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Abstract

The aim of the study was to analyse the enzymatic activity of dehydrogenases, urease, alkaline
phosphatase and proteases in post-mining soils. Moreover determined the count of heterotrophic
bacteria, moulds, actinobacteria and bacteria of the Azotobacter sp. genus. The research was con-
ducted between 2015 and 2017 in experimental areas of the Patnéw dump, which belongs to the
Department of Soil Science and Land Reclamation, Poznan University of Life Sciences. Soil samples
for analysis were collected at depths of 0-30 cm and 30-60 cm. The first factor under analysis was
two simplified crop rotation systems, i.e. a rapeseed and cereal system (alternating cultivation of
wheat and winter rapeseed) and a forage and cereal system (the cultivation of alfalfa with grasses
for four years followed by the growing of winter wheat for the next two years). The second factor
under analysis was three sub-blocks with increasing mineral fertilisation levels: ONPK, 1NPK and
2NPK. The research results were analysed by means of one-way analysis of variance. Homogene-
ous groups were identified with the Tukey test at a significance level a=0.05. The Statistica 13.1 pro-
gram was used for statistical calculations. The post-mining soils were classified as Calcaric Regosols
(IUSS Working Group WRB, 2015). The microbiological activity of the soils exhibited high variability
both in the growing season and in the subsequent years of the research. The forage and cereal crop
rotation system had better effect on the soil microbiological and biochemical activity than the other
system. Therefore, feed and cereal crop rotation is recommended for the reclamation of soils in

internal post-mining dumps.

1. Introduction

The second half of the 20" century saw in Poland inten-
sive development of the mining industry and the processing of
energy resources, rock materials and metal ores (Bender and
Gilewska, 2004; Mocek-Pldciniak, 2018). This generated large
areas of land requiring reclamation. At the time reclamation
school originated in the Wielkopolska region. Prof. Jan Bender
developed the concept of target plants, also known as the PAN
(Polish Academy of Sciences) model (Gilewska, 1991; Mocek-
Pldciniak, 2018). It was based on the assumption of interaction
of abiotic and biotic factors, which enabled the development of
productive soil from raw parent rock in the shortest time possi-
ble and with relatively low outlay (Gilewska, 1991; Karczewska,
2008). High mineral fertilisation was of key importance for the
effectiveness of the method as it was necessary to regulate and
improve the soil chemistry — rock extracted from the brown
coal overburden. Another element of the reclamation proce-

dure was regulation of the physical properties of soil. Agrotech-
nical treatments such as ploughing, post-harvest cultivation,
and harrowing were applied, because they homogenise, aerate
and stimulate the weathering of mineral soil material. Next,
target crops such as winter rapeseed, winter cereals and alfalfa
were introduced. These stages were always preceded by techni-
cal works, which were done to determine the location, type and
formation of spoil tips. According to this concept, land recla-
mation significantly accelerates its economic use; agricultural
reclamation — by at least 10 years and forest reclamation — by
20 years (Bender and Gilewska, 2004). As a result, soils with all
attributes of biogenicity and productivity are formed. If there
is no human interference in these processes, the transforma-
tion of raw parent materials into soil is very slow - it takes
about 200-400 years (Podgaiski and Rodrigues, 2010; Saarsalmi
et al.,, 2012).

Microorganisms, vegetation, animals and humans play an
important role in the formation of soil and its functioning. Soil
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microorganisms participate in organic matter mineralisation,
determine the fertility and biological productivity of soils, and
affect their capability and yield of crops (Schmidt et al., 2005;
Marinari et al., 2006; Mocek-Ptociniak, 2018). The count of mi-
croorganisms affects the function of the entire soil ecosystem,
detoxification and the rate of reclamation processes. Enzymatic
activity is another important parameter providing information
about the state of the soil biological environment. It reflects
the advancement of soil-formation processes (Bieliniska et al.,
2004; Gilewska and Pléciniczak, 2004; Bielinska and Mocek-
Pidciniak, 2009; Bielinska et al., 2014), illustrates the trends
of pedogenic processes in post-mining soils and enables as-
sessment of the effectiveness of the applied reclamation treat-
ments (Bielifiska et al., 2000a, 2000b). Enzymatic activity is also
important in soil diagnostics and it can be a reliable indicator
of the evolution of Technosols (Mocek-Ptéciniak, 2018).

The aim of this study was to measure the count of basic
groups of soil microorganisms and the enzymatic activity in
post-mining soils. Microbiological and biochemical indicators
can be used to forecast the anthropogenic transformations of
soils, which enable effective restoration of productivity in de-
graded soils, which were earlier the overburden of extracted
minerals. Due to the fact that these parameters are more labile
than the physical and chemical properties, samples were taken
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from the two crop rotation systems in the spring and autumn.

