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ABSTRACT

The article analyzed the effect of sewage sludge application on the content of total nitrogen and its mineral forms
(NH4*, NOs") in light cultivated soil, indicating the potential of sewage sludge as a source of nitrogen and the envi-
ronmental risk associated with its excess. The study was conducted in a 3-year pot experiment. The light soil was
fertilized with sewage sludge at fertilizer (10 Mg-ha') and reclamation (100 Mg-ha™) rates applied alone and with
the addition of mineral wool. The study showed that fertilizing light soils with sewage sludge, especially at a high
doses combined with mineral wool, effectively increased organic matter and total nitrogen. The high total nitrogen
content persisted throughout the study period. The dose of applied sludge had an impact on the content of mineral
forms of nitrogen in light soil. The highest values of NH4+* and NOs were observed in the soil fertilized with sludge
reclamation dose. No significant increase in the proportion of mineral forms of nitrogen in its total content was
observed. The addition of mineral wool in combination with sewage sludge further enhances the fertilizing effect,

which can be practically used for the reclamation and enrichment of soils with low humus content.

Keywords: light soil, mineral forms of nitrogen, sewage sludge, fertilization doses.

INTRODUCTION

Among the environmental factors influencing
the potential of agricultural production areas, soil
and its properties are considered the most impor-
tant. The quantity and quality of crops depend on
the mutual arrangement of chemical, physical and
biological properties of the soil. The properties of
cultivated soils not only limit the profitability of
agricultural production, but also affect the burden
on the environment, especially surface water in
the vicinity of agricultural crops (Hillel, 2012;
Mocek, 2015). In Poland, the soils used for ag-
riculture are predominantly acid-prone light and
very light soils, which formed from carbonate-
free post-glacial sediments. The lack of carbon-
ates in the bedrock translates into soil pH. Soil
chemistry assessments conducted as part of the
Environmental Monitoring Program indicate
that over two-thirds of Polish soils are acidic or
strongly acidic. Another significant problem in
Polish soils is the content of soil humus, which

plays a key role in shaping the soil’s ability to
provide ecosystem services.

According to the division used in Poland, the
soils with low humus content (below 2.0%) oc-
cupy approximately 33% of the country’s agri-
cultural land area. According to the European
Soil Database (ESB), low and very low organic
carbon content is found in approximately 45% of
European soils, while only 5% have a high organic
carbon content (Panagos et al., 2013). These soils
are characterized by low fertility, unfavorable aer-
ation and water retention properties, and require
substantial inputs for fertilization and liming. Ac-
cording to the criteria established in international
conventions, a soil organic matter content below
2% is considered an indicator of desertification
(Grilli et al., 2021). The minimum organic matter
content in light and medium soils, which predomi-
nate in Poland, should be at least 2-3%. This con-
tent ensures that the physicochemical properties
of the soil are maintained at an optimal level and
indicates effective soil management in agricultural
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systems (Zimnoch et al., 2024). A commonly em-
ployed remedial measure for soil fertility issues is
mineral fertilization, primarily due to the rapid re-
lease of nutrients (IFPRI, 2002). However, miner-
al fertilizers do not possess the ability to enhance
soil physical properties, which results in an im-
balanced approach to fertility improvement when
relying solely on mineral fertilization. Excessive
use of mineral fertilizers without due care regard-
ing organic matter can lead to the degradation of
key environmental components, including soil,
water, and air pollution, and consequently threaten
food security (Tilman et al., 2015). (Tilman et al.,
2015). Furthermore, the production of mineral fer-
tilizers is highly material- and energy-intensive,
which affects the high prices of mineral fertilizers
(Kacprzak, 2023). Due to the significant ecologi-
cal and financial costs, increasing attention is be-
ing paid to sustainable soil fertilization, including
increasing the share of organic fertilization. Nu-
merous studies confirm the beneficial effects of
traditional and unconventional organic fertilizers
on the properties as well as production potential of
soils (Suge et al., 2011; Mavis and Abigail, 2022).

