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Abstract: One of the challenges of harnessing higher productivity levels and sustainability of agri-
culture related to N fertilization is in expanding soil N,O emissions, which has become a serious
issue in recent years. Recent studies suggest that biochar may be the solution to this problem, but
there is still a knowledge gap related to biochar application rates and its reapplication in Central
Europe; therefore, in this study, we investigated the effect of biochar (initial application and reap-
plication in 2014 and 2018, respectively, at rates of 0, 10 and 20 t ha~!) combined with N-fertilizer
(NO—0 kg N ha=!; N1—108 kg N ha~! and N2—162 kg N ha~!) during the growing season of maize
in 2019 (warm temperature with normal precipitation) on the changes of soil properties and N,O
emissions in the silty loam, Haplic Luvisol, in the temperate climate of Slovakia. The results showed
that the application and reapplication of biochar proved to be an excellent tool for increasing soil pH
(in the range 7-13%), soil organic carbon—Corg (2-212%), and reducing the soil’s NHy* (41-69%);
however, there were more pronounced positive effects when biochar was combined with N-fertilizer
at the higher level (N2). The same effects were found in the case of N,O emissions (reduction in the
range 33-83%). Biochar applied without N-fertilizer and combined with the higher fertilizer level
had a suppressive effect on N,O emissions. Biochar did not have any effect on maize yield in 2019.

Keywords: chemical properties of soil; greenhouse gas emissions; Luvisol; soil organic carbon

1. Introduction

Anthropogenic greenhouse gas (GHG) emissions have increased since the pre-industrial
era, driven by economic and population growth; nowadays, they are higher than ever [1].
Sectors such as transport, energy production, industry, agriculture, and land—use change
are significant sources of GHG emissions, and they contribute 24% of global anthro-
pogenic GHG emissions [2]. These gases are released as a result of different agricultural
management practices, which impact soil respiration, nitrification, and denitrification
processes [3-5]. For example, the concentration of N,O in the atmosphere has increased by
more than 20% since the industrial revolution due to anthropogenic activities [1]. N»O is
long-lived greenhouse gas with global warming potential that is 298 times higher than CO,
for a time horizon of 100 years [6]. Most N,O that is emitted from the soil is produced by
three biotic processes: denitrification [7], nitrification [8], and nitrifier denitrification [9].
In recent decades, various strategies have been sought to eliminate the negative effects of
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agriculture. Several studies suggest that biochar may be the solution to the issue mentioned
above. Biochar is an aromatic substance that is produced at high temperatures (350-600 °C)
by pyrolysis of different feedstocks [10]. The physical and chemical properties of biochar
depend on pyrolysis temperature and feedstock type [11,12]. Biochar has a large surface
area and porous carbonaceous structure [13]. Due to the physical and chemical properties
of biochar, biochar application in soils has been advocated as a potential management
strategy to improve physical [14-18] and chemical properties of soil [19-23], increase crop
yields [24-26], and reduce GHG emissions from soils through various mechanisms [27-29].

Biochar suppressive effects on soil N,O emission has been observed not only in short-
term laboratory studies [30,31], but also in long-term field experiments [32,33]. The major
factors controlling N, O emissions from agricultural soils include being dissolved in organic
carbon content, soil N availability, temperature, soil moisture, and soil pH [34]. Biochar
has an impact on soil N,O emissions, and this impact is dependent on the biochar rate.
For example, Castaldi et al. [35] found that adding 3 t ha~! and 6 t ha~! of biochar to an
agricultural soil could effectively reduce soil N,O emissions by 26% and 79%, respectively.
The reduction effect of high biochar rates on soil N,O emissions is usually more pronounced.
In addition, high biochar rates can adsorb more NO3 ™~ in the soil, thus reducing the
substrate for denitrification [36]. High biochar rates can increase the number of Nitrospira
bacteria in soils, thus inhibiting the generation of N,O in the soil [37]; however, the
effects of high biochar rates on soil N,O emissions can decrease with time, and sometimes
biochar application can even support soil NoO emissions. Therefore, the effect of biochar
on the reduction of N,O emissions from soils is closely related to the applied rate of
biochar [38]. The effect of biochar decreases with time, most likely due to decomposition,
utilization, and consumption of biochar nutrients [39]. Most studies report reductions in
N>O emissions after biochar amendments, but the results sometimes differ depending on
the type of experiment (laboratory soil incubations, pot experiments, or field experiments),
the duration (short, mid, or long-term experiments), the type of soil, and biochar, or the
driving soil mechanism leading to N, O formation and release. Several metanalyses [40-42]
deal and sum up previous evidence of these diverse observed effects.

As mentioned above, the potential of biochar applications for mitigating GHG emis-
sions from soils across the world is evident; however, the influence of different nitrogen
fertilizer levels on the N,O emissions of biochar-amended soils requires investigation.
Particularly little information is available on the response of soil N,O emissions and soil
properties to the changes in initial and reapplied rates of biochar with or without N fertil-
izer; therefore, we investigated the changes in the soil properties and N, O emissions from
biochar amended soils (after initial application and reapplication) as affected by different
levels of N-fertilization. We hypothesized that nitrogen emissions would increase due
to N fertilization and decrease as a result of the biochar application, with temperature
and water content in the soil being the most significant variables affecting N,O emissions.
We also assumed that the effects would be more pronounced at higher doses of both N
fertilizer and biochar, and that biochar reapplication would be more effective than the
initial biochar application.

2. Materials and Methods
2.1. Description of the Experimental Site

The experimental field was established in 2014, in Malanta, located in the Nitra region,
Slovakia, with a latitude of 48°19'04"" N and longitude of 18°08’45" E. The study area
has a warm temperate climate, fully humid with warm summers (Cfb), according to the
classification by Koppen-Geiger et al. [43]. The mean annual air temperature was 10.8 °C,
whereas the mean annual sum of precipitation was 559 mm (based on 30-year climatic
normal from 1991 to 2020). In 2019, the annual sum of precipitation was 625.4 mm, and the
mean air temperature was 10.9 °C (Table 1). The soil at the experimental site was classified
as Haplic Luvisol, with a silty loam texture, containing an average of 15.2% of sand, 59.9%
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of silt, and 24.9% of clay. The average soil organic carbon content before the commencement
of the field experiment was 9.13 g kg !, and the soil pH in KCl was 5.71.

Table 1. Evaluation of monthly precipitation and mean air temperature in 2019 compared with the
30-year climatic normal (1991-2020).

Air Temperature Precipitation

Deviation from the

Month Mean (°C) Normal (°C) Description Total (mm) % of Normal Description
January —3.5 -3.0 cold 54.8 166.1 very wet
February +0.9 —04 normal 27.4 94.5 normal
March +5.0 —-0.5 normal 224 67.9 dry
April +9.4 —-2.0 cold 214 59.4 dry
May +9.3 —6.7 extremely cold 134.8 228.5 extremely wet
June +18.7 —-0.9 normal 29.0 49.2 very dry
July +18.0 —-3.7 extremely cold 52.2 80.3 normal
August +18.4 =27 very cold 64.0 116.4 normal
September +12.6 —-3.3 normal 52.8 91.0 normal
October +8.7 -1.7 cold 17.8 38.7 very dry
November +5.0 —0.6 normal 95.4 212.0 extremely wet
December —0.1 —0.8 normal 53.4 127.1 wet

2.2. Characterization of the Treating Materials: Biochar and Nitrogen Fertilizer

The biochar used in this study was produced by the pyrolysis of paper fiber sludge
and a grain husks mixture (in a ratio of 1:1) at 550 °C for 30 min in a Pyreg reactor (Pyreg
GmbH, Dérth, Germany). The physical and chemical properties of the biochar are shown
in Table 2. Commercially available calcium-ammonium nitrate was used as N-fertilizer for
the current study.

Table 2. Basic physical and chemical properties of the biochar used in the study (Certificate Nr. 1013069).

