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Abstract: Soil microorganism diversity has a close relation with soil function, and the changes in
the composition of the soil microbial population can directly affect it. The aim of this study was to
identify the bacterial community composition and determine the main soil chemical and physical
properties formed by the different tillage systems. In the experiment, we analyzed the combination
of three tillage systems and four organic fertilizers. Soil samples were taken from the two layers of
the soil profile: the upper 0–10 cm and the lower 10–20 cm. The composition and diversity of soil
bacterial communities were assessed by the sequencing of 16S rRNA genes. Results revealed that the
highest biodiversity was found in the soil with shallow ploughless tillage and enriched with farmyard
manure. Actinobacteria and Proteobacteria were the dominant bacterial species across all treatments.
Their total abundance varied between 26% and 36% in the different analyzed agroecosystems. For
the Dystric Bathygleyic Glossic Retisol, shallow ploughless tillage is the most suitable tillage system, as
it creates favorable conditions for the accumulation of organic carbon in the soil under the Western
Lithuania climate conditions.

Keywords: bacterial communities; biodiversity; bio-indices; 16S rRNA sequencing; Dystric Glossic Retisol

1. Introduction

To meet increasing human food demands, scientists face new challenges that result
from significant ongoing climate changes, which include mild winters, a prolonged vegeta-
tion period, extreme temperatures, and intense rain [1–3]. Another challenge is growing
globalization, due to international cooperation, competition, and volatile markets amid
limited land resources [4,5]. These factors encouraged the need to improve the current
agricultural systems to increase their production volume and the quality of the same unit
area. Soil is a non-renewable natural resource, which is characterized by high degradation
level and extremely low regeneration capacity [6]; hence, anthropogenic activity has a
negative impact on the stability and long-term productivity of the entire ecosystem [1].
Applying intense agricultural technology leads to a decrease in soil organic matter [7].
The regularity of organic material accumulation in short-term studies is very difficult
to evaluate, as the main factors that can influence this process are climate, terrain, type
of organic residues inputted, soil group, and its granulometric composition. Therefore,
long-term studies are needed to assess this process [7,8].

One of the most important indicators of soil quality is the accumulation of a common
biomass of microorganisms in the arable soil layer. The activity of soil microorganisms
determines the ecosystem’s stability, metabolism, and soil fertility. Microorganisms in the
soil carry out an essential transformation of substances and maintain its fertility. Physical
degradation in the soil reduces the number of microorganisms, slows down biochemical
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processes, and leads to crop losses [9–11]. Based on research, we can say that a greater
variety of microorganism communities may indicate better soil quality, but there is little
research to accurately assess the regularities associated with changes in microorganism
communities and processes in the soil ecosystem [11,12].

The analysis of literature sources showed that the accumulated research data on
soil microorganisms and their activities did not reveal all the processes that happen
over many years in the ecosystem. Therefore, we deal with them in just 1–2% of the
total population [13–15]. However, during the last decade, the development of high
biotechnology processes and its application to soil microorganism studies allowed for
the identification of the complete genome of soil microorganisms and to explore their
functions that determine the role and importance of various natural processes [16]. The
resulting contribution from the knowledge gained provided an insight to the improve-
ment of agrotechnical measures to improve and maximize yield with minimal impact
on the environment [17–20].

In this study, we hypothesized that the consistency of organic carbon storage in soil is
determined not only by the amount of organic matter added but also by its chemical com-
position, time of insertion, and the intensity of mineralization processes. The accumulation
of organic carbon stock is influenced by agricultural methods and the physicochemical
properties that have formed over a long period of time. It is likely that bioindicators
can be found during the study, which will allow for the estimation of the organic mat-
ter mineralization intensity in the soil. Therefore, the goal of this study was to evaluate
the regularities of soil organic carbon accumulation in the long-term application of agro-
techniques and to determine the genetic diversity of microorganisms actively involved in
the process of mineralization.

2. Materials and Methods
2.1. Site Location

The field experiments were carried out at the Vėžaičiai Branch of Lithuanian Research
Centre for Agriculture and Forestry (geographical coordinates 55◦43′38′′ N, 21◦27′43′′ E)
during the period between the years 2015 and 2019. The soil of the experimental site is
Dystric Bathygleyic Glossic Retisol with a texture of moraine loam (clay content 13–15%) [21].
The chemical properties of the soil in the initial stage of the experiment were (Table 1):
the soil pH range at the beginning of the experiment was 5.2–5.6, the total organic carbon
range was 1.49–1.59%, the total nitrogen content range was 0.16–0.17%, there was moderate
mobile phosphorus (140–204 mg kg−1 soil) content, and there was high mobile potassium
(228–289 mg kg−1 soil).

Table 1. Characteristics of soil before the experiment conduction.

Primary Soil Tillage Organic Fertilizers

Deep Ploughing Shallow
Ploughless Tillage Plant Residue Straw Green Manure

1st Cut Manure 40 t ha−1

pHKCl 5.6 5.2 * 5.5 5.4 5.6 5.6
K2O, mg kg−1 289 228 * 260 271 265 283
P2O5, mg kg−1 204 140 ** 176 188 181 202 **

Ntotal, % 0.17 0.16 ** 0.17 0.17 0.16 * 0.16 *
Corg. % 1.59 1.46 ** 1.56 1.58 1.54 1.53

Note: * and **—significant differences from control (p < 0.05) and (p < 0.01).