2. Materials and methods
2.1. Study area

The research was conducted between 2015 and 2017 in ex-
perimental areas belonging to the Department of Soil Science
and Land Reclamation, Poznan University of Life Sciences,
Poland, which were established in 1978. The fields are located
on the inner spoil tip of the Patnéw open-pit mine, which is
located in the north of the city of Konin, in the east of Greater
Poland Voivodeship. The experimental field area of 20 ha was
part of the inner spoil tip of the Pagtnéw open-pit mine. As men-
tioned before, land reclamation was based on the model de-
veloped by the Polish Academy of Sciences, which consisted in
the biological transformation of the rocky ground into soil. The
field experiment was conducted with the split-block method in
three replicates (Fig. 1). The plot area was 256 m? (16 x 16 m).
Two factors were analysed: two simplified crop rotation sys-
tems and three increasing levels of mineral fertilisation within
sub-blocks:

- rapeseed and cereal crop rotation - alternate cultivation

rapeseed and cereal crop

rotation system

forage and cereal crop

rotation system
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Fig. 1. A view of the research site — satellite
image. Source: Google Maps
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Table 1

The mineral fertiliser doses used in the experi-
ment in accordance with combination 1NPK
(kg-ha) Source: Spychalski et al. (2005)

Crop species

Chemistry repair applied
in first 10 years

Mineral fertilisation applied
since year 11 till now

N P,0, K,0 N P,0, K,0
Winter wheat 160 270 140 160 40 80
Winter rapeseed 200 460 150 200 70 90
Alfalfa with grasses 170 380 260 170 70 150

of winter wheat and winter rapeseed. Mineral fertilisation

was applied at three doses: ONPK, 1NPK, 2NPK. Every year

crop residues were ploughed;

- forage and cereal crop rotation - alfalfa and grass were
grown for four years to limit the number of agrotechnical
treatments favouring soil homogenisation. In the next two
years winter wheat was grown and its crop residues were
ploughed. Mineral fertilisation was applied in the follow-
ing combinations: ONPK, 1NPK, 2NPK.

Table 1 shows the amounts of fertilisers used in combina-
tion 1NPK. There was no fertilisation in combination ONPK (the
control variant). The amount of the fertiliser used in combina-
tion 2NPK was twice as high as the dose in combination 1NPK.
Nitrogen was applied in the form of ammonium nitrate. The
fertiliser was applied at dates corresponding to the stages of
development of the crops. Phosphorus was applied into the soil
in the form of enriched granular superphosphate 40% P,0,,
whereas potassium was applied in the form of potassium salt
40% K,O.

2.2. Analytical methods

Each year in the spring and autumn average soil samples
for microbiological analyses were collected with an autosam-
pler from a layer of 0-30 cm, following the rules specified in
Polish standard PN-ISO 1998 (Drzymatla, 1998). The counts
of selected groups of soil microorganisms were measured by
means of serial dilution. All measurements were replicated
three times. The results were calculated per 1 g of dry mass of
soil and expressed as colony forming units (CFU). The count of
soil microorganisms was measured on selective media, using
specific dilutions of soil suspensions:

- the total count of heterotrophic bacteria was measured on
ready-made Standard-Merck agar; the plates were incu-
bated for 5 days at 25°C;

- the count of actinobacteria was measured on Pochon agar
(Grabinska-Leniowska, 1999) after 5-day incubation at
28°C;

- the count of moulds was measured on Martin agar (1950)

after 10-day incubation at 28°C;

- the count of bacteria of the Azotobacter sp. genus was
measured on an agar according to the method developed
by Fenglerowa (1970) after 5-day incubation at 24°C.

The activity of the following enzymes was measured in bio-
chemical tests: dehydrogenases — the Thalmann method (Schin-
ner et al., 1995), urease — the Hoffmann and Teicher method
(Schinner et al,, 1995), alkaline phosphatase — the Tabatabai
and Bremner method (Schinner et al.,, 1995), proteases - the
Ladd and Butler method (Schinner et al., 1995).

The results were analysed statistically with one-way analy-
sis of variance. Homogeneous groups were identified by means
of Tukey’s test at a significance level a = 0.05. The Statistica
13.1 program was used for statistical calculations. The data sets
was also analysed using canonical variate analysis (Lejeune
and Calinski, 2000; Kayzer et al., 2009), a form of multivariate
analysis, which makes possible a graphical presentation of the
results of estimation the similarities between the studied soil
microorganisms (or soil enzymes) for the particular crop rota-
tion system. This method, similar to principal component anal-
ysis, was chosen because considering data sets coming from
the multidimensional experimental structure, it means besides
replicates, the other source of variation are taken into consid-
eration, such as crop rotation system type, measuring series
and interactions (Kayzer et al., 2018; Kayzer, 2019). Canonical
variates were determined with the procedure developed at the
Department of Mathematical and Statistical Methods, Poznan
University of Life Sciences, Poland.

3. Results

According to the Polish Soil Classification (Kabata et al.,
2019), the soils analysed in the study were classified as the
Technogenic type, Aggerosole subtype. According to WRB (IUSS
Working Group WRB, 2015) they were classified as Calcaric Re-
gosols (Loamic, Transportic). The soils were classified as sandy
loam of the texture and as medium soils in terms of the agro-
nomic category. The pH in the KCl and H,0 extract was alkaline

Table 2
The mean organic carbon and total nitrogen Crop rotation system Toc ™
content in soil g-kg soil
Rapeseed and cereal crop rotation system 6.82> 0.572
Forage and cereal crop rotation system 9.432 0.88>
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(7.5-8.5). The average content of organic carbon and total ni-
trogen is shown in Table 2.

