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Abstract. The introduction of innovative technologies in agriculture is key not only to improving the efficiency
of agricultural production and crop yields and quality but also to balancing energy use and preserving a cleaner
environment. Biopreparations are environmentally friendly means of restoring the vitality of the soil in which
plants can thrive. Biopreparations have an impact on soil health and alter greenhouse gas emissions. The aim of
this study was to investigate the effects of different biopreparations on soil porosity, temperature, and CO, (car-
bon dioxide) emissions from the soil in northeast Europe (Lithuania) when growing winter wheat and oilseed
rape. The experimental studies were carried out over 3 years, and each spring, after the resumption of winter
crops, the soil surface was sprayed with biopreparations of different properties or with mixtures of bioprepara-
tions under seven scenarios, with one scenario left as a control. Soil porosity, temperature, and CO, emissions
from the soil were measured regularly every month from April to August. The application of the biopreparations
showed a cumulative effect on the soil properties. In the third year of the study, the total porosity of the soil
was higher in all scenarios compared to the control, ranging between 51 % and 74 %. The aeration porosity of
the soil was also higher in all years of the study than in the control, although no significant differences were
obtained. The results of the studies on CO; emissions from the soil showed that, in the first year, the application
of the biopreparations increased emissions compared to the control. However, when assessing the cumulative
effect of the biopreparations on soil respiration intensity, it was found that, in the third year, most of the bio-
preparations led to a reduction in CO, emissions compared to the control. The lowest emissions were achieved
with the biopreparations consisting of essential oils of plants, 40 species of various herbs extracts, marine al-
gae extracts, Azospirillum sp., Frateuria aurentia, Bacillus megaterium, mineral oils, Azotobacter vinelandi,
humic acid, gibberellic acid, sodium molybdate, Azototbacter chroococcum, Azospirillum brasilense, etc. Eval-
uating the effectiveness of biopreparations on soil porosity, temperature, and CO, emissions from the soil, it
can be stated that the best effect was achieved in all 3 research years in using biopreparations with Azotobacter
chroococcum, Azotospirilum brasilense, various herbs, marine algae extracts, oils of plants, and mineral sub-
stances. The multiple-regression model showed that soil temperature has a greater influence on the variation of
CO; emissions than soil aeration porosity.
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1 Introduction

1.1 Importance of biopreparations

Decades of soil degradation have led to a search for ways
to contribute to soil sustainability by preserving soil proper-
ties without harming the environment. Over the last decade,
European agricultural policy has increasingly turned towards
environmental sustainability, with the aim of reducing the
use of chemicals and increasing the organic area (European
Commission, 2020). An increasing number of agricultural
operators and farmers have adopted environmentally friendly
biotechnologies that use biopreparations, i.e. bioproducts de-
signed to inhibit the growth of pathogenic fungi or bacteria,
stimulate plant growth, improve plant nutrient uptake, and re-
store soil properties and fertility (Michalak et al., 2016; Tre-
visan et al., 2019; Szparaga et al., 2019). Consumers have
started to increasingly value agricultural products with high
nutritional and functional value and environmentally sustain-
able production (Caruso et al., 2019; Szparaga et al., 2018).
Therefore, bioproducts used in agricultural practice aim to
enhance the biological protection of plants by reducing the
spread of pathogens and pests, increasing crop productiv-
ity, improving soil microbiology, changing the physical and
chemical properties of soil, reducing environmental pollu-
tion, and weakening the properties of crop residues (Khat-
tab et al., 2009; Vaitauskiene et al., 2015; Oskiera et al.,
2017; Naujokiené et al., 2018). Blaszczys et al. (2014) stated
that Trichoderma harzianum and Trichoderma atroviride are
common components of biopreparations used in agriculture.
Fungi of the genus Trichoderma can effectively reduce phy-
topathogens in agricultural soils through various mechanisms
(Oskiera et al., 2017). A combination of edaphic and dy-
namic factors, including crop rotation, residue management,
soil type, tillage, and climate, affect the microorganism com-
munity (Blinemann et al., 2008; Gil et al., 2011; Zhang et al.,
2014). A growing body of research demonstrates that plant-
derived phytochemicals affect the soil microbiota through in-
teractions between plant roots and soil (Bais et al., 2006;
Kong et at., 2008; Lorenzo et al., 2013). Biopreparations
have multiple effects, but scientists are placing more em-
phasis on their positive effects on plants and soil (Tarantino
et al., 2018). Biopreparations are also used as seed diluents
to increase germination and reduce seed contamination with
pathogenic microorganisms (Selby et al., 2016; Rouphael et
al., 2018). Kocira et al. (2020) report that the mixtures of
seeds and biopreparations obtained from Archangelica offic-
inalis L. significantly inhibit fungal development on the seed
surface. Biopreparations have antimicrobial activity because
they contain biologically active substances that can inhibit
the development of microorganisms. The appropriate com-
position of the biopreparations to be used depends mainly on
the plant species (Nostro et al., 2000; Sen and Batra, 2012;
Shihabudeen et al., 2010). The use of biopreparations can re-
duce the cost of crop production and increase the efficiency
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of soil nutrient use by reducing the incidence of diseases
caused by nutrient deficiencies. However, this effect is not
easy to achieve as it requires a lot of knowledge on the proper
selection of biopreparations, their application method, and
the correct adjustment of the amount and concentration (Er-
tani et al., 2018; Szparaga et al., 2019; Michatek et al., 2018).

