization,

nitrification, dehydrogenase and proteolytic activity. The process of ammonification, on the other hand, was

subject to inhibition. In the deeper layer of the soil (20-40 cm) a positive effect of the sewage sludge was also

observed, but it was notably weaker and related to only some of the aforementioned parameters (macrotrophic

bacteria, filamentous fungi, cellulolytic bacteria, respiration, and rate of cellulose mineralization).

Keywords: podzolic soil, sewage sludge, microbial populations, biochemical activity of soil

Introduction

One of the possibilities of sewage sludge utilization is its
application in agriculture for fertilization of soil for growing
so-called alternative crops produced for non-food uses [1].
The fertilizing and humus-producing values of sewage
sludge have already been extensively documented. Many
authors have demonstrated its positive effect on numerous
chemical, physicochemical and physical properties of soil,
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including their reaction, sorptive capacity, content of micro-
and macro-elements and C,,, and N total [2-12]. It is also a
known fact that sewage sludge has a positive effect on crop
yields and on the microbial activity in soil, but most fre-
quently during the initial period of its effect on the soil envi-
ronment [1, 4, 13-15]. Moreover, a majority of studies on
the subject have been concerned with only a few of the
microbiological and biochemical parameters [4, 14-17].
Therefore, the study presented herein was focused on com-
prehensive estimation of the direction, level and duration of
changes in the populations and activity of microorganisms
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Table 1. Properties of the soil and sewage sludge used in the field experiment.

Properties Unit Soil Sewage sludge
86
. o .
7
pH 1 mol - dm* KCl 6.0 6.4
T mmol (+) - kg 71.3 607.7
C-organic (C,,) . 11.16 210.00
N-total (N erke 1.40 17.78
Core Ny 7.9 11.8
Cd content 0.5 6.0
Cu content mg - kg' 7.0 216
Pb content 18.6 125

active in the transformation of primary biogenic elements,
i.e. carbon and nitrogen, in a soil amended with sewage
sludge 5 years earlier. Also, an attempt was undertaken at
verification of tests as indices reflecting long-term effects
of sewage sludge and products of its transformations on the
microbiological status of soil, as comprehensive microbio-
logical monitoring may prove helpful in the prediction of
ecological effects of long-term effects of sewage sludge on
the functioning of soil micro-biocenosis.

Material and Methods

The study was continued on the basis of a field experi-
ment, in the 5" year of its duration. In the preceding years
of the experiment, in the soil with the sewage sludge there
most frequently persisted an increase in the activity of the
microbial groups under study and in the biochemical activ-
ity of the soil (except for ammonification), usually more
strongly pronounced in treatments with a higher dose of the
sewage sludge. The effect was more observable in the layer
of 0-20cm than in that of 20-40cm, and decreased with the
passage of the years of the experiment [13, 14, 18-22].
However, in the 4" year of the experiment the effect of the
sewage sludge on the microbiological and biochemical
parameters under study was still observable [21, 22], which
justifies continuation of the study in the following year.

An experiment was set up in Konskie by the Institute of
Soil Science and Management of the Environment, Lublin
University of Agriculture (now University of Life Sciences
in Lublin), on a podzolic soil developed from weakly loamy
sand. Plots with surface area of 15m? had been fertilized, 5
years earlier, with increasing doses of fermented municipal-
industrial sewage sludge. Sewage sludge was introduced in
the surface horizon of the soil (0-20 cm) at the following
doses: 30 Mg-ha'! (1%), 75 Mg-ha' (2,5%), 150 Mg ha'
(5%), 300 Mg-ha' (10%) and 600 Mg-ha' (20%). Next,
four weeks later, on soil amended as in this way, a planta-

tion of basket willow (Salix viminalis L.) was established.
Control treatment in the experiment was soil from under the
same crop, but without sewage sludge fertilization.

Table 1 presents the grain-sized composition and some
of the physicochemical and chemical properties of the soil
and of the sewage sludge applied, after Baran et al. [16] and
Baran et al. [23]. In accordance with the current regulations
in force in Poland, sewage sludge used in the experiment
met the requirements for utilization in agriculture [24].

