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The study explores the impact of biochar application and re-application on soil properties such as water content, temperature, and
bulk density over two years (2017 and 2018). The research was conducted at the Slovak Agricultural University of Nitra (Slovakia),
where different treatments with biochar and nitrogen fertilizers were applied to the soil. The methods included measuring soil
water content, temperature, and bulk density at regular intervals. Results indicated that biochar application significantly improved
soil water content and temperature regulation, with higher biochar rates yielding better outcomes. Biochar also reduced soil
bulk density, enhanced soil structure, and fertility. Re-application of biochar showed further improvements, underscoring its
long-term benefits. It concludes that biochar is a promising amendment for sustainable agriculture, offering enhanced water
retention, improved soil health, and reduced dependence on chemical fertilizers. These findings provide valuable insights for soil

management practices aimed at mitigating soil degradation and promoting agricultural sustainability.
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1 Introduction

Climate change is one of the major challenges of our
time with far-reaching consequences on human health,
the ecosystem, and the economy. The primary drivers
of climate change are greenhouse gas (GHG) emissions,
which trap heat from our planet’s atmosphere and thus
contribute to rising temperatures (IPCC, 2018).

According to studies, the agriculture sector is the largest
consumer of water resources (Wallace, 2000). Global
warming accelerates the global water cycle, which in turn
affects soil water content (Schlesinger, 2005). As soil plays
a pivotal role in the water cycle of nature, it is the primary
regulator of hydrological changes. Soil acts as a connector
between vegetation and the atmosphere (Kerr, 2007).
The study of Qin et al. (2023) indicates a downward trend
in soil water content over the past decade, with a rate of
decrease of 2,251 kg.m?.

In arid and semi-arid regions, where rainfall is the primary
source of moisture, it is necessary to implement
strategies to enhance soil moisture retention. In such
environments, soil physical properties play an important
role in determining water retention and plant growth
(Wang, 2021). To improve physical indicators such
as aggregate stability, available water capacity, bulk
density, infiltration, slaking, soil crusts, soil structure,
macropores, etc. (Doran, 2015), various melioration
techniques could be implemented. One such technique
involves the addition of amendments to the soil (Chen
etal, 2022).

There are several types of soil amendments that can be
used for improving the soil water retention. Basically,
they can be divided into three varieties. Unconventional
organic matter sources are presented by biochar,
woodchips, peat moss, coconut coir, etc. Usually, biochar
is produced by burning organic materials in limited
oxygen access. Each percentage increase in biochar
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could increase soil water-holding capacity by 1.7%, until
biochar composition of the soil is around 10%, though its
effectiveness is debated (Karhu et al., 2011).

However, the agricultural industry requires new reforms
to achieve sustainable production. Soil additives must
be versatile, and act not only as ameliorate but also
affect soil productivity, act as fertilizers, and contribute
to the mitigation of greenhouse gas emissions. Several
studies have been conducted on this issue by research
of Matheus et al., 2023; Sanz et al., 2022; Zheng, 2021.
One recommended amendment option is biochar. It
is a carbon-rich product obtained from the pyrolysis
of organic materials, which has gained considerable
attention in recent years for its potential benefits in
agricultural practices. Studies have demonstrated
that biochar can assist in neutralizing acidity and can
be utilized for the remediation of contaminated sites.
(Razzaghi, 2020; Vitkova et al., 2017).

Biochar’s porous structure and capacity to accumulate
moisture within its pores represent its primary attributes
for enhancing soil water balance and fertility. Over time,
the interaction of biochar with soil results in alterations
to its wetting properties, which subsequently impact
its water holding capacity. Following its ageing in soil
for several years, biochar may develop a mineral-rich
crust that improves its wettability without the need for
fertilizers. The lateral surfaces of the material become
porous layers filled with soil and clay particles, which
enhance water retention. The higher nitrogen, oxygen,
and hydrogen content of biochar enhances its water
holding capacity by providing sites for hydrogen bonding
with water molecules. Conversely, a high carbon content
and surface area (indicating hydrophobic aromatic
carbon) reduce the biochar's water binding ability.
In essence, the evolving surface properties, porous
structure, and chemical composition of biochar, which
feature nitrogen/oxygen functional groups, are the main
factors that allow it to improve soil water retention when
applied as an amendment, especially over longer time
periods (Zhang, 2024).