The activity of the soils microorganisms exhibited high
variability both in the growing season and in the subsequent
years of the research. The total count of heterotrophic bacteria
in soil samples collected from the rapeseed and cereal crop ro-
tation system ranged from 11.1 to 91.4 - 10° cfu-g* d.m. of soil,
whereas in the forage and cereal crop rotation system it ranged
from 14.1 to 114 - 10° cfu-g? d.m. of soil (Table 3). The analy-
sis of variance of the samples collected from the plots with the
rapeseed and cereal crop rotation system did not reveal a sta-
tistically significant effect of mineral fertilisation on the count
of bacteria. However, the analysis of variance showed that the
fertilisation significantly affected the total count of these mi-
croorganisms in the soil samples collected from the plots with
the forage and cereal crop rotation system. The highest count
of the bacteria was found in the soil samples fertilised with the
2NPK dose. The count of bacteria in the soil samples fertilised
with the 1INPK dose did not differ statistically from the count
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in the samples collected from the non-fertilised ONPK control
variant (Table 3). Apart from that, the crops grown in the plots
significantly affected the count of heterotrophic bacteria (Ta-
ble 4). The statistical analysis showed a significantly greater
(about 20%) count of the bacteria in the soil samples collected
from the plots with the forage and cereal crop rotation system
(Table 4).

The count of moulds in the soil samples collected from the
rapeseed and cereal crop rotation system ranged from 12.4 to
115 - 10° cfu-g™ d.m. of soil (Table 3), whereas in the soil sam-
ples collected from the plots with the forage and cereal crop
rotation system the count of moulds ranged from 24.0 to 95.1 -
10° cfu-g! d.m. of soil. The analysis of variance clearly showed
that the diversified mineral fertilisation of the soils in the rape-
seed and cereal crop rotation system significantly affected the
count of these microorganisms. The smallest count of moulds
was found in the soil samples collected from the unfertilised
ONPK control variants. The 1NPK fertiliser dose did not signifi-
cantly increase the count of moulds, whereas the 2NPK dose

Table 3

The range and mean count of soil microorgan-
isms in the soil samples collected from both
crop rotation systems depending on the min-

eral fertilisation combination

Soil microorganisms Fertiliser Rapeseed and cereal crop Forage and cereal crop
combination rotation system rotation system
Range Mean Range Mean
Total count of ONPK 14.4-73.7 34.92 17.3-76.5 38.22
heterotrophic bacteria
(10° cfu-g* d.m. soil) INPK 13.2-91.4 37.4 14.1-114 41.7
2NPK 11.1-87.6 37.02 23.8-91.0 50.7*
Moulds ONPK 14.9-42.8 28.842 23.1-95.1 52.77
(103 cfu-g™ d.m. soil)
INPK 16.1-72.4 36.22 24.0-94.9 56.52
2NPK 12.4-115 48.8» 32.2-90.7 58.92
Actinobacteria ONPK 1.12-158 44.62 4.60-215 54.62
(10% cfu-g* d.m. soil)
INPK 1.14-115 31.22 2.28-173 52.77
2NPK 4.31-155 38.82 5.60-211 64.62
Azotobacter sp. ONPK 7.85-93.9 29.42 11.5-36.5 20.6°
(cfu-g™ d.m. soil)
INPK 9.80-68.4 23.52 11.8-48.5 23.52
2NPK 4.63-78.9 26.47 10.8-72.7 28.3

The mean values for particular soil microorganisms in each fertiliser combinations marked with
the same letter do not differ significantly at a = 0.05.

Table 4

- . . Soil microorganisms
The mean count of soil microorganisms in the

Rapeseed and cereal
crop rotation system

Forage and cereal crop
rotation system

soil samples collected from both crop rotation
systems

Total count of heterotrophic bacteria 36.42 43.5»
(105 cfu-g™ d.m. soil)

Moulds (10 cfu-g d.m. soil) 37.9 56.0°
Actinobacteria (10* cfu-g™ d.m. soil) 38.22 57.6°
Azotobacter sp. (cfu-g™ d.m. soil) 26.42 24.22

The mean values for particular soil microorganisms marked with the same letter do not differ

significantly at a = 0.05.
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significantly increased their count — by about 34%,
as compared with the 1INPK combination, and by
about 70%, as compared with the ONPK dose. The
mineral fertilisation did not have significant effect
on the count of moulds in the soil samples collected
from the plots with the forage and cereal crop rota-
tion system (Table 3). As was the case with the total
count of heterotrophic bacteria, the average count
of moulds in the samples collected from the plots
with the forage and cereal crop rotation system was
significantly greater (about 50%) than in the sam-
ples collected from the plots with the rapeseed and
cereal crop rotation system (Table 4).

The count of actinobacteria in the soil samples
collected from the plots with the rapeseed and cere-
al crop rotation system ranged from 1.12 to 158 - 10*
cfu-g™ d.m. of soil, whereas in the samples collected
from the plots with the forage and cereal crop rota-
tion system it ranged from 2.28 to 215 - 10* cfu-g!
d.m. of soil (Table 3). The analysis of variance of the
samples collected from the plots with the rapeseed

[
<D

ONPK-spring

INPK-au

2NPK-autumn INPK-spring

. -8.
Actinobacteria
<

second coordinate (4.1%)

Azotobacter
sp.

Total count of
heterotropic bacteria

e
P

Moulds

20
Favy
first coordinate (95.5%)
Fig. 2. The location of the points specifying the applied fertilisation combinations in

relation to the count of soil microorganisms in the first two canonical variates for the
soil samples collected from the rapeseed and cereal crop rotation system and the posi-

and cereal crop rotation system did not reveal a sig-
nificant effect of mineral fertilisation on the count
of actinobacteria. The highest count of these micro-

tion of the count of microorganisms in dual space

organisms was found in the non-fertilised samples
(ONPK), whereas the doses of 1NPK and 2NPK did
not have a statistically significant effect on changes
in their count (Table 3). The activity of actinobacte-

ria was significantly (about 50%) higher in the soil
samples collected from the plots with the rapeseed
and cereal crop rotation system (Table 4).