1.2 Effects of biopreparations on soil

Soil microorganisms are an essential link in the nutrient cy-
cle in the soil and maintain soil fertility. Their activity de-
termines the physical and chemical properties of the soil,
and these properties in turn determine how the microorgan-
isms feel in the soil. Soil physical properties such as porosity
and temperature are constantly changing under the influence
of the environment. A research team from Poland investi-
gating the influence of microorganisms on soil density and
porosity found no significant changes over 5 years (Prana-
gal et al., 2020). Other researchers (Montemurro et al., 2010;
Peltre et al., 2015; Juknevicius et al., 2020) have suggested
that biopreparations increased the organic carbon content of
the soil, which presumably led to a decrease in soil density
and an increase in overall porosity. Researchers have pointed
out that soil water content influences soil density (Lu et al.,
2018; Tian et al., 2018; Tong et al., 2020). Naujokiené et
al. (2018) reported that the use of differently prepared bio-
preparations reduced soil hardness by up to 28 % and in-
creased total porosity by up to 25 % in the second year of
the study, which resulted in lower diesel fuel consumption
and reduced GHG (greenhouse gas) emissions to the envi-
ronment.

1.3 CO» emissions from soil

The agricultural sector is one of the most important GHG
polluters of the environment, and cleaner production pro-
cesses in this sector are of particular interest (Hamzei and
Seyyedi, 2016; Wu et al., 2017). CO, emissions from soil are
the second largest component of the carbon cycle and con-
tribute to climate change (Mohammed et al., 2022). Agricul-
tural producers are encouraged to increase agricultural pro-
duction by developing alternative technologies that address
climate change, i.e. that reduce the carbon footprint of agri-
culture (Dias et al., 2016; Foley et al., 2011; Tilman et al.,
2002). Soil bioactivity is the set of biological processes that
determine soil respiration, enzyme activity, humification, and
mineralization processes. A group of researchers (Ma et al.,
2021) has observed that microorganism structure (commu-
nity structure) and soil properties change together depending
on environmental conditions and determine the dynamics of
GHG emissions. After using the biological preparation, the
amount of organic carbon in the soil increased from 1.8 % to
2%, a difference of 0.2 % (Juknevicius et al., 2018). Stim-
ulating soil microorganisms increases CO, release and im-
proves nutrient mobilization (Klenz, 2015). Scientific results
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showed that the preparation of biocrusts biopreparation sig-
nificantly improved soil physicochemical properties; respira-
tion; and alkaline phosphatase, protease, and cellulose and
reduced CO; emissions in vegetation areas (Liu et al., 2017).

The dependence of soil respiration intensity, GHG emis-
sions, and physical soil properties on tillage and other tech-
nological operations has already been studied quite exten-
sively. However, the impact of environmentally friendly bio-
preparations on soil physical properties and the dynamics of
CO; emissions during the growing season has not yet been
sufficiently studied (Naujokiené et al., 2018). The limited
number of scientific papers on this topic shows that research
on the effects of biopreparations on soil under different me-
teorological conditions is new and relevant. The aim of this
study was to investigate the effects of different bioprepa-
ration formulations on soil porosity, temperature, and CO»
emissions from the soil in central Europe (Lithuania) when
growing winter wheat and oilseed rape.

2 Material and methods

2.1 Site description and experimental design

Experimental field research was carried out in 2014-2017
at the Experimental Station of Vytautas Magnus Univer-
sity Agriculture Academy (54°534’N, 23°50’ E) in ygleyic-
satiated planosoil (Endohypogleyic-Eutric Planosol — PLe-
gln-w) (Buivydaité et al., 2001). Analysis of changes in soil
physical properties and CO, emissions was carried out un-
der the influence of biopreparations of different composition
in northeast Europe (Lithuania) on the left bank of the river
Nemunas in the Kaunas district.

In the first year of the study, winter wheat (variety Ada)
was grown; in the second year, winter wheat (Famulus) was
grown; and in the third year, winter oilseed rape (Cult) was
grown. Eight scenarios (SCs) were selected to determine the
effect of biopreparations on soil properties and CO, emis-
sions from the soil, of which SC1 (scenario 1) was the control
with no biopreparations used. In the other seven SCs, mix-
tures of biopreparations were used. The components of the
biopreparations are given in Table 1. Mixtures of bioprepara-
tions were applied after the resumption of winter crops in the
second half of April. The experimental plots were laid out
in a linear pattern. The initial size of the plots was 600 m?,
and the reference size was 400 m? (N aujokiené et al., 2018).
The layout of the experimental field scenarios is presented in
Fig. 1.

2.2 Measurements of soil physical properties

Soil properties were measured in April, May, June, July, and
August over a 3-year period. A total of 14 tests were carried
out (Table 2).