The application of biochar has been demonstrated to
result in a notable reduction in soil bulk density, primarily
attributable to its lower particle density (1.5-1.7 g.cm3) in
comparison to that of mineral soil particles (2.65 g.cm’3),
coupled with its highly porous structure. The clear
evidence indicates that the application of biochar
typically results in a reduction of soil bulk density by
a range of 3-31%, contingent on the specific application
rate and the prevailing soil texture. An application rate
of 1-2% biochar by weight has been demonstrated to
reduce bulk density by 12-15% in clayey soils and 7-10%
in sandy soils (Zhang et al, 2013). Long-term studies

have demonstrated that the reduction in bulk density
persists over time, although the magnitude may undergo
a slight decrease. Initial reductions of approximately
15% frequently stabilise at 10% after a few years as
the biochar integrates into the soil matrix. The effect is
most pronounced in medium-textured soils (loams) at
application rates of 20-40 tons per hectare, while sandy
soils demonstrate more variable responses due to limited
particle interactions (Castellini et al., 2015).

It has been investigated that the application of biochar
typically results in a reduction in soil temperature
fluctuations, attributable to its influence on the thermal
properties of the soil. The dark colour of biochar increases
solar radiation absorption, while its porous structure and
effects on soil water retention influence heat capacity
and thermal conductivity (Gliniak et al., 2019). Indeed,
studies demonstrated that soils amended with biochar
exhibited a reduction in maximum temperature of
between 1.0 and 2.5 °C compared to control soils during
peak summer conditions. Hardie et al. (2014) observed
that the addition of biochar at a rate of 47 t.ha resulted
ina 11% reduction in thermal conductivity in agricultural
soils, thereby promoting more stable soil temperatures.
The moderating effect on temperature is especially
pronounced in surface soils (0-10 cm depth), where
biochar can reduce daily temperature fluctuations by
20-30%. It was also indicated that the temperature-
moderating effects of biochar may be more pronounced
in coarse-textured soils than in clay soils, which is
thought to be due to differences in water retention and
heat transfer properties.

Objectives: to determine the effect of biochar application
and its reapplication in combination with nitrogen on
soil moisture, temperature and bulk density to make
a comparative assessment.

2 Material and Methods

2.1 Study Site

The experimental field is located at the research site of
the Slovak Agricultural University of Nitra, in the locality
Malanta, Slovakia (lat. 48 19 00“ long. 18 09 00).
The allocation of the experimental field is presented in
Fig. 1.

2.2 Climate Conditions

This area is characterized by a warm lowland climate
with prolonged warmth, dry summers, short winters, and
snow cover for only 14-30 days per year (Siska et al., 2005).
The average annual air temperature in 2017-2018 was in
the range 9.8-10.2 °C. The level of precipitation based
on the dataset of Nitra meteorological station, in 2017,
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Figure 1

is 489 mm, which is characterized as
normal, corresponding to 30-year
climatic normal from 1991 to 2020,
and 0.624 m in 2018 classified as

Experimental site in the locality Malanta (Slovakia)

high. Based on the WBS classification,
the soil is classified as Haplic Luvisol
(FAO, 2015).

2.3 Experimental Layout

The field experiment was
primarily established in 2014 to
study the effects of biochar on
soil properties, greenhouse gas
emissions and crop yields (Table 1).

The entire area with 9 different
treatments was separated into
27 plots with the measure of 6 x 4 m
and isolated by 0.5 m groups.
The exploration was performed
within the arrangement: control -
without biochar expansion, B10
with a dosage of 10 t.ha”, and B20
variation with a dosage of 20 t.ha™
of biochar.

The test began in spring, earlier than
sowing, when the exploratory range
was furrowed by a harrow cultivator
up to 10 cm profundity. After 4 years
of experiment, the reapplication of
biochar followed in 2018. Nitrogen
fertilizer was also applied according
to the experimental conditions.
The required dose was calculated
according to the needs of the plants
using the balance method. Fertilizer
is applied annually according
to the crop in the rotation.