Methods of

Parameter Average Value Determination Unit
Range of particle size 1-5 Laser diffraction mm
Bulk density 0.21 calculated gem 3
Specific surface area 217 DIN 66132/1SO 9277 m? g1
pH value (KCI) 8.8 DIN ISO 10390 -
Ash content 38.3 Analog DIN 51719 Y%
Carbon (C) content 53.1 DIN 51732 %o
Nitrogen (N) content 1.4 DIN 51732 %
C:N ratio 379 calculated -
H/C <0.6 calculated -
H/Corg <0.7 calculated -
o/C <0.4 calculated -

2.3. Design of the Experimental Plots and Treatments

The study was carried out in the field from April to October of 2019. The biochar
was first applied in this experimental field in 2014 and reapplied again in 2018. The
experimental setup included treatments with or without biochar and with a low or high
rate of mineral N-fertilizer. The initial biochar treatments (in three replicates) included
three biochar rates—0 (B0), 10 (B10) and 20 (B20) t ha~!—in 2014 which were applied
to the plots of 4 x 6 m. All the experimental plots were separated by protection rows
that were 0.5 m wide. In 2018, the initial plots were divided into two subplots (4 x 3 m)
which were labeled as A and B. All the B subplots were amended with the biochar for the
second time (biochar reapplication) at the same rates as in 2014. Three different rates of
the mineral N-fertilizer (NO, N1, and N2) were applied to the soil of the experiment every
year, depending on the planted crop. In 2019, N-fertilizer was applied at the rates of 0, 108,
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and 162 kg N ha~l. The doses from 2014 up to 2018 were as follows, in order of the NO,
N1, and N2 levels: 2014—0, 40, 80 kg N ha~!; 2015—0, 160, 240 kg N ha~'; 2016—0, 100,
150 kg N ha~1; 2017—0, 160, 240 kg N ha~'; 2018—0, 40, 80 kg N ha~!. Figure 1 shows 27
plots of the initial field experiment, which were used for the study in 2019: A—subplots
with the biochar applied in 2014 only; B—subplots with the biochar reapplied in 2018; and
plots with control treatments without the biochar but with different rates of the mineral
fertilizer. Crop rotation from the very first experiment set up with biochar in 2014 was
as follows: spring barley (Hordeum vulgare L.) (2014), maize (Zea mays L.) (2015), spring
wheat (Triticum aestivum L.) (2016), maize (2017), and once again, spring barley in 2018.
In 2019, maize (variety LG 3.315) was planted at the beginning of April and harvested at
the beginning of October.
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Experimental site: Malanta (Nitra region)
Coordinate of site: 8° 19" and Long. 18° 08" 45"
Country of study: Slovakia

Crop used in the study: Com (Zea Mays L)

Type of climate: Temperate climate zone

Figure 1. Schematic arrangement of the experimental site with 27 highlighted plots which were
used in this study: A—subplots with the biochar applied in 2014 only; B—subplots with the biochar
reapplied in 2018; and plots with control treatments without the biochar but with different rates of

the mineral fertilizer.

2.4. Soil Sampling and Analyses

All soil sample analysis methods used in frame of this study are listed in Hrivia-
kova et al. [44]. Soil water content (SWC) in the 0-0.1m soil layer was determined twice
a month (from April to October in 2019) gravimetrically by drying the soil at 105 °C. The
soil temperature was measured at a depth of 0.05 m by an electronic thermometer (Volcraft
DET3R) twice a month. Disturbed soil samples, collected once a month from April to
October 2019, were used to study particular physicochemical and agrochemical parameters
of the soil with different treatments. The pH values of the soil were measured using the
potentiometric method in 1 mol L~ KClI (ratio of soil to KCl, 1:2.5) using a pH meter
(HANNA instruments HI 2211). The concentrations of nitrate (NO3; ™) and ammonium
(NH4") in the soil were measured by a spectrophotometer (Spectroflex 6100). Soil reaction
(pH (xc1)) as well as mineral nitrogen were measured once a month from April to October.
Corg content in the samples collected in April and September was measured with the Tyurin
wet oxidation method [45]. Bulk density was determined in undisturbed soil samples
(100 cm®) gravimetrically in the spring and autumn of 2019; both times, 3 undisturbed soil
samples were taken from each individual plot, which makes 9 representative soil samples
per treatment (a grand total of 135 soil samples per sampling event).
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2.5. Gas Sampling and Analysis

Gas samples from the studied agricultural soil for N,O emission measurements were
collected every two weeks. The closed chamber technique was used for gas sample collec-
tion [46]. The sampling chamber consisted of two parts: a metal collar frame (galvanized
sheet) at the bottom (depth 0.10 m) and removable cover PVC chamber (diameter 0.3 m,
height 0.25 m). The metal collar frame was inserted directly into the soil. The removable
chamber was placed on the top of the collar during the gas sampling occasions and re-
moved afterwards. An air-tight 60 mL plastic syringe was used to collect gas samples
through chamber tube fittings (20 mL, sealed with a septum) at 0, 30, and 60 min after its
placing on collar frames followed by water-sealing. Then, gas samples were transferred to
12 mL pre-evacuated glass vials (Labco Exetainer). A gas chromatograph (GC 2010 Plus,
Shimadzu Corporation, Kyoto, Japan) equipped with an electron capture detector (ECD)
was employed for measuring N>O concentration in the gas samples in ppb. Cumulative
N,O emissions were calculated by plotting daily fluxes through time, interpolating linearly
between them, and integrating the area under the curve [47].

2.6. Maize Yield Determination

Whole plants of maize were manually sampled at the end of the vegetation season
on 9 October 2019 from randomly selected 1 m long continuous rows on each plot. In the
laboratory, the cobs were separated from the rest of aboveground biomass and counted.
After that, kernels were manually separated from cobs, counted, oven-dried, and weighed.
Grain yield was calculated as the multiplication of total number of grains per ear, average
grain weight, and the total number of ears per area unit (m?) [48].

2.7. Statistical Analyses

Statistical analyses were performed using STATISTICA software ver. 13.1 [49]. A one—
way analysis of variance (ANOVA) was used to evaluate the effects of different biochar rates
on the measured parameters. The Tukey procedure was used for daily mean N,O emissions
as well as soil parameters and crop yield differences between the treatment means. Multiple
linear regression analysis was performed for the variables that influence the N,O emission,
and Principal Component Analysis (PCA) was carried out for the treatments, and all the
measured variables separately, for the two soil sampling/measurement occasions (spring
and autumn) in 2019.

3. Results and Discussion
3.1. Soil Chemical Properties

The initial soil pH (before the experiment was established) was slightly acidic (pH 5.6).
Biochar applied to the soil with or without N-fertilizer significantly increased (p < 0.05) the
soil pH in all the treatments (except for BIONO and B20N1 treatments), compared with the
control treatments without biochar. The soil pH rise was in the range of 0.23-0.38, 0.32-0.63,
and 0.50-0.72 pH units for NO, N1, and N2 fertilization levels, respectively. Similar results,
with the application of 10, 20, and 30 t ha~! biochar to Haplic Luvisol, were published
by another study [50]. These authors stated that in their short-term as well as long-term
experiments, the initial application of biochar significantly increased the soil pH, whereas a
more significant increase was linked with the application of a higher rate. Since the biochar
is alkaline (our case biochar pH 8.8—Table 2), it might increase the soil pH, but this effect
could be softened by adding nitrogen fertilization. For example, Yu et al. [51] compared the
effects of N ammonium fertilizer alone, at a rate of 30 kg N~ ha~!, but they also compared
the effect of its combination with 19.5 t ha~! of biochar. After the addition of N alone,
the soil pH value was 5.3, and the pH increased from 5.3 to 6.0 after the application of
biochar with N. Long-term use of nitrogen fertilizers in the ammonium form could be a
reason for soil acidification. In this study, the effect of acidification with N fertilization
was eliminated by using calcium—ammonium nitrate, and the maximum rise in soil pH
(Table 3) was noted in all the treatments, with reapplied biochar at both rates (B10reap and
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B20reap), combined with all N-fertilizer levels. One of the reasons for the observed results
might be the oxidation of the biochar surface over time, which creates more carboxylic
groups [52], but the main reason why pH in the soil was higher after biochar application
is the liming effect of biochar itself [53]. Biochars generally have a higher pH (same as in
our case) as a result of the production process. During biochar production, acid functional
groups of organic feedstocks are removed and the ash content increases, causing biochar
to be more basic than the material it is being produced from [54]. A soluble form of ash
alkalinity in biochar can be rapidly released into the soil and leached down the soil profile
to alter soil pH. Thus, biochars can be used as an alternative ameliorant to neutralize
soil acidity [21,55].

Table 3. Selected chemical properties (soil pH, NH4*, NO3~, SOC) of the soil after different treatments
in 2019 (means = standard errors). Different letters (2, P) within columns for each fertilized group
indicate that the means are significantly different at p < 0.05 according to the Tukey procedure.