Soil porosity was sampled with a soil-sampling drill from
a depth of 0—10cm. For each scenario, five measurements
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Figure 1. Scheme of experimental field study scenarios.

were taken. Soil porosity was determined with a vacuum air
pycnometer after drying the samples to an air-dry mass. The
total porosity P, was calculated according to the following
formula (Maiksténiene et al., 2007):

Py = (1 —_ ﬂ) -100, (1)

where pq refers to soil density (g cm™?), and pk.£. refers to
soil solid-phase density (gcm™3).

Aeration porosity P,er. Was calculated according to the fol-
lowing formula (MaikSténiene et al., 2007):

Paer. = Py — (w - p4g), ()

where w refers to soil water content (%).

Soil density was determined by weighing and taking sam-
ples with a Nekrasov drill prior to calculation according to
the formula (the mass-to-volume ratio):

0= 3)
v

where o is the density of the soil (kg m™3), m is the soil mass
(kg), and V is the soil volume (m?). The density of the solid
phase was determined with a vacuum air pycnometer, after
which the obtained results were inserted into the formulas
presented in the article. Aeration porosity is a very impor-
tant quantity for the soil as it determines the amount of air
spaces in the soil, and air is needed for plant roots to grow
and develop normally.

Soil temperature at a depth of 0-5 cm in all treatments was
determined with a hand-held portable device, the HH2 Mois-
ture Meter, to which a WET-2-type sensor was connected.
The tests were carried out in five repetitions, and the depth of
the temperature measurements is indicated as 0-5 cm as the
rounding error is on the smaller side.
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Table 1. Composition of the biopreparations used in different scenarios (Naujokiené et al., 2018).

The composition of biopreparations

Scenario

SC1

SC2 SC3 SC4 SC5 SC6 SC7 SC8

40 species of various herbs -
Marine algae extracts -
Essential oils of plants —
Mineral oils —
Azospirilum spp. -
Bacillus magetarium -
Frateuria autentia -
Azotobacter chroococcum -
Azotospirilum brasilense -
4.5 % humic acids —
0.5 % gibberellic acid -
0.01 % copper (Cu) -
0.01 % zinc (Zn) -
0.01 % manganese (Mn) —
0.01 % iron (Fe) -
0.01 % calcium (Ca) —
0.005 % sodium molybdate (NapMoOy) -
Phosphorus P (P,05) —
Potassium K (K,O) —
Azotobacter spp. -
Water (H,O) +

+ +
_|_

|+ ++ +
|
|+t
|
|+ ++ +
|

|
Fr+++++
4+ ++ 1
I
| |
| |
|

I+ +

I+ +++++++ 1
I+ +++++++ 1

|
|
|
I+ +
|
|
I+ +

+
N
N
N
N
N
N

“+” —a compound is used; “—" — a compound is not used.

Table 2. Soil property assessment plan (2015-2017).

2015 2016

2017

25 April 2015

11 May 2015

June was too dry

4 July 2015

7 August 2015 (after harvesting)

29 April 2016
25 May 2016
20 June 2016

20 July 2016 (after harvesting)
8 August 2016 (after soil tillage)

5 May 2017

30 May 2017

28 June 2017

31 July 2017 (after harvesting)

1 August 2017 (after soil tillage)

2.3 Measurement of CO» emissions from soil

CO, emissions from the soil were measured on the same
dates as other physical soil properties. The measurements
were carried out with the ADC Bioscientific LCpro+ Sys-
tem, a portable CO;, gas analyser consisting of a compact
programming console, a soil respiration chamber, and a plas-
tic ring to be inserted into the soil. Carbon dioxide emissions
were measured five times in each scenario. CO; gas emis-
sions were measured in each repetition five times, the ring
was placed in the soil at a depth of 20 mm, and all measure-
ments were made in the first half of the day (from 10:00
to 14:00 Eastern European Time, EET; UTC+-2). The soil
temperature was measured in parallel with the measurement
of CO, gas emissions. The programming console was con-
nected to the soil breathing chamber at the selected measure-
ment location. A metal ring was inserted into the selected
measurement site and the chamber attached to it. The ring
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was inserted perpendicular to the soil and left in place. The
measurement site needed to be free of grass or other ele-
ments that could damage the sensors. The telescopic probe
delivered CO; from the atmosphere at a height of 3 m. This
height was chosen to prevent the measurement from being
influenced by the person taking the measurement. The mea-
surement was carried out for 10 min, observing fluctuations
in carbon dioxide. The data were automatically recorded on
a memory stick.

2.4 Meteorological conditions

Meteorological data were received from the Kaunas Meteo-
rological Station (KMS). The distance between the KMS and
the area where the experiments were conducted is approxi-
mately 500 m. The weather station provides multi-year data
averages, calculated from 1974 until 2017.
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Figure 2. Meteorological conditions during the study in 2015-2017.

