
 INTRODUCTION

Insuf  cient introduction of organic fertilizers, ab-
sence of manure on farms and its replacement with by-
products as well as application of intensive ways of till-
age led to considerable increase in the load on humus 
in the process of agricultural production, due to which 
the tempo of its mineralization increased rapidly. It is 
disturbing that dehumi  cation processes have widely 

spread among ecologically stable soils, extremely 
valuable for agricultural production, such as typical 
low-humus chernozem of the Left-Bank Forest-Steppe 
of Ukraine [1 3]. The urgency of the issue of humus 
restoration is enhanced due to insuf  cient compensa-
tion of mineralization loss of organic matter in modern 
agrosystems and the necessity of further restoration of 
soil fertility – the most important condition of compre-
hensive intensi  cation of agricultural production. Ex-
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Aim. To demonstrate the long-term effect of different ways of tillage of typical low-humus chernozem on 
the change in humus content and composition and the direction of transformation processes of organic fertili-
zers. To study the changes in the structure of energy reserves in group and fractional composition of humus 
in typical low-humus light-loamy chernozem of the Forest-Steppe of Ukraine. Methods. Field, laboratory, 
microbiological, computational, mathematical and statistical. Results. It was determined that in conditions of 
long-term subsurface tillage the most ef  cient humus accumulation occurs in the 0–20 cm layer of chernozem 
with simultaneous increase in its content in the lower part of the processed layer without any accumulation 
differentiation. Surface tillage leads to expressed differentiation in humus accumulation in the 0–20 cm layer 
of soil (0.005 % per year). When 6 t/ha of humus are replaced by 7 t/ha of by-products the intensity of humus 
accumulation is decreasing regardless of the way of tillage, but humus accumulation was found to be the most 
ef  cient for subsurface tillage. The application of subsurface tillage leads to the increase in the ratio of CHA : 
CFA, which is conditioned by the increase in the humi  cation of plant remains of by-products in the 0 20 cm 
layer of soil by 110–112 % – for subsurface tillage, and by 105 % – for surface tillage. Conclusions. It was 
established that systematic subsurface tillage of typical chernozem of the Left-Bank Forest-Steppe of Ukraine 
leads to the structuring both of the total reserves of energy org, and its quality content, aimed at the increase in 
the intensity of the processes of humi  cation and accumulation of organic carbon, and the decrease in miner-
alization. The ratio of energy reserves org of humic acids to fulvic acids in the 