Corg (Spring) Corg (Autumn)

PH cp NHy* (mgkg1)  NOz; (mgkg™1)

Treatments (kg™ (kg™
n=3 n=3 n=3 n=3 n=3
Not fertilized group—NO level (0 kg N ha=1)

BONO 5214022 15.39 £10.12 18.78 £ 754 12.00 £0.34 1429 +2.5ab

B10NO 5214022 555+ 052 1449 £152 1226 £2.14 10.67 =242

B20NO 551+ 0.2P 6.05+1.04% 1209 £1942 1422 +154 11.63 £ 1.6
B10reapNO 5.44 + 0.1 543 +0.82 1225 +20%2 1657 £2.62 1243 +223ab
B20reapNO 559 +0.1P 571+1.2%4 1146 +282 17.02+292 20.83+1.2b

Fertilized group—NT1 level (108 kg N ha™')

BON1 481 +022 42.05+ 18242 2820+7.12 9.51 +£0.82 10.10 £ 0.72

B10N1 5.35+ 0.5 2494 +8.22 2585+ 6.62 1398 224 1490 +£2.73b

B20N1 5.13 + 0.22b 28.87 +9.12 2691 +£6.72 15.68 =144 1493 + 152
B1l0reapN1 5.44 + 0.6 2P 41.87 £11.22 2741 +752 13.39 +1.82 1323 +0.73b
B20reapN1 525+ 0.1P 35.814+73% 32.15+5.12 1722 +282 18.80 £ 2.2°P

Fertilized group—N2 level (162 kg N ha™')

BON2 4404+0.1° 80.19 + 14.6° 2853 £8.12 9.944+0.82 1031 £2.12

B10N2 490 +£03P 25.11+11.02 3020+ 752 1498 + 1.6 943 +262

B20N2 497 +03P 41.68 £ 14472 3397 +812 15.96 + 0.8 b 13.80 =2.72
B10reapN2 5.09 +04P° 34.49 £20.72 3482+9.02 17.07 +1.33b 13.77 £ 1.22
B20reapN2 512+ 02P 30.05+ 822 35.62 +3.62 21.11£2.7b 17.30 + 3.82

Note: Corg—so0il organic carbon.

During the growing season of 2019, N-fertilization resulted in a significant increase
of the average NH,* content in the studied soil from 15.39 + 10.1 mg kg~! in BONO
treatment, to 42.05 & 18.2 mg kg~ ! and 80.19 & 14.6 mg kg~ ! in BON1 and BON2 treatments,
respectively (Table 3). The average content of NH4" in the soil within the fertilization
groups significantly (p < 0.05) decreased after biochar application and replication for N2
treatments compared with the group controls (BON2). The most pronounced reduction in
the average soil NH4* content was found at the N2 fertilization level where the average soil
NHj* content was the highest and was reduced by 41-69% as a result of biochar application
or reapplication. Zhang et al. [56] also stated that the NH4* content after biochar addition
decreased by 10.3-18.5% when compared with control treatments. These results are also
in line with the results of Liu et al. [38], who found that after biochar application, the
content of NHy* in the soil was significantly reduced. For the NO fertilization level, the
reduction was not significant and very low, similarly to the average soil NH4* content. For
the N1 fertilization level, the reduction in the average soil NH4* content was not significant.
According to the scientific literature, biochar can improve soil cation exchange capacity
due to the acid functional groups present on its surfaces, which can result in extra NH,*
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absorption [57]. In soils, ammonia can be very rapidly oxidized to NO3;~ produced by
microorganisms in the nitrification process, as well as lost through the volatilization process
or leaching.

During the growing season of 2019, the average soil NO3;~ content was slightly, but
insignificantly, higher in N1 and N2 fertilization groups compared with the NO treatment.
In the NO, N1, and N2 fertilization groups, the average values of the soil NOs ™~ content
did not change significantly after biochar application or reapplication in either rate, and
ranged from 25.85 to 32.15 mg kg~ ! for N1, and from 28.53 to 35.62 mg kg~ ! for N2.
Zhang et al. [56] also noted a gradual comparison with our data, that showed a statistically
significant reduction in NO3~ due to increasing rates (10, 20 and 40 t ha~!) of biochar,
with a decrease in the range of 12.6-44.2% during the study period of 2017-2020. Biochar,
being negatively charged, has very low anion exchange capacity, the mechanism of NO3 ™
adsorption by biochar in soils is more likely to be based on physical principles such as a
high specific surface area [58] and increased micropore volume [59], which was probably
the case in the NO fertilization group in our experiment. Soil NO3~ is more easily lost
through leaching and runoff to groundwater, or it acts as a precursor to N,O emission in
the atmosphere [60]. Sial et al. [61] reported that biochar, in their experiment, was raising the
soil adsorption of NO3 ™, which was reducing the N content available for microorganisms,
and thus, was reducing N,O emissions; however, this was not the case for the fertilized
treatments in our experiment.

In both sampling times (spring, autumn), the Corg content was higher after the appli-
cation of biochar in all fertilization treatments (NO, N1 and N2); however, the significant
changes in the Corg content were observed only after the higher rate of biochar reapplication
in the NO and N1 fertilized treatments in autumn, and due to the reapplication of higher
rates of biochar in spring, but only after the fertilized treatments took place (N2). Such
trends were observed in this experiment from the beginning [62], but also throughout its
duration [63]. The same results mean that the increase of COrg and C sequestration, as
an effect of a higher biochar rate (20 t ha~!); these results were published in a study by
Zhang et al. [56]. Moreover, Cross et al. [64] reported that the application of 20 t of biochar
ha™! increase Corg by approximately 0.5%, and this effect remains for much longer in soils,
than, for instance, compost carbon. Biochar is a significant source of stable C [17,18,22], and
its application into the soil can be linked with decreasing microbial activity, lower CO, pro-
duction, and a fall in mineralization. Biochars, in relation to their properties, can provoke
positive or negative priming effects, which can be affected by added N fertilization [18], as
was the case in this study. In addition to the supplied C through biochar and N fertilization,
microbial biomass, root exudate production, and overall underground biomass increased,
which was reflected in the higher Corg content in the soil in these treatments. A higher
content of Corg indicates carbon sequestration in the soil. This observation is in line with
many other scientific studies [65-67].

3.2. Soil Physical Properties

During the growing season of 2019, the soil temperature ranged between 9.3 and
18.7 °C, with precipitation ranging between 17.8 and 134.8 mm (Table 1). Moreover, in terms
of air temperature and precipitation, the growing season was cold and normal, respectively.
As shown in Table 4, biochar application to the soil had no effects on the average values
of soil temperature and SWC, despite some opposing information being published in the
scientific literature. In the treatments with biochar application and reapplication at the rates
of 10 and 20 t ha—!, and at different levels of fertilization N0, N1, and N2, soil temperature
ranged from +0.11 to +1.42, from —0.32 to —0.14, and from +0.28 to +0.61 °C, compared
with the corresponding controls (BONO, BON1, and BON2). Liu et al. [38] found that biochar
treatments increased soil temperature on average, from 4.4% to 14.4%. According to
Ding et al. [68], biochar may help stabilize the fluctuation of the soil temperature and
increase soil temperature accumulation. Biochar application changes the soil color, and
thus, can have an influence on soil temperature. After biochar application to the soil, at a
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rate of 30-60 t ha~!, biochar can reduce the soil albedo by 80% [69]. Maize is a crop that
grows very rapidly, and the soil surface is very rapidly covered and protected from direct
sunlight by the biomass. This must have been the main reason why there was no effect of
the biochar on the average soil temperature in our experiment.

Table 4. Effect of biochar application on selected soil physical properties (soil temperature, bulk
density, soil water content) measured during the growing season of 2019 (means =+ standard errors).
Different letters (*), within columns for each fertilized group, indicate that treatment means are
significantly different at p < 0.05, according to the Tukey procedure.

Treatments Soil T (°C) B]()g(cslflgr)lg) BD(;é::gl;m) SWC (% Mass)
n=3 n=3 n=3 n=3
Not fertilized group—NO level (0 kg N ha=!)
BONO 18.60 £ 042 1.38 £0.012 148 £0.02° 14.63 £0.82
B10NO 18.87 £0.3° 1.37 £0.06% 1.50 £0.04° 14.04 £0.72
B20NO 1871 +£0.32 127 £0.01°% 149 £0.03° 1523 £09°%
B10reapNO 19.02+0.32 1.38 £0.042 1.52 £0.03° 1423 £0.6°
B20reapNO 1897 £0.3° 1.28 £0.042 148 £0.04° 1520£1.0%
Fertilized group—NT1 level (108 kg N ha~!)
BON1 1874 £0.3° 140 £0.03% 149 +£0.03° 12.85£0.72
B10N1 18.60 £ 052 1.32£0.03% 1.53 £0.04° 1404 £1.0°
B20N1 1842 +032 1.35+0.052 148 +£0.072 1452+ 092
B10reapN1 18.57 £ 047 1.30 £0.022 1.51 +£0.04% 14.09 £0.72
B20reapN1 1851 +£0.32 1.32£0.03% 148 £0.03° 1507 £1.1°%
Fertilized group—N2 level (162 kg N ha~1)
BON2 18.38+0.32 1.40£0.03% 1.52 £0.04° 1415+ 139
B10N2 18.84 £ 042 1.35+0.032 149 +£0.042 1399 £1.3°2
B20N2 18.66 £ 0.2 1.33£0.032 1.38 £0.07 2 14.77 £0.82
B10reapN2 18.81 £ 042 1.30 £0.04° 144 +0.01° 1437 £1.0°
B20reapN2 18.99 £0.32 1.34 £0.032 1.41+0.032 1544 £09°2

Notes: Soil T-soil temperature; BD-soil bulk density; SWC-soil water content.