April 2015 was unusually warm. The average temperature
for the month was 1 °C above the long-term average, and pre-
cipitation was 7.6 mm above the long-term average (Fig. 2).
May and June 2015 were 0.9 and 0.2°C colder than the
long-term average, with 10 mm of precipitation in May and
46.2 mm less than the long-term average in June. July 2015
was close to the long-term average, with 8.8 mm less precip-
itation than the long-term average. August was hot and dry,
with an average air temperature of 20.3 °C and only 6.9 mm
of precipitation. These data show that the 2015 growing sea-
son was very dry and deficient in moisture.

In April 2016, the average air temperature was 1 °C above
the long-term average, and in May, it was 3.43°C above
the long-term average. April received 41.2 mm of precipita-
tion, while May was a low-precipitation month, with only
36.4mm, 17.4 mm below the long-term average. Warm and
humid weather prevailed in summer. June was particularly
warm, with an average air temperature of 17.21°C, 1.61°C
above the long-term average. July and August were about
0.3 °C warmer than the long-term average. Compared to the
long-term average, precipitation was 21.1 mm higher in June,
81.7 mm higher in July, and 34.6 mm higher in August. The
summer period of 2016 was humid.

Although the average temperature in April 2017 (5.61 °C)
was close to the long-term average (6.1 °C), precipitation was
1.9 times higher than the long-term average. The weather in
May was moderately warm and dry. The air temperature was
12.87°C, 0.57 °C above the long-term average. Precipitation
was very low at just 10.5 mm compared with the long-term
average of 53.8 mm for May. The summer weather in Lithua-
nia was humid and cool. The average temperature in June
was no different from the long-term average, but precipita-
tion was 1.28 times higher than the long-term average. Me-
teorological conditions in July were close to the long-term
average, with an air temperature of 16.77 °C and 79.6 mm of
precipitation. The weather warmed up to 17.47 °C in August,
with a long-term average of 16.6 °C. Precipitation in August
was 25.3 mm lower than the long-term average. Precipitation

https://doi.org/10.5194/s0il-9-593-2023

: The effect of different biopreparations on soil

e Average monthly temperature

-
o
N
[
<
3
=S

597

Long-term average precipitation T
=== [ ong-term average temperature

Temperature, °C

August, [

July, 2016
April, 2017
May, 2017
June, 2017
July, 2017 £
2017

in the summer of 2017 was in line with the long-term aver-
age.

2.5 Statistical analysis

One-way analysis of variance (ANOVA) was used to assess
the statistical significance of the results. Dispersion analy-
sis was performed on the LSD (least significant difference)
test for mathematical statistics (Raudonius, 2017; Olsson et
al., 2007). We used the statistical software package SYSTAT,
version 10. The probability level was indicated as follows:
* differences are significant at P <0.05 > 0.01; ** differ-
ences are significant at P <0.01 > 0.001.

Multivariate linear regression was applied to investigate
the relationship of CO;, emission with soil aeration poros-
ity (A. porosity), soil total porosity (T. porosity), and tem-
perature. In this article, multiple linear regression was im-
plemented using the backward elimination technique. With
stepwise selection, the decision of whether to include or re-
move a variable from the model was based on Akaike’s infor-
mation criterion. The following tests are performed to check
multivariate linear regression assumptions: normality, ho-
moscedasticity, and multicollinearity. The assumption of ho-
moscedasticity was tested using the Breusch—Pagan test, the
assumption of normality was examined by using Shapiro—
Wilk test, and the multicollinearity was analysed in the con-
text of the variance inflation factor (VIF) assessment. Re-
gression analysis was performed using R statistical software
(v4.1.2).

3 Results and discussion

3.1 Soil total porosity

In the first year of the study (2015), the total porosity ranged
from 50.4 % to 55.4 % before the application of the bioprepa-
rations (Fig. 3a); 2 weeks after the spraying of the bioprepa-
rations (11 May 2015), the total porosity was measured, and
it was found that all treatments showed a decrease in total
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porosity, ranging from 1.08 % to 7.82 %, except for treat-
ments SC2 and SC8, which showed increases in total poros-
ity of 8.4 % and 2.6 %, respectively. No studies were carried
out in June due to drought. In July, total porosity varied from
47.5 % to 52.2 % for all treatments tested. Only one scenario,
SC4, showed an increase in total porosity up to 3.9 % com-
pared to the total porosity found in May. Significant differ-
ences were obtained in scenarios SC3, SC4, SC7, and SCS8. In
August, the range of treatments in total porosity was between
47.9 % and 51.7 %. Significant differences were obtained in
scenarios SC5 and SC6.

In 2016, the post-winter soil total porosity ranged from
41.8 % to 53.2 % (Fig. 3b). Total porosity was measured on
23 May 2016 after the application of the biopreparations and
showed an increase in total porosity in all SCs. In the control
treatment SC1, an increase in total porosity was also found
due to the meteorological conditions as the warm and dry
month of May prevailed. Carson et al. (2010) found that bac-
terial diversity increases with water potential <2.5kPa in
the sand and <4.0kPa in silt—clay, which corresponds to a
pore space filled with <56 % water. The higher precipita-
tion in June resulted in soil compaction, which reduced the
total porosity in all scenarios except for SC4 due to the pres-
ence of higher levels of microorganisms (Azospirillum sp.,
Frateuria aurentia, Bacillus megaterium) that prevented soil
compaction. July was a high-precipitation month, which re-
sulted in a decrease in total porosity of between 1.5 % and
13 % compared to June in all scenarios except SCI1. In the
control scenario, an increase of 3.4 % was observed in July
due to the filling of soil pores with water, which slightly in-
creased the total porosity. In August, all scenarios showed
an increase in total porosity compared to July, with the ex-
ception of scenarios SC1 and SC2, which consisted of non-
bacterial components. These scenarios showed a decrease
but not a significant one. Comparing the results obtained
in April (before the application of the biopreparations) and
August, it was found that the application of the bioprepara-
tions which were dominated by microorganisms resulted in a
more porous soil. The increase in total porosity ranged from
1.53 % to 17.26 % in most scenarios.