The count of bacteria of the Azotobacter sp.

e
P

genus in the soil samples collected from the plots
with the rapeseed and cereal crop rotation system
ranged from 4.63 to 93.9 cfu-g! d.m. of soil, whereas
in the samples collected from the plots with the for-
age and cereal crop rotation system it ranged from

second coordinate (7.5%)

ONPK-
autumn INPK-
R 2NPK-spring
Actiniobacteria \ ONPK-spring
T ﬁ.l
-10 ] 10 20
i\loulds 1NPK-spring

10.8 to 72.7 cfu-g* d.m. of soil (Table 3). The analysis
of variance showed that diversified mineral fertili-
sation had no significant influence on changes in
the count of Azotobacter sp. bacteria only in the

rapeseed and cereal crop rotation system (Table
3). However, the count of Azotobacter sp. bacteria
in the forage and cereal crop rotation system was
significantly affected by the 2NPK dose of the ferti-
liser, as compared with the variant fertilised with
the 1NPK dose and the control variant (ONPK). The
statistical analysis showed that neither of the crop
rotation systems had significant influence on the
count of Azotobacter sp. bacteria (Table 4).

The canonical variate analysis (CVA) for the rapeseed and
cereal crop rotation system showed that the count of microor-
ganisms under study was mostly affected by the soil sampling
term (Fig. 2). This diversity was caused by factors such as mois-
ture, temperature and the phase of development of the plants.
The count of heterotrophic bacteria and moulds in the spring
was greater than in the autumn. The 2NPK dose of the fertiliser

2NPK-autumn °
10 —
e Total count of
Azotobacter sp. heterotrophic
bacteria
20
-

first coordinate (90.7%)

Fig. 3. The location of the points specifying the applied fertilisation combinations in
relation to the count of soil microorganisms in the first two canonical variates for the
soil samples collected from the forage and cereal crop rotation system and the position
of the count of microorganisms in dual space

resulted in the smallest increase in the count of these microor-
ganisms. In the autumn Azotobacteria and actinobacteria were
more abundant, and the ONPK fertilisation (control) variant
had the best effect on the count of these microorganisms. The
1INPK fertiliser dose caused a decrease in the counts of actino-
bacteria and bacteria of the Azotobacter sp. genus.

The CVA results for the forage and cereal crop rotation
system suggest that the count of the groups of microorganisms
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under study was influenced by friendly weather conditions
during the growing season (Fig. 3). There were greater counts
of heterotrophic bacteria and moulds in the soil samples ferti-
lised with the 2NPK dose and collected in the spring. However,
the counts of actinobacteria and bacteria of the Azotobacter sp.
genus were larger in the autumn. The 2NPK dose of the ferti-
liser caused the highest increase in the counts of actinobacte-
ria and bacteria of the Azotobacter sp. genus. The growing of
alfalfa in this crop rotation system undoubtedly levelled the
negative effect of mineral fertilisation on the count of Azoto-
bacter sp. bacteria.

The dehydrogenase activity in the soil samples collected
from the rapeseed and cereal crop rotation system ranged
from 0.001 to 0.164 pmol TPF-g! d.m. of soil-24h-!, whereas in
the soil samples collected from the forage and cereal crop rota-
tion system it ranged from 0.006 to 0.265 pmol TPF-g! d.m. of
soil-24h! (Table 5). The analysis of variance showed that the
1NPK fertiliser dose significantly increased the dehydrogenase
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activity in the rapeseed and cereal crop rotation system. The
2NPK fertiliser dose did not cause this effect. The mineral ferti-
lisation of the forage and cereal plots did not cause significant
changes in the dehydrogenase activity (Table 5). The activity
of this enzyme was significantly influenced by the species of
crops grown in the plots (Table 6). The dehydrogenase activity
in the soil samples collected from the plots with the forage and
cereal crop rotation system was significantly higher (almost
100%) than in the soil samples collected from the plots with the
rapeseed and cereal crop rotation system.

The urease activity in the soil samples collected from the
rapeseed and cereal crop rotation system ranged from 0.18 to
3.35 ug N-NH, g d.m. of soil-18h!, whereas in the soil samples
collected from the forage and cereal crop rotation system it
ranged from 0.33 to 5.11 ug N-NH,-g™* d.m. of soil - 18h* (Table
5). The 1NPK fertiliser dose significantly increased the urease
activity in the soil samples collected from the rapeseed and
cereal crop rotation system. The 2NPK fertiliser dose did not