During the growing season of 2019, the average soil water content observed under
different treatments was similar and did not vary significantly (Table 2). SWC was very
low and ranged from 2 to 17% after biochar application and reapplication, with or without
N-fertilizer, over the study period; however, based on these results, it cannot be concluded
that biochar has no effect on soil moisture or on the crop growth during the year, as biochar
is a porous material and contains micropores [70]. Biochar has the ability to retain water
and improve soil structure [17,22], which can also be reflected through its improved water
retention [71]; however, biochar has the ability to increase the SWC and to provide water to
plants when necessary.

The soil bulk density (BD) values did not change significantly, due to either the initial
application or the reapplication of biochar at any rate (Table 4), which is surprising since
biochar has much lower specific density than the soil and it is expected to reduce the BD.
Many studies observed decreases in BD and increases in porosity as a result of biochar
application [72,73]. Roughly, 2% (by weight) of added biochar in soil is enough to show
a significant decrease in BD in amended soils [72]. The rate of biochar application, its
properties, as well as the density and porosity of the original soil, are critical in predicting
the effects of biochar addition to any soil [73]. The differences in the BD between spring and
autumn samples are natural, and are related to the changes in the volume and redistribution
of pores of different sizes, the dynamics of aggregation, and the stability of the soil structure
during the year [17]. Fertilization with mineral N-fertilizers can intensify the soil organic
matter mineralization, which may result in an increase of soil BD. If N fertilization is
combined with the application of organic amendments such as biochar, the soil structure
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can be improved, and at the same time, BD [74] can be reduced, which was not observed in
our experiment during the growing season of 2019.

3.3. Nitrous Oxide Emissions

The effect of initial application and reapplication of biochar, in both rates, on the dy-
namics of nitrous oxide (N,O) emissions, at three different rates of N-fertilizer (N0, N1, N2),
is shown in Figure 2. N>O emissions had temporal variations that were similar across
all the treatments over the course of the experiment. There were increases in N,O emis-
sions after precipitation events, especially during the spring period, and soon after the
fertilizer application, whereas the impact of biochar treatments on the reduction of N,O
emissions was evident. The maximum fluxes of N,O, especially in N2 treatments, were
measured during the period from the beginning of May to the beginning of July, with the
soil temperature being between 9.3 °C and 27.2 °C, and soil moisture content between
5.0% and 25.5% of mass. Such conditions are favorable for nitrification [75,76]. The period
from 5 to 24 May 2019 had 12 rainfall events which resulted in increased soil water content
(22.7-25.5%), as measured on 24 May. In comparison, the SWC measured on the 26 April,
before the rainfall events, ranged from 5.0% to 10.1% for all the studied treatments. The
sharp increase of daily N,O emissions measured on 24 May was most likely due to high
values of SWC caused by precipitation. When soils are saturated with water, the soil pores
(also formed by biochar), as well as the pores of the biochar itself, are filled with water and
an anaerobic environment is created. Such conditions typically lead to an increase in N,O
emissions, mainly through the denitrification process [77].
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Figure 2. Fluxes of N, O from unfertilized soil NO (a), fertilized soil N1 (b), and fertilized soil N2 (c),
with or without the biochar, including precipitation. Error bars denote the standard error of the mean
(n = 3). D—disking; P—planting of maize; N—mnitrogen fertilizer application; S—spray herbicide
application; H—harvesting maize.

All three biochar treatments showed different maximum N,O peaks in May and June.
The significant differences were observed at fertilization level N2, where the temporal
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N, O pattern was different, and fluxes were significantly higher in comparison with the
fertilization levels NO and N1. Higher N,O emissions at fertilization level N2 were also
observed in the second part of July, August, and September (Figure 2c). These emission
peaks were measured during the rainfall period from 27 July to 8 September with increased
SWC. Generally, daily N,O fluxes from the treatments with biochar, combined with or
without N-fertilizer (N2 and NO level, respectively), were lower as compared with the
control treatments (BON2 and BONO, respectively; Figure 2a,c) over the growing season of
2019. This was also the case when average daily N,O emissions over the whole period
of the study were compared: biochar treatments combined with or without N—fertilizer
(N2 and NO level, respectively) showed lower fluxes (Figure 3a,c). Significantly (p < 0.05)
lower average daily NoO emissions were measured in the biochar treatment without N-
fertilizer (B10reapNO) and in all the biochar treatments combined with the highest fertilizer
rate (N2), as compared with their control treatments (BONO and BON2, respectively). This
was not the case in the treatments when biochar was combined with fertilizer at the N1
level (Figure 3b). All average daily N,O emissions for all the biochar treatments at this
fertilization level were not statistically different from the control BON1 treatment (Figure 3b).
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Figure 3. Daily average N,O emissions from unfertilized NO (a), fertilized soil N1 (b), and fertilized
soil N2 (c), with and without biochar. Error bars denote the standard errors of the mean (n = 3).
Different letters in the graph indicate significant differences between different treatments, according
to the Tukey procedure.

Based on the obtained results, it can be concluded that application of biochar and its
combination with the lower level of N fertilizer (N1) had no effect on the elimination of
N,O emissions. On the other hand, at the N2 fertilization level, a statistically significant
decrease in N,O emissions was observed in all the biochar treatments, which means that
biochar at this rate can eliminate N, O fluxes during more intensive nitrogen fertilization.
even a long time after initial biochar application. Castaldi et al. [35] reported that higher
rates of biochar have a significant impact on reduction of soil N,O emissions (by 79%)
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than lower rates (by 26%). The results of the meta-analysis of 85 studies published by
Shakoor et al. [78] also showed that the application of biochar amendment significantly
mitigated N,O emissions by 19.7%, whereas the application rate of biochar 30 t ha~! had
a significant effect (significantly mitigated N,O emissions by 22.5%). It is also possible
that biochar has contributed to the better management of surplus nitrogen intake by maize
in N2 treatments, which resulted in higher maize yields (subchapter 3.4) and reduced
N,O emissions (Figure 3) during the 2019 growing season in this study. As reported by
Lopez-Capel et al. [79], if biochar is reapplied to the soil, its initial effect may be reduced as
result of its weak reactivity.

Multiple linear regression analysis was performed for the variables that influence N,O
emissions (i.e., N-fertilization, Biochar, SWC, Soil temperature, Day (Table 5 and Figure 4)
(Equation (1)):

log,o(N2O + const) = ag + a1-N + ap-(B + reap) + a3-SWC + ay-Temp + as-Day (1)

Table 5. Multivariate linear regression coefficients and p-values. The dependent variable was logg
(N,O + const).

Variable Coefficient a; Coefficient Value p-Value
Regression constant ag 1.0294 <0.001
N-fertilization (kg ha=') m 0.0005 <0.001
Biochar (tha™!) + reapplied a —0.0016 <0.001
SWC (%) as 0.0088 <0.001
Soil temperature (°C) ay 0.0115 <0.001

Day (counted from the first

as —0.0003 <0.001
measurement)

The coefficient of determination for regression was R? = 0.22. Multiple linear regression
indicates that all variables used in the analysis were statistically significant. Most of the
regression coefficients were positive (i.e., emissions increase with increased nitrogen dose,
soil temperature and soil moisture). The emissions decrease with time and the rate of the
biochar, which confirmed our hypothesis.

In Figure 4, the surfaces show the log (N + const) regression functions versus SWC
and temperature for different combinations of N and biochar. This is due to the fact that
in Equation (1), log (N + const) depends significantly on the nitrogen dose (p < 0.001) and
the use of biochar (p < 0.001). Regression parameters vary with the number of variables
used, even for the same dataset. The highest values of the regression coefficients for soil
temperature (0.0385) and soil moisture (0.0233) were calculated for the treatment BON2.
The results show that the biochar amendment has the potential to reduce the negative effect
of mineral N-fertilizer on N»O emission from the soil. This is an important finding for
farmers in the context of regulating nitrogen conversion processes in the soil. Although a
reduction of fertilizer application is the most effective method to reduce soil N,O emissions,
it comes with the cost of lower crop yields [24]. Traditional fertilization could be combined
with biochar without a decrease in crop yields, according to results observed in the same
field experiment [80].

