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INTRODUCTION
The estimation of chernozem agrogenesis should 

include the consideration of both granulometric and 
microaggregate conditions, whereas the availability 
of data about chernozem microstructure allows char-
acterizing the macrostructural condition [1–6]. The 

theoretical fundamentals of soil microstructure forma-
tion were studied by Kachynsky [7, 8], Hodlin [9–12], 
Voronin [13, 14], Medvedev [15, 16], Bulyhin [17–20] 
who came to the conclusion that the relevance of soil 
microstructure was not limited to the sizes of microag-
gregates. A considerable role in soil fertility is played 
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The aim of the study was to provide scienti  c and theoretical substantiation for the process of microaggrega-
tion of typical chernozem via the simulation of natural processes of soil formation under the effect of systemat-
ic application of soil-protecting technologies of crop cultivation with surface packing of root and after-harvest 
remains, humus, and mineral fertilizers in agrocenoses of the Left-Bank Forest-Steppe of Ukraine. Methods. 
Laboratory-analytical, experimental  eld, statistical. Results. During tillage (for over 75 years) the number of 
free and friable-linked aggregates in the 0–40-cm chernozem layer decreased down to 17–20 %, and on the 
background of organic-mineral system of fertilization (15 t/ha of humus + N80P75K60) there was an increase in 
the content of the mentioned groups of microaggregates up to 20–25 %. The systematic implementation of soil 
protective technologies promoted the increase in the content of free and friable-linked microaggregates up to 
29–32 %. During tillage, the coef  cient of saturation with humus for physical clay (PC) decreased 1.3–1.4 times 
compared to the grassland. The value of PC saturation during the soil protective tillage was optimal, as humus 
was neither accumulated in the form of free humates, nor stored like “fat” in animal organisms.aAnd there 
was no blocking of nutrients with free humates. Humus acts as a connective tissue, promoting the improved 
water-resistance of chernozem structure on the micro- and macroaggregate levels. The ability of chernozems 
to have aggregation was determined by the dispersion factor (DF), which was 12–14 % during tillage without 
introducing any fertilizers, and 10 % – with the introduction of fertilizers, which testi  ed to a weak degree of 
microaggregation. With minimal tillage on the background of the organo-mineral system of fertilization, DF = 
= 6–7 %, and by the end of rotation it decreased down to 3-5 %. Conclusions. Enhanced microaggregation in 
soil protective technologies is explained by the fact that detritus and newly formed humic substances enhance 
their role in the formation of organo-mineral complexes in case of optimization of hydrothermal conditions in 
the seasonal cycle and decreased tempo of humus mineralization. The correlation coef  cient between the num-
ber of microaggregates, sized 0.01–0.25 mm and the content of peptized humic substances during tillage was 
as follows: R = +0.48 0.01, and for soil protective technologies it was: R = (+0.70–0.75) 0.01. The increase 
in microaggregation in conditions of soil protective tillage occurred in the direction of wild land analogs and 
fallow, which testi  ed to the simulation of the natural process of typical chernozem microaggregation in the 
agrocenoses of the Left-Bank Forest-Steppe of Ukraine.
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by the material, used to form microstructures. There 
are reverse processes in soils and soil-forming layers: 
on the one hand, these are processes of forming or-
ganic and mineral disperse particles, on the other – the 
processes of aggregation of elements with the forma-
tion of soil units – microaggregates of different sizes 
and forms with different properties. The main ways of 
forming microaggregates out of macroaggregates are 
known [13, 14, 22]: 

• mechanic fragmentation of soil during tillage; 
• microbiological destruction of humic substances,
 gluing particles among themselves; 
• physical and chemical changes in the soil under the
effect of applying agrochemical means.

The studies of Medvedev [15, 24] established that 
the systematic tillage was accompanied with statisti-
cally proven increase in the total and summarized ac-
tive surface of chernozem, though he did not succeed 
in revealing the reasons of the impact of tillage on sur-
face properties. It may be related to the speci  cities of 
transforming the fraction of humic acids during inten-
sive tillage, which changed surface characteristics of 
chernozems. The number of microaggregation forms of 
humus decreased in arable soils compared to wild land, 
whereas that of macroaggregation forms increased. 

Intense tillage of chernozem led to high mobility 
(reaction ability) of the organic matter. The increase 
in the mobility of humus deteriorated the water resis-
tance of aggregates of different sizes, and its reduction 
might increase the microaggregation property of tilled 
chernozem considerably (by 10–20 % in the yield of 
aggregates, sized > 0.01 mm). Water resistance of mi-
croaggregates was generally determined by the content 
of proper humic substances, the removal of which in 
wild land and arable land led to sharp enrichment (up to 
90–95 %) with microaggregates, sized 0.25–0.01 mm 
[25–28]. The dehumi  cation of chernozems triggered 
the increase in degradation processes, which was testi-
 ed by the works of Medvedev [23, 24], Bulyhin [21], 

and the studies of foreign authors [29–36].

The introduction of increased norms of complete 
mineral fertilizers or separate nitrogen, potassium, 
and phosphorus fertilizers did not change the number 
and ratio of particles and microaggregates. The intro-
duction of organic fertilizers in the dose of 70 t/ha of 
humus promoted the increase in microaggregation. It 
goes beyond any doubt that soil tillage is a powerful 
way of creating optimal soil conditions for cultivated 

plants. However, the limitation of direct positive im-
pact of tillage is known equally well [15, 17, 25].

The previous study [28] was dedicated to the inves-
tigation of the action of different systems of tillage 
and fertilization of chernozem on its microaggrega-
tion properties during the crop rotation in the variants 
without any introduction of mineral or organic fertil-
izers, and in variants with different doses of mineral 
fertilizers on the background of humus in conditions 
of Left-Bank Forest-Steppe of Ukraine, on typical me-
dium and low humus light loamy and light clay-loamy 
chernozem.

The aim of the study was to provide scienti  c and 
theoretical substantiation for the process of microag-
gregation of typical chernozem via the simulation of 
natural processes of soil formation under the effect 
of systematic application of soil-protecting technolo-
gies of crop cultivation with surface packing of root 
and after-harvest remains, humus, and mineral fertil-
izers in agrocenoses of the Left-Bank Forest-Steppe of 
Ukraine.

MATERIALS AND METHODS 

The processes and regularities of microaggrega-
tion of typical chernozem in agrocenoses of differ-
ent crop rotations at long-term action of soil protec-
tive technologies of crop cultivation in the Left-Bank 
Forest-Steppe of Ukraine were studied. The indices of 
the microaggregate, structural-aggregate and humus 
conditions were analyzed for different ways of tillage 
and fertilization of chernozem. The experiments were 
conducted at three mutually related levels: experi-
mental, theoretical, and descriptive-generalizing. The 
 rst level envisaged long-term  eld stationary experi-

ments. The second level included the elaboration of 
theoretical fundamentals of the structure formation of 
microaggregates and restoration of natural processes 
of soil formation of chernozem in agrocenoses. The 
descriptive-generalizing level was used to analyze the 
weather-climatic conditions as well as the results and 
conclusions of other authors to compare them against 
the data of our research. 