2.2. Meteorological Conditions

During the four years of the experiment, it was noted that there were only a few
days with lower temperature, and it lasted for a short time. The average annual positive
temperature of the experimental period was 9.5 ◦C, which was observed for almost the
entire four years. The highest precipitation was observed in autumn (October–December),
with higher values in December. In 2015 and 2017, it was particularly drizzly in July
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and August, with precipitation levels of 135.3 and 179.6 mm, respectively. Such mild
weather conditions had a particularly favorable effect on the activity of soil microorganisms.
Under such meteorological conditions lasting the entire year, soil microorganisms could
intensively degrade organic matter or participate in its transformation processes.

2.3. Experimental Design and Treatments

The experiment was designed to assess the influence of long-term tillage and organic
fertilization on the intensity of mineralization. The experiment was set up in the year 2013
and had a split-plot design where the whole-plot treatments were laid out in a randomized
design with three replicates. The whole-plot treatments consisted of three tillage methods—
deep ploughing (22–25 cm) (DP), ploughless tillage (7–10 cm) (PT), and ploughless tillage
(7–10 cm) with additional deep loosening (up to 40 cm), which was applied every 4 years
(PTS). The split-plot treatments involved four types of additional organic fertilizers: stubble
(S), chopped straw + N10 (ChS), chopped grass (1st cut) + N10 (G), and farmyard manure
40 t ha−1(M). Soil samples were taken from the two layers of the soil profile: the upper
0–10 cm and the lower 10–20 cm. The experiment had a total of 36 plots (10 m × 5 m) with
12 different treatment combinations. The soil samples for metagenomic analysis were taken
in October, in the year 2018, after harvesting.

2.4. The Evaluation of the Intensity of the Soil Organic Matter Mineralization

For the evaluation of soil organic matter mineralization intensity, rye straw (cellulose)
samples were used. The straw was air-dried, chopped to the length from 3 to 5 cm, divided
into 5 g stocks, and put in plastic net bags. The diameter of the plastic bag cells was
0.05 mm. The size of bags was 5 × 12 cm. The edges of the bags were soldered, the top was
closed with metal fasteners, and the bags were sterilized (170 ◦C± 3 ◦C, 4 h). Different color
metal wires were added to the bags (the blue ones were put 7 cm deep, and orange/brown
ones were put 20 cm deep). In the autumn of 2015, straw samples were buried in all
experimental treatments (864 bags in total). For the evaluation of mineralization intensity,
the bags were dug up at 3 different times as highlighted: (1) when the temperature of soil
in 20 cm was lower than +5 ◦C for longer than 3 days; (2) in spring, when the temperature
of soil in 20 cm was higher than +5 ◦C for longer than 3 days; (3) before harvesting. The
experiment was repeated in 2015 and 2019.

The mineralization intensity was determined according to the weight method. From
the dug up decomposed straw samples, the soil was carefully removed. Then, the samples
were washed through with running water. After that, the samples were dried in the
thermostat (40 ◦C) for about 12 h. Then, the samples were weighed and dried again for
20–30 min. They were weighed again, and if the mass was the same, it was fixed as real
mass after decomposition. The mineralization intensity was estimated according to the
first formula.

v =
m0 −m1

t
(1)

where v—mineralization intensity over one day; m0—the weight of decomposing samples
(5 g); m1—the weight of decomposed samples after digging (g); t—number of the days
while the samples were buried. Only the mass of the straw (without the weight of the
bag) was used for the evaluation of the mineralization intensity. Qualitative mineralization
analysis (the concentration of lignin, celluloses, and hemicelluloses in decomposed straw
samples) was carried out in the Chemical Research Laboratory of the Lithuanian Research
Centre for Agriculture and Forestry.

2.5. Investigation of Soil Chemical and Physical Properties

After harvesting, soil samples were taken using a steel auger from the three replicates
of the topsoil (0–20 cm). All samples were air-dried, and visible roots and plant residues
were manually removed. Chemical analyses were carried out at the Agrochemical Research
Laboratory of Institute of Agriculture, Lithuanian Research Centre for Agriculture and
Forestry. Soil pH was determined in 1 M KCl according to the standard ISO 10390:2005
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(soil/solution ratio 1:2.5) using a pH meter IONLAB. Soil organic carbon (%) content
was determined according to ISO 10694:1995 using spectrophotometer UV/VIS Cary
50 Conc (Varian, Germany). Dissolved organic carbon (DOC) was analyzed using an ion
chromatograph SKALAR (Skalar Analytical B.V., Breda, The Netherlands). The generated
results (mg C/l) were recalculated into the g kg−1 of soil. Soil total nitrogen (Ntotal) was
determined by the Kjeldahl method, and the plant-available phosphorus (P2O5) as well
as potassium (K2O) were determined by the A–L (Egner–Riehm–Domingo) method. All
measurements were performed in three laboratory replicates.

2.6. Evaluation of Nutrients Transformation Processes

To assess the changes of soil nutrients in time, the relative annual change of ‘X’ nutrient
content (g kg−1 per year) and nutrient sequestration potential (Mg ha−1) were calculated
in accordance with the following formula:

M =

(
Ct − C0

t

)
(2)

where, M is the annual change of ‘X’ nutrient content (g kg−1y−1); C0 and Ct are the X
nutrient contents of the initial and final year of the experiments, respectively; and t is the
period of each experiment.