Traditional organic fertilizers (manure, slurry)
can be replaced by organic waste and thus effec-
tively recycled in agriculture, in line with the as-
sumptions of the circular economy (Chojnacka et
al., 2020). Organic wastes are used in agriculture
to increase the CO, sequestration potential of soil,
improve nutrient availability, and optimize air-wa-
ter properties. Levasseur et al., (2022), depending
on the purpose and dose in which they are used,
divide them into additives and fertilizers. Within
the group of organic solid waste, sewage sludge
(SS) is recognized as an excellent fertilizer, as the
organic matter content of sludge can range from
25% to 90% depending on the stabilization tech-
nology and its use in agriculture is a low-cost tech-
nology. The benefits of using SS include increas-
ing the humus content of soil as well as the abun-
dance and activity of soil microorganisms (Singh
et al.,, 2012; Larney and Angers, 2012). Studies
by Zafar et al. (2020) and Bik-Matodzinska et al.
(2021) confirmed improved water-air properties
of soils fertilized with SS. They noted an opti-
mization of density, porosity, water capacity, and
plant-available water content.

Fertilization with sewage sludge, apart from
numerous proven beneficial effects on soil prop-
erties and crops, may pose a potential threat to
terrestrial and aquatic ecosystems. Particular at-
tention has been paid to the risks associated with
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heavy metals and pathogens (Delibacak et al.,
2020; Hasan et al., 2024). Research findings on
the content of undesirable components in sewage
sludge have formed the basis for the development
of legal regulations ensuring the safe management
of sewage sludge. Depending on the legislation,
individual countries specify requirements for
sludge stabilization and hygienization, permis-
sible levels of chemical and biological contamina-
tion, as well as application rates and frequencies.

A direct and quickly noticeable effect of us-
ing SS as a fertilizer is increased plant biomass
production. This is due to the richness of SS in
macro- and micronutrients. (Riaz et al., 2025). Ni-
trogen is the nutrient that most limits plant biomass
production (Li et al., 2022). In synthetic mineral
fertilizers, fertilizer components are easily avail-
able to plants, while N introduced into the soil with
sewage sludge is present in both inorganic (mainly
NH," and partly NO,"), and organic forms. The
availability of N to plants in sludge-enriched soil
depends on the inorganic N content and the forms
and availability of organic N present. Estimation of
mineral forms of nitrogen in sludge-fertilized soil
is crucial both to reduce N deficiency for crops and
its excessive concentration, which can pose envi-
ronmental risks associated with the movement of
accumulated N compounds through leaching, run-
off and erosion (Rigby et al., 2016).

The article presents the results of research
aimed at assessing the effect of different doses of
sewage sludge on the content of mineral forms of
nitrogen in light soil.

MATERIAL AND METHODS

The impact of different doses of sewage sludge
on the content of total and mineral nitrogen forms
was assessed in a closed-pot experiment. The
soil with a granulometric composition of slightly
loamy sand was introduced into 12-dm?® pots. Basic
soil characteristics are presented in Table 1.

The sewage sludge from a municipal waste-
water treatment plant and mineral wool waste
from greenhouse crops were used to fertilize the
light soil. Basic fertilization parameters of the
materials used to establish the experiment are pre-
sented in Table 1. The sewage sludge was applied
in two doses: fertilizer (100 M-ha') and reclama-
tion (100 Mg-ha'), and mineral wool was applied
at 400 m*-kg'. Waste doses are expressed in dry
matter. Controls included soil without additives
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Table 1. Characteristics of the materials used to set up the experiment. Average values (Woéjcikowska-Kapusta et

al., 2012)
Propertes Unit Soil Mineral wool Sewage sludge
sand 2.0-0,05mm (%) 90 - -
Granulometric composition dust 0.05-0.002mm (%) 4 - -
clay <0.002 (%) 6 - -
oH H,0 5.6 6.9 6.8
KClI 5.0 6.6 6.4
H, 3.20 3.82 4.50
BC cmol(+)kg™ 2.22 57.04 50.04
CEC 5.52 60.86 54.54
\Y % 40.2 93.7 91.7
Total nitrogen (TN) gkg" 0.50 4.0 28.0
Total organic carbon (TOC) 5.80 28.5 193.8
CIN - 11.6 71 6.9
P available to plants 1.15 22.99 60.40
K available to plants 2.98 33.00 17.02
Total copper content 2.33 42.75 139.0
Total zink content 9.14 133.50 935.0
Total lead content mgkg' 6.28 35.50 29.2
Total cadmium content 0.17 0.02 3.45
Total chromium content 10.89 18.50 26.7
Total nickel content 6.30 9.30 55.1
Total mercury content 0.02 0.02 0.45

(S.,) and soil + NPK (S_.,). A detailed design of
the pot experiment is presented in Table 2. For
each variant, pots were prepared with three rep-
licates. Test plants with the species composition
presented in Table 2 were sown in the pots and
grown for three growing seasons. The study in-
cluded soil samples collected on four dates: date
I — before sowing the plants; dates II, III, and IV
— after harvesting the plants in subsequent years
of the study. A representative soil sample was pre-
pared from each pots, which, after drying and av-
eraging, was sent for laboratory testing.