Long-term impact of zero tillage on the process of mi-
croaggregation of typical chernozem in the agroceno-
ses of the Forest-Steppe Left-Bank physical-geograph-
ical province of Ukraine was studied in Vorskla-Sula 
and Middle Dnieper-Seym districts. In 1990-1996, the 
studies were conducted in the southern part of Vorskla-
Sula district. Soil surface in the southern part of the 
Poltava region is presented with typical chernozem 
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(> 50 %) which is of medium humus content (5.55–
5.65 %). According to the content of physical clay (PC) 
and physical sand (PS) chernozem may be considered 
to be light clay: PC = 62.9–64 %; PS = 35–3 7.1 %. 
Similar technological indices of granulometric condi-
tion are notable for typical chernozem of the southern-
eastern part of Poltava region and almost the whole ter-
ritory of the Kharkiv region.

From 2001 till 2014, the experiments were conducted 
in Middle Dnieper-Seym agrosoil district, which covers 
the lands of Kyiv, Poltava, Sumy, Chernihiv, and Cher-
kasy regions. The experiment was performed in the 
Drabiv agrosoil district of the Forest-Steppe Left-Bank 
lowland province, northern subprovince, on typical 
low humus light loamy clay-silt chernozem. The struc-
turedness index (SI) was 25–38 %. The PC:PS ratio 
was 1.76–2.25 which was 3.2 times higher compared 
to typical medium-humus light loamy chernozem. The 
factor of potential aggregation (FPA): FPA = 0.25–0.27 
which was 2.78–2.96 times lower compared to typi-
cal medium-humic light loamy chntinuous Long-term 
agronomic experiment No.1. The study was conducted 
in 1985-1ntinuous long-term agronomic multifactor 
experiment of the Department of soil science and soil 
protection of the National University of Life and Envi-
ronmental Sciences of Ukraine in the following chain 
(sugar beet–green peas–winter wheat–corn for grain–
corn for silage) of 10-course grain-beet crop rotation 
for the southern part of the Left-Bank Forest-Steppe 
(cereals – up to 40 %, technical crops – up to 30 %, 
grain legumes – up to 10 %, forage crops – up to 20 %), 
where four ways of tillage were investigated: tillage of 
different depth (22–32 cm); subsurface tillage (22–32 
cm); shallow surface tillage (10–12 cm) and minimal 
surface tillage (5–6 cm) on the background of four fer-
tilization systems – without organic and mineral fertil-
izers; 15 t/ha humus + N55 55 45 (low dose); 15 t/ha 
humus + N85 75 65 (medium dose); 15 t/ha humus + 
N110 100 85 (high dose). The variants were located by 
split-block design with three repeats. The size of  rst 
order plots was 928 sq.m, the second one – 232 sq.m., 
the area under registration – 1ntinuous Long-term agro-
nomic experiment No.2. (The certi  cate of NAAS No. 
040 “The scienti  c foundations of establishing crop ro-
tations, tillage and fertilization systems in conditions of 
the Left-Bank Forest-Steppe of Ukraine”) The experi-
ment was conducted in 2001-2014 duntinuous long-
term agronomic experiment of the Cherkasy State Ex-
perimental station of NSC “Institute of Agriculture of 
NAAS”. Two types of  ve-course crop rotations were 
investigated: A: perennial grass–winter wheat–sugar 

beet–corn–barley + perennial grass (cereals – up to 
60 %, technical crops – up to 20 %; perennial grass – 
up to 20 %); B: green peas–winter wheat–sugar beet–
corn for grain–corn for grain (cereals – up to 60 %, 
technical crops – up to 20 %; grain legumes – up to 
20 %).

Fertilization system: 2001–2015: 6.0 t/ha of by-
products; N31P33K41 (average dose); N62P66K82 (double 
dose). The ways of the main tillage: tillage of differ-
ent depth (22–25 cm) for all the crops; subsurface till-
age (22–25 cm) for all the crops; surface tillage (8–12 
cm) for all the crops. There were three repeats in both 
experiments. The area of the plot for sowing was 250 
sq.m., the area under registration – 100 sq.m.

The methods of determining the indices of study ob-
jects. To determine the changes in agrochemical, physi-
cal, chemical, and agrophysical indices while studying 
the nutrition regime, humus and agrophysical condi-
tions, mixed samples were selected from one meter 
deep soil layers in 10 cm distance on different land 
plots following the schemes of experiments according 
to DSTU 7030:2009 (GSTU 46.001-96). Soil samples 
were analyzed according to special methods: granulo-
metric and microaggregate composition – according to 
Kachynsky (DSTU 4730:2007), structural-aggregate 
composition – by the sieve method in the modi  cation 
of Savinov (DSTU 4744:2007) and by the method of 
Baksheev; the content of total humus – according to 
Turin’s method in the modi  cation of Simakov (DSTU 
4289:2004); humus substances, occurring in the pro-
cess of peptization of soil colloid  s  – according to  
Hodlin; active and passive humus (active humus was 
determined by chromatography  ) – by the method of  
Sokolovsky; the content of peculiar humic substances 
and detritus – according to Springer in the modi  ca-
tion of scientists of NSC “Institute for Soil Science and 
Agrochemistry named after O. N. Sokolovsky”; group 
and fraction composition of humus – according to 
Ponomariova and Plotnikova. The calculation method 
was used to determin e: the dispersion factor  (DF) – ac-
cording to  Kachynsky; the coef  cient of structuredness  
(Kst) – according to Fageler,    the degree of aggregation  
( ) according to Baver  and the granulometric index of 
structuredness –according to  Vadiunina; saturation of 
PC with humu  s – according to  Hodlin, and the indices 
of erosion resistanc e (IER) – according to  Voronin. 

RESULTS AND DISCUSSION
Microaggregates have a feature, relevant in the agro-

technical and meliorative terms, – additional internally 
aggregated porosity, which determines high quality 
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level of macroaggregates [5, 15, 28.] The aggregate-
disperse composition in the 0–30 cm layer of cherno-
zem was determined in conditions of the southern Left-
Bank Forest-Steppe in the fourth year since the start of 
studies in the  elds, after the crop rotation of winter 
wheat-sugar beet-sun  ower-annual grass. The experi-
ment was conducted in the variant of systematic tillage 
and surface tillage at the depth of 10–12 cm without the 
introduction of mineral and organic fertilizers, and in 
the variants with the introduction of medium and high 
doses of mineral fertilizers on the background of hu-
mus (Table 1).

There were 23 % of free and friable-linked microag-
gregates in case of tillage, and 28 % – for surface tillage 
in the 0-30 cm soil layer in the control (with no mineral 
and organic fertilizers). The share of silt particles (< 
0.001 mm) for surface tillage was decreased 1.8 times. 
The highest content of free and friable-linked aggre-
gates was found in the 0–20 cm layer at surface till-
age, they were 9.6 % more numerous compared to till-

age. The content of microaggregates of this group was 
found to be also higher in the 20–30 cm layer – 22.5 % 
(surface tillage) and 17.7 % (tillage.) The same num-
bers of tightly linked microaggregates (0–30 cm) were 
registered in both variants of soil tillage (43.3–44.6 %); 
it was true for macroaggregates and macroparticles – 
24.5–26.7 %, whereas there were 8 % more mesoag-
gregates and mesoparticles at systematic tillage com-
pared to surface tillage. The introduction of the average 
dose of mineral fertilizers on the background of humus 
(N310 390 250 + 60 t/ha of humus) during tillage did not 
promote any increase in the content of free and friable-
linked aggregates in the 0–20 cm layer. Their content 
decreased by 10 % regarding the control, and increased 
by 8.3 % in the 20–30 cm soil layer.