2.7. The Investigation of Soil Microorganisms

The prevalence of individual physiological groups of soil microorganisms is deter-
mined by the method of agar plates seeding of natural moisture soil suspension, calculating
the number of colony-forming units (CFU) per gram of completely dry soil. Soil samples
were taken from the selected variants of the fields of two arable soil layers: 0–10 cm and
10–20 cm. These samples were taken three times a year: in autumn, by burying cellulose
bags; in spring, after the second bag digging; and in summer, after harvesting the last
cellulose bag. By using the soil samples, the suspension dilution method was determined:
(1) the number of colony-forming units of ammonifying soil microorganisms (isolation on
the plates of the protein medium, with peptone agar; (2) the number of colony-forming
units of soil actinomycetes (isolation on the plates of the protein medium, with peptone
agar; (3) the number of colony-forming units of soil spore-forming bacteria (isolation
on the plates of a mix of agar and neutral beer mush agar); (4) the number of colony-
forming units of soil micromycetes (isolation on the plates of acid beer mush agar); (5) the
number of colony-forming units of soil cellulolytic bacteria (isolation on the plates of
Hutchinson agar).

2.8. The Metagenomic Analysis of Soil Microorganisms

For the extraction of soil microorganism DNA, soil samples were taken from an arable
soil layer (0–20 cm) in the autumn of the year 2018 after harvesting (pooled sample from
3 replications). For the sampling, the treatments were selected based on the preliminary
results of soil microorganisms’ abundance and mineralization intensity. The soil microor-
ganisms DNA was extracted from the samples of 4 treatments: (1) deep ploughing and
chopped straw; (2) deep ploughing and farmyard manure; (3) shallow ploughless tillage
and chopped straw; and (4) shallow ploughless tillage and farmyard manure.

The soil microorganisms’ identification was done in the following steps. (1) For the
extraction of soil microorganisms DNA, a D6005 Fungal/bacterial Miniprep kit (Zymo
Research® Freiburg im Breisgau, Germany) was used. DNA from the soil samples was
extracted 4 times according to the manufacturer protocol, except when the homogeniza-
tion speed was modified. For optimal performance, beta-mercaptoethanol was added to
the fungal/bacterial DNA Binding buffer to a final dilution 0.5% (v/v) i.e., 500 µL per
100 mL. (1.1). Then, 200 mg of tissue to ZR Bashing Bead™ Lysis Tube (Zymo Research®

Freiburg im Breisgau, Germany) and 750 µL Lysis Solution was added. (1.2). Then, it was
secured in a bead beater fitted with a 2 mL tube-holder assembly and processed at 6 ms−1
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speeds for 4 s. We repeated the cycle 2 times. (1.3). We centrifuged the ZR Bashin Bead™
Lysis Tube in a microcentrifuge at 10,000× g for 1 min. (1.4). Then, we transfered up to
400 µL supernatant to a Zymo-Spin™ IV Spin Filter in a Collection Tube and centrifuged
at 7000 rpm (≈7000× g) for 1 min. (1.5). We added 1200 µL fungal/bacterial DNA Binding
Buffer to the filtrated in the collection tube from step 1.4. (1.6). We transfered 800 µL of
the mixture from step 1.5 to a Zymo-Spin™ II Column in a collection tube and centrifuged
10,000× g for 1 min. (1.7). We discarded the flow from the collection tube and repeated
step 1.6. (1.8). We added 200 µL DNA Pre-Wash Buffer to the Zymo-Spin™ IIC column
in a new collection tube and centrifuged at 10,000× g for 1 min. (1.9). We added 500 µL
fungal/bacterial DNA Wash Buffer to the Zymo-Spin™ IIC column and centrifuged at
10,000× g, 1 min. (1.10). We transfered the Zymo-Spin™ IIC column to a clean 1.5 mL mi-
crocentrifuge tube and added 100 µL (minimum 25 µL) DNA Elution Buffer directly to the
column matrix. Then, we centrifuged at 10,000× g for 1 min, after which the centrifugation
was repeated for 30 s to elute the DNA. The elution was added to the replicated column
and centrifuged again. The metagenomics analysis was done in “BaseClear” company
(Leiden, The Netherlands). For analysis, next-generation sequencing based on 16S by an
Illumina MiSeq platform was employed.

2.9. Statistical Analysis

Statistical analysis was done using the computer program ANOVA (analysis of vari-
ance) from the R program Vegan package [22]. Then, two-way analysis of variance was
used to estimate the differences in the tested parameters among the treatments (chemical
and physical soil parameters and soil microorganisms physiological group abundancy).
The least significant difference method (LSD) at the 5% and 1% probability levels was used
to test the significance of differences between treatment means. Biodiversity indexes were
estimated by the Estimate 9.1.0 package [23].

3. Results
3.1. The Alternation of Soil Chemical and Physical Properties in Different Agroecosystems

For many years, diverse agroecosystems have developed through different tillage
methods and the addition of organic matter. The different tillage methods affected the
accumulation of chemical elements in the arable soil layers. In the deep ploughed soil,
pH values were highest (5.53–5.58), with a higher content of plant available phosphorus
(P2O5)—189.96 mg kg−1 (Table 2). Furthermore, in the shallow ploughless tillage, the
lowest pH values were observed ranging from 5.16 to 5.25, while a higher content of mobile
potassium (K2O)—327.88 mg kg−1 and organic carbon (1.74%) were observed compared
to the other treatments. The type of organic fertilizers embedded in the soil did not show
statistically significant changes in the main biogenic elements in the soil.