Table 1 Treatments with dosing of biochar and nitrogen fertilizers applied on experimental site
Treatment First application in 2017 Reapplication in 2018
biochar (t.ha™) nitrogen (kg.ha) biochar (t.ha™) nitrogen (kg.ha)

BONO 0 0 0 0
B10NO 10 0 0 0
B20NO 20 0 0 0
B10reap + NO - - 10 0
B20reap + NO - - 20 0
BON1 0 160 0 40
B10ON1 10 160 40
B20N1 20 160 40
B10reap + N1 - - 10 40
B20reap + N1 - - 20 40
BON2 0 240 80
B10N2 10 240 0 80
B20N2 20 240 80
B10reap + N2 - - 10 80
B20reap + N2 - - 20 80
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In April 2017, maize (Zea mays L) was sown with
the application of 0, 160, 240 kg of Nitrogen per hectare
NO, N1, N2, respectively. After harvest, crop residues
were left on the field. In 2018, spring barley (Hordeum
vulgare L. var. Malr) was sown with a Nitrogen dose of
0, 40, 80 kg.ha' NO, N1, N2, respectively (Altdorff et al.,
2019; Hordk et al,, 2017; Kondrlova et al,, 2018). In 2018,
reapplication of biochar at dosages of 10 and 20 t. ha™
(B10reap + NO; B20reap + NO; B10reap + N1;B20reap + N1;
B10reap + N2; B10reap + N2) was conducted for each
level of fertilisation.

2.4 Characteristics of Biochar

The biochar utilized in the field experiment was
manufactured by pyrolyzing a 1 : 1 weight ratio mixture
of paper fibre sludge and grain husks, produced by
the company Sonnenerde, based in Riedlingsdorf,
Austria. The pyrolysis process was carried out at 550 °C for
a duration of 30 min in a Pyreg reactor supplied by Pyreg
GmbH, located in Dorth, Germany. The biochar particles
ranged in size from 0 to 0.005 m. The main characteristics
of the biochar are presented in Table 2.

Table 2 Properties of biochar

Parameters Values
Total organic carbon (g.kg™) 531
Total nitrogen (g.kg™") 14
Ca(g.kg") 57
Mg (g.kg™) 39
K (g.kg™") 15
Na (g.kg™) 0.77
Specific surface area (m%.g™) 21.7
Ash content (%) 383

2.5 Soil Sampling and Analysis

Soil sampling was carried out biweekly at a depth of
0-10 cm for estimating the soil water content (SWC)
during the growing seasons of 2017 and 2018 across all
treatment plots, with following analysing by gravimetric
method. During the maize growing seasonin 2017 (38" to
43 month after biochar application) and the spring
barley season in 2018, soil samples were collected
monthly from April to September. Soil temperature (T)
was measured at 5 cm depth using a Volcraft DET3R
thermometer concurrently with moisture sampling.

Bulk density (BD) was determined from undisturbed
soil core samples (10 cm® volume) collected at 2-7 cm
depth. For each plot (45 plots representing 15 treatments
with 3 replicates), three samples were taken, resulting in
135 samples overall and 9 representative samples per
treatment.

2.6 Statistical Analysis

Statistical analysis was carried out by a one-way analysis of
variance (ANOVA) in the Statgraphics Centurion program
(XV v.15.1.2) and the LSD test (. = 0.05) to compare
the effects of biochar application and its reapplication.

3 Results and Discussion

One of the key benefits attributed to biochar is its ability
to enhance soil water content (SWC). The data presented
in Tables 3 and 4 illustrate the variations in SWC under
different combinations of biochar (B) and nitrogen (N)
treatments over two years, 2017 and 2018.

The application of biochar and its reapplication, either
alone or in combination with nitrogen fertilizer, showed
an overall increase in the average water content
of the soil, with a range of 1.7-27.8% compared to
the control plots (BONO, BON1, BON2). The decrease in
SWC observed on experimental plots B10ONO, B1TON2
and B10reapNO was not statistically significant (p <0.05).
A significant increase was observed in the case of
biochar reapplication in dosage 20 t.ha™' (B20reapN1 and
B20reapN2 on 27.8 and 16.2%, respectively), in relation
to the control plots (BON1, BON2). The soil water content
increased with increased application rate of biochar,
including reapplication, at both levels of fertilization.
This suggests that the amendment affects soil moisture
retention, as previously discussed by Tokova et al. (2020).
Furthermore, this finding is consistent with the existing
literature on the subject (Taheri et al., 2024; Rasa et al.,
2018; Vitkova et al., 2021), which indicates that biochar
can enhance soil structure, thereby increasing its water-
holding capacity. Additionally, nitrogen can stimulate
plant growth, which can subsequently enhance soil
moisture through enhanced root development and
the provision of organic matter and its decomposition
(Manea et al., 2023).