Total organic carbon (TOC) content was de-
termined using a VCSH SSM-5000A TOC ana-
lyzer (Shimadzu Corp., Kyoto, Japan) according
to the procedure described in the Polish standard
(PN-EN 15936:2013:02) by measuring the carbon
content in the gases generated during the com-
bustion of a soil sample at 900 °C. Total nitrogen
(TN) content was determined using the modified
Kjeldahl method (ISO 13878:1998). The analysis
involved sample mineralization in concentrated
sulfuric acid, liberation of ammonia from ammo-
nium sulfate by distillation in an alkaline environ-
ment using a Kjeltech TM 8100 automatic distilla-
tion apparatus, quantitative binding of the distilled

ammonia to ammonium sulfate in a sulfuric acid
solution, and neutralization of the excess with an
equivalent amount of standardized NaOH. The
calculated C/N ratio is the ratio of TOC to TN.
Mineral nitrogen forms were determined using the
colorimetric method, according to ISO 14255. The
ammonium nitrogen content (N-NH,") was deter-
mined by reducing ammonium ions with Nessler’s
reagent and spectrophotometrically determining
the color intensity at a wavelength of 695 nm. The
nitrate nitrogen content (N-NO,") was determined
by measuring the absorbance of the solution fol-
lowing the reaction of nitrates with sodium salicy-
late in the presence of concentrated sulfuric acid at
a wavelength of 480 nm. The measurements were
carried out on a Hitachi U-02010 spectrophotom-
eter. The share of ammonium nitrogen and nitrate
nitrogen in the total nitrogen pool was calculated
according to the formula:

% N =N

mineral mineral

x 100/TN (1)

where: TN — total nitrogen, N — N-NH,"

mineral
N-NO;, .

Analysis of variance (ANOVA) was used to
analyze the data, allowing for the assessment of
the significance of the influence of the studied
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Table 2. Scheme of the experiment

Variant Fertilization Doses Composition of grass mixture
(test plants)
S, without additives (control I) -
. Meadow fescue (Festuca pratensis)
. -1
S, NPK (control 11) N80, P40 i K60 kg-ha — 41,2%; Red fescue (Festuca
Sesio sewage sludge 10 Mg-ha rubra) — 19,2%; Perennial ryegrass
o (Lolium perenne) — 14,7%; ltalian
Sssi0 sewage sludge 100 Mg-ha ryegrass (Lolium multiflorum) —
ST mineral wool 400 m3-ha™! 12,4%; Common cocksfoot (Dactylis
. I P glomerata) — 6,5%; Red clover
Swacosssio mineral wool + sewage sludge 400 m3-ha'+ 10 Mg-ha (Trifolium pratense) — 6%.
MW400+S5100 mineral wool + sewage 400 m3-ha'+ 10 Mg-ha™

factors. The significance of differences between
means was assessed using the Tukey test at a sig-
nificance level of a.= 0.05. Additionally, to assess
the similarity of the analyzed variables, cluster
analysis using Ward’s method was performed us-
ing Statistica PL 13.3 and Microsoft Excel 2019.

RESULTS AND DISCUSSION

Sewage sludge is rich in organic matter, there-
fore, its positive impact on improving the or-
ganic carbon content in the soil is not questioned
(Joniec et al., 2021; Rigby et al., 2016; Kacprzak,
2023). The sewage sludge used for soil fertiliza-
tion was characterized by a high TOC content,
i.e. 193.8 g'kg' (Table 2). In the first term of the
study in the soil without additives (S, ) and fertil-
ized with NPK (S_,), the TOC content was 6.03
and 6.93 g-kg!, respectively. In the soil without
fertilization (S,.)), the fluctuation of TOC content,
in successive test terms, was insignificant — in the
third term, TOC content increased to 6.75 g-kg
"'and in the fourth term to 6.51 g-kg'. This is
confirmed by literature reports, which show that
the agricultural use of soils, without the use of
organic fertilizer maintains the TOC content at
similar levels or promotes its reduction (Pahalvi
et al., 2021). In the soil of the NPK fertilization