Soil temperature data showed that the average annual soil temperature in the lower
layer of arable soil was 0.31 ◦C higher than in the upper layer. The different tillage methods
did not have a significant influence on soil temperature fluctuations. Soil bulk density is
probably the most frequently measured soil quality parameter in tillage experiments. Over
the course of the study, the deep ploughing and incorporation of organic fertilizers tended
to increase the bulk density compared with the shallow ploughless tillage type. The lowest
bulk density was observed in the shallow ploughless tillage with deep loosening. Shallow
ploughless tillage incorporated with straw as an organic fertilizer significantly increased
the soil moisture content. On the contrary, the incorporation of plant residue and manure
(40 t ha−1) had no effect on the moisture content. The soil porosity and organic matter
content played critical roles in the biological productivity. Overall, shallow ploughless
tillage with and without deep loosening produced the highest total porosity (49.01 and
49.57, respectively), while deep ploughing and the incorporation of organic fertilizers
showed lower total porosity.
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Table 2. Characteristics of soil samples (mean ± standard deviation).

Treatments

Primary Soil Tillage Organic Fertilizers

Deep
Ploughing

Shallow
Ploughless

Tillage

Shallow
Ploughless Tillage
+ Deep Loosening

Plant
Residue Straw Green Manure

1st Cut
Manure
40 t ha−1

pH 5.51 ± 0.2 5.25 ± 0.3 5.37 ± 0.2 5.34 ± 0.3 5.43 ± 0.2 5.34 ± 0.2 5.39 ± 0.2
K2O, mg kg−1 284.25 ± 82 327.88 ± 116 273.58 ± 59 284.17 ± 110 294.78 ± 59 304.78 ± 103 300.22 ± 90
P2O5, mg kg−1 189.96 ± 36 174.17 ± 55 136.92 ± 36 171.50 ± 44 169.50 ± 51 153.17 ± 43 175.22 ± 56

Ntotal, % 0.13 ± 0.01 0.14 ± 0.02 0.14 ± 0.02 0.13 ± 0.02 0.13 ± 0.02 0.14 ± 0.02 0.14 ± 0.01
Corg., % 1.59 ± 0.2 1.74 ± 0.2 1.47 ± 0.2 1.66 ± 0.2 1.53 ± 0.3 1.64 ± 0.2 1.59 ± 0.3

Moisture, % 18.85 ± 0.9 20.49 ± 0.9 19.11 ± 1.3 18.83 ± 0.7 20.06 ± 1.3 19.79 ± 1.3 19.12 ± 1.1
Porosity, % 47.88 ± 6.6 49.01 ± 3.1 49.57 ± 3.5 47.51 ± 7.7 47.97 ± 1.9 51.19 ± 3.0 48.79 ± 3.3

Bulk density,
Mg m−3 1.37 ± 0.07 1.35 ± 0.09 1.34 ± 0.09 1.36 ± 0.09 1.39 ± 0.06 1.30 ± 0.08 1.37 ± 0.09

3.2. The Dynamic of Soil Microorganism Physiological Groups

The experiment also paid attention to the abundance of individual physiological
groups of soil microorganisms and their variation at separate stages of the study throughout
the year. To determine the predominant processes in the soil, proper identification was
made when each group of soil microorganisms reached their population peak within
one year.

In Figure 1, we observed that ammonifying bacteria were found mainly in autumn—
indicating that the representatives of this group are usually abundantly identified in
October–December months, when there are many easily degradable organic compounds in
the soil environment. In addition, spore-forming bacteria also reached their peak during
this autumn period, although with no significant differences between the different microbial
group. However, the third most popular group in this period, cellulose-degrading bacteria,
did not reveal a significant difference between the representatives of this group in autumn
and winter–spring periods. Micromycetes were mostly found in the spring–summer period
and are significantly different from the ammonifying bacteria during this period.
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Figure 1. The dynamic of different soil microorganism physiological groups (CFU × 10n × 1 ga.d.s.)
during the experiment (letters A and B identify significant differences between CFU numbers during
the seasons).

3.3. Mineralization Intensity of Soil Organic Matter in Different Agroecosystems

According to the results of the experiment, the mineralization process of soil organic
matter takes place all year round, but in Dystrict Bathygleyic Glossic Retisol, with the climatic
conditions of Western Lithuania, it intensifies in the autumn (Figure 2). The mineralization
process in the autumn was 99% more active compared to the winter period and there was
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an almost 73% mineralization rate during the spring. The mineralization process test result
revealed that the intensity of the process differs in various soil layers.
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Figure 2. The variation of mineralization during seasons (avg. ± standard deviation).

Straw samples mineralized at a rate of 4.7% faster in the lower arable soil layer
(10–20 cm) than the samples in the upper layer (0–10 cm). The different organic fertilizers
did not have a significant influence on the intensity of the mineralization process. How-
ever, positive tendencies were noticed especially in the soils where freshly cut grass and
farmyard manure were used with 8.3% of the samples mineralized faster compared to
amendment with other organic fertilizers. Additionally, the different tillage methods did
not have a significant influence on the rate of the mineralization process. However, it was
observed that the mineralization process in the deep ploughed soil was slightly slower
(2.2%) compared to the shallow ploughless tillage.