Figure 5 shows that N,O emissions are strongly positively correlated with soil NO3;~
and NH4* content, and weakly positively correlated with soil temperature and SWC. N,O
emission is weakly negatively correlated with soil pH. The PCA data was confirmed by the
Pearson correlation analysis for the observed soil properties (Table 6).
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Figure 4. Three-dimensional plots with regression equations for the N,O emission versus soil
temperature (X axis) and soil moisture (Y axis) content for all the combinations of N-fertilizer and

biochar. For better visualization of the log (N + const) regression function values, they are color coded
from green (lowest value) to red (highest value).
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Figure 5. A biplot of the first two components of a PCA model of the biochar data for all dates,
presenting the relationship between variables: SWC—soil water content (%), soil temperature (°C),
NO;~ (mg kg™!), NHy* (mg kg™1), soil pH and N,O (g ha™?).

Table 6. Pearson correlation coefficients for all soil properties used in the PCA analysis.

N,O (gha™1)
Soil pH
NO;~ (mg kg ™)
NH, " (mg kg ")
SWC (%)
Temp (°C)

N,O pH NO; NH, SWC Temp
0.13 0.39 0.37 0.06
0.05 0.12 —0.12

0.13 —-0.21 0.28
0.39 0.05 0.31

0.37 0.12

0.06 —0.12

Notes: SWC-soil water content; Temp—soil temperature. The statistically significant correlations are shown in
bold font. Color gradient stands for the strength of the observed correlations and it ranges from dark red (strong
negative correlation) to dark blue (strong positive correlation).

3.4. Maize Yield

The maize yield at the experimental site ranged from 6.4 t ha! to 12.8 t ha™!
(Figure 6). When comparing the observed values with the national average maize yield
(7.33 t ha=! in 2019) according to public database of Statistical Institute of Slovakia [81], the



Agronomy 2022,12, 1314

14 of 19

obtained yields were above the national average (except for treatment B20reapN0). This is
an interesting observation considering that the climatic conditions at the experimental site
were not favorable, especially at the beginning of the vegetation period when, after the dry
April when the crop was sown, the maize was growing in the conditions of extremely wet
and extremely cold May.
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Figure 6. Maize grain yield in the treatments with and without biochar at unfertilized level NO (a),
and fertilized levels N1 (b) and N2 (c). Error bars denote the standard errors of the mean (n = 3).
Different letters in the graph indicate significant differences between different treatments according
to the Tukey procedure (p < 0.05). Dotted line delineates the average maize yield in Slovakia in 2019.

However, according to our results, application or reapplication of biochar did not have
a significant effect on maize yield at the studied treatments in 2019. The observed trends
differed at the N fertilization levels; however, due to a rather high variability of data within
treatments, the general description of the trends in the yield is just an assumption. At NO,
the maize yield only slightly increased (by 7% and 11% for B10ONO and B20N0) after a single
biochar application. Reapplication of biochar did not result in an expected increase of yield
compared with a single biochar application. Similarly, when biochar was combined with
fertilizer at N1, no effect of biochar was observed. In treatment B20reapN1, the maize yield
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was higher by 11%; on the other hand, in treatment B10reapN1, the observed yield was
lower by 21% compared with the control treatment BON1. At the fertilization level with the
higher fertilizer input (N2), all treatments with biochar resulted in an increase of crop yield
ranging from 27% to 71% (p > 0.05) when compared with the control treatment BON2. At
the same time, the increasing trend was more visible in treatments with biochar application
or reapplication at a dose of 20 t ha™?.

4. Conclusions

The initial application and reapplication of biochar, as well as biochar combination
with the higher level of N-fertilizer, had positive effects on improving the soil pH, in the
range of 7-13%, thus increasing soil organic carbon by 2-212%, reducing ammonium in
the range of 41-69%, and reducing N,O emissions from the soil in the range of 33-83%.
Conversely, a lower level of N-fertilizer combined with the biochar had no effect on the
changes in the soil properties and on the reduction of N,O emissions from the soil to the
atmosphere. N;O emissions were always increasing after precipitation events, especially
in the spring and summer. In general, the increasing nitrogen rate, temperature, and soil
moisture resulted in increased N,O emissions, whereas, on the other hand, emissions
decreased over time because of biochar application—the effect was more pronounced at a
higher application rate. Application or reapplication of biochar did not have effect on maize
yield in 2019. The results of this study suggest that in order to improve soil properties
and maintain lower N,O emissions, it is extremely important to apply N-fertilizer in
combination with biochar, particularly at higher fertilizer rates. Attention and extra study
are required to investigate why biochar did not have such an effect at a lower N-fertilizer
dose. The change in soil properties and relationships between them are a result of the initial
application and reapplication of biochar as well as biochar application in combination with
N-fertilizer, which was reflected on the soil N,O emissions. The results indicated that the
main reasons for the reduction of N,O emissions in biochar treatments, and treatments
where biochar was combined with N-fertilizer, were the reduction of mineral nitrogen,
the increase of soil pH, and the increase of the soil organic carbon content through the
application of the biochar to the soil.

In the future, it is extremely important to pay attention to the pairing of these re-
sults with the yields of crops, preferably for the entire duration of the experiment, as it
is only on the basis of multi-year results that it is possible to make more relevant propos-
als/recommendations for agronomy and ecology in the context of biochar and the soil and
climatic conditions of Central Europe.

Author Contributions: Conceptualization, TK., ].H. and VS, methodology, J.H. and T.K.; formal
analysis, TK., ] H,, K.D., EW.-G. and VS, investigation, TK.,, J.H., K.D., E.A. and V.S.; resources, TK.,
J.H., K.D. and M.I; data curation, TK., K.D., EW.-G., E.B., N.B.,, M.I,, E.A. and J.H.; writing—original
draft preparation, T.K., J. H. and VvS,; writing—review and editing, TK., J.H., E.B.,, N.B,, V.S. and
E.A; visualization, TK. and E.-W.-G. and E.A.; supervision, ]. H. and VS, project administration, J.H.;
funding acquisition, J.H. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Slovak Grant Agency (VEGA) project no. 1/0116/21
and 1/0021/22, the Cultural and Educational Grant Agency, KEGA (No. 0195PU—4/2020), and the
Operational Program Integrated Infrastructure within the project “Sustainable smart farming systems,
taking into account the future challenges 313011W112”, co-financed by the European Regional
Development Fund. Drs. E.V. Balashov and N.P. Buchkina were partly working according to the
scientific topic of the Agrophysical Research Institute.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analysed during the current
study are available from the corresponding author on request.



Agronomy 2022, 12,1314 16 of 19

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or the interpretation of the data; in the writing of the
manuscript, or in the decision to publish the results.

References

1. Blasing, T.J. Recent Greenhouse Gas Concentrations; Carbon Dioxide Information Analysis Center (CDIAC): Oak Ridge, TN, USA;
Oak Ridge National Laboratory (ORNL): Oak Ridge, TN, USA, 2016. [CrossRef]

2. Intergovernmental Panel on Climate Change (IPCC). Climate Change and Land: An IPCC Special Report on Climate Change,
Desertification, Land Degradation, Sustainable Land Management, Food Security, and Greenhouse Gas Fluxes in Terrestrial Ecosystems;
IPCC: Geneva, Switzerland, 2019.

3. Ashiq, W.; Vasava, H.; Ghimire, U.; Daggupati, P.; Biswas, A. Topography controls N,O emissions differently during early and
late corn growing season. Agronomy 2021, 11, 187. [CrossRef]

4. Bavin, TK,; Griffis, T.J.; Baker, ].M.; Venterea, R.T. Impact of reduced tillage and cover cropping on the greenhouse gas budget of
a maize/soybean rotation ecosystem. Agric. Ecosyst. Environ. 2009, 134, 234-242. [CrossRef]

5. Malyan, S.K.; Bhatia, A.; Tomer, R.; Harit, R.C.; Jain, N.; Bhowmik, A.; Kaushik, R. Mitigation of yield-scaled greenhouse gas
emissions from irrigated rice through Azolla, Blue-green algae, and plant growth—promoting bacteria. Environ. Sci Pollut. 2021,
28,51425-51439. [CrossRef] [PubMed]

6. Metz, B.; Davidson, O.R.; Bosch, PR.; Dave, R.; Mayer, L.A. Climate Change 2007: Synthesis Report. In Contribution of Working
Groups 1, Il and 111 to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press:
Cambridge, UK, 2007.