In case of surface tillage and introduction of the aver-
age dose of mineral fertilizers, the content of friable-
linked aggregates decreased by 9.3 % compared to the 
control with no fertilizers. Both variants had registered 
increase in the content of free and friable-linked ag-

Table 1. The impact of the tillage and fertilization system on the aggregate-disperse composition of typical medium-humus 
chernozem in the 4th year since the start of the studies (annual grass)

Layer 
capacity, 

cm

Organo-mineral particles, forming 
Microaggregates < 0.01 mm

Dispersion 
factor

Coef  cient 
of 

aggregation

Index of 
anti-

erosion 
resistance

free and 
friable-linked

tightly 
linked

macroaggregates mesoaggregates < 0.01 < 0.01 < 0.01 < 0.01

tillage (no mineral or organic fertilizers)

0–20
20–30

25.1
23.4

15.2
25.9

25.2
17.7

6.8
2.6

40.6
48.7

40.1
45.2

14.7
5.4

91.0
90.0

6.0
17.0

(N310 390 250 + 60 t/ha humus)

0–20
20–30

28.0
29.8

26.0
16.0

15.0
26.0

3.5
2.4

54.5
49.0

44.1
45.3

7.3
5.0

94.0
89.0

13.0
18.0

(N410 410 330 + 60 t/ha humus)

0–20
20–30

28.0
29.8

26.0
16.0

15.0
26.0

3.5
2.4

54.5
49.0

44.1
45.3

7.3
5.0

94.0
89.0

13.0
18.0

Surface tillage, 10–12 cm (no fertilizers)

0–20
20–30

25.7
28.7

15.8
12.4

31.5
22.5

4.7
2.5

45.0
60.9

42.3
42.7

8.9
5.6

90.0
93.0

10.0
15.0

(N310 390 250 + 60 t/ha humus)

0–20
20–30

26.3
25.2

16.0
23.7

20.6
16.2

2.0
2.7

45.0
49.3

42.5
45.6

4.4
5.6

89.0
81.0

19.0
16.9

(N410 410 330 + 60 t/ha humus)

0–20
20–30

23.3
33.5

17.5
13.2

24.0
23.5

3.0
2.5

43.8
51.0

42.0
49.5

6.6
4.8

90.0
89.0

13.0
22.0
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gregates – in the 20–30 cm layer for tillage, and in the 
10–20 cm layer for surface tillage, which was related to 
the localization of root, after-harvest remains, humus, 
and mineral fertilizers while conducting the main till-
age in autumn. The number of tightly linked aggregates 
for tillage was somewhat higher compared to surface 
tillage: 53 and 46 % respectively, but the share of tight-
ly linked microaggregates, sized <0.001 mm, was 10 % 
higher in the latter case. 

The increase in the dose of fertilizers (N410 410 330 +
+60 t/ha of humus) promoted the increase in the num-
ber of free and friable-linked microaggregates up to 
24–25 %, and the share of microaggregates, sized < 
0.001 mm, was in the range of 9.6–11.8 % for both 
variants. Here the number of tightly linked aggre-
gates was found to be the same for both variants – 46–
47 %. Tightly linked microaggregates were presented 
with particles sized < 0.001 mm. The number of mac-
roaggregates and macroparticles (> 0.25 mm), me-
soaggregates and mesoparticles (0.25–0.001 mm) in 
the 0–30 cm layer was almost the same, but in case 
of surface tillage the 20–30 cm soil layer contained 
8.3 % more macroaggregates compared to tillage. On 
the contrary, there were 7.2 % more mesoaggregates 
for systematic tillage.

In the control with no fertilizers (0-20 cm layer), DF 
for tillage had a stable tendency towards increasing 
compared to surface tillage: 15.0 % against 9.0 %. The 
introduction of the average dose of mineral fertilizers 
on the background of humus at tillage promoted the 
increase in DF compared to surface tillage: 5.0–8.5 % 
against 3.9–5.6 % respectively. Due to the introduction 
of high doses of fertilizers, DF increased in the 0–10 
cm soil layer by 8 % for surface tillage, but remained 
unchanged in the 10–30 cm soil layer regardless of the 
way of tillage of typical chernozem. 

In the 0–20 cm soil layer in the control (with no min-
eral and organic fertilizers), IER was 1.67-fold higher 
for surface tillage, and with the introduction of average 
doses of mineral fertilizers on the background of humus 
this index increased 2.1 times for tillage, and 1.9 ti-
mes – for surface tillage. On the background of high 
doses of mineral fertilizers, IER for tillage increased 
both with the introduction of mineral fertilizers and 
without it, reaching the values of IER = 16–18, where-
as in case of surface tillage, IER increased 1.5 times 
compared to the control without any introduction of 
fertilizers to the high dose of mineral fertilizers. There 
were high values of Ka both for tillage and surface till-
age. However, medium and high doses of fertilizers for 

surface tillage conditioned the decrease in the value of 
Ka in the 0–30 soil layer, which testi  es to the dispers-
ing property of mineral fertilizers in the  rst years of 
applying surface tillage in the crop rotation.

In the 5th year, similar determination of indices of 
aggregate-disperse condition of chernozem was con-
ducted for the  eld of winter wheat. The relevance of 
the data for the 4th year is in the fact that they were 
the last ones for the aftereffect of humus, introduced 
for sugar beet in the  rst year of studies. The results 
of determining the aggregate-disperse composition (0–
30 cm layer) of typical chernozem demonstrated that 
in the control with no introduction of mineral and or-
ganic fertilizers, the number of free and friable-linked 
microaggregates decreased in both variants compared 
to the 4th year of studies, but a higher number of them 
remained for surface tillage than for tillage. In case of 
tillage there were 6 % more tightly linked aggregates 
(< 0.001 mm) compared to surface tillage, and the 
share of aggregates of the silt fraction in the latter case 
had a stable increasing tendency. The number of mac-
roaggregates (> 0.25 mm) and mesoaggregates (0.25–
0.001 mm) was in inverse correlation: in case of tillage 
there were 4.5 % fewer aggregates, sized >0.25 mm, 
than for surface tillage, and 6 % more aggregates of 
0.25–0.001 mm. The highest content of organo-mineral 
particles, participating in the process of macrostructure 
formation, was found in the 0–10 cm soil layer, and the 
advantage of surface tillage over tillage was 7 %. 

The introduction of average dose of mineral fertil-
izers affected the formation of free and friable-linked 
aggregates for tillage and surface tillage: 15.0 % of 
them were formed in the former case, and 19 % – in the 
latter. Their highest number was found in the 20–30 cm 
soil layer for surface tillage – 20.5 % against 15 % for 
tillage. The number of microaggregates, tightly linked 
with the mineral part of chernozem (regardless of the 
way of tillage), was found to be almost the same (43.4 
and 46.5 %), but the number of silty particles in the lat-
ter case was 8 % lower, which testi  es to the decrease 
in the dispersion of the 0–30 cm chernozem layer at 
systematic surface tillage.