3.4. The Alternation of Soil Bacterial Community in Different Agroecosystems

For the next-generation sequencing, which was based on 16S RNA analyses from
all the experiment scheme, we picked out four treatments: (1) deep ploughed soil with
chopped straw; (2) deep ploughed soil with farmyard manure; (3) shallow ploughless
soil with chopped straw; and (4) shallow ploughless soil with farmyard manure. We
arrived at the decision to choose the two tillage methods because deep ploughing is the
traditional soil tillage type, while the shallow ploughless tillage is a more environmentally
friendly alternative. In selecting organic fertilizers, we followed the “no waste” technology
logic with husbandry—where farmyard manure in the literature is widely described as
organic fertilizer, and straw is a good alternative. The tillage type influenced the number
of taxonomic units in the soil (Figure 3). In the deep ploughed soil with farmyard manure,
the number of taxonomic units was higher (154,904 OTU); meanwhile, in the ploughless
tillage, we can see a similar situation with a higher operation taxonomy units number
in the treatment with straw (161,917 OTU). According to these results, we can assume
that the different combinations of tillage practices (for example, shallow ploughless tillage
compared to deep ploughing) and organic fertilization (straw compared to farmyard
manure) create similar, more favorable environmental conditions for microorganisms.
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The number of taxonomic units in different agroecosystems showed the abundance of
microorganisms but does not allow for the evaluation of the biodiversity. Therefore, five
different biodiversity indices were calculated (Figure 4). Shannon (5.89–5.93) and Simpson
(0.991–0.993) biodiversity indices found that in all the studied soils, their values were
similar. Hence, we can conclude that the 10 most abundant species were the same in all
tested variants. The ACE, Chao1, and JackKnife biodiversity indices varied in the analyzed
soils—the highest indices were calculated for shallow ploughless soils with farmyard
manure (respectively 3302; 3446; 3413), which leads us to the assumption that biodiversity
was the largest in this scenario.
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The lowest values of these indices (2454, 2586, 2108) were determined for deep
ploughed soils, where straw is incorporated as a source of organic matter. These results
showed poorer biodiversity. However, from an agronomic point of view, it is important to
note not only a higher diversity but also a rich diversity comprising of bacteria and their
function in the general system of soil–plant. For this purpose, we used the next-generation
sequencing. In all analyzed soils, two types of bacteria were dominant: Actinobacteria and
Proteobacteria. Their relative abundance in different agroecosystems ranged from 30% to
36% and 26% to 28%, respectively. The abundance of other identified types of bacteria in all
the soils tested does not exceed the 10% limit. The most widespread family is Micrococcaceae,
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which is classified as the species of Actinobacteria. Its abundance in different agroecosystems
was from 4% to 9% of the total population of bacteria and Hyphomicrobiaceae, which belongs
to the Proteobacteria type, and it accounts for 3% of the total bacterial population in all the
analyzed samples.

In Figure 5, it was noted that 10 of the most abundant species were the same in all
tested variants. The identified bacteria comprised 25–28% of all the microbial community.
The most common types, Arthrobacter and unclassified Candidatus Saccharibacteria, make up
8.4–3.6% and 3.2–3.7% of the total population, respectively.
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3.5. Carbon Stock in the Soil under Different Combination of Tillage and Organic Fertilization

During the experiment, soil chemical analysis showed that different intensity of tillage
affects organic carbon accumulation in the soil. We observed that accumulation processes
happened in the deep ploughed soil with a lower arable layer (10–20 cm) despite the
organic fertilizers type (Figure 6). The average relative organic carbon content in the lower
layer was 0.07 higher compared to the upper layer. Meanwhile, in shallow ploughless
tillage, these processes were noticed in the upper soil layer (0–10 cm), with the organic
carbon content showing 1.8% in contrast to 1.51% observed in the 10–20 cm layer. However,
shallow ploughless tillage with additional deep loosening brought about organic carbon
losses in all arable soil layers. The soil organic carbon content decreased from 1.64% in
upper layer to 1.35% in the lower 10–20 cm soil layer during the experiment period.

The highest positive yearly change in dissolved organic carbon (Figure 7) was estab-
lished in the shallow ploughless soil compared to the negative change observed in the
deep ploughed soil. The application of additional deep loosening reduces the dissolved
organic carbon content compared to shallow ploughless tillage respectively from 0.194 to
0.173 g kg−1. Organic fertilizer has no statistically significant effects on soil organic carbon
and dissolved organic carbon accumulation in soil.
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In the deep ploughed soil (Figure 8), the organic carbon (1.5%) and dissolved organic
carbon content (0.19 g kg−1) was similar to those observed in shallow ploughless soil with
additional deep loosening (1.49% and 0.17 g kg−1, respectively). However, carbon lost as
carbon dioxide in this treatment is significantly lower (0.033 (mg (g abs. dry soil)−1 day−1)
and 0.035 (mg (g abs. dry soil)−1 day−1).
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This indicated that the mineralization processes are not very active. Consequently,
there is no rapid decomposition of organic compounds, and we can assume that under
the conditions of the western Lithuanian climate, deep ploughing is a more favorable
context for the accumulation of stable carbon compounds in the soil when compared to
the application of shallow ploughless tillage with additional loosening. In the soil with
applied shallow ploughless tillage, both organic carbon (1.66%) and dissolved organic
carbon (0.194 g kg−1) were higher in comparison to the other two tillage types. Carbon
content lost as carbon dioxide (0.045(mg (g abs. dry soil)−1 day−1) was moderate compared
to the other two treatments. We can assume that the soil with applied shallow ploughless
tillage forms favorable conditions for carbon transformation.