Table 5

. Soil enzymes Fertiliser Rapeseed and cereal Forage and cereal crop
The range and mean enzymes activity in the combination  crop rotation system rotation system
soil samples collected from both crop rotation
systems depending on the mineral fertilisation Range Mean Range Mean
combination Dehydrogenases ONPK 0.001-0.067  0.019°  0.017-0.252  0.074°
(umol TPF-g* d.m. soil-24h™)
1INPK 0.005-0.160 0.045> 0.006-0.265 0.0882
2NPK 0.005-0.164  0.048 0.013-0.201 0.0652
Urease ONPK 0.18-3.35 0.59° 0.79-4.15 2.222
N-NH,-g* d.m. soil-18h!
(g N-NH,g" dm. soll 180 7 e 0.62-2.81 139 081511 2.29¢
2NPK 0.63-3.15 1.49° 0.33-4.62 213
Alkaline phosphatase ONPK 0.21-0.88 0.412 0.46-2.26 0.932
(umol PNP-kg* d.m. soil-h?)
1INPK 0.33-1.33 0.66> 0.39-2.29 0.862
2NPK 0.29-1.31 0.67° 0.41-2.48 0.942
Protease ONPK 1.10-8.84 4.132 1.56-9.34 4.232
(mg tyrosine-g d.m. soil-h*)
INPK 0.39-13.26 5.052 1.87-14.1 5.36%
2NPK 1.34-11.6 5.072 2.53-13.1 5.90°
The mean for particular soil enzymes in each fertiliser combinations marked with the same letter
do not differ significantly at a = 0.05.
Table 6

Soil enzymes
The mean soil enzymes activity in the soil sam-

Rapeseed and cereal
crop rotation system

Forage and cereal crop
rotation system

ples collected from both crop rotation systems

Dehydrogenases 0.0382 0.076>
(umol TPF-g* d.m. soil-24h™)

Urease 1.162 2.21°
(ug N-NH,-g* d.m. soil-18h)

Alkaline phosphatase 0.582 0.94>
(umol PNP-kg* d.m. soil-h?)

Protease 4.75° 5.172

(mg tyrosine-g™ d.m. soil-h™)

The mean values for particular soil enzymes marked with the same letter do not differ significantly

at a = 0.05.
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cause this effect. The long-term use of diversified
doses of the fertiliser in the soils with the forage
and cereal crop rotation system did not cause sta-
tistically significant changes in the urease activity

14
I~

17
Dehydrogenases /Pm eases

(Table 5). However, the statistical analysis showed
that the activity of this enzyme was significantly
influenced by the crop species. The urease activity
was 90% higher in the plots with the forage and

cereal crop rotation system (Table 6).

The alkaline phosphatase activity in the soil
samples collected from the rapeseed and cereal
crop rotation system ranged from 0.21 to 1.33 pmol

second coordinate (24.9%)
1]
—
[

PNP-kg?! d.m. of soil‘h? (Table 5). The analysis
of variance showed that the 1NPK fertiliser dose
significantly increased the alkaline phosphatase

F
0 - ONPK-
sori
autumn P! ) INPK.
: . 8 : Spring
10 S N S
2NPK-au :
INPK. \ Alcaline SPNg
autumn - phosphatase

Urease

activity in the plots with the rapeseed and cereal
crop rotation system. However, the fertilisation
did not cause significant differences in the alka-
line phosphatase activity in the forage and cereal
crop rotation system (Table 5). The activity of this
enzyme was significantly influenced by the spe-
cies of crops grown in the plots. The alkaline phos-
phatase activity in the soil samples collected from
the plots with the forage and cereal crop rotation

14
I=

Sfirst coordinate (74.6%)

Fig. 4. The location of the points specifying the applied fertilisation combinations in
relation to the activity of soil enzymes in the first two canonical variates for the soil
samples collected from the rapeseed and cereal crop rotation system and the position of
the enzymes in dual space

system was 62% higher than in the soil samples
collected from the rapeseed and cereal crop rota-
tion system (Table 6).

The protease activity in the soil samples col-

lected from the rapeseed and cereal crop rotation
system ranged from 0.39 to 13.26 mg of tyrosine-g!
d.m. of soil-h!, whereas in the soil samples collect-
ed from the forage and cereal crop rotation system
it ranged from 1.56 to 14.1 mg of tyrosine-g* d.m.

of soil-h* (Table 5). The fertilisation of the soil un-
der the rapeseed and cereal crop rotation system
did not cause a statistically significant effect. By
contrast, the protease activity in the soil samples

second coordinate (4.0%)

collected from the forage and cereal crop rotation
system was quite diversified (Table 5). However,
the analysis of variance for the protease activity in
the soil samples did not show a significant effect

12
Proteases
°
Alcaline phosphatase
2NPK-autumn v
INPK- ZNPK-sprillg
lNPIi—spring
T L T _
-8 0 pring 8 12
Dehydrogamse; Urease
12
14

of the species of crops grown (Table 6).

The results of the canonical variate analyses
(CVA) for the enzymatic activity presented in dual
space for the soil samples collected from the plots
with the rapeseed and cereal crop rotation system
are shown in Fig. 4. There were slight statistical
differences in the enzyme activities in the soil
samples fertilised with the 1NPK and 2NPK doses
both in the spring and autumn. The samples collected from the
plots fertilised with the 2NPK and 1NPK doses were character-
ised by the highest dehydrogenase, alkaline phosphatase and
protease activities. The highest urease activity was observed
in the autumn in the soil samples collected from the plots ferti-
lised with the 1NPK and 2NPK doses. As far as the soil samples
collected from the forage and cereal crop rotation system are
concerned, the CVA showed that after applying different doses

first coordinate (94.0%)

Fig. 5. The location of the points specifying the applied fertilisation combinations in
relation to the activity of soil enzymes in the first two canonical variates for the soil
samples collected from the forage and cereal crop rotation system and the position of
the enzymes in dual space

of the fertiliser the activity of all the enzymes in the spring
was relatively high, as compared with the enzymatic activity
in the autumn (Fig. 5). However, the results showed that the
enzymatic activity in the samples collected in the spring was
characterised by greater diversity than in the samples collected
in the autumn. The 1INPK dose resulted in the highest dehy-
drogenase and urease activity, whereas the 2NPK dose resulted
in the highest alkaline phosphatase and protease activity. The
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2NPK dose resulted in the lowest dehydrogenase and urease
activity in the soil samples collected from the fertilised plots in
the autumn. The lowest protease activity was observed in the
non-fertilised soil samples (ONPK).