variant, the TOC content was similar in the evalu-
ated test dates. The obtained results are consistent
with those presented in the works by Korschens
et al., (2012) and Maltas et al., (2018). In their
studies on the effect of mineral fertilization on the
humus balance in arable soils, they showed that
fertilization of soils with measured doses of min-
eral fertilizers stabilizes the organic carbon con-
tent therein or may influence its increase.
Statistical analysis confirmed a significant ef-
fect of sewage sludge application on the increase
of total organic carbon (TOC) content. In the
first sampling period, TOC content increased to
7.81 g-kg! following the application of the fertil-
izing dose (10 Mg-ha'),and to 8.41 g-kg ' after the
application of the reclamation dose (100 Mg-ha™).
In the soil with the addition of sewage sludge at a
rate of 10 Mg-ha™, insignificant content fluctua-
tions of TOC were found in subsequent test dates
compared to the first test date. The TOC content
in the soil of this object (average of the test dates)
was 7.55 g-kg! and remained higher compared to
the soil without fertilization and the soil fertilized
with NPK. In the soil of variant S, (fertilized
with reclamation dose of sludge), further increas-
es of TOC content were recorded on subsequent
test dates. The recorded increase in TOC content
was indirectly influenced by the higher amount
of plant residues at the site (Rakshit et al., 2018;

Table 3. The effect of different doses of sewage sludge on TOC content

TOC
Date of *q" Average
sampling g'kg for the term
SC1 SCZ 88810 SSS1OO SMW400 SMW400-+SS10 SMW400+SS100
| 6.03 6.93 7.81 8.41 7.76 7.54 8.98 7.64A
1l 6.20 7.07 7.50 8.79 7.73 7.89 10.50 7.95B
1] 6.75 6.85 7.65 11.42 8.41 8.40 10.67 8.59C
\Y) 6.51 6.97 7.24 11.40 9.30 8.56 10.84 8.69D
Average for | ¢ 47, 6.96b 7.55¢ 10.00f 8.30e 8.10d 10.25g
the variant
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Siedt et al., 2021). The TOC content of the min-
eral wool used for soil fertilization was 28.5 g-kg™'.
Adding mineral wool (S, ,,,) to the soil increased
TOC to 7.76 g-kg', which is significantly higher
than the soil in the control treatments) (S, and
Sc,)- Compared to the control treatments, the TOC
content in the soil fertilized with sludge and wool
was significantly higher (Table 3). In the soil of
the S, 4005510 Variant, compared to S . a sys-
tematic increase in the organic matter content was
observed in the subsequent test dates. The appli-
cation of a high dose (100 Mg-ha™) of sewage
sludge with mineral wool significantly increased
TOC. In the fourth test period, TOC content was
10.84 g-kg', i.e. 66% higher compared to SC1.
The significantly higher TOC content in the soil of
the S, 100ess10 304 Sya00sss100 TETtIlIZET Variants is
largely due to the beneficial effect of mineral wool
on the properties of water and air, which has a sig-
nificant impact on the transformation of organic
compounds in the soil (Zukowska et al., 2023a, b).

Nitrogen (N) is a key macronutrient, the
availability of which in the soil environment sig-
nificantly determines the intensity of plant growth
processes and the size of the yield obtained (Ye
et al., 2022). In light soils, poor in organic mat-
ter and characterized by low sorption capacity, its
content is often deficient (Dhaliwal et al., 2019).
The TN content in sewage sludge is significant
and similar to the content in natural fertilizer (ma-
nure), and sometimes higher (Chojnacka et al.,
2023). The sewage sludge intended for soil im-
provement recycles nitrogen and may eliminate
the need for mineral fertilizers (Markowicz et al.,
2021; Myszura-Dymek, 2024). Numerous studies
indicate that sludge application stimulates the ac-
cumulation of total nitrogen in arable soils (Buta
et al., 2021; Zukowska et al., 2024).