4. Discussion
4.1. Soil Properties in Differently Formed Agroecosystems

In the present study, the results indicated that soil properties were affected under
different tillage management conditions. The shallow ploughless tillage with additional
loosening significantly increased soil density and moisture, but it adversely affected the
aeration and total porosity of the soil. The results on soil density under the Lithuanian
weather conditions supported previous research studies of a similar nature in other coun-
tries [24–26]. It was determined that the addition of different organic fertilizers did not
have a significant influence on the physical properties of the soil, except for aeration poros-
ity. The highest porosity was in the treatment where the plant residues were ploughed.
Experiment results also showed that shallow ploughless tillage soil provides optimal soil
physical conditions for microorganism activity and plant growth. This is in consonance
with earlier reports by Acir [27] and Salem [28] where it was noted that decreased soil dis-
turbance positively affected soil bulk density and other physical properties, consequently
leading to the stimulation and accumulation of soil microbial biomass and an improved C
sequestration under the conservational tillage practices.

4.2. Soil Microbiota Activity in Differently Formed Agroecosystems

Field management practices can influence soil microbial activity through changes in
soil environment. Previously conducted studies showed that the long-term application of
organic fertilizers leads to the formation of favorable conditions for the development of
microorganisms, resulting in an improvement of soil biological activity and a substantial
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increase in crop yield, which can be sustainable for years [29,30]. During our study period,
it was determined that the mineralization process is most intensive in autumn. During
this period, Lithuania has the highest precipitation levels and relatively high air tempera-
ture. These conditions provide a possibility for the transport of nutrients from the upper
soil layers to the lower layer of soil where optimal conditions for microbial activities are
reached [31,32]. The findings of the study of Francioli et al. [33] provided the basis for re-
search related to the result of an amendment on the soil microorganism population actions,
effects, and structure. Organic manure amendment favored a significant improvement in
soil microorganism biomass and variety, superior to mineral fertilizers, given that organic
manure is richer in micro- and macronutrients. In addition, specific amendments may
indicate that groups of microbes in soil are either beneficial or harmful, and the obtained
results indicate that organic amendment favors some beneficial microorganisms, restrain-
ing the detrimental ones. So, it is very important to identify the dominant microorganisms
in soil and to determine their functions. Accordingly, our research results align with other
published data where different combinations of tillage and organic fertilization create
similar and more favorable environmental conditions for microorganisms [34].

The experiment also paid attention to the abundance of individual physiological
groups of soil microorganisms and their variation at the separate stage of the study through-
out the year. The class of microorganisms identified is abundantly available in months
when growth conditions in the environment are at an optimum, which has been reported
in previous studies [35,36]. It is important to state that while spore-forming bacteria also
reached their peak during this period, the cellulose-degrading bacteria did not reveal a
significant difference between the representatives of this group in the autumn and winter–
spring periods. The cellulose-degrading bacteria was the most prevalent in February,
with the possibility of associating with a high level of organic carbon and nitrogen in
the soil, arising from the death of microorganisms at extremely low ambient tempera-
tures. This is confirmed by the significant decrease in the number of ammonifying and
spore-forming bacteria in this period [37,38]. Micromycetes were mostly found in the
spring–summer period. Such representatives of this micromycetes group are associated
with the chemical composite of the substrate and are actively involved in the breakdown
of the easily degradable compounds. The micromycetes release complex enzymes that
facilitate the breakdown of more resistant compounds that are not easily susceptible to the
initial degrading microbial actions [39–41].

For a long time, it has been taken for granted that the main plant cell-forming
compounds (lignin, hemicellulose) are inert and highly degradable cell components of
plants [42,43]. Recent studies showed that these compounds degrade under the influence
of soil microorganisms, but they are believed to be the main sources of stabilized carbon in
the soil, and only a small fraction is converted to a labile carbon fraction or immobilized in
microorganism biomass [44–46]. There is a need to understand the diversity of microorgan-
isms participating in the degrading process of the substrates; hence, we determined the
abundance of individual physiological groups on the surface of the degradable substrate
as well as its variation with different combinations of tillage and organic fertilization.
The results of the experiment revealed that the abundance of microorganisms on the de-
composing substrate samples varies in the different soil arable layer. Spore-forming and
cellulolytic bacteria were found to be substantially higher on samples in the lower soil
arable layer at 42.76% and 19.5%, respectively. Seasonality has had a significant influence
on the changes in the abundance of microorganism physiological groups on substrate
samples—ammonifying bacteria, micromycetes, and spore-forming bacteria reached their
peak during the summer months, while cellulolytic bacteria were most noticed during the
spring period.

The accumulation of organic matter and inorganic nutrients in the surface layer of un-
plowed soil creates an environment in which biological activity is strongly stimulated [47].
Tillage type significantly influenced the abundance of physiological groups of microor-
ganisms on the decomposing substrate. Shallow ploughess tillage proved to be a great



Sustainability 2021, 13, 9624 13 of 16

environment for the richness of ammonifying and spore-forming bacteria. Tillage type was
not a statistically significant factor for the abundance of micromycetes. Other researchers
determined that by deep plowing, organic residues and mineral fertilizers are introduced
in depth, thus intensifying the microbiological processes throughout the mass of the arable
layer [47,48]. In our research, deep loosening of the soil significantly reduced micromycetes
and cellulose-degrading bacterial populations on the decomposable substrate.