The introduction of high doses of mineral fertilizers 
affected the number of tightly linked aggregates (0–
30 cm) which was almost the same – 44.8–45.7 % re-
gardless of the way of tillage, but the number of silty 
particles for surface tillage was higher compared to till-
age. In case of tillage there was a registered increase 
in the content of aggregates, sized > 0.25 mm: their 
number reached 5.9 and 7.7 % in the soil layers of 0–20 
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and 20–30 cm, which testi  ed to the soil dispersion at 
the introduction of high doses of mineral fertilizers in 
case of systematic implementation of surface tillage for 
10–12 cm. If in case of introducing average doses of 
mineral fertilizers, DF had the value of 6–7 %, in case 
of high doses it was 8–9 %. IER in the variants of till-
age and surface tillage had high values, but in case of 
tillage they were higher in absolute values. When high 
doses of mineral fertilizers were introduced for surface 
tillage, IER values decreased down to the middle level 
(8–10), which testi  ed to the harmfulness of the intro-
duction of high doses of mineral fertilizers.

In the 7th year since the start of the studies, there was 
an investigation of the capability of typical chernozem 
to have microaggregation during systematic tillage and 
surface tillage for 10–12 cm in the variants with the 
introduction of the middle and high doses of fertilizers 
on the background of 60 t/ha of humus, introduced for 
the  eld of sugar beets.

A relevant index of humus horizon resistance in cher-
nozem was the stability of aggregate-disperse compo-
sition during the vegetative period, thus the determina-
tion was performed in dynamics – three times for the 
vegetative period. It was established that the number of 
free and friable-linked aggregates in the control (with 
no mineral and organic fertilizers) increased from 
spring to summer. A similar regularity was remarkable 
for variants with introduced mineral fertilizers in dif-
ferent doses on the background of humus. In case of 
systematic tillage in April, there were 8–9 % more of 
the mentioned aggregates compared to surface tillage, 
but till the middle of summer (with surface tillage) the 
number of free and friable-linked aggregates increased 
by 5–7 %. There was remarkable increase in the num-
ber of free and friable-linked microaggregates with 
the introduction of increasing doses of fertilizers for 
surface tillage: in July, their number increased up to 
19–22 and 21–24 % respectively, till the introduction 
of medium and high norms of fertilizers. At the same 
time, there were 16–17 and 19 % of aggregates for till-
age, respectively. 

In spring, in case of surface tillage the number of 
tightly linked aggregates (< 0.01 mm) in the control 
(with no mineral fertilizers) was higher than that for 
tillage. The introduction of increasing doses of mineral 
fertilizers somewhat decreased the number of these 
aggregates, but in case of tillage the decrease in their 
content was more remarkable. In case of introducing 
high doses of mineral fertilizers, the number of tightly 
linked aggregates in both variants of tillage in the 0–30 

cm soil layer was the same, which testi  ed to dispers-
ing nature of high doses of fertilizers in long-term im-
plementation of both tillage and surface tillage. How-
ever, there were 10 % more tightly linked aggregates 
in the subsurface layer (30–40 cm) in case of surface 
tillage in spring.

The determination of the ratio of microaggregates 
sized 0.05–1 and 0.01–0.05 mm during the vegetation 
period allowed a conclusion that in the control (with 
no mineral and organic fertilizers) in case of surface 
tillage there were much more aggregates sized 0.05–1 
mm (by 5–8 %) compared to tillage, and the content of 
microaggregates was more stable time-wise, compared 
to tillage. The introduction of average doses of mineral 
fertilizers had different effect on the content of meso- 
and microaggregates during tillage and surface tillage. 
In the latter case, during the vegetative period, there 
were 1.5–2.2 times more aggregates, sized 0.5–1 mm 
in the 10–30 cm soil layer, and in case of tillage there 
was a considerable increase (by 10 %) in the number 
of aggregates sized 0.01–0.05 mm. The introduction of 
high doses of mineral fertilizers decreased the number 
of aggregates sized 0.05–1 mm at surface tillage, but 
there were more of them than during tillage both in 
spring and in summer. The tillage with the introduc-
tion of high doses of mineral fertilizers promoted the 
increase in the number of aggregates sized 0.01–0.05 
mm, but their number decreased remarkably till sum-
mer. On the contrary, in case of surface tillage, fewer 
aggregates of this size were formed in spring, and till 
summer their content was stabilized at the level of con-
tent for tillage.

In case of surface tillage, the DF value was at the 
level of 3–4 % during the vegetative period. The high-
est value of DF in the 0–10 cm soil layer was registered 
in the middle of summer for systematic tillage – 6–
7 %. With the introduction of average doses of mineral 
fertilizers during surface tillage, DF was at the level of 
3–5 % only in the 0–10 cm layer, and in May it was up 
to 6 %. With systematic tillage in the crop rotation at 
the beginning of the vegetative period, DF in the 0–30 
cm soil layer was 4–6 %, and by the end of the vegeta-
tive period it increased up to 7–9 %. The anti-erosion 
resistance of the humus horizon for surface tillage was 
higher than for tillage both in the variant with no fertil-
izers and in case of introducing high and medium doses 
of mineral fertilizers. The use of high doses of mineral 
fertilizers during tillage decreases the IER values to the 
medium level (< 10) whereas during surface tillage IER 
had the values > 10 regardless of the way of tillage.
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In the 9th year of studies, there was determination of 
the level of aggregate-disperse composition of typical 
chernozem under corn for grain with the introduction 
of the average dose of mineral fertilizers in four vari-
ants of cultivation. At  rst N710P670 565 and 150 t/ha of 
humus were applied, with subsequent N110P75K75 and 
30 t/ha of humus to sow corn. The calculation of DF 
demonstrated that in case of tillage (0–30 cm) DF val-
ues were 8–11 %, and the highest value was registered 
in the 5–10 cm layer – 15 %. In case of deep surface 
tillage, DF was at a high level only in the 0–5 cm lay-
er – 7.5 %, and decreased deeper down to 2.9 % (20–
30 cm). In case of surface tillage for 5–12 cm, DF (0–
5 cm) had the values of 11 %, and in the 5–10 cm soil 
layer – 9.1 %. DF values in the deeper layers of hu-
mus horizon (10–20 and 20–30 cm) decreased down 
to 4.9–5.6 %. The systematic surface tillage for 5–
6 cm increased DF up to 9.7–10 % in the layers of 0–
5 and 5–10 cm, and decreased it in the 10–30 cm layer 
down to 2.7–2.8 %. In the subarable layer (30–40 cm) 
with tillage and surface tillage for 5–12 cm, DF was 

at the level of 5.0–5.9 % and at deep surface tillage it 
reached 8 %.

The calculation of IER demonstrated that tillage for 
nine years with the introduction of average doses of 
mineral fertilizers on the background of humus did not 
promote the increase in the anti-erosion resistance of 
arable layer. IER values in the 0–5 cm layer reached 10, 
while it decreased down to 5–7.5 in the 5–30 cm layer. 
In case of surface tillage for 22–32 cm in the 0–30 cm 
soil layer, IER values increased up to 10, and equaled 
5–6 in the 30–40 cm soil layer. Surface tillage for 5–
12 cm on the background of organo-mineral system 
of fertilization in the surface layers (0–5, 10–15 cm) 
somewhat decreased IER values down to the level of 
7–8 %, and in the soil layers of 10–20 and 20–30 cm 
the anti-erosion resistance increased up to 12.6–15.2 
and 26.6–26.8 according to tillage. 