In 2017, total porosity at the beginning of May varied from
46.6 % to 54.8 % (Fig. 3c). Significant differences between
the treatments compared to the control treatment were ob-
tained in scenarios SC4, SC6, SC7, and SC8 at probability
P <0.01 >0.001 and in scenario SC5 at P <0.05> 0.01.
Biopreparations with higher bacterial content have a long-
lasting effect, which is felt after overwintering with a higher
total porosity index. The measurement of total porosity af-
ter spraying the biopreparations showed that, in all SCs,
the total porosity increased from 18.54 % to 26.54 % be-
cause of the biopreparations and the environmental con-
ditions. Scientists have found that biotreatments alter soil
physicochemical properties (Banerjee, 2011; Cittenden and
Goede, 2016). In June, when compared to the control, signif-
icant differences were obtained in scenarios SC6, SC7, and
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SC8 at P <0.01 >0.001, although almost all SCs showed
a decrease in total porosity, except for scenario SC7, which
used Azotobacter spp. bacteria in combination with mineral
oils, seaweed, and various grass extracts, which affected total
porosity.

3.2 Soil aeration porosity

In the first year of the study, the aeration porosity before
the application of the biopreparations ranged from 25.8 % to
33.7% (Fig. 4a); 2 weeks after the application of the bio-
preparations, the aeration porosity was measured as well. It
was found that aeration porosity increased in all treatments,
except for SC4, which showed a decrease of 10.13 %. Scien-
tists suggest that the application of biopreparations increases
the organic carbon content of the soil and therefore decreases
soil density and increases porosity (Montemurro et al., 2010;
Peltre et al., 2015; Juknevicius et al., 2020). In July, aera-
tion porosity varied from 23.8 % in SCI to 30.0 % in SC7
for the treatments studied. In August, the variation in aera-
tion porosity ranged from 26.9 % in SC2 to 32.4 % in SC7
and SC8. After re-vegetation of plants, the SC1 option had
the lowest aeration porosity, and after a month, it increased
2.6 times, but in other options, where biological agents were
used, the soil aeration porosity was found to be higher. This
is due to meteorological conditions (soil moisture) and the
plant root system.

In 2016, in the spring, at the resumption of vegetation, aer-
ation porosity ranged from 12.1 % in SC1 to 23.7 % in SC5
(Fig. 4b). In our case, SC1 had the lowest aeration porosity
of 12.08 %, while in other SCs, it was around 20 %. Aeration
porosity measurements taken 2 weeks after the application
of the biopreparations showed an increase in aeration poros-
ity in all the SCs compared to the April tests. The highest
increase of 2.6 times in aeration porosity was found in the
control scenario SC1. The increase in aeration porosity was
influenced not only by the sprayed biopreparations but also
by favourable meteorological conditions. Many researchers
suggest that porosity is particularly sensitive to environmen-
tal conditions (Cassaro et al., 2011; Lipiec et al., 2012; da
Costa et al., 2014). The month of June was particularly warm,
with an average air temperature of 17.21 °C. The highest aer-
ation porosity in June was found in SC4, SC7, and SC8. The
lowest aeration porosity of 23.7 % was found in the control
treatment. In July, the aeration porosity was similar to that
in June. In August, all scenarios showed an increase in total
porosity compared to July, except for scenarios SC1, SC2,
and SC3.

In 2017, the aeration porosity at the beginning of May var-
ied from 19.3 % to 27.9 % (Fig. 4c). Aeration porosity mea-
surements after spraying biopreparations showed that in all
scenarios except SC2, aeration porosity increased compared
to the measurements taken in May because of bioprepara-
tions and environmental conditions. The measurements car-
ried out in the June months of the third decade showed a de-

https://doi.org/10.5194/s0il-9-593-2023



S. Buragiené et al.: The effect of different biopreparations on soil

2504 2015 (A)

-
S
I
55.2%*

30

®11052015 (B)

#0714 2015 (D)

0807 2015 (E)