4.3. Carbon Stock in the Soil under Different Combination of Tillage and Organic Fertilization

Many decades of research have shown that SOC plays an important role in a wide
range of soil properties and processes. The cessation of ploughing or reduction of tillage
intensity generally reduces disturbance and provides better protection for SOC against
decomposition, but the changes in the total SOC content become evident after long-term
application of less intensive tillage [49]. In the present study, the sequestration of organic
carbon was influenced by the varying tillage intensity. In the deeper soil layers, SOC
concentrations were higher under deep ploughing. However, by applying shallow plough-
less tillage, SOC accumulated in the upper soil layer (0–10 cm). The higher SOC content
under shallow ploughless tillage could be a result of increased biomass production on
the soil surface associated with the enrichment of organic fertilizers. A similar result was
reported stating that shallow ploughless tillage leaves more than 30% of residue on the soil
surface [50]. This result can be attributed to the increase of the total carbon content in the
soil but also to the increase of the determined enzymatic activities. Instead, increasing the
crops facilitates the abundance of plant residues returned in the soil, which increases the
total carbon content and improves the activity of soil enzymes that decrease the C/ N ratio
by decomposing abundant residues resulting from the application of long-term mineral
fertilization. Thus, it can be concluded that the optimal proportion of organic fertilizers
is the ideal approach to optimize the quality of the soil and implicitly its productivity as
well as the abundance of bacterial strains [47,51]. Additionally, similar data were found
in a long-term study, when Dhillon et al. [52] also reported greater SOC content in upper
soil layers under shallow ploughless tillage compared to other tillage types. In assessing
the SOC content under shallow ploughless tillage with additional deep loosening and
shallow ploughless tillage, the SOC content was similar. These data suggest that there
was a positive effect of reduced tillage on SOC accumulation in upper soil layers due to
low soil disturbance and slow decomposition of surface-placed plant residues, which has
been established in several experiments carried out in temperate climate conditions [53,54];
however, several studies have shown that tillage has an insignificant effect on SOC content,
though can change the distribution of SOC in soil profile.

Based on the data of previous studies, the average relative annual change rate of
SOC and DOC could be used as an index to assess the SOC sequestration potential. Other
researchers concluded that the reduced tillage intensity and the use of additional improvers
(fertilizers) have increased the average relative annual change rate of SOC. As proposed
by Segnini et al. [55], the plant residues on the soil surface under less-intensive tillage
would be only partially decomposed, resulting in an accumulation of dissolved organic
matter. This led to changes in the organic matter transformation processes generally and
the humification of SOC specifically [56].

5. Conclusions

An acidification process was determined in all analyzed soils except in the soil with
shallow ploughless tillage and additional loosening; however, this method significantly
increased soil density and humidity but adversely affected the aeration and general poros-
ity of the soil. The highest biodiversity was found in the soil with shallow ploughless
tillage and enriched with farmyard manure. Actinobacteria and Proteobacteria were the
dominant bacterial species. In the conditions of the western Lithuanian climate, the process
of mineralization in Dystric Bathygleyic Glossic Retisol takes place all year round but becomes
the most intensive in autumn. Neither the application of different organic fertilizers nor
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tillage methods have any significant effect on the rate of mineralization of the substrate
samples. Shallow ploughless tillage is the most suitable tillage technology, as it creates
favorable conditions for the accumulation of organic carbon in the soil. Additional loosen-
ing promotes the loss of organic carbon in soil and increases the number of unsaturated
compounds, which leads to soil degradation. These experimental results showed that great
opportunities exist to change deep ploughing with alternative and more environmentally
friendly techniques, but further research is encouraged to determine the soil fungal and
mesofauna biodiversity.
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36. Zhao, X.; Zhao, Y.; Xi, B.; Wei, Z.; Wu, J.; Zhao, T. Seasonal population changes in the ammonia-oxidizing bacteria commu-nity
structure of Songhua Lake, China. Process Saf. Environ. Prot. 2016, 104, 523–530. [CrossRef]

37. Brockett, B.F.T.; Prescott, C.E.; Grayston, S.J. Soil moisture is the major factor influencing microbial community structure and
enzyme activities across seven bio geoclimatic zones in western Canada. Soil Biol. Biochem. 2012, 44, 9–20. [CrossRef]

38. Jirout, J. Nitrous oxide productivity of soil fungi along a gradient of cattle impact. Fungal Ecol. 2015, 17, 155–163. [CrossRef]
39. Kutateladze, L.; Zakariashvili, N.; Jobava, M.; Burduli, T.; Sadunishvili, T. Microscopic fungi spread in different types of soils in

Western Georgia. Ann. Agrar. Sci. 2016, 14, 227–232. [CrossRef]
40. Bohacz, J. Lignocellulose-degrading enzymes, free-radical transformations during composting of lignocellulosic waste and

biothermal phases in small-scale reactors. Sci. Total. Environ. 2017, 580, 744–754. [CrossRef] [PubMed]
41. Antongiovanni, M.; Sargentini, C. Variability in chemical composition of straws. CIHEAM 1991, 16, 49–53.
42. Tuomela, M.; Oivanen, P.; Hatakka, A. Degradation of synthetic 14C-lignin by various white-rot fungi in soil. Soil Biol. Biochem.