The study was performed on soil material, from under a
S-year old willow culture, from layers of 0-20 cm (Ap hori-
zon) and 20-40 cm. The soil was analyzed twice, i.e. in
spring (21* May) and in autumn (16" October). The analy-
ses included determination of the total number of bacteria
with low nutrition requirements, on a nutrient substrate
with soil extract (350 cm*dm~) and K,HPO,, total number
of macrotrophic bacteria, on the Bunt-Rovira nutrient sub-
strate [25], total number of filamentous fungi, on Martina
medium [26], number of cellulolytic bacteria, on liquid
substrate acc. to Pochon and Tardieux [27], that was read
from McCrady’s Tables, number of cellulolytic fungi, on
mineral agar covered wth a circle of Whatman paper and
complemented with antibiotics acc. to Martin [26], num-
bers of protein-decomposing bacteria and fungi, on Frazier
gelatine medium [28], complemented — in the case of fungi
— with antibiotics [26]; respiratory activity with the method
of Riihling et al. [29]; cellulose mineralization in 25-gram
weighed portions of soil enriched with 0.5% of powdered
Whatman cellulose; the amount of emitted CO, was studied
with the method of Riihling et al. [29]; intensity of ammoni-
fication in 25-gram weighed portions of soil containing
0.1% of asparagine, from which, after 3 days of incubation,
ammonium ions were extracted and their content was deter-
mined with the method by Nessler [30]; intensity of nitrifi-
cation in 25-gram weighed portions of soil containing 0.1%
of mono-basic ammonium phosphate, from which, after 7
days of incubation, nitrate ions were extracted and their level
was measured with the brucine method [30]; dehydrogenase
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activity — with the method of Thalmann [31]; protease activ-
ity — in accordance with the method of Ladd and Butler [32];
reaction — potentiometrically in 1 mol - dm* KCI, and mois-
ture — with the gravimetric method. During the determina-
tions of respiration and cellulose mineralization, as well as
of the intensity of ammonification and nitrification, the
moisture content of the soil samples was maintained at the
level of 50-60% of total hydraulic capacity.

The results obtained were processed statistically
using the method of analysis of variance. Significance of
differences was determined with the Tuckey test at
p = 0.05. Analysis of variance was not performed for cel-
lulolytic bacteria, as their numbers were calculated using
McCrady tables, based on the principles of mathematical
statistics.

The results of the study were discussed on the basis of
mean values obtained in the year for the individual experi-
mental treatments, using the LSD of soil horizon multipled
by dose. When discussing the seasonal changes, the authors
took into consideration the mean value obtained from all
the treatments in spring, and the corresponding value
obtained in autumn, in this case using the LSD value for the
season.

Results and Discussion

In the fifth year from the introduction of sewage sludge
in the soil, in its upper horizon (0-20 cm) continued signif-
icant increase was still observed in the numbers of oligo-
and macrotrophic bacteria and filamentous fungi (Table 2).
In the case of the two bacterial groups, that effect was
observed only for the higher levels of sewage sludge con-
tent (5, 10 and 20%). The growth of the fungi, on the other
hand, was stimulated by all sewage sludge concentrations
applied (1, 2.5, 5, 10 and 20%).

Under the conditions as above, an increase was also
observed in the numbers of bacteria and fungi-decompos-
ing cellulose (Table 3). Stimulation of the growth of those
bacteria was found in all the treatments with sewage sludge,
while in the case of the fungi — only under the effect of the
higher doses of sewage sludge, i.e. 10 and 20%. It should
be emphasized that among all the parameters under analy-
sis, cellulolytic bacteria responded the most strongly to the
S-year effect of the sewage sludge, while in the case of pro-
teolytic bacteria and fungi the effect of the sewage sludge
on growth was notably weaker (Table 3). Only the highest
dose of the sludge still caused a slight increase in the num-
bers of protein-decomposing bacteria.

The data obtained in the fifth year of the experiment
indicate that in the soil from the depth of 0-20 cm the level
of sewage sludge effect on the growth of oligotrophic bac-
teria, filamentous fungi, and proteolytic bacteria and fungi
was similar to that observed in the fourth year of the
experiment [21, 22]. The effect of sewage sludge on the
growth of macrotrophic bacteria and cellulolytic bacteria
and fungi was even slightly stronger than in the preceding
year [21]. That effect could have been caused by, among
other things, a slightly greater influx of plant residues

originating from the willow grown in the experiment. As
follows from our own observations, the plantation of that
plant developed better in the fifth year from its establish-
ment.

Moreover, in the soil from a depth of 0-20 cm continued
significant stimulation was demonstrated for the rate of res-
piration, rate of cellulose mineralization, and of the process
of nitrification in almost all the treatments with sewage
sludge (except for 1%) (Table 4), while under the effect of
all the doses of sewage sludge continued significant inhibi-
tion of the process of ammonification was observed (Table
4). Also, dehydrogenase and proteolytic activity in the stud-
ied soil horizon was stimulated, but only under the effect of
the higher concentrations of the waste, i.e. 5, 10 and 20%
(Table 5). Comparing the results obtained in the fifth year
of the experiment with the data from the preceding year, it
was noted that the processes of respiration and cellulose
mineralization, as well as protease activity, were stimulat-
ed over two years to a similar degree [21, 22], whereas the
effect of sewage sludge on the process of nitrification and
on dehydrogenase activity was weaker in the fifth year [21,
22]. Only the inhibiting effect of sewage sludge on the
process of ammonification gained a little in intensity with
regard to the preceding year.