Based on data from the meteorological station of
Nitra (Slovakia), the average air temperature during
the summer of 2017 was 18.7 °C. In 2018, the average air
temperature for the summer period was about 18.4 °C.
According to the soil laboratory analysis, the values
presented in Table 3 for 2017, and Table 4 for 2018
years were obtained. Statistical analyses revealed no
significant differences in temperature ratings. In 2017,
temperatures ranged from 15.6 °C to 16.2 °C, while in
2018, they varied from 19.2 °C to 20.0 °C. On plots with
biochar reapplication, the temperature range was slightly
narrower, between 19.2 °C and 19.8 °C.

Moreover, the soil temperature increased with higher
rates of biochar application, on average by 0.1-0.4 °C,
the value reached in variant B20N2 (2018) was 20 °C.
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Table 3 The effect of biochar, in 2017, on soil water content (SWC, % mass), soil temperature (T, °C), bulk density (BD,
g.cm?) presented by means and standard errors. Lowercase letter within columns indicates the significant
difference in means of treatments over the sampling dates (p <0.05) according to LSD multiple-range test

Treatments SWC (% mass) Soil T (°C) BD (g.cm?)
n=3 n=3 n=3
Not fertilized group - NO level (0 kg.N.ha™)
BONO 14.5+0.7 a 159+04a 1.62+0.0a
B10NO 14.0+0.6 a 15.9+04a 1.53+0.0a
B20NO 149+1.0a 16.0+0.2a 1.50+0.1 a
p-value 0.5 1.0 0.5
Fertilized group - N1 level (160 kg.N.ha")
BON1 13.8+0.8a 15.7+0.3 a 1.65+0.0a
B10N1 145+0.7 a 15604 a 1.64£0.0a
B20N1 14.7 £0.7 a 15.8+04a 1.62+0.0a
p-value 0.4 1.0 0.8
Fertilized group - N2 level (240 kg.N.ha"')
BON2 14.1 £0.7a 156+04a 1.63£0.1a
B10N2 14.1£09a 15.8+0.4a 156 £0.1 a
B20N2 14.6 £t09 a 16.2+0.3 a 1.52+0.0a
p-value 0.8 0.7 0.3
Table 4 The effect of biochar application and re-application, in 2018, on soil water content (SWC, % mass), soil
temperature (T, °C), bulk density (BD, g.cm?), presented by means and standard errors. Lowercase letter
within columns indicates the significant difference in means of treatments over the sampling dates (p <0.05)
according to the LSD multiple-range test
Treatments SwWcC r(:’/: ?ass) So‘i1ll g’C) BD ‘:gz.c;n'ﬂ
Not fertilized group - NO level (0 kg.N.ha™)
BONO 124+10a 19.6 £0.5a 1.45+0.1 a
B10NO 11.9+1.1a 19.8+04a 1.50+0.1 a
B20NO 13.3+0.8a 19.8 +0.6 a 143 +£0.0a
B10reap + NO 12.0+09a 19.8+0.4a X
B20reap + NO 133%1.0a 19.6 £0.4 a X
p-value 0.6 0.9 0.7
Fertilized group - N1 level (40 kg.N.ha™)
BON1 10.8 +0.8 a 19.8+0.4a 1.41+0.0a
B10ON1 11.7+3.2a 19.5+0.5a 1.40+0.0a
B20N1 11.2+1.0a 194+04a 1.40+£0.1 a
B10reap + N1 12.1+0.9 ab 19.2+0.3a X
B20reap + N1 13.8+1.1b 19.2+0.5a X
p-value 0.01 1.0 0.8
Fertilized group - N 2 level (80 kg.N.ha™)
BON2 11.7 £0.8 a 19.2+0.3a 142 +0.1a
B10N2 11.3+09a 19.5+0.3a 141 £0.1 a
B20N2 11.9+09ab 20.0+04a 1.41+0.1a
B10reap + N2 125+1.1ab 19.6 +0.3 a X
B20reap + N2 13.6+1.5b 19.8+0.4a X
p-value 0.1 1.0 0.6
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Similarly, in 2017, the highest value was noted in variant
B20N2, reaching 16.2 °C. In research conducted by Zhang
et al. (2013), it was determined that the application of
biochar mitigates fluctuations in seasonal and daily soil
temperature and moderates extreme values. A reduction
in the amplitude of soil temperature fluctuations after
the addition of biochar was also reported by Liu et al.
(2018). Zhang et al. (2012) also discovered a significant
difference in soil temperature with changes in biochar
application rate and albedo. It is suggested that
the change in albedo was related to the structure and
colour of the soil surface layer (Usowicz et al., 2016),
since biochar has a dark shade, its application to dark soil
reduces albedo and creates warmer conditions (Genesio
et al., 2012). Another explanation, explored by He et
al. (2016), is that the application of biochar increases
the biomass of soil microorganisms, which in turn affects
soil respiration and heat exchange in the soil.