The last crop in the rotation was corn for sillage. 
During 10 years, N820P730K625 of the active substance of 
mineral fertilizers was introduced on the background 
of 150 t/ha of humus, which on average was N80P75K65 

Table 2. The impact of the tillage system on typical medium-humus chernozem on aggregate-disperse composition by the end 
of crop rotation (N850P750K650 150 t/ha of humus)

Layer 
capacity, cm

Organo-mineral particles, forming
Microaggregates (< 0.01 mm) Saturation of 

physical clay 
with humus, 

%

free and friable-linked tightly linked

macroaggregates mesoaggregates < 0.01 < 0.01 < 0.01 < 0.01

Tillage for over 75 years

0-20
30-40

3.2
6.3

43.7
41.7

18.0
17.0

1.9
3.2

47.2
45.9

37.1
33.8

0.079
0.078

Tillage for 22–32 cm (experiment)

0-20
30-40

3.7
3.8

38.9
38.9

23.0
27.0

3.7
3.8

42.9
37.9

37.1
33.8

0.098
0.100

Surface tillage for 22–32 cm (experiment)

0-20
30-40

4.3
4.8

37.9
38.9

26.5
27.0

3.1
3.8

41.5
37.9

36.1
33.2

0.102
0.108

Surface tillage for 10–12 cm (experiment)

0-20
30-40

5.5
4.5

40.6
39.3

28.0
31.0

2.8
4.0

37.7
35.0

36.2
33.0

0.100
0.099

Surface tillage for 5–6 cm (experiment)

0-20
30-40

4.3
7.7

39.6
36.2

21.4
22.0

2.8
4.0

45.4
42.1

36.6
34.5

0.104
0.108

Fallow for 10 years

0-20
30-40

7.0
9.0

38.0
31.0

27.0
26.0

2.5
3.6

39.5
40.0

36.5
33.4

0.103
0.108
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and 15 t/ha of humus. Table 2 and Fig. 1 present the 
aggregate-disperse composition of typical chernozem 
at the end of crop rotation. The comparison considered 
the results of determining the aggregate-disperse com-
position for tillage during over 75 years and 10 year-
long fallow. During long-term tillage (over 75 years) 
the number of free and friable-linked aggregates de-
creased down to 17–20 % (0–20 cm) and 17 % (30–
40 cm). The application of tillage on the background 
of organo-mineral system of fertilization promoted the 
increase in the content of free and friable-linked micro-
aggregates in the 0–20 cm layer up to 22–23 % and in 
the 30–40 cm layer – up to 27 %. Systematic surface 
tillage for 22–32 % increased the content of free and 
friable-linked aggregates up to 26–27 % in the 30–
40 cm soil layer, and in case of shallow surface tilla-
ge – up to 28–31 %.

The minimization of the main soil tillage to 5–6 cm 
did not promote the increase in the content of this group 
of aggregates. The share of aggregates < 0.001 mm in 
the total number of free and friable-linked microag-
gregates in the 0–20 cm soil layer was in the range of 
10–14 %, and in the 30–40 cm soil layer – 18–19 %. In 
other variants in the experiment the share of free and 
friable-linked microaggregates changed in the range of 
13–14 %, and the number of tightly linked microag-
gregates sized < 0.01 mm (0–20 cm) decreased from 
tillage (over 75 years) to shallow surface tillage for 
10–12 cm. 

The minimal tillage for 5–6 cm somewhat disrupted 
the established regularity of forming the ratio of micro-
aggregate groups, which may be explained by the speci-
 city of water and temperature regimes and the character 

of transformation of organic substance. The content of 
microaggregates increased from tillage to minimal soil 
protective tillage. There was a corresponding decrease 
in the content of mesoaggregates and microaggregates. 
The comparison of the microstructure to fallow variants 
(75 years) and fallow (10 years) yielded a conclusion 
that surface tillage (from the one for different depths to 
22–32 cm up to 5–12 cm) promoted the modelling of 
natural microaggregation process. Minimal tillage ex-
ceeded tillage by the tempo of the formation of macro-
aggregates sized 0.05–1 mm. The introduction of high 
doses of mineral fertilizers on the background of humus 
had negative effect on chernozem microstructure both 
during tillage and surface tillage: the content of mesoag-
gregates increased up to 50–60 %, and the number of 
macroaggregates (0.05–1 mm) decreased. 

Hodlin [10] considered the number of free and fria-
ble-linked aggregates in soil to be of great relevance 
and related their formation to the synthesis of newly-
formed humic acids, which were easier to get subject 
to mineralization processes. In his studies the author 
demonstrated that tightly linked aggregates had more 
humic substances, nitrogen and sesquioxides of iron 
and aluminum, and the ignition loss was higher than 
that for free and friable-linked aggregates. At the same 
time, there was no difference in the number of con-
sumed Ca and Mg. Friable-linked microaggregates 
had higher biological activity compared to soil. This 
phenomenon may be explained by the fact that organic 
matter of tightly-linked aggregates was closer linked to 
the mineral part of soil due to the availability of a high 
number of hydrooxides of iron and aluminum, and thus 
was less mobile. In addition, humic substances of this 
group of microaggregates were more subject to aging, 
which decreased their biological activity. 

The correlation of our studies to Hodlin’s conclu-
sions [11, 12] promotes a statement that systematic 
tillage for over 75 years led to the dehumi  cation of 
the arable layer, and thus to the decrease in the content 
of free and friable-linked microaggregates. Tillage on 
the background of the organo-mineral system of fer-
tilization promoted the increase in the content of free 
and friable-linked microaggregates, but this process 
was characterized by temporal instability. The number 
of free and friable-linked microaggregates may be in-
creased or decreased depending on the way of tillage, 
number of introduced fertilizers and a crop, sown in the 
crop rotation.

Systematic implementation of soil-protective tech-
nologies in the crop rotation (18 years) led to the in-
crease in the number of free and friable-linked micro-
aggregates, which was evident in the 3-4th year since 
the introduction of these technologies. In our opinion, 
this phenomenon is related to the fact that more humic 
substances were formed in the  rst years of introduc-
ing surface tillage. A higher amount of newly-formed 
humus is related to the increase in the biogenicity of 
microaggregate composition and may be the feature of 
cultural soil formation.

Meanwhile Hodlin [9] paid attention to the fact 
that there was an agronomically relevant criterion for 
chernozems: if a number of microaggregates, active-
ly participating in the formation of stable meso- and 
macroaggregates, exceeded 40 %, there were all the 
conditions to restore the forfeited grain-like  nely 
crumbly structure of the arable layer.
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The studies and calculations demonstrated that re-
gardless of the tillage system typical medium-humus 
heavy loamy chernozem had high content of such ag-
gregates (> 40 %) which testi  ed to a high ability of 
restoring the structural condition. The application of 
surface tillage led to the increase in the number of or-
gano-mineral particles, forming macroaggregates. The 
process of the formation of organo-mineral elements 
was directly related to the character of embedding and 
localization of organic fertilizers and afterharvest resi-
due: in case of tillage – in the lower part of the arable 
layer, and in case of surface tillage – in the upper one. 
In the authors’ opinion, noteworthy are Hodlin’s con-
clusions [11] about humus localization in the microag-
gregates sized > 0.01 mm. The coef  cient of saturating 
physical clay with humus ( PC) during tillage for over 
75 years in the 0–40 cm soil layer equaled 0.076–0.084, 

or 7.6–8.4 %. Tillage on the background of organo-
mineral fertilization system increased the saturation of 
PC with humus up to 8.9 % in the 0–5 cm soil layer and 
up to 10.1–10.5 % in the soil layers of 5–20 and 30–
40 cm. Similar values of saturating PC with humus 
were found while implementing soil protective systems 
of tillage of different depth and intensity.