Contrary to expectations, the sewage sludge introduced
in the soil five years earlier also had an effect on the stud-
ied microbiological and biochemical parameters in the soil
layer of 20-40 cm. However, that effect was notably weak-
er than in the Ap horizon (Tables 2, 3, 4). It was observable
in stimulation of the growth of cellulolytic bacteria in all
treatments with sewage sludge, and of macrotrophic bacte-
ria, filamentous fungi and proteolytic fungi, but only in
individual treatments (Tables 2, 3). Stimulation of growth
of protein-decomposing bacteria in the layer of 20-40cm, as
distinct from cellulolytic fungi, could have been caused by
the lower dependence of their growth on the content of oxy-
gen in soil.

Also the biochemical activity of the soil under those
conditions was generally less strongly stimulated than in
the Ap horizon (Table 4). Positive effect of all the doses of
sewage sludge was observed only in the case of respiration
and cellulose mineralization, while the intensity of all
remaining biochemical parameters did not undergo signifi-
cant changes under the effect of sewage sludge (Tables 4,
5).

Analyzing the seasonal variations in the soil of both lay-
ers, it was demonstrated that bacteria with low nutritional
requirements and cellulolytic bacteria multiplied most
intensively in spring, while macrotrophic bacteria, filamen-
tous and cellulolytic fungi, and proteolytic bacteria and
fungi did so in autumn (Tables 2, 3). Respiratory processes,
processes of cellulose mineralization, ammonification and
nitrification, and protease activity, on the other hand, pro-
ceeded at the highest intensity in spring (Tables 4, 5). As
opposed to the parameters discussed above, dehydrogenase
activity was at a similar level in both seasons under study
(Table 5). The higher activity (mainly biochemical) in the
analyzed soil in spring was most likely due to a temperature
increase after the winter period.
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The increased microbial populations and biochemical
activity still persisting in the soil (primarily in the Ap hori-
zon) in the 5" year from its fertilization with sewage sludge
was most likely an effect of products of transformation of
sewage sludge, and of changes it caused in the physical,
physicochemical and chemical properties of the soil.
Although sewage sludge organic matter is composed most-
ly of compounds that are hard-decomposing [5, 33], it is to
be assumed that over the 5-year period it should have
undergone mineralization and humification. Considerable
transformations of organic matter in soil over a period of 4
years from its amendment with sewage sludge are reported,
among other authors, by Zukowska and Flis-Bujak [11] and
by Zukowska et al. [12]. According to Czekala [5], nitrogen
compounds from sewage sludge are characterized by
greater solubility, and therefore greater susceptibility to
decomposition, than carbon compounds. This found sup-
porting evidence in this study, which shows that in the 5*
year from the introduction of sewage sludge in the soil the
activity of proteolytic bacteria and fungi was already the
least stimulated from among all the microbial groups under
analysis. On the other hand, still persisting stimulation of
the growth of cellulolytic bacteria and fungi, and of the rate
of cellulose mineralization, could have been contributed to,
to a certain extent, by the supply of a certain amount of cel-
lulose with decaying parts of the crop plant which, as fol-
lows from our own observations, continued to develop bet-
ter on the soil with sewage sludge.

Data in Table 5 show that in the soil fertilized with
sewage sludge there also was continued improvement of
physical and physicochemical conditions, such as moisture
content and soil reaction and, probably, of the water-air
relations, as indicated by studies conducted by other
authors [2, 3]. Studies by the referenced authors indicate
that in soils fertilized with sewage sludge (especially at
higher doses) there is an increase in the water retention
capacity of the soil, aggregate and semi-aggregate soil
structure is formed, and there occurs a decrease in soil den-
sity and an increase in its total hydraulic capacity. As is
known, improvement in those properties of soil has a posi-
tive effect on microbial growth and activity which, surely,
also took place in the experiment reported herein. What is
intriguing here is the fact of intensification of the growth of
oligotrophic bacteria in the soil with the highest doses of
sewage sludge (Table 2). It is not, however, an isolated
observation, as other authors have also observed numerous
occurrences of bacteria with low nutrition requirements in
an environment rich in nutrients [34].