7. Groffman, PM.; Altabet, M.A.; Bohlke, J.K.; Butterbach-BBahl, K.; David, M.B.; Firestone, M.K.; Giblin, A.E.; Kana, T.M.;
Nielsen, L.P.; Voytek, M.A. Methods for measuring denitrification: Diverse approaches to a difficult problem. Ecol. Appl. 2006,
16,2091-2122. [CrossRef]

8. Bremner, ].M. Sources of nitrous oxide in soils. Nutr. Cycl. Agroecosyst. 1997, 49, 7-16. [CrossRef]

9.  Wrage, N.; Velthof, G.L.; Van Beusichem, M.L.; Oenema, O. Role of nitrifier denitrification in the production of nitrous oxide. Soil.
Biol. Biochem. 2001, 33, 1723-1732. [CrossRef]

10. Leng, L.; Huang, H.; Li, H.; Li, ].; Zhou, W. Biochar stability assessment methods: A review. Sci. Total Environ. 2019, 647, 210-222.
[CrossRef]

11. Joseph, S.D.; Camps-Arbestain, M.; Lin, Y.; Munroe, P.; Chia, C.H.; Hook, J.; van Zwieten, L.; Kimber, S.; Cowie, A.;
Singh, B.P; et al. An Investigation into the Reactions of Biochar in Soil. Aust. J. Soil Res. 2010, 48, 501-515. [CrossRef]

12.  Brunn, EW,; Miiller, S.; Ver, D.; Ambus, P.; Hauggaard-Nielsen, H. Application of biochar to soil and NO emissions: Potential
effects of blending fast-pyrolysis biochar with anaerobically digested slurry. Eur. . Soil Sci. 2011, 62, 581-589. [CrossRef]

13. Kammann, C.I; Schmidt, H.P.; Messerschmidt, N.; Linsel, S.; Steffens, D.; Muller, C.; Koyro, HW.; Conte, P.; Stephen, J. Plant
Growth Improvement Mediated by Nitrate Capture in Co-Composted Biochar. Sci. Rep. 2015, 5, 12378. [CrossRef]

14.  Githinji, L. Effect of biochar application rate on physical and hydraulic properties of a sandy loam. Arch. Agron. Soil Sci. 2014,
60, 457-470. [CrossRef]

15. Duarte, S.J.; Glaser, B.; Cerri, C.E.P. Effect of biochar particle size on physical, hydrological and chemical properties of loamy and
sandy tropical soils. Agronomy 2019, 9, 165. [CrossRef]

16. Karhu, K.; Mattila, T.; Bergstrom, I.; Regina, K. Biochar addition to agricultural soil increased CH, uptake and water hodling
capacity—Results from a short-term pilot field study. Agric. Ecosyst. Environ. 2011, 140, 309-313. [CrossRef]

17. éimansk}'r, V. Effects of biochar and biochar with nitrogen on soil organic matter and soil structure in Haplic Luvisol. Acta
Fytotechn. Zootechn. 2016, 19, 129-138. [CrossRef]

18.  Juriga, M,; éimansk}'l, V. Effect of biochar on soil structure—Review. Acta Fytotech. Zootech. 2018, 21, 11-19. [CrossRef]

19. Liang, B.; Lehmann, J.; Solomon, D.; Kinyangi, J.; Grossman, J.; O'Neill, B.; Skjemstad, J.O.; Thies, J.; Luizao, EJ.; Petersen, J.; et al.
Black carbon increases cation exchange capacity in soils. Soil Sci. Soc. Am. ]. 2006, 70, 1719-1730. [CrossRef]

20. Horak, J. Testing biochar as a possible way to ameliorate slightly acidic soil at the research field located in the Danubian lowland.
Acta Hortic. Regiotecturae 2015, 18, 20-24. [CrossRef]

21.  Juriga, M.; Simansky, V. Effect of biochar and its reapplication on soil pH and sorption properties of silt loam Haplic Luvisol.
Acta Hortic. Regiotect. 2019, 22, 65-70. [CrossRef]

22.  Srank, D.; Simansky, V. Differences in soil organic matter and humus of sandy soil after application of biochar substrates and
combination of biochar substrates with mineral fertilizers. Acta Fytotechn. Zootechn. 2020, 23, 117-124. [CrossRef]

23.  Simansky, V,; Srank, D. Relationships between soil organic matter and crop yield after biochar substrates application and their
combination with mineral fertilizers on sandy soil. Acta Hortic. Regiotect. 2021, 24, 14-20. [CrossRef]

24. Laird, D.A.; Fleming, P; Davis, D.D.; Horton, R.; Wang, B.; Karlen, D.L. Impact of biochar amendments on the quality of typical
Midwestern agricultural soil. Geoderma 2010, 158, 443—449. [CrossRef]

25. Zhang, A,; Bian, R; Pan, G.; Cui, L.; Hussain, Q.; Li, L.; Zheng, J.; Zheng, J.; Zhang, X.; Han, X.; et al. Effects of biochar

amendments on soil quality, crop yield and greenhouse gas emission in a Chinese rice paddy: A field study of 2 consecutive rice
growing cycles. Field Crop. Res. 2012, 127, 153-160. [CrossRef]


http://doi.org/10.3334/CDIAC/atg.032
http://doi.org/10.3390/agronomy11010187
http://doi.org/10.1016/j.agee.2009.07.005
http://doi.org/10.1007/s11356-021-14210-z
http://www.ncbi.nlm.nih.gov/pubmed/33987722
http://doi.org/10.1890/1051-0761(2006)016[2091:MFMDDA]2.0.CO;2
http://doi.org/10.1023/A:1009798022569
http://doi.org/10.1016/S0038-0717(01)00096-7
http://doi.org/10.1016/j.scitotenv.2018.07.402
http://doi.org/10.1071/SR10009
http://doi.org/10.1111/j.1365-2389.2011.01377.x
http://doi.org/10.1038/srep12378
http://doi.org/10.1080/03650340.2013.821698
http://doi.org/10.3390/agronomy9040165
http://doi.org/10.1016/j.agee.2010.12.005
http://doi.org/10.15414/afz.2016.19.04.129-138
http://doi.org/10.15414/afz.2018.21.01.11-19
http://doi.org/10.2136/sssaj2005.0383
http://doi.org/10.1515/ahr-2015-0005
http://doi.org/10.2478/ahr-2019-0012
http://doi.org/10.15414/afz.2020.23.03.117-124
http://doi.org/10.2478/ahr-2021-0020
http://doi.org/10.1016/j.geoderma.2010.05.013
http://doi.org/10.1016/j.fcr.2011.11.020

Agronomy 2022, 12,1314 17 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kondrlova, E.; Hordk, J.; Igaz, D.; DobidSov4, D. The possibility of using digital images in assessment of plant canopy development
and weed spread. Acta Hortic. Regiotect. 2017, 20, 35-39. [CrossRef]

Malyan, S.K.; Kumar, S.S.; Fagodiya, R.K.; Ghosh, P.; Kumar, A.; Singh, R.; Singh, L. Biochar for environmental sustainability in
the energy-water-agroecosystem nexus. Renew. Sustain. Energy Rev. 2021, 149, 111379. [CrossRef]

Kotus, T.; Hordk, J. Does Biochar Influence Soil CO, Emission Four Years after Its Application to Soil? Acta Hortic. Regiotect. 2021,
24,109-116. [CrossRef]

Zhang, Q.; Wu, Z.; Zhang, X.; Duan, P.; Shen, H.; Gunina, A ; Yan, Z.; Xiong, Z. Biochar amendment mitigated N,O emissions
from paddy field during the wheat growing season. Environ. Pollut. 2021, 281, 117026. [CrossRef] [PubMed]

Case, S.D.C.; McNamara, N.P;; Reay, D.S.; Whitaker, J. The Effect of Biochar Addition on N;O and CO, Emissions from a Sandy
Loam Soil—The Role of Soil Aeration. Soil Biol. Biochem. 2012, 51, 125-134. [CrossRef]

Singh, B.P.; Hatton, B.J.; Singh, B.; Cowie, A.L.; Kathuria, A. Influence of biochars on nitrous oxide emission and nitrogen leaching
from two contrasting soils. J. Environ. Qual. 2010, 39, 1224-1235. [CrossRef]

Horak, J.; Kotus, T.; Tokova, L.; Aydin, E.; Igaz, D.; gimansky, V. A sustainable approach for improving soil properties and
reducing N,O emissions is possible through initial and repeated biochar application. Agronomy 2021, 11, 582. [CrossRef]
Zhang, Q.; Zhang, X.; Duan, P; Jiang, X.; Shen, H.; Yan, X.; Xiong, Z. The effect of long-term biochar amendment on N,O emissions:
Experiments with N15-018 isotopes combined with specific inhibition approaches. Sci. Total Environ. 2021, 769, 144-533.
[CrossRef]

Hoang, N.T.; Maeda, M. Nitrous oxide and carbon dioxide emissions from agricultural soil amended with different types of
biochar at three temperatures. J. Environ. Sci. Sustain. Soc. 2018, 8, 22-31. [CrossRef]