The determination of the impact of different ways 
of tillage and fertilization of typical light loamy heavy 
clay-silt chernozem on microaggregation is presented 
in Table 3. It was established that while implementing 
surface tillage for 5–12 cm in the control with no fertil-
izers the number of microaggregates sized > 0.25 mm 
increased by 3.12 % or 1.5-fold. The introduction of or-
ganic fertilizers in the form of humus, straw, and min-
eral fertilizers during surface tillage enhanced the pro-
cess of chernozem microaggregation: 7.6–9.4 % more 

Table 3. The impact of different systems of tillage and fertilization on the microaggregate composition in the 0–20 cm layer 
of typical low humus light loamy chernozem of the central Left-Bank part of the Forest-Steppe of Ukraine

*Note: a – number of humus-containing mesoaggregates (numerator); c – number of non-humus-containing mesoparticles 
(denominator) [13].

Introduction of 
fertilizers

Size of fractions (mm), content, % Factor
Index of 

anti-erosion 
resistance> 0.25

0.25–0.05 
(a)*

0.05–0.01 (c)
*c to a > 0.01

< 0.01
< 0.001

of 
dispersion

potential 
aggregation

Tillage for 22–32 cm

Control (no fertilizers)
N65P60K50 + 12 t/ha of 
humus
N65P60K50 + 1.5 t/ha of 
straw

5.78

9.60

5.49

23.16
60.50
18.21
61.0
22.65
64.36

2.60 to 1

3.3 to 1

2.8 to 1

89.44

88.81

92.50

10.56
1.91
11.19
0.57
7.50
1.25

10.0

2.76

7.70

0.20

0.21

0.18

2.00

7.61

2.35

Surface tillage for 22–32 cm

Control (no fertilizers)
N65P60K50 + 12 t/ha of 
humus
N65P60K50 + 1.5 t/ha of 
straw

5.61

8.48

6.12

20.75
62.40
19.7
63.0
28.1
58.05

3.0 to 1

3.2 to 1

2.1 to 1

88.76

91.18

92.27

11.23
1.37
8.82
0.64
7.74
1.38

6.28

2.02

7.77

0.27

0.21

0.22

4.10

10.4

2.83

Surface tillage for 10–12 cm

Control (no fertilizers)
N65P60K50 + 12 t/ha of 
humus
N65P60K50 + 1.5 t/ha of 
straw

8.90

17.19

14.90

29.65
52.95
26.40
48.70
23.30
52.45

1.8 to 1

1.8 to 1

2.3 to 1

91.50

91.77

90.65

8.50
0.81
8.23
0.52
9.35
1.35

3.96

2.64

6.34

0.22

0.23

0.22

5.56

8.71

3.47
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microaggregates sized > 0.25 mm were formed, which 
was 1.7–2.7 times more compared to tillage. With the 
minimization of tillage, the number of microaggregates 
sized 0.25–0.05 and 0.05–0.01 mm increased both re-
garding the control with no fertilizers and with the in-
troduction of organo-mineral fertilization system, and 
the ratio between the content of microaggregates of 
the mentioned size decreased towards larger fractions, 
sized 0.25–0.05 mm. There were 1.24–1.36 times few-
er particles sized < 0.01 mm for minimal tillage com-
pared to tillage.

DF in the variants with no introduction of fertilizers 
decreased 1.24 times from tillage to surface tillage, and 
during the introduction of humus on the background 
of mineral fertilizers DF had not a high value (2.02–
2.76) during tillage and surface tillage, but this index 
decreased with the minimization of chernozem tillage. 

The index of potential aggregation (Pa) regardless of 
the system of tillage and fertilization was the same but 
the IER value in the 0–20 cm soil layer during minimal 
tillage increased regarding tillage 2.78 times with no 
fertilizers, 1.15 times – with the introduction of humus 
with mineral fertilizers, and 1.5 times – with the in-
troduction of straw with mineral fertilizers. Here wa-
ter resistance of microaggregates with large fractions 
increased. A higher content of free and friable-linked 
aggregates increased the biogenicity of the cultivated 
layer and promoted the improvement of the agrophysi-
cal condition and nutrition regime of chernozem.

The intensive cultivation (tillage) of chernozem pro-
moted the increase in the content of active forms of 
humus due to biological transformation of some pas-
sive humus into its active form: humus got renewed 
due to the mineralization of humic substances, which 
was related to the decrease in its content and reserves. 
In conditions of surface tillage the 2.04-fold increase 
in the content of active form of humus (0–50 cm soil 
layer) occurred due to the synthesis of free organic sub-
stance: a share of newly formed humus in the 0–20 cm 
chernozem layer from the total amount of active form 
of colloid humus was 53–55 %, and during tillage – not 
more than 43–45 %, with the 2.29–2.3-fold increase of 
the reserves.

A relevant agent of increasing microbiological ac-
tivity and microaggregation of chernozem is detritus, 
which, on the one hand, is the adsorbent of humic and 
newly formed substances, and on the other, plays the 
role of “carcass” while forming agronomically valu-
able water-resistant aggregates. During tillage for over 
75 years and tillage in the experiment conditions the 

content of detritus was 28–31 % from the total reserves 
of humus, and its highest amount was formed in places 
of localization of afterharvest, root remains and humus, 
i.e. in the 15–35 cm layer. In conditions of deep sur-
face tillage the reserves of detritus in the 0–50 cm layer 
were 1.16–1.4 times higher regarding the variant of 
long-term and deep tillage. The highest accumulation 
of detritus occurred in the 0–20 cm soil layer, where 
the total reserves of detritus were 31–32 % from the 
reserves of total humus. 

The minimization of chernozem tillage to the depth 
of 5–12 cm promoted the increase (1.10–1.25 times) 
of detritus content compared to tillage and deep sur-
face tillage. The share of detritus in the total humus re-
serves during shallow and minimal surface tillage was 
31–32 % and the re-distribution of detritus in the 0–
50 cm layer was in the surface layer of soil. The 0–20 
cm soil layer contained 60–65 % of detritus from all 
the reserves in the 0–50 cm soil layer. The general 
regularity of accumulation and redistribution of de-
tritus while maintaining fallow was similar to surface 
tillage for 5–12 cm with the only difference – the 
whole 0–50 cm chernozem layer had high reserves of 
detritus (Fig. 1). 