4. Discussion

The research results showed that the total count of het-
erotrophic bacteria was significantly influenced by the soil
sampling term, the species of crops grown in the plots, and the
applied dose of mineral fertiliser. The 2NPK dose of the ferti-
liser increased the total count of heterotrophic bacteria, espe-
cially in the forage and cereal crop rotation system. Natywa et
al. (2010) conducted research on arable soils and also observed
high variability in the count of bacteria during the growing
season. Jodelka et al. (2011) found that the total count of bacte-
ria decreased when the soil was fertilised with too high doses
of nitrogen. Apart from the positive effects of fertilisers avail-
able on the market, they often have negative influence on the
ecological balance. Homeostasis becomes disturbed and com-
pounds such as hydroxylamines, nitrites, nitrates, and nitro-
samines are formed. These compounds have mutagenic, car-
cinogenic and teratogenic effects on humans, animals and soil
microorganisms (Niewiadomska et al., 2010). The soil samples
collected in the spring contained more heterotrophic bacteria
than those collected in the autumn. This effect may have been
caused by lower content of moulds and actinobacteria. The di-
verse dynamics of changes in the microbiota during the grow-
ing season was reported by Furczak and Turska (2006), who ob-
served the highest soil microbiological activity in the spring.

The results of our research also showed that the count of
actinobacteria was significantly affected by the species of crops
grown in the plots and the soil sampling terms. The count of ac-
tinobacteria in the soil samples from the forage and cereal crop
rotation system was much larger than in the samples collected
from the rapeseed and cereal crop rotation system. This may
have been caused by higher content of organic matter in the
soil with the forage and cereal crop rotation system. Accord-
ing to Skwarylo-Badnarz (2008) and Sosnowski and Jankowski
(2013), vegetation significantly affects the count of these mi-
croorganisms. The dynamic development of microorganisms
in the root zone is caused by the abundance of easily acces-
sible substance providing energy. During the growth of plants
their roots produce organic and inorganic compounds as well
as active substances, which favour the growth of actinobacte-
ria (Vogeler et al., 2008; Yang et al., 2008). This observation was
confirmed in our study, where the count of actinobacteria in
the samples collected in the autumn was greater than in the
ones collected in the spring. This may have been caused by in-
teractions between microorganisms, as a result of which bac-
teria displaced actinobacteria in the spring, but in the autumn
actinobacteria dominated the soil populations. Galus-Barchan
and Pasmionka (2014) came to similar conclusions based on
their research. According to Barabasz and VoriSek (2002), high
doses of nitrogen (200 kg/ha) also stimulated the development
of actinobacteria in the soil.
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The increase in the count of moulds in the soil samples
was significantly influenced by the 2NPK fertiliser dose applied
in the rapeseed and cereal crop rotation system. Jodelka et al.
(2008, 2011) also observed intense development of moulds
at higher doses of the nitrogen fertiliser. Kucharski and
Waldowska (2001) also found that there were more moulds
than bacteria when mineral fertilisation was applied. Howev-
er, this effect was not observed in the forage and cereal crop
rotation system. Nevertheless, regardless of the fertiliser dose,
the amounts of moulds in all the soil samples collected from
the forage and cereal crop rotation system were greater than in
the samples collected from the rapeseed and cereal crop rota-
tion system. The extensive root system of alfalfa in the forage
and cereal crop rotation system turned out to provide excel-
lent drainage, which enabled adequate oxygenation of the soil
and provided additional nutrients. Sosnowski and Jankowski
(2013) made similar observations in their study. They found
the most moulds in the soils where a mixture of Festulolium
braunii plants with clover and alfalfa was grown. The sample
collection term significantly affected the count of moulds only
in the rapeseed and cereal crop rotation system, where the
most moulds were found in the spring. The weather conditions
may also have affected the growth of moulds in this period.
The sample collection term did not have significant influence
on the population of moulds in the forage and cereal crop rota-
tion system. This effect could be accounted for by the fact that
alfalfa developed an even root system throughout the growing
season, which resulted in high microbial activity.

The research results showed that the mineral fertilisation
did not significantly affect the count of Azotobacter bacteria in
the soil samples collected from the rapeseed and cereal crop
rotation system. There were similar findings of the research
conducted by Natywa et al. (2013), who observed that when the
fertiliser dose exceeded 80 kg N-ha, the count of this group
of bacteria decreased. Starzyk et al. (2013) observed that NPK
fertilisation caused intensive development of bacteria of the
Azotobacter sp genus in soil. In our study the crop rotation sys-
tem did not have significant effect on changes in the count of
Azotobacter bacteria. Only the soil sample collection term sig-
nificantly influenced the count of these bacteria. There were
larger amounts of Azotobacter in the autumn, probably due to
the weather conditions. Apart from that, the research showed
that the count of these bacteria varied in the subsequent years.
The largest population of Azotobacter bacteria was observed in
the third year of analyses, when the rainfall was higher than in
the entire growing season. Natywa et al. (2013) also proved that
the occurrence of these bacteria was influenced by soil mois-
ture. The authors found that the bacterial populations in sprin-
kled sites were larger than in non-sprinkled ones, regardless of
the development phase of plants.