Castaldi, S.; Riondino, M.; Baronti, S.; Esposito, ER.; Marzaioli, R.; Rutigliano, FA.; Vaccari, F.P.; Miglietta, F. Impact of biochar
application to a Mediterranean wheat crop on soil microbial activity and greenhouse gas fluxes. Chemosphere 2011, 85, 1464-1471.
[CrossRef] [PubMed]

Ding, Y.; Liu, Y.X.; Wu, W.X;; Shi, D.Z; Yang, M.; Zhong, Z.K. Evaluation of biochar effects on nitrogen retention and leaching in
multi-layered soil columns. Water Air Soil Pollut. 2010, 213, 47-55. [CrossRef]

Krause, HM.; Roman, H.; Leifeld, J.; El-Hadidi, M.; Gattinger, A. Biochar affects community composition of nitrous oxide
reducers in a field experiment. Soil Biol. Biochem. 2018, 119, 143-151. [CrossRef]

Liu, H.; Li, H.; Zhang, A.; Rahaman, A.; Yang, Z. Inhibited effect of biochar application on N,O emissions is amount and time-
dependent by regulating denitrification in a wheat-maize rotation system in North China. Sci. Total Environ. 2020, 721, 137636.
[CrossRef] [PubMed]

Wang, ].Y.; Xiong, Z.Q.; Kuzyakov, Y. Biochar stability in soil: Meta-analysis of decomposition and priming effects. GCB Bioenergy
2016, 8, 512-523. [CrossRef]

Cayuela, M.L.; van Zwieten, L.; Singh, B.P; Jeffery, S.; Roig, A.; Sanchez-Monedero, M.A. Biochar’s role in mitigating soil nitrous
oxide emissions: A review and meta-analysis. Agric. Ecosyst. Environ. 2014, 191, 5-16. [CrossRef]

Verhoeven, E.; Pereira, E.; Decock, C.; Suddick, E.; Angst, T.; Six, J. Toward a better assessment of biochar-nitrous oxide mitigation
potential at the field scale. J. Environ. Qual. 2017, 46, 237-246. [CrossRef]

Borchard, N.; Schirrmann, M.; Cayuela, M.L.; Kammann, C.; Wrage-Monnig, N.; Estavillo, ] M.; Fuertes-Mendizédbal, T.; Sigua, G.;
Spokas, K.; Ippolito, J.A.; et al. Biochar, soil and land-use interactions that reduce nitrate leaching and N2O emissions: A
meta-analysis. Sci. Total Environ. 2019, 651, 2354-2364. [CrossRef]

Kottek, M.; Grieser, J.; Beck, C.; Rudolf, B.; Rubel, F. World Map of the Koppen-Geiger Climate Classification Updated. Meteorol. Z.
2006, 15, 259-263. [CrossRef]

Hrivnidkovd, K.; Makovnikovd, J.; Baranc¢ikova, G.; Bezdk, P.; Bezakova, Z.; Dodok, R.; Gre¢o, V.; Chlpik, J.; Kobza, J;
Listjak, J.; et al. Jednotné Pracovné Postupy Rozborov Péd. (Uniform Operation Procedures of Soil Analyses); VUPOP: Bratislava,
Slovakia, 2011; p. 113. (In Slovak)

Dziadowiec, H.; Gonet, S. Przewodnik Metodyczny do Bada 'n Materii Organicznej Gleb (Methodological Guidebook for The Or-
ganic Matter Researches); Prace Komisji Naukowych Polskiego Towarzystwa Naukowego 120; PTG: Warszawa, Poland, 1999;
pp. 31-34. (In Polish)

Elder, ].W.; Lal, R. Tillage effects on gaseous emissions from an intensively farmed organic soil in North Central Ohio. Soil Tillage
Res. 2008, 98, 45-55. [CrossRef]

Parkin, T.B.; Venterea, R.T.; Hargreaves, S.K. Calculating the detection limits of chamber-based soil greenhouse gas flux measure-
ments. J. Environ. Qual. 2012, 41, 705-715. [CrossRef] [PubMed]

AHDB. Barley Growth Guide. Available online: https://projectblue.blob.core.windows.net/media/Default/Imported %20
Publication%20Docs /Barley%20growth%20guide%20130718.pdf (accessed on 27 April 2022).

Dell™ Statistica™ 13.1. Release Notes. June 2016. Available online: http://support-public.cfm.quest.com/35859_Dell_Statistica_
13_1_ReleaseNotes_Rev03_ENGLISH.pdf (accessed on 15 March 2022).

Kubaczynski, A.; Walkiewicz, A.; Pytlak, A.; Grzadziel, ].; Galazka, A.; Brzeziriska, M. Biochar dose determines methane uptake
and methanotroph abundance in Haplic Luvisol. Sci. Total Environ. 2022, 806, 151259. [CrossRef] [PubMed]

Yu, L,; Yu, M; Lu, X.; Tang, C.; Liu, X.; Brookes, P.C.; Xu, J. Combined application of biochar and nitrogen fertilizer benefits
nitrogen retention in the rhizosphere of soybean by increasing microbial biomass but not altering microbial community structure.
Sci. Total Environ. 2017, 187, 640-641. [CrossRef]


http://doi.org/10.1515/ahr-2017-0008
http://doi.org/10.1016/j.rser.2021.111379
http://doi.org/10.2478/ahr-2021-0016
http://doi.org/10.1016/j.envpol.2021.117026
http://www.ncbi.nlm.nih.gov/pubmed/33813196
http://doi.org/10.1016/j.soilbio.2012.03.017
http://doi.org/10.2134/jeq2009.0138
http://doi.org/10.3390/agronomy11030582
http://doi.org/10.1016/j.scitotenv.2020.144533
http://doi.org/10.3107/jesss.8.22
http://doi.org/10.1016/j.chemosphere.2011.08.031
http://www.ncbi.nlm.nih.gov/pubmed/21944041
http://doi.org/10.1007/s11270-010-0366-4
http://doi.org/10.1016/j.soilbio.2018.01.018
http://doi.org/10.1016/j.scitotenv.2020.137636
http://www.ncbi.nlm.nih.gov/pubmed/32172102
http://doi.org/10.1111/gcbb.12266
http://doi.org/10.1016/j.agee.2013.10.009
http://doi.org/10.2134/jeq2016.10.0396
http://doi.org/10.1016/j.scitotenv.2018.10.060
http://doi.org/10.1127/0941-2948/2006/0130
http://doi.org/10.1016/j.still.2007.10.003
http://doi.org/10.2134/jeq2011.0394
http://www.ncbi.nlm.nih.gov/pubmed/22565252
https://projectblue.blob.core.windows.net/media/Default/Imported%20Publication%20Docs/Barley%20growth%20guide%20130718.pdf
https://projectblue.blob.core.windows.net/media/Default/Imported%20Publication%20Docs/Barley%20growth%20guide%20130718.pdf
http://support-public.cfm.quest.com/35859_Dell_Statistica_13_1_ReleaseNotes_Rev03_ENGLISH.pdf
http://support-public.cfm.quest.com/35859_Dell_Statistica_13_1_ReleaseNotes_Rev03_ENGLISH.pdf
http://doi.org/10.1016/j.scitotenv.2021.151259
http://www.ncbi.nlm.nih.gov/pubmed/34715215
http://doi.org/10.1016/j.scitotenv.2018.06.018

Agronomy 2022, 12,1314 18 of 19

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

Cheng, C.H.; Lehmann, L.; Thies, ].E.; Burton, S.D.; Engelhard, M.H. Oxidation of black carbon through biotic and abiotic
processes. Org. Geochem. 2006, 37, 1477-1488. [CrossRef]

Chintala, R.; Mollinedo, J.; Schumacher, T.; Malo, D.D.; Julson, J.L. Effect of biochar on chemical properties of acidic soil. Arch.
Agron. Soil Sci. 2013, 60, 393-404. [CrossRef]

Fidel, R.B,; Laird, D.A.; Thompson, M.L.; Lawrinenko, M. Characterization and quantification of biochar alkalinity. Chemosphere
2017, 167, 367-373. [CrossRef]

Berek, A.K.; Hue, N.V. Characterization of biochars and their use as an amendment to acid soils. Soil Sci. 2016, 181, 412-426.
[CrossRef]

Zhang, J.; Zhang, X.; Sun, H.; Wang, C.; Zhou, S. Carbon sequestration and nutrients improvement meditated by biochar in a
3-year vegetable rotation system. J. Soils Sediments 2022, 22, 1385-1396. [CrossRef]

Igbal, H.; Garcia—Perez, M.; Flury, M. Effect of biochar on leaching of organic carbon, nitrogen, and phosphorus from compost in
bioretention systems. Sci. Total Environ. 2015, 522, 37—-45. [CrossRef]