The root system of agricultural crops is the main 
source of physiologically active substances, which, 
during the whole vegetative period, plays the main 
role in soil-forming properties of crops in the crop 
rotation and, using their root exudates, is capable of 
forming soil microstructure in agrophysical mean-
ing. Thus, root exudates are of extreme relevance in 
enhancing morphogenetic features of chernozem, the 
number of which is directly linked to the action of 
abiotic factors in soil medium. The microstructure is 
formed in the active rhizosphere of root systems of 
agricultural crops.

The layer-wise reserves and redistribution of roots 
in the humus horizon (0–40 cm) of typical chernozem 
was de  ned for the crop rotation (Fig. 2). The effect 
of the system of tillage and introduced fertilizers is 
re  ected on the redistribution of roots. During tillage 
the root system grows deeper inside the cultivated 
layer, and in case of surface tillage it is formed by the 
turf type: 80.5–87.4 % of the roots from the whole 
mass are concentrated in the 0–10 cm chernozem lay-
er during minimal tillage. The differentiation of root 
redistribution in the humus horizon of chernozem is 
enhanced with the minimization of the main way of 
chernozem tillage, and the total content of roots in 
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the humus horizon increases with the minimization of 
tillage (Fig. 2).

Due to the simulation of the turf process of soil for-
mation, the aggregation at the level of microaggregates 
involved more particles sized < 0.01 mm, which de-
creased the dispersion factor and increased antierosion 
indices of the cultivated layer. The minimization of the 
main tillage during surface tillage was more ef  cient 
in promoting the activation of microaggregation pro-
cesses compared to tillage and deep surface tillage, 
which changed towards wild land and fallow variants 
of maintaining chernozem, which testi  ed to the resto-
ration of natural soil formation in the agrocenosis at the 
microaggregate level.

Long-term application of surface tillage stimulated 
the re-grouping of microaggregates towards the in-
crease in their sizes, similar to long-term fallow. While 
in case of fallow the microaggregation covered the 
0–20 cm soil layer, with surface tillage there was an 
increase in the microaggregation process of humus ho-
rizon of chernozem. In general, there was the simula-
tion of a natural microaggregation process while imple-
menting surface tillage and ruining the microstructure 
with systematic tillage (Fig. 1, 2).

Enhancing the microaggregation by turf type in the 
agrocenoses requires enriching the upper third of the 

humus horizon of chernozem with detritus, ensuring 
high biological activity of the 0–15 cm chernozem 
layer and forming an organogenic layer (contact zone) 
in the upper third of the humus horizon of chernozem 
with high microbiological activity, which increases by 
a third with surface tillage (0–30 cm), with the 1–17-
1.25-fold increase in the microbial cenosis. The num-
ber of earthwarms in the 0–20 cm layer of humus ho-
rizon during surface tillage increased 1.62–1.86 times 
compared to tillage, which increased the looseness of 
humus horizon by 15–25 %. The enrichment of cher-
nozem with detritus from the surface was ensured by 
springtails and mites, the number of which increased 
by 126–144 %. The enhanced growth of root systems 
of agricultural crops by turf type, the restoration of soil 
variety during surface tillage may be quali  ed as a fea-
ture of changes in soil formation towards its increase 
(imitation simulation by a number of features) of the 
turf process, based on annual intake of root and ground 
biomass of agricultural crops (7–10 t/ha) with its pack-
ing into the upper third of humus horizon using surface 
tillage, which ensured the formation of transformation-
migration type of humus pro  le with descending migra-
tion of humi  cation products of typical chernozem in 
agrocenoses. Better conditions of humus accumulation 
in anaerobic conditions of decomposition of organic 
fertilizers during surface tillage were demonstrated by 
Vostrov [37] and con  rmed with our studies [25, 28]. 

Fig. 2. The impact of the tillage system on  – reserves (t/ha) and  – content (%) of roots in the humus horizon of chernozem 
for the crop rotation 
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Medvedev [15] demonstrated that the aggregation 
potential depended on the granulometric composi-
tion and on the size of particles (or microaggregates), 
corresponding to the crossing point for the curves of 
granulometric and aggregate conditions. The increase 
in the content of clay and silt particles led to the in-
crease in the number of microaggregates and the ag-
gregation potential.

Table 4 presents the values of paired correlation co-
ef  cients between the groups of microaggregates, wa-
ter-resistant aggregates and humus content, capable of 
peptization depending on the tillage system. The cal-
culation demonstrated that the correlation coef  cient 
between the crossing point for the curves of granulo-

metric and microaggregate analysis, relative to the con-
tent of microaggregates of < 0.01 mm, was R= –0.14 
for tillage, which increased to the average level of R= 
= +0.50 for surface tillage. 

Maintaining chernozem in the fallow state for 10 
years decreased the correlation coef  cient down to the 
low level of R= –0.14. The consideration of the estab-
lished connection and calculations for aggregate-dis-
perse indices allowed for the conclusion that tillage of 
typical chernozem for a long time preserved potential 
possibilities for the formation of macrostructure.

Fig. 3 presents the aggregate-disperse condition 
of typical medium humus chernozem during long-

Fig. 3. Long-term effect of the ways of tillage on aggregate-disperse condition of typical chernozem
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term tillage, long-term surface tillage, and long-
term fallow. 

It was determined that long-term surface tillage pro-
moted the increase in the content of microaggregates, 
sized 0.05–0.25 mm by 5.2 %, compared to long-term 
tillage, and those larger than 0.25 % – by 1.6 %. The 
number of microaggregates, smaller than 0.001 and 
0.001–0.005 mm, was 1.7 and 1.5 times lower. Simi-
lar processes took place in the 30–40 cm soil layer: 
there were 1.6 and 2.7 % more microaggregates sized 
0.05–0.25 mm and smaller than 0.25 mm for surface 
tillage, and there were 2.7 and 5.6 % fewer micro-
aggregates, smaller than 0.001 and 0.001–0.005 mm. 

There were 4.7 % more fractions of microaggregates 
than during long-term tillage.

Our conclusions coincide with those of Medvedev 
[23], based on the fact that the crossing point for the 
curves of granulometric and microaggregate composi-
tion is about 0.01 mm (the deviations are in the range 
of 0.037–0.007) regardless of the nature of agricultural 
application of soils. The availability of a large number 
of microaggregates, sized > 0.01 mm, in the tilled cher-
nozem creates the prerequisites for the formation of the 
agronomically valuable structure.

Further calculations revealed a tight relationship at 
the level of close correlation between the content of hu-

Table 4. The values of paired correlation coef  cients between the groups of microaggregates, aggregates and content of hu-
mus substances, capable of peptization depending on the tillage system

*The content of particles, corresponding to the crossing point for the curves of granulometric (g/s) and microaggregate com-
position (m/s); **content of microaggregates ( 3) and granulometric particles ( 2) to the crossing point of distribution curves.