The dehydrogenase activity was affected by the following
factors: the fertiliser dose, crop rotation system, the air and wa-
ter conditions in the soil, especially the sample collection term.
The research results confirmed the beneficial effect of mineral
fertilisation on the dehydrogenase activity, especially in the
soils with the rapeseed and cereal crop rotation system, where
the 1NPK fertiliser dose significantly increased the organic car-
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bon content. As a result, the dehydrogenase activity increased.
Many authors (Ciarkowska and Gambus$, 2004; De Mora et al.,
2005; Tripathi et al., 2007; Koper et al., 2008; Xiang et al., 2008;
Bielinska and Mocek, 2009; Mocek-Pldciniak, 2010; Bielinska et
al., 2014; Blonska et al., 2017; Mocek-Pldciniak, 2018) observed
that the activity of this group of enzymes depended on the con-
tent of organic compounds in soil. These authors also found
that the dehydrogenase activity in soils used as pastures was
higher than in arable lands. However, in our study the high-
est dehydrogenase activity was observed in the soils with the
forage and cereal crop rotation system, where alfalfa was the
main crop. Niewiadomska et al. (2010) also observed that the
activity of oxidoreductases was significantly influenced by fer-
tilisation, the type of plants grown and the depth of the root
system. The soil sample collection term also significantly af-
fected the dehydrogenase activity, which was higher in the
spring. As results from reference publications (Bieliniska, 2001;
Furczak and Turska, 2006; Bieliniska et al., 2014), in the spring
enzymes are particularly active, in the summer their activity
decreases, and in the autumn they become more active again.
Successive seasons of the year cause considerable differences
in the soil temperature, and its fluctuations significantly influ-
ence enzymatic processes.

The urease activity in the soils with the forage and cere-
al crop rotation system was higher than in the soils with the
rapeseed and cereal crop rotation system. This effect can be
accounted for by the higher humus content in the forage and
cereal crop rotation system and the presence of alfalfa — a leg-
ume with an extensive root system. The fertilisation at a dose
of INPK in the plots with the rapeseed and cereal crop rota-
tion system caused a significant increase in the urease activity.
However, when the fertiliser dose was increased even more, it
did not have a statistically significant effect on the activity of
this enzyme. Yang et al. (2008), Zhao et al. (2009) and Symanow-
icz et al. (2014) also observed that mineral fertilisation signifi-
cantly influenced variation in the urease activity. In our study
the soil sampling term did not have significant effect on the
urease activity in either of the crop rotation systems.

The alkaline phosphatase activity depended on the crop
rotation system and the fertiliser dose. The long-term fertilisa-
tion at a dose of 1NPK caused a significant increase in the activ-
ity of this enzyme in the rapeseed and cereal crop rotation sys-
tem. The fertilisation may have increased the available organic
matter content. According to reference publications, the phos-
phatase activity is closely related with the content of organic
matter (Bielinska, 2001; Bielinska and Mocek-Pldciniak, 2009;
Mocek-Pléciniak, 2010; Bielinska et al., 2014; Mocek-Pl4ciniak,
2018). According to Bielinska (2005), the phosphatase activity
does not always reflect the amount of nutrients brought with
the mineral fertiliser to the environment. According to Kuchar-
ski (1997), mineral fertilisation may also negatively affect the
alkaline phosphatase activity. Average doses of mineral fertilis-
ers may stimulate the phosphatase activity, but high doses may
reduce the activity of these enzymes in the soil environment
(Bielinska and Mocek-Pldciniak, 2009). In our study the highest
alkaline phosphatase activity was observed in the forage and
cereal crop rotation system fertilised with the 2NPK dose. The
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average values in our research were similar to those presented
by Lemanowicz and Kopera (2010). Gilewska and P}4ciniczak
(2007) found high alkaline phosphatase activity in the control
plot, where no fertiliser had been used (ONPK). According to
the authors, the transformations of organic phosphorus bonds,
reflected by the alkaline phosphatase activity, were the most
dynamic in the forage and cereal crop rotation system based
on alfalfa. In our study the mineral fertiliser dose did not sig-
nificantly affect the activity of this enzyme in the soil sam-
ples collected from the plots with the forage and cereal crop
rotation system. This effect can be accounted for by the lack
of significant differences in the content of organic carbon in
these soils. However, the alkaline phosphatase activity in the
soil samples collected from the forage and cereal crop rota-
tion system was almost twice as high as in the rapeseed and
cereal crop rotation system due to the extensive root system
of alfalfa (Bielinska and Mocek-Pldciniak, 2009). The alkaline
phosphatase activity in the soil samples collected in the spring
was higher than in the samples collected in the autumn, re-
gardless of the crop rotation system. Koper and Piotrowska
(1996) and Mocek-Ptdciniak (2010) observed that the phospho-
monoesterase activity may depend on periodic variation in the
soil temperature and humidity. These authors also observed
the maximum phosphatase activity in the spring. Adequate soil
moisture is a basic determinant of the activity of soil enzymes.
The lowest alkaline phosphatase activity in both crop rotation
systems was observed in the first year of the study. According to
Bieliniska and Mocek-Pt6ciniak (2009), such fluctuations mostly
result from varied weather conditions and very high sensitivi-
ty of phosphatases to changes in the soil moisture, temperature
and oxygenation. Some authors (Koper and Piotrowska, 1999;
Kramer and Green, 2000; Bielinska and Mocek-Pl4ciniak, 2009)
observed high annual fluctuations in the phosphatase activity,
whereas others observed small fluctuations (Bielinska, 2001).
Apart from that, short-term fluctuations in the count and bio-
mass of microorganisms, small inflow of fresh organic matter
and the leaching of enzymes from soil may indicate low phos-
phatase activity.