In the soil of the control objects, in the first
date of the study, the average TN content was ap-
proximately 0.50 g-kg' (Table 4). The analysis

shows that sewage sludge had the most positive
impact on TN content in the soil. This effect was
significantly dependent on its dose. In the 1st term,
in the soil fertilized with sewage sludge at a rate of
10 Mg-ha', the TN content was 0.61 g-kg'.

An increase in the TN concentration in the
soil was statistically confirmed after adding
sewage sludge at the reclamation dose. In the
soil of this object, in the 1st term of the study,
the TN content was 1.21 g-kg! (Table 4), and
in the subsequent dates slight fluctuations were
noted, with a tendency to reduce the TN content.
The average TN content in the S, variant soil
during the studied period was 1.07 g-kg' and
reached a statistically higher level compared to
the content in the soil of the control objects and
the variant with a lower dose of sewage sludge.
High N content of municipal sludge makes it a
potential source of N to support plant growth
(Zhang et al., 2023). The results obtained are
confirmed by studies by other authors (Valchev
et al., 2024; Giannopoulos et al., 2025). The ex-
tent of the increase in the TN content in the soils
fertilized with sewage sludge depends on the N
content of the sludge and the properties of the
soil on which it is applied (Ding et al., 2021;
Zukowska et al., 2024). However, Raheem et
al., 2018 show that the application of municipal
sludge can replace mineral nitrogen fertilizers.

The indicator used to assess the state of ni-
trogen management in soil is the C/N ratio (Ta-
magno et al., 2024). Under the conditions of this
experiment, this ratio changed relatively little. In
the soil of the control objects (S, and S_), the
C/N ratio was approximately 10.6 (Table 5). Fer-
tilization of the soil with various doses of sew-
age sludge applied alone and with the addition of
mineral wool modified the C/N ratio only slightly,
the values of which ranged from 9.50 to 10.55
and were typical for the top layers of mineral soils
(Dhanker et al., 2021).

Table 4. The effect of different doses of sewage sludge on TN content

TN
Date of *q" Average
sampling g'kg for the term
SC1 SCZ SSS10 SSSWOO SMWAOO SMW400+SS10 SMW400-+SS100
| 0.50 0.52 0.61 1.21 0.61 061 0.93 0.71A
1] 0.61 0.71 1.01 1.14 0.92 0.90 0.93 0.89D
] 0.64 0.75 0.81 0.95 0.85 0.88 0.97 0.83B
[\ 0.63 0.75 0.83 0.98 0.98 0.93 1.06 0.88C
Averagefor | 5o, 0.67d 0.82a 1.07f 0.84b 0.83ab 0.97e
the variant
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Table 5. The effect of different doses of sewage sludge on C/N ratio

Date of CIN
sampling S., S., Sesro Sesion S\ aoo S\ ws00ssio S 0055100
[ 12.06 13.33 12.80 6.95 12.72 12.36 9.66
I 10.16 9.96 7.43 7.71 8.40 8.77 11.29
1] 10.55 9.13 9.44 12.02 9.89 9.55 11.00
v 10.33 9.29 8.72 11.63 9.49 9.20 10.23

The majority of nitrogen (approximately
99%) occurs in soils in organic compounds, most
often in humic fractions. Only 1-5% of TN is
accounted for by nitrogen compounds belong-
ing to the mineral fraction (Odlare et al., 2008).
Organic forms of soil nitrogen undergo complex
and dynamic transformations, the direction and
dynamics of which largely depend on the amount
of inorganic nitrogen that can be formed during
the decomposition of exogenous organic matter
(EOM) (Odlare et al., 2008; Gil et al., 2011). The
main transformation processes are mineralization
and immobilization, the intensity of which is de-
termined by the carbon to nitrogen (C/N) ratio,
especially in EOM (Wang et al., 2006; Gil et al.,
2011). Among the mineral forms of N in soil, the
most important are N-NH," and N-NO,". Nitro-
gen found in these combinations is most easily
absorbed by plants (Chang et al., 2014; Chen et
al., 2018). Ammonium nitrogen in soil is found
in non-exchangeable and exchangeable forms and
in soil solution, while nitrate (V) is found entirely
in water-soluble form. These two forms of nitro-
gen (ammonium and nitrate (V)) are the primary
source of nitrogen compounds in the arable layer
of soils (Bednarek and Tkaczyk, 2002), and if not
utilized by plants, they can be a source of chemi-
cal nitrogen pollution of soils (mainly nitrates).