Jiang, Y.B.; Kang, Y.; Han, C.; Zhu, T.; Zhong, W. Biochar amendment in reductive soil disinfestation process improved remediation
effect and reduced N,O emission in a nitrate-riched degraded soil. Arch. Agron. Soil Sci. 2019, 66, 983-991. [CrossRef]
Prendergast-Miller, M.T.; Duvall, M.; Sohi, S.P. Localization of nitrate in the rhizosphere of biochar-amended soils. Soil Biol.
Biochem. 2011, 43, 2243-2246. [CrossRef]

Bizimana, F; Timilsina, A.; Dong, W.; Uwamungu, J.Y,; Li, X,; Wang, Y.; Pandey, B.; Qin, S. Effects of long-term nitrogen
fertilization on N>O, Ny and their yield-scaled emissions in a temperate semi-arid agro-ecosystem. ]. Soils Sediments 2021,
21, 1659-1671. [CrossRef]

Sial, T.A.; Khan, M.N,; Lan, Z.; Kumbhar, E; Ying, Z.; Zhangm, J.; Lim, X. Contrasting effects of banana peels waste and its biochar
on greenhouse gas emissions and soil biochemical properties. Process. Saf. Environ. Protect. 2019, 122, 366-377. [CrossRef]
Horak, J.; éimansky, V. Effect of biochar and biochar combined with N-fertiliser on soil organic carbon content. Agriculture 2016,
62, 155. [CrossRef]

‘Bimansk}'f, V.; Igaz, D.; Horak, J.; Surda, P; Kolen¢ik, M.; Buchkina, N.P,; Uzarowicz, L.; Juriga, M; Srank, D.; Paukova, Z.
Response of soil organic carbon and water-stable aggregates to different biochar treatments including nitrogen fertilization. J.
Hydrol. Hydromech. 2018, 66, 429-436. [CrossRef]

Cross, A.; Zwart, K.; Shackley, S.; Ruysschaert, G. The role of biochar in agricultural soils. In Biochar in European Soils and
Agriculture; Shackley, S., Ruysschaert, G., Zewart, K., Glaser, B., Eds.; Routledge: London, UK; Taylor and Francis Group: New
York, NY, USA, 2016; pp. 73-98.

Nguyen, B.; Lehmann, J.; Kinyangi, J.; Smernik, R.; Riha, S.J.; Engelhard, M.H. Long—term black carbon dynamics in cultivated
soil. Biogeochemistry 2008, 89, 295-308. [CrossRef]

Liang, B.; Lehmann, J.; Solomom, D.; Sohi, S.; Thies, J.; Skjemstad, J.; Luizao, F.; Engelhard, M.; Neves, E.; Wirick, S. Stability of
biomass-derived black carbon in soils. Geochim. Cosmochim. Acta 2008, 72, 6069-6078. [CrossRef]

Yang, W.; Feng, G.; Miles, D.; Gao, L.; Jia, Y,; Li, C.; Qu, Z. Impact of biochar on greenhouse gas emissions and soil carbon
sequestration in corn grown under drip irrigation with mulching. Sci. Total Environ. 2020, 729, 138752. [CrossRef]

Ding, Y.; Gao, X.; Qu, Z; Jia, Y.; Hu, M.; Li, C. Effects of Biochar Application and Irrigation Methods on Soil Temperature in
Farmland. Water 2019, 11, 499. [CrossRef]

Crutzen, PJ. Albedo enhancement by stratospheric sulfur injections: A contribution to resolve a policy dilemma? Clim. Chang.
2006, 77,211-219. [CrossRef]

Liao, W.; Thomas, S. Biochar particle size and post-pyrolysis mechanical processing affect soil pH, water retention capacity, and
plant performance. Soil Syst. 2019, 3, 14. [CrossRef]

Tokova, L.; Igaz, D.; Horak, J.; Aydin, E. Effect of biochar application and re-application on soil bulk density, porosity, saturated
hydraulic conductivity, water content and soil water availability in a silty loam Haplic Luvisol. Agronomy 2020, 10, 1005.
[CrossRef]

Mukherjee, A.; Lal, R. Biochar impacts on soil physical properties and greenhouse gas emissions. Agronomy 2013, 3, 313-339.
[CrossRef]

Blanco—Canqui, H. Biochar and soil physical properties. Soil Sci. Soc. Am. ]. 2017, 81, 687-711. [CrossRef]

éimansky, V.; Horak, ].; Bordoloi, S. Improving the soil physical properties and relationships between soil properties in arable soils
of contrasting texture enhancement using biochar substrates: Case study in Slovakia. Geoderma Reg. 2022, 28, e00443. [CrossRef]
Lee, J.; Hopmans, ].W.; van Kessel, C.; King, A.P,; Evatt, K.J.; Louie, D.; Rolston, D.E; Six, J. Tillage and seasonal emissions of
C0O2, N20 and NO across a seed bed and at the field scale in a Mediterranean climate. Agric. Ecosyst. Environ. 2009, 129, 378-390.
[CrossRef]

Nan, W.; Yue, S.; Li, S.; Huang, H.; Shen, Y. Characteristics of N,O production and transport within soil profiles subjected to
different nitrogen application rates in China. Sci. Total Environ. 2016, 542, 864-875. [CrossRef]

Tullberg, J.; Antille, D.L.; Bluetta, C.; Eberhard, ].; Scheer, C. Controlled traffic farming effects on soil emissions of nitrous oxide
and methane. Soil Tillage Res. 2018, 176, 18-25. [CrossRef]

Shakoor, A.; Shahbaz, M.; Farooq, H.T.; Sahar, N.E.; Shahzad, S.M.; Altaf, M.M.; Ashraf, M. A global meta-analysis of greenhouse
gases emission and crop yield under no-tillage as compared to conventional tillage. Sci. Total Environ. 2021, 750, 142299.
[CrossRef]


http://doi.org/10.1016/j.orggeochem.2006.06.022
http://doi.org/10.1080/03650340.2013.789870
http://doi.org/10.1016/j.chemosphere.2016.09.151
http://doi.org/10.1097/SS.0000000000000177
http://doi.org/10.1007/s11368-022-03175-2
http://doi.org/10.1016/j.scitotenv.2015.03.060
http://doi.org/10.1080/03650340.2019.1650171
http://doi.org/10.1016/j.soilbio.2011.07.019
http://doi.org/10.1007/s11368-021-02903-4
http://doi.org/10.1016/j.psep.2018.10.030
http://doi.org/10.1515/agri-2016-0016
http://doi.org/10.2478/johh-2018-0033
http://doi.org/10.1007/s10533-008-9220-9
http://doi.org/10.1016/j.gca.2008.09.028
http://doi.org/10.1016/j.scitotenv.2020.138752
http://doi.org/10.3390/w11030499
http://doi.org/10.1007/s10584-006-9101-y
http://doi.org/10.3390/soilsystems3010014
http://doi.org/10.3390/agronomy10071005
http://doi.org/10.3390/agronomy3020313
http://doi.org/10.2136/sssaj2017.01.0017
http://doi.org/10.1016/j.geodrs.2021.e00443
http://doi.org/10.1016/j.agee.2008.10.012
http://doi.org/10.1016/j.scitotenv.2015.10.147
http://doi.org/10.1016/j.still.2017.09.014
http://doi.org/10.1016/j.scitotenv.2020.142299

Agronomy 2022, 12,1314 19 of 19

79. Lopez-Capel, E.; Zwart, K.; Shackley, S.; Postma, R.; Stenstrom, J.; Rasse, D.P.; Budai, A.; Glaser, B. Biochar properties. In Biochar
in European Soils and Agriculture; Shackley, S., Ruysschaert, G., Zwart, K., Glaser, B., Eds.; Routledge: London, UK; Taylor and
Francis Group: New York, NY, USA, 2016; pp. 41-72.

80. Aydin, E.; Simansky, V.; Hordk, J.; Igaz, D. Potential of biochar to alternate soil properties and crop yield 3 and 4 years after the
application. Agronomy 2020, 10, 889. [CrossRef]

81. STATdat. Branch Statistics > Agriculture, Forestry, Fisheries > Yields of Selected Agricultural Crops > Select Data > Hectare Yields
(Tons). Available online: http://statdat.statistics.sk (accessed on 12 April 2022).


http://doi.org/10.3390/agronomy10060889
http://statdat.statistics.sk

	Introduction 
	Materials and Methods 
	Description of the Experimental Site 
	Characterization of the Treating Materials: Biochar and Nitrogen Fertilizer 
	Design of the Experimental Plots and Treatments 
	Soil Sampling and Analyses 
	Gas Sampling and Analysis 
	Maize Yield Determination 
	Statistical Analyses 

	Results and Discussion 
	Soil Chemical Properties 
	Soil Physical Properties 
	Nitrous Oxide Emissions 
	Maize Yield 

	Conclusions 
	References