Paired correlation coef  cients
Index

X1 X2 X3 X4 X5 X6 X7

Tillage for 22–32 cm

1
–
–
–
–
–

–

+0.75
1
–
–
–
–

–

–0.45
–0.17

1
–
–
–

–

+0.13
+0.27
–0.40

1
–
–

–

+0.37
+0.36
–0.41
–0.89

1
–

–

+0.65
+0.37
+0.17
+0.22
+0.48

1

–

–0.18
–0.07
–0.73
+0.74
+0.54
–0.70

1

*Size of particles, m
** < 0.01 (m/s)
** < 0.01 (g/s)

0.05–0.01
0.01–0.25

Substances, capable of peptization of 
humic substances, t/ha
Water-resistant aggregates 3–0.5 mm

1

2

3

4

5

6

7

Surface tillage for 10–12 cm

1
–
–
–
–
–

–

+0.50
1
–
–
–
–

–

–0.14
–0.20

1
–
–
–

–

+0.46
+0.25
–0.71

1
–
–

–

+0.65
+0.16
–0.30
–0.76

1
–

–

+0.50
+0.60
–0.12
+0.50
+0.72

1

–

+0.03
+0.02
–0.73
+0.65
+0.21
–0.15

1

*Size of particles
** < 0.01 (m/a)
** < 0.01 (g/s)

0.05–0.01
0.01–0.25

Substances, capable of peptization of 
humic substances, t/ha
Water-resistant aggregates 3–0.5 mm

1

2

3

4

5

6

7

Wild land and fallow

1
–
–
–
–
–

–

–0.14
1
–
–
–
–

–

–0.40
–0.25

1
–
–
–

–

+0.35
–0.03
–0.30

1
–
–

–

+0.28
+0.04
–0.42
–0.78

1
–

–

–0.14
–0.18
–0.57
–0.65
+0.66

1

+0.20
–0.13
–0.65
–0.40
+0.01
–0.07

1

*Size of particles
** < 0.01 (m/a)
** < 0.01 (g/s)

0.05–0.01
0.01–0.25

Substances, capable of peptization of 
humic substances, t/ha
Water-resistant aggregates 3–0.5 mm

1

2

3

4

5

6

7
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mus substances, capable of peptization, and the content 
of aggregates, sized 0.01–0.25 mm ( 5). Systematic 
implementation of tillage in the crop rotation weakens 
the level of relationship (R = +0.48) down to the me-
dium and low ones, and systematic implementation of 
surface tillage for 10–12 cm and maintaining fallow in-
creases the relationship to the level of close correlation: 
R = +0.66–0.72.

The level of reverse correlation demonstrated the 
content of microaggregates sized 0.01–0.25 mm ( 5) 
and 0.05–0.01 mm ( 4) in all the variants: R = –0.76–
0.89. The calculations demonstrated direct close rela-
tionship between the content of microaggregates sized 
0.05–0.01 mm ( 4) and the number of water-resistant 
aggregates sized > 3 mm ( 7), which testi  es to poten-
tial possibilities of forming a water-resistant structure 
while implementing different systems of tillage.

The application of surface tillage promoted the in-
crease in the ability of chernozem to form water-resis-
tant aggregates and enhanced anti-erosion resistance of 
the 0–30 cm soil layer. The increase in the number of 
free and friable-linked microaggregates should be con-
sidered a positive phenomenon in terms of improving 
the nutrition regime of plants and enhancing cherno-
zem biogenicity at the microaggregate level. There are 
all the grounds for the assumption that in cases of till-
age and shallow surface tillage the aftereffect of the in-
troduced humus with the introduction of average doses 
of mineral fertilizers is the same, while with the intro-
duction of high doses of fertilizers there is dispersion 
of the 0–30 cm soil layer, though the number of free 
and friable-linked microaggregates remains high dur-
ing soil protective tillage. The average dose of mineral 
fertilizers during surface tillage for 5–12 cm should be 
considered the optimal one. Systematic application of 
soil protective technologies in the crop rotation with 
the introduction of average doses of mineral fertiliz-
ers optimizes the ratio of micro- and macroaggregation 
forms of humus.

The presented data demonstrated that typical me-
dium and low humus heavy and light loamy cherno-
zem of granulometric composition were highly capable 
of structuring, and the degree of saturating PC with 
humus testi  ed that the humus content in chernozem 
was optimal at the level of 4.0–5.0 %. In case of such 
content, humus is neither accumulated in the form of 
free humates, nor stored like “fat” in animal organ-
isms, and there is no blocking of nutrients with free 
humates. With optimal saturation of PC of chernozem 
with humus, the latter acts as “connective tissue” due 

to its components, which promotes the improvement of 
structural-aggregate condition of chernozem.

CONCLUSIONS

Systematic implementation of soil protective tech-
nologies in agrocenoses ensures the optimization of 
the ratio in micro- and macroaggregation forms of hu-
mus, which enhances microstructuring of chernozem 
in humus horizon; while the increase in the number 
of free and friable-linked microaggregates with their 
own well-developed porosity increases chernozem 
biogenicity and the conditions of restoring the micro-
structure. Due to enhancing quality indices of humus, 
more clay particles are involved into microaggregation, 
which decreases the dispersion factor and increases the 
anti-erosion indices of humus horizon of chernozem in 
agrocenoses. 

In case of surface tillage, the number of microaggre-
gates, participating in the formation of stable meso- 
and macroaggregates in chernozem, exceeds 40 % 
which creates conditions for the restoration of forfeit-
ed  nely-crumbly-grainy structure of chernozem. The 
number of free and friable-linked microaggregates of 
chernozem ensures a high level of biological activ-
ity, the intensity of synthesis of newly formed humus 
substances and detritus, and the degree of saturation 
with humus determines the direction of soil forma-
tion. During long-term tillage (for over 75 years) the 
number of free and friable-linked aggregates in the 
0–40-cm chernozem layer decreases down to 17–20 
%, and at the background of organic-mineral system 
of fertilization (15 t/ha of humus + N80P75K60) there is 
an increase in the content of the mentioned groups of 
microaggregates up to 20–25 %. 

The systematic implementation of soil protective 
technologies promotes the increase in the content of 
free and friable-linked microaggregates up to 30–32 %. 
During tillage the coef  cient of physical clay satura-
tion with humus decreases 1.3–1.4-fold compared to 
fallow and is at the level of fallow values. The value of 
physical clay saturation during the soil protective till-
age is optimal, as humus is neither accumulated in the 
form of free humates, nor stored like “fat” in animal or-
ganisms, and there is no blocking of nutrients with free 
humates. Humus acts as a connective tissue, promoting 
the improved water-resistance of chernozem structure 
on the micro- and macroaggregate levels.

The ability of chernozems to have microaggregation 
is determined by the dispersion factor, which is 12–
14 % during tillage without introducing any fertilizers, 
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and 10 % – with the introduction of fertilizers, which 
testi  es to a weak degree of microaggregation. With 
minimal tillage on the background of the organo-mi-
neral system of fertilization, DF = 6–7 %, and by the 
end of rotation it decreases down to 3–5%.

Enhanced microaggregation in soil protective tech-
nologies is explained by the fact that detritus and newly 
formed humic substances enhance their role in the for-
mation of organo-mineral complexes in case of optimi-
zation of hydrothermal conditions in the seasonal cycle 
and the decreased tempo of humus mineralization. The 
correlation coef  cient between the number of microag-
gregates, sized 0.01–0.25 mm and the content of pep-
tized humic substances during tillage was as follows: 
R = +0.48 0.01, and for soil protective technologies it 
was: R = (+0.70–75) 0.01. The increase in microag-
gregation in conditions of soil protective tillage occurs 
in the direction of wild land analogs and fallow, which 
testi  es to the simulation of the natural process of typi-
cal chernozem microaggregation in the agrocenoses of 
the Left-Bank Forest-Steppe of Ukraine.
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