In the opinion of numerous authors, among others Dick
[35], Kusza [36], and Kuzyakov [37], the amount of CO,
emitted from the soil and the enzymes present in it are main-
ly the result of the activity of micro-organisms inhabiting the
soil. Therefore, growth in the microbial populations ana-
lyzed in this study (Tables 2, 3) was reflected in the growth
of the biochemical activity of the soil (Tables 4, 5). It is to
be assumed that the observed intensification of the bio-
chemical activity of soil amended with sewage sludge, as
was the case with the size of microbial populations, has been
contributed to by the products of transformation of sewage

sludge organic matter and by the positive changes they
caused in the chemical, physical and physicochemical
properties of the soil. This has been partially supported by
earlier studies of other authors who demonstrated positive
correlation of the enzymatic activity of soil with the content
of C,y, N, moisture, or reaction [4, 38, 39, 40].
Noteworthy is the fact that the only activity, studied in this
experiment, that was subject to inhibition was the rate of
ammonification (Table 4). As follows from the literature of
the subject, that process may be inhibited by heavy metals
[41]. Data presented in Table 1 indicate that sewage sludge
used in the experiment introduced a certain amount of those
elements in the soil, which could have been one of the rea-
sons for the inhibition observed. However, it appears that
the main cause of the reduction in the rate of ammonifica-
tion was the simultaneous strong process of nitrification, as
well as proteolysis of ammonium ions by micro-organisms.
Similar conclusions have been reached by other authors,
who also found a decrease in the rate of ammonification in
soil amended with sewage sludge [22, 42, 43].

Notable is the fact that, in spite of the introduction of
sewage sludge in the surface horizon of soil, its effect —
even after 5 years — was not limited to that soil horizon
(Tables 2, 3, 4). The products of transformation of sewage
sludge organic matter also affected the physical and physic-
ochemical properties of soil from the layer of 20-40 cm
(Table 5). Those changes, however, were notably lower
compared to those in the Ap horizon (Table 5), which was
reflected also in weaker microbiological and biochemical
activity of soil from that layer (Tables 2, 3, 4, 5).

The research results presented here show that, under
the conditions of the experiment, the biological effects of
soil amendment with sewage sludge, even at the lowest
doses (in the case of certain tests), are not short-term and
continue in the 5" year from sewage sludge application.

As a result of mineralization and humification of organ-
ic matter introduced with sewage sludge, there appeared
and persisted positive changes in the physical, chemical and
physicochemical properties of the soil [2, 3, 11, 12], thus
creating more favourable conditions for the biota. These
observations are not isolated, as other authors — among oth-
ers Pascual et al. [44], Ros et al. [45] — demonstrated that
one-time introduction of a sizeable amount of organic mat-
ter in soil results, even after many years, in increased activ-
ity of soil microorganisms, which is attributed to improved
fertility of the soil.

Conclusions

1. In the 5" year of sewage sludge the effect on the soil, in
the Ap horizon there still continued stimulation of bio-
logical life of the soil. This is evidenced by the stimula-
tion of growth of almost all of the analyzed microbial
groups. The effect, in the case of oligo- and macrotroph-
ic bacteria, cellulolytic fungi and proteolytic bacteria
was observable already only under the effect of higher
doses (5 Mg-ha', 10 Mg-ha'), or the highest dose (20
Mg-ha') of sewage sludge. Filamentous fungi and cel-
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lulolytic bacteria developed at higher rates in all treat-
ments with sewage sludge.

In the surface horizon of the soil (0-20 cm) there was
also continued intensification of respiration, rate of cel-
lulose mineralization, nitrification, and dehydrogenase
and proteolytic activity. Processes of respiration and
cellulose mineralization, and nitrification, were stimulat-
ed by almost all sewage sludge doses, i.e. 2.5 Mg-ha',
5 Mgha', 10 Mg-ha' and 20 Mg-ha', while a signifi-
cant increase in dehydrogenase and protease activity
was observable only in treatments with 5, 10 and 20%
concentrations of sewage sludge. Moreover, in all the
treatments with sewage sludge significant inhibition of
the rate of ammonification was observed.

In the soil layer of 20-40 c¢cm a certain continued effect
of the sewage sludge applied 5 years earlier on the
growth of the studied microbial groups was also
observed. However, it was notably weaker than in the
Ap horizon. Slight stimulation of the growth of
macrotrophic bacteria and of filamentous and proteolyt-
ic fungi was now noted only in individual treatments.
Only cellulolytic bacteria were stimulated by all the
doses of sewage sludge.

Long-term effects of soil amendment with sewage
sludge continued also in the biochemical activity of soil
from the 20-40 cm layer. Those, however, were notably
weaker than in the Ap horizon — an increase observed
only in the respiratory activity and in the rate of cellu-
lose mineralization, under the effect of all doses of
sewage sludge.

. Verification of the applicability of the tests used in the
study showed that the most sensitive parameters reflect-
ing the long-term effect of soil fertilization with sewage
sludge on its microbiological properties turned out to be
the number of cellulolytic bacteria and the rate of respi-
ration and cellulose mineralization.

Taking into account that the effects of soil fertilization
with sewage sludge and not short-term and continue in
the 5th year from application, it is recommended to con-
tinue the experiment from both the cognitive and the
practical points of view.
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