The protease activity increased significantly when the
2NPK fertiliser dose was applied to the soils with the forage
and cereal crop rotation system. According to Baran (2000), this
effect may indicate that organic nitrogen bonds were miner-
alised more rapidly at this site. The applied mineral fertiliser
doses did not have significant influence on the protease activ-
ity in the rapeseed and cereal crop rotation system. Also, the
proteolytic activity was not significantly influenced by the crop
rotation system (crops). The protease activity in the samples
collected from both crop rotation systems in the spring was on
average almost twice as high as in those collected in the au-
tumn. The highest protease activity was noted in the second
year of the research. It may have been caused by better weath-
er conditions at the time of soil sampling, i.e. the soil moisture
and oxygenation.

Despite long-term rehabilitation of post-mining soils their
microbiological and biochemical parameters are much lower
than those of the soils that have been cultivated for hundreds
of years (Martyniuk, 2017). The low enzymatic activity in the
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soils analysed in our research shows that the basic groups of
microorganisms exhibited limited ability to act in this environ-
ment due to the initial phase of biological balance formation
in post-mining soils. The variation in the count of individual
groups of microorganisms observed during the study was
caused by their sensitivity to the current conditions of exist-
ence in the specific environment of post-mining soils. Accord-
ing to Badura (2006), less resistant populations are displaced
by more resistant ones and they gradually adapt to edaphic
conditions.

5. Conclusions

1. Themicrobiological activity of the soils analysed in the study
was characterised by high variability both in the growing
season and in the subsequent years of the research.

2. The soil samples collected from both crop rotation systems
in the spring were characterised by higher activity of dehy-
drogenases, alkaline phosphatase and proteases. There was
slightly higher urease activity observed only in the forage
and cereal crop rotation system. In the spring there were
greater total counts of heterotrophic bacteria and moulds,
whereas in the autumn there were greater counts of actino-
bacteria and bacteria of the Azotobacter sp. genus.

3. The forage and cereal crop rotation system, in which al-
falfa was the main crop, proved to be more beneficial for
the count of soil microorganisms and enzymatic activity.
Therefore, feed and cereal crop rotation is recommended
for the reclamation of soils in internal post-mining dumps,
because it improves their biological properties.
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Wplyw wieloletniej rekultywacji na wlasciwosci mikrobiologiczne gleb
wytworzonych z gruntéw pogérniczych

Slowa kluczowe Streszczenie
Mikroorganizmy glebowe
Aktywno$¢ enzymatyczna
Regosols

Rekultywacja

Celem przeprowadzonych badan laboratoryjnych bylo oznaczenie aktywnosci enzymatycznej
- dehydrogenaz, ureazy, fosfatazy zasadowej i proteaz w glebach tworzacych sie¢ z gruntéw po-
gérniczych. Ponadto okreslono liczebnosci heterotroficznych bakterii, grzybéw plesniowych, pro-
mieniowcéw, a takze bakterii z rodzaju Azotobacter sp.. Badania prowadzono w latach 2015-2017

na powierzchniach dos$wiadczalnych, nalezacych do Katedry Gleboznawstwa i Rekultywacji
Uniwersytetu Przyrodniczego w Poznaniu, na zwalowisku Patnéw. Prébki do analiz pobrano z
dwdéch warstw gleby 0-30 cm i 30-60 cm. Pierwszym badanym czynnikiem byly dwa uproszczone
plodozmiany: rzepakowo-zbozZowy (naprzemienna uprawa pszenicy oraz rzepaku ozimego) oraz
paszowo-zbozowy (uprawa przez cztery lata lucerny z trawami, a przez kolejne dwa lata pszenicy
ozimej). Drugim czynnikiem w ramach podblokéw byly 3 wzrastajgce poziomy nawozenia mine-
ralnego (azotu, fosforu i potasu) odpowiednio: 0 NPK, 1NPK oraz 2NPK. Otrzymane wyniki badan
poddano analizie wariancji jednoczynnikowej, a grupy jednorodne wyznaczono testem Tukeya
na poziomie istotnodci a = 0,05. Obliczenia statystyczne wykonano w programie Statistica 13.1.
Powstale gleby nalezg do gleb Calcaric Regosols (IUSS Working Group WRB, 2015). Przeprowadzo-
ne analizy wykazaly, iz aktywno$¢ mikrobiologiczna badanych gleb charakteryzowala sie duza
zmienno$cia zaréwno w sezonie wegetacyjnym, jak i w kolejnych latach prowadzonych badan.
Sposrod zastosowanego systemu zmianowania, korzystniejszy wplyw na aktywno$¢ mikrobio-
logiczng i biochemiczng wywieral plodozmian paszowo-zbozowy. Zatem przy rekultywacji gleb
ksztaltujacych sie na pokopalnianych zwalowiskach wewnetrznych wskazane jest stosowanie tego

plodozmianu.
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