The results showed that the content of mineral
forms of nitrogen in the soil was closely related to
the dose of sewage sludge (Table 6). In the soil of

S, the content of ammonium nitrogen (N-NH,")
was 26.20 mg-kg' (Table 6). The introduction
of a fertilizing dose of sludge (variant S, ) and
NPK (variant S ) into the soil did not show any
significant effect on the content of ammonium ni-
trogen. After introducing sewage sludge into the
light soil at the reclamation dose, a statistically
significant improvement in the N-NH," content
was observed, which increased to 85.01 mg-kg.
In the soil amended with sewage sludge and min-
eral wool, a further improvement in the content of
this form of nitrogen was observed.

A significant effect of the test date on the
N-NH," content was found, which was reflected
in a decrease in the content of this form of nitro-
gen. The greatest effect on the content of N-NH,*
in the soil was exerted by sewage sludge, which,
applied at a reclamation rate, increased, compared
to the fertilizer rate, its content by 22.83 mg-kg™!
— 77.52%. This increase for the sewage sludge-
mineral wool mixture was 27.44 mg-kg'—91%.

The studied fertilization/reclamation methods
changed the amount of ammonia nitrogen in total
nitrogen, which ranges from 2.3—11.4% (Table 7).
In general, the highest proportion of ammonium
nitrogen in total nitrogen was recorded in the soil
with the highest addition of organic matter. Under
the conditions of lower organic matter and the ad-
dition of mineral wool, the content of ammonium
nitrogen in total nitrogen decreased. This was

Table 6. The effect of different doses of sewage sludge on N-NH,* content

N-NH,*
Date of a Average
sampling mg kg for the term
SC1 SCZ SSS’\O SSS100 SMW400 SMW400+SS1O SMW400+SS100
| 26.20 32.96 40.57 85.01 31.52 34.82 106.39 51.07C
I 26.08 23.75 23.22 38.27 26.83 34.50 38.70 30.19AB
I 24.31 25.76 30.29 42.88 23.25 24.94 51.63 31.87B
WY 20.35 24.94 23.73 42.96 29.57 26.12 33.44 28.73A
Average for | o 5q) 26.85ab 29.452 52.28¢ 27.79ab 30.10a 57.54d
the variant
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Table 7. The effect of different doses of sewage sludge on % N-NH*

Date of % N-NH,*
sampling S., S., Sesro Sesino S S\ wao0sssio S 0055100
| 5.2 6.3 6.7 7.0 5.2 5.6 1.4
Il 4.3 3.3 2.3 3.4 2.9 3.8 4.2
1] 3.8 4.0 3.7 4.5 2.7 2.8 5.3
\Y% 3.2 3.3 29 4.4 3.0 29 3.2
Table 8. The effect of different doses of sewage sludge on the N-NO,™ content
N-NO,

Date pf mg kg Average for
sampling the term
SC1 SCZ SSS10 SSSWO SMW4(J0 SMW400+SS10 SMW400+SS100

| 37.49 81.70 74.31 156.40 48.10 69.49 165.75 90.46A
Il 23.15 45.55 95.20 276.29 30.70 50.40 294.07 116.48D
1l 41.20 42.02 78.13 260.13 38.52 59.12 293.87 116.15C
\Y 68.29 46.55 53.10 290.84 39.93 38.71 235.57 110.43B
Averagefor | 15 sap | 5397¢ | 75.18¢ | 24591f | 39.31a 54.43d 247.32g
the variant

associated with more intensive mineralization
processes of organic matter.

The fertilizer/reclamation variants studied
had a significant effect on the nitrate nitrogen (V)
content of the soil (Table 8). These changes var-
ied, especially between successive test dates, and
thus the average values of the four test dates were
relied on when discussing changes in the content
of this form of nitrogen.

In the soil without fertilization (S_.), the con-
tent of nitrates (V) was 42.53 mg-kg'. The ap-
plied NPK fertilization and the addition of sew-
age sludge at doses of 10 and 100 Mg-ha™' signifi-
cantly increased the content of this nitrogen form.
The highest and high N-NO," content was noted
in the soil with the addition of reclamation dose
of SS, which was 245.91 mg-kg'.

In the soil of the fertilizer variants, in which
mineral wool only, the content of N-NO, dur-
ing the study period ranged from 48.1 to 39.93
mg-kg'! (average 39.31 mg-kg') and was compa-
rable to the content of this form of nitrogen in soil
without fertilizer (S,.)).