Higher soil temperatures accelerate the evaporation
of water from the soil surface, reducing soil water
content, especially in the topsoil layers. Changes in soil
temperature can alter the soil's physical properties,
including its water retention capacity (Zhang et al., 2020).
In warmer conditions, water rises through capillary action
faster but can also evaporate more quickly onceitreaches
the surface. Based on these assumptions, a regression
analysis was carried out. It indicates a significant positive
relationship between temperature (T) and soil water
content (W). The R Square value of 0.63314 suggests
that approximately 63.31% of the variability in soil water
content can be explained by the temperature. This high
proportion indicates that temperature is a substantial
predictor of soil water content.

Soil bulk density, as a vital physical property, was
measured to evaluate its response to biochar application.
Statistical analyses revealed no significant differences
between treatments. However, as biochar dosage
increased, soil bulk density decreased in samples B20NO,
B20N1 and B20N2, with reductions ranging from 1.9% to
8.5% compared to samples without biochar application.

Despite the lack of statistical significance, BD values
remained generally consistent across treatments, with
slight reductions. This suggests that the effects of
biochar on soil structure may become more pronounced
over time as it integrates into the soil matrix (Ahmed
et al., 2017). Blanco-Canqui (2017) reported a gradual
decrease in BD in 19 out of 22 soils with increasing
biochar application, supporting the idea that biochar
can enhance soil aggregation and porosity over the long
term. These improvements are likely due to the biochar’s
inherently porous nature and structural characteristics.

Similar findings were observed by Li et al. (2023),
Elangovan et al. (2014), and Peake et al. (2014).

The production temperature of biochar is a factor that
affects its physicochemical properties. Higher production
temperatures result in a decrease in aliphatic and soluble
fractions and an increase in aromatic and insoluble
portions (Keiluweit et al., 2010). Since aromatic carbon
is more resistant to degradation, biochar produced
at higher temperatures tends to be more stable than
biochar produced at lower temperatures.

4 Conclusions

The results confirm that the application of biochar
positively influenced soil water content, with significant
increases observed in certain treatments. The findings
align with numerous research, supporting biochar’s
ability to enhance soil structure and moisture-holding
capacity. Also, nitrogen fertilization contributed to
improved plant growth, indirectly affecting soil moisture
dynamics through root development and organic matter
decomposition. Biochar also influenced soil temperature,
with higher application rates leading to slight increases
in soil temperatures (0.1-0.4 °C). This effect is attributed
to changes in soil albedo and microbial activity, which
can influence soil respiration and heat exchange.
While higher soil temperatures may enhance microbial
activity and nutrient cycling, they can also accelerate
water evaporation, potentially offsetting the benefits of
increased moisture retention. Despite minor variations,
soil bulk density (BD) showed a general decreasing trend
with increased biochar application, supporting the idea
that biochar contributes to improved soil porosity and
aggregation over time. Although statistical significance
was not observed in BD reductions, long-term integration
of biochar into the soil matrix may enhance its structural
stability.
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