(a) SC1 SC2 SC3 SC4 SC5 SCé6 SC7 ScCs8
LSD(A)0s=2.16% LSD(A)0=2.92%
LSD(B)os=4.17% LSD(B).0i=5.62%
LSD(D).05s=2.62% LSD(D).01=3.53%
LSD(E)0s=2.71% LSD(E) 0=3.74%
100
w29 04 2016 (A) 23052016 (B) =20 06 2016 (C)
90 {  =20072016 (D) 08 08 2016 (E)
= 80 s 2
270 P S sHh .25 3
A 2 xol 4 Quv 2 E e 2 %
Z 60 { Jam3 Gmed L Hoed bpfl P ATeSH Qfoed gffod AT0
E w-n[;'g‘:? ST ::,'“-no-I % > -nI bel n%l vt " ho
2 50 = I Wil ¢
=
E 40 -
(=]
= 30 4
20
10
(b) SC1 SC2 SC3 SC4 SC5 SC6 SC7 SC8
LSD(A) 0=3.03% LSD(A) 0=4.08%
LSD(B) 05=3.89% LSD(B).0=5.25%
LSD(C)0s=3.22% LSD(C) 1=4.34%
LSD(D) 0s=3.11% LSD(D) 0=4.20%
LSD(E) 05=5.04% LSD(E)0=6.81%
100
05052017 (A) ®30052017(B) =  m28062017 (C)
90 1 431072017 (D) 01082017 (E) 2 .
Ll * *
@ 80 ~ . . o, ) S S
°. © ~ Sond Dot  Gn0; L mEs. 5P, %L,
2701 & Gk, T2 oty oG £ MTes 1 1Ay o |3
o= M) e 2 10T o 2 s 2 RS A
2 60 { _Jeoe E ] > o T b e SHETT
MEH ' N ¥ F
250 1 I <
S 40 |
(=]
= 30 |
20
10

SC1

SC2 SC3

SC4 SC5

SCé

SC7 SC8

LSD(A) 05=3.03%

LSD(A) 01=4.08%

LSD®B).05=6.15%

LSD(B).01=8.29%

LSD(C) 5=4.28%

LSD(C) 01=5.77%

LSD(D) 5=5.00%

LSD(D).01=6.75%

LSD(E).s=4.07%

LSD(E) 0r=5.48%

599

Figure 3. The effect of biopreparations on the dynamics of soil total porosity in (a) 2015, (b) 2016, and (c) 2017. Notes: * significant
differences from control treatment (SC1) at P <0.05 > 0.01 and ** at P <0.01 > 0.001. Intervals mean standard deviation.
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crease in aeration porosity in all the treatments compared to
the measurements carried out in May. Researchers investigat-
ing effective microorganisms found no significant effect on
porosity (Pranagal et al., 2020). At the end of July, aeration
porosity ranged from 33.8 % to 43.3 %. After harvest, aera-
tion porosity decreased in almost all scenarios except SC3
and SC8.

3.3 Soil temperature

Soil temperatures in April 2015 ranged from 10.5 to 11.8°C
(Fig. 5a). In April, compared to the control, soil tempera-
ture increased significantly in the SC3, SC5, and SC7 sce-
narios (P <0.05 > 0.01). Soil temperature is one of the most
important variables influencing soil respiration and depends
on environmental conditions (Moyano et al., 2013; Sierra et
al., 2015). Our studies have also shown that environmental
conditions have an effect on temperature changes; i.e. the
use of a biopreparation influences the increase in temper-
ature. As the soil gradually warmed in May, soil tempera-
tures were found to be about 2-5°C higher than in May.
Compared to the control scenario SC1, significantly lower
soil temperatures were observed in SC7 and SC8 at P <0.01
> 0.001 and at P <0.05 > 0.01 in SC6. In July, the soil tem-
perature ranged from 19.08 °C (SC7) to 22.04°C (SC2). In
July, a significant decrease in soil temperature was found be-
tween control SC1 and SC6 (P <0.05 > 0.01) and between
SC1 and SC7 (P <0.01 > 0.001), indicating that there was a
denser crop. In August, the soil temperature was the highest
recorded. Significant increases were found between scenar-
ios SC1 and SC6 and SC1 and SC7 at the 95 % probability
level and between SC1 and SC2 and SC1 and SCS8 at the 99 %
probability level.

In 2016, soil temperatures varied from 13.2 to 14.1°C
after the resumption of plant growth (Fig. 5b). A sig-
nificant increase was found between scenarios SC1 and
SC5 (P<0.01> 0.001) and between SC1 and SC8
(P <0.05>0.01). At the end of May, soil temperature in-
creased, on average, by about 10°C. In June, soil tempera-
ture ranged from 22 °C (SC6) to 23.3°C (SC4). In the SC4
scenario, soil temperature was significantly higher than the
control (P <0.05 > 0.01). In July and August, soil tempera-
tures were found to be similar due to the settled weather, and
no significant differences were found between the scenarios
and the control.