The average nitrate nitrogen content in the
soil with sewage sludge addition in fertilizer dose
and mineral wool, compared to the soil without
fertilization (S.) was 54.43 mg-kg'and it was
the content that showed a statistically significant
increase A very high (average 247.32 mg-kg™)
nitrate (V) content was characterized by soil
to which a land reclamation application (100

Mg-ha') of sewage sludge with the addition of
mineral wool. This contributed to increasing the
soil’s nitrogen content available to plants.

The influence of the studied fertilization/rec-
lamation methods is also observed in the differ-
ent proportion of nitrate nitrogen in total nitrogen,
with an average of 3.3-31.6% (Table 9). In gen-
eral, the highest amount of nitrate nitrogen in total
nitrogen was noted in the soil with the highest (100
Mg-ha') addition of sewage sludge. Under condi-
tions of fertilizer application of sewage sludge (10
Mg-ha') and addition of mineral wool, the amount
of nitrate nitrogen in total nitrogen was lower.

The results obtained are confirmed by the
study of Kleber et al. (2015), who showed that
the content of mineral forms of nitrogen increases
along with sludge application rates, but the level
of their content did not pose a threat caused by
nitrogen leaching and environmental pollution.
Also, Achkir et al., (2023), showed in their study
a significant increase in mineral form (N-NO,")
with increasing sewage sludge dose. At the same
time, they did not notice a significant increase in
the amount of these forms in the total nitrogen
content. The content and proportion of mineral
forms of nitrogen observed can be explained by
the optimal C/N ratio, which ensured balanced
decomposition of organic matter, leading to a
gradual release of nitrogen compounds, thereby
increasing their availability to plants (Wotejko
et al., 2014). In this study, the C/N ratio ranged
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Table 9. The effect of different doses of sewage sludge on % N-NO,”

Date of % N-NO,
Samp“ng SC1 SCZ SSS10 SSS100 MW400 SMW400+SS10 SMW400+SS100
| 7.5 15.7 12.18 12.93 7.9 1.4 17.8
1] 3.8 6.4 9.4 24.24 3.3 5.6 31.6
Il 6.4 5.6 9.6 27.38 4.5 6.7 30.3
\ 10.8 6.2 6.4 29.26 4.1 4.16 22.2
Tree diagram
Ward's method
Euclidean distance
SC1
SMW400
SC2 1
SMW400+SS10 1
S8510
S$S85100 -| 1
SMW400+SS100 J 1
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Figure 1. Comparison of similarities of the evaluated fertilizer variants based on the results
of Ward’s cluster analysis

from 9.5 to 10.55, which provided optimal con-
ditions for the mineralization of organic matter
introduced into the soil and the transformation
of nitrogen and the release of its mineral forms
(Wang et al., 2013).

The results obtained were summarized by
conducting Ward analysis (Figure 1). The cluster
analysis confirmed that the content of total nitro-
gen and its mineral forms was closely correlated
with sludge application dose. The highest content
of TN and its mineral forms was characterized by

the soil of variants SSSIOO and Suw 200455100°

CONCLUSIONS

Fertilizing light soils with sewage sludge, es-
pecially at a high dose in combination with min-
eral wool, effectively increases organic matter
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content, which can help improve soil fertility.
Fertilization with sewage sludge, especially at a
high dose (100 Mg-ha'), significantly increased
the total nitrogen content of the soil compared to
control sites, confirming the effectiveness of this
method in improving the nitrogen richness of light
soils. High TN values were maintained through-
out the study period, despite little changes. The
dose of applied sewage sludge had an impact on
the content of mineral forms of nitrogen in light
soil. The highest values of N-NH,"and N-NO,”
were observed in the soil fertilized with sludge at a
dose of 100 Mg-ha'. No significant increase in the
share of mineral forms of nitrogen in the total ni-
trogen content was observed. The addition of min-
eral wool combined with sewage sludge further
enhances the fertilizing effect, which can be prac-
tically used in the reclamation and improvement
of soils with low humus content. The use of high
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doses of sewage sludge, especially in combination
with mineral wool, can be practically used to im-
prove the fertility of nitrogen-poor soils and in-
crease the efficiency of fertilization in agriculture.
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