2002, 34, 1613–1620. [CrossRef]
43. Tan, B.; Yin, R.; Yang, W.; Zhang, J.; Xu, Z.; Liu, Y.; He, S.; Zhou, W.; Zhang, L.; Li, H.; et al. Soil fauna show different degradation

patterns of lignin and cellulose along an elevational gradient. Appl. Soil Ecol. 2020, 155, 103673. [CrossRef]
44. Torres, I.F.; Bastida, F.; Hernandez, T.; Bombach, P.; Richnow, H.; García, C. The role of lignin and cellulose in the carbon-cycling

of degraded soils under semiarid climate and their relation to microbial biomass. Soil Biol. Biochem. 2014, 75, 152–160. [CrossRef]
45. Mirzavand, J.; Asadi-Rahmani, H.; Moradi-Talebbeigi, R. Biological indicators of soil quality under conventional, reduced, and

no-tillage systems. Arch. Agron. Soil Sci. 2020, 1–14. [CrossRef]

http://doi.org/10.1016/j.mimet.2015.05.011
http://doi.org/10.1016/j.resmic.2010.04.010
http://www.ncbi.nlm.nih.gov/pubmed/20452420
http://doi.org/10.1186/2042-5783-2-3
http://doi.org/10.1264/jsme2.ME16024
http://doi.org/10.1080/09064710.2016.1200130
http://CRAN.Rproject.org/package=vegan
http://purl.oclc.org/estimates
http://doi.org/10.13080/z-a.2019.106.001
http://doi.org/10.1080/03650340.2018.1467006
http://doi.org/10.1080/03650340.2020.1855327
http://doi.org/10.1080/03650340.2020.1832655
http://doi.org/10.37358/RC.18.10.6590
http://doi.org/10.37358/RC.19.10.7576
http://doi.org/10.1016/j.scitotenv.2020.137058
http://www.ncbi.nlm.nih.gov/pubmed/32062254
http://doi.org/10.1016/j.geoderma.2020.114785
http://doi.org/10.3389/fmicb.2016.01446
http://www.ncbi.nlm.nih.gov/pubmed/27683576
http://doi.org/10.1080/03650340.2020.1787387
http://doi.org/10.1016/j.psep.2016.04.020
http://doi.org/10.1016/j.soilbio.2011.09.003
http://doi.org/10.1016/j.funeco.2015.07.003
http://doi.org/10.1016/j.aasci.2016.08.007
http://doi.org/10.1016/j.scitotenv.2016.12.021
http://www.ncbi.nlm.nih.gov/pubmed/27986311
http://doi.org/10.1016/S0038-0717(02)00145-1
http://doi.org/10.1016/j.apsoil.2020.103673
http://doi.org/10.1016/j.soilbio.2014.04.007
http://doi.org/10.1080/03650340.2020.1832656


Sustainability 2021, 13, 9624 16 of 16

46. Šimon, T.; Javurek, M.; Mikanova, O.; Vach, M. The influence of tillage systems on soil organic matter and soil hydrophobi-city.
Soil Tillage Res. 2009, 105, 44–48. [CrossRef]

47. Bungau, S.; Behl, T.; Aleya, L.; Bourgeade, P.; Aloui-Sossé, B.; Purza, A.L.; Abid, A.; Samuel, A.D. Expatiating the impact of
anthropogenic aspects and climatic factors on long-term soil monitoring and management. Environ. Sci. Pollut. Res. 2021, 28,
1–23. [CrossRef]

48. Kakabouki, I.; Folina, A.; Efthimiadou, A.; Karydogianni, S.; Zisi, C.; Kouneli, V.; Kapsalis, N.C.; Katsenios, N.; Travlos, I.
Evaluation of Processing Tomato Pomace after Composting on Soil Properties, Yield, and Quality of Processing Tomato in Greece.
Agron. 2021, 11, 88. [CrossRef]

49. Paustian, K.; Lehmann, J.; Ogle, S.; Reay, D.; Robertson, G.; Smith, P. Climate-smart soils. Nat. Cell Biol. 2016, 532, 49–57.
[CrossRef] [PubMed]

50. Dhillon, M.R.; Del Corso, B.; Figueiredo, E.; Nambi, W.R. Soil organic carbon, total nitrogen, and soil pH, in a long-term
continuous winter wheat (Triticum aestivum L.) experiment. Commun. Soil Sci. Plant Anal. 2018, 49, 803–813. [CrossRef]

51. Chen, J.; Wei, X. Controlled-Release Fertilizers As a Means to Reduce Nitrogen Leaching and Runoff in Container-Grown Plant Production
Nitrogen in Agriculture—Updates; IntechOpen: London, UK, 2018; pp. 33–52. [CrossRef]

52. Pospisilova, L.; Fasurová, N.; Petrášová, V. Humus content and quality under different soil tillage systems. Soil Water Res. 2010, 5,
90–95. [CrossRef]

53. Villamil, M.B.; Little, J.; Nafziger, E.D. Corn residue, tillage, and nitrogen rate effects on soil properties. Soil Tillage Res. 2015, 151,
61–66. [CrossRef]
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