On 5 May 2017, the highest soil temperature was found
in SC8, and the lowest was found in the control scenario
(Fig. 5¢). Soil temperatures were significantly higher in sce-
narios SC2 and SCS5 (P <0.05 > 0.01) and in scenarios SC6,
SC7, and SC8 (P <0.01 > 0.001) compared to the control
scenario. Soil warming at the end of May resulted in a signif-
icant increase in soil temperature in all scenarios except SC2
at the 99 % probability level. In SC8, a substantial increase
was found at the 95 % probability level compared to the con-
trol SC1. In June, the lowest soil temperature of 16.66 °C was

https://doi.org/10.5194/s0il-9-593-2023

found in SCI1, and the highest soil temperature of 21 °C was
found in SC7. Significantly higher soil temperatures com-
pared to the control were found in scenarios SC4, SC6, SC7,
and SC8 at the 99 % probability level. An increase in soil
thermal conductivity increases temperature, whereas an in-
crease in soil heat capacity reduces temperature (Obia et al.,
2020). At the end of July, soil temperatures ranged from 21.8
to 24.3 °C. A significant increase was found between the con-
trol and SC4 (P <0.01 > 0.001) and between the control and
SC5 and SC6 scenarios (P <0.05 > 0.01). On 1 August, soil
temperature increased in most of the scenarios studied com-
pared to soil temperature at the end of July. However, a sig-
nificant decrease in soil temperature (P < 0.01 > 0.001) was
obtained in scenario SC5 after the harvest compared to the
control, and at the 95 % probability level, soil temperature
was significantly lower in the control scenario than in SC4,
SC6, and SC7. In all scenarios, the higher soil surface tem-
peratures were due to tillage, which allowed warm air to enter
the soil. The data of other authors do not confirm these find-
ings because all the research studies of ours and of other au-
thors were in other spheres of soil composition and climate;
thus, this was added as additional information as it was ob-
tained in other countries, but perfectly parallel studies were
not found — only similar ones were — due to the soil and the
diversity of the area.

3.4 CO» emissions from soil

In April 2015, the highest CO; emissions were observed in
scenario SC7 with 2.29 umol m~—2s~! (Fig. 6a), and the low-
est were observed in SC2 with 0.73 umol m~2 s ! Soil mois-
ture, temperature, and biopreparation composition were the
main influences on soil respiration. Research groups suggest
that soil moisture influences CO, emissions, with continuous
moisture conditions increasing the bacterial content of the
soil, resulting in higher CO; emissions from the soil com-
pared to re-irrigation (Jiao et al., 2023; Gultekin et al., 2023;
Barnard et al., 2015). Canarini et al. (2017) found that, in
soils with more than 2 % organic carbon, CO, emissions in-
crease after drought in contrast to soils with low carbon con-
tent. In our case, substantial increases between the control
SC1 and SCS scenarios were found at the 95 % probabil-
ity level and between SC1 and SC7 at the 99 % probabil-
ity level. In May, soil respiration increased or remained the
same compared to April. A substantial increase was found
between the control and scenarios SC4, SC5, SC6, SC7, and
SC8 at the 99 % probability level. It is likely that the bacteria
present in the bioassay (Azospirillum sp., Frateuria aurentia,
Bacillus megaterium, Azotobacter chroococum, Azospirillum
brasilense, and Azobacter vinelandii) contributed to the sub-
stantial increases. Scientists suggest that soil microorganisms
can increase CO; release (Klenz, 2015) under certain envi-
ronmental conditions. According to the results of the May
study, soil temperature had a significant influence on CO;
emissions, although, in the following months of July and Au-
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gust, CO; emissions increased due to higher ambient temper-
atures in all scenarios. A group of researchers (Tooth et al.,
2018) investigated that soil emissions may be higher during
the growing season. In August, the highest CO, emissions
were found in SC3 at 4.26 pmol m~2s~!, and the lowest were
found in SC2 at 2.15 umol m~2 s~ !, Significant increases be-
tween the control and SC8 were found at the 95 % probability
level and between the control and SC4 at the 99 % probability
level.

In 2016, CO, emissions from the resumption of vegeta-
tion ranged from 0.69 to 1.06 umolm~2s~! (Fig. 6b). Other
researchers (Forte et al., 2017) who studied conventional
tillage reported that this leads to higher CO; emissions due to
higher decomposition rates of soil organic matter and higher
temperature fluctuations. At the end of May, soil respira-
tion was more intense in all scenarios, and a substantial in-
crease compared to the control was found in SC7 and SC8
at P <0.05> 0.01. In June, with a decrease in air temper-
ature of 1-2°C, CO; release slowed down and varied be-
tween 1.31 and 2.64 umol m~2s~!. A significant increase at
P <0.01 >0.001 was found in SC7 compared to SCI. In
July, CO, emissions increased, but at the 95 % confidence
level, a significant increase was found in SC7 compared to
SC1. Soil respiration increased further after harvest in Au-
gust, ranging from 2.79 to 5.78 umolm~2s~!. CO;, emis-
sions increased significantly compared to the control in SC6
and SC7 at the 99 % probability level and in SC5 at the 95 %
probability level.

At the beginning of May 2017, CO;, emissions were
in the range of 0.55-1.37umolm~2s~! (Fig. 6¢c). In
the SCI scenario, soil respiration was found to peak at
1.37umolm~2s~!. At the end of May, all scenarios had
higher CO; emissions due to ambient conditions and were
significantly different from the control, with all SCs at the
99 % probability level except SC2. Many field experiments
have shown that CO; is significantly and positively corre-
lated with soil organic carbon (Liu et al., 2014) and soil
temperature (Cartwright and Hui, 2015), but in our case, it
is the opposite. In June, CO, emissions increased signifi-
cantly in SC1 compared to SC2 (P <0.05 > 0.01) and com-
pared to the SC4 scenario (P <0.01 > 0.001). Significant re-
ductions were obtained in scenarios SC5 (P <0.05 > 0.01)
and SC3 (P <0.01 > 0.001). The settled temperature in July,
which was close to the long-term average (around 10 °C), re-
sulted in more intense soil respiration in all scenarios except
SC7 and SC8. A significant decrease (P <0.01 > 0.001) was
found between the control SC1 and SC7 and SCS8 scenarios,
which could be influenced by the different compositions of
the biopreparations. Drulis et al. (2022) state that bioproducts
are substances that can improve crop productivity and qual-
ity, increase nutrient availability in the soil, improve plant
nutrient use efficiency, and promote organic matter decom-
position and humification in the soil. In all scenarios, CO>
emissions increased by a factor of 3 to 5 in the range of 4.89—
11.07 umolm~2 s~ ! after the harvest and tillage in August.
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These changes are due to the fact that the study was carried
out immediately after tillage. The process of tillage greatly
intensifies CO, emissions to the environment (Buragiené et.,
2015). However, the differences between the scenarios were
influenced by the different compositions of the bioprepara-
tions. Emissions were significantly higher only in scenario
SC4 compared to the control (P <0.01 > 0.001) and signif-
icantly lower in scenarios SC3, SC7, and SC8 compared to
the control (P <0.01 > 0.001).

3.5 Multiple-regression model

A multiple-regression model including the dependent vari-
able of soil CO; emissions and the independent variables
of soil temperature, aeration porosity (A. porosity), and to-
tal porosity (T. porosity) showed that A. porosity and T.
porosity were statistically unreliable, and multicollinearity
(VIF > 9) was found. Therefore, a stepwise model selection
was performed to select a model that included two inde-
pendent variables, temperature and A. porosity (R =0.39,
AIC =378). Unfortunately, the model analysis showed that
the assumptions of normality and homoscedasticity of the
residual errors are violated in this case. Given that the de-
pendent variable CO; does not have a normal distribution
(W=0.78, p=1.165 x 10~!1), the dependent variable was
log-transformed, and another model was composed:

Log(CO,) =—0.67 —0.02 A.porosity
+ 0.09 temperature. @

In this model, both independent variables are statistically
significant (p < 0.001), with a coefficient of determination
R?>=0.51 and an Akaike information criterion AIC = 135.
Residual error diagnostic plots show that the assumptions
of normality (W =0.98, p =0.073), and homoscedasticity
(BP=2.303, p =0.3162) of the residual errors are satisfied.
It can be concluded that CO; emissions from the soil de-
crease with increasing aeration porosity and that CO, emis-
sions increase with increasing soil temperature. Since the
variable CO, was logarithmic, we calculate the exponents of
the coefficients as follows:

Exp(—0.019) = 0.981, (5)
Exp(0.093) = 1.098. (©6)

Calculating the exponents of the coefficients, it was found
that a 1 unit increase in soil aeration porosity decreases CO»
emissions from the soil (0.019 %), while a 1 unit increase in
soil temperature increases CO; emissions (0.098 %).

Considering the standardized coefficients of the
multiple-regression model (beta_A. porosity =0.29,
beta_temperature =0.78), it can be assumed that CO,
variation is more influenced by soil temperature than by soil
aeration porosity.
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4 Conclusions

Due to the interaction between the long-term use of bio-
preparations and meteorological conditions, a fixed in-
crease in the total porosity of the soil till was found at
74 %.

It was established that, due to half of the biopreparation
usage, the soil temperature significantly increased.

The cumulative effect of biopreparation application on
CO; emissions from soil was most pronounced in the
third year.

Studies confirmed that biopreparation components —
namely marine algae extracts and bacteria — can signif-
icantly reduce the CO, emission intensity from the soil
after tillage.

Evaluating the effectiveness of biopreparations for soil
porosity, temperature, and CO; emissions from the
soil, it can be stated that the best effect was achieved
when the compounds were made up of 40 species of
various herbs, marine algae extracts, essential oils of
plants, mineral oils, 4.5 % humic acids, 0.5 % gibberel-
lic acid, 0.01 % copper, 0.01 % zinc, 0.01 % manganese,
0.01 % iron, 0.01 % calcium, 0.005 % sodium molyb-
date, Azotobacter spp. mixed with water, marine al-
gae extracts, Azotobacter chroococcum, Azotospirilum
brasilense, phosphorus, potassium, and water.

— The multiple-regression model showed that, as soil aer-
ation porosity increases, CO, emissions from the soil
decrease, while CO; emissions increase as soil temper-
ature increases. It was established that soil temperature
has a greater influence on the variation of CO, emis-
sions than soil aeration porosity.

Future research on the use of bacteria-based and envi-
ronmentally friendly bioproducts should focus on increasing
CO; storage in soil, simplifying agricultural operations, re-
ducing inputs, and increasing the efficiency of crop produc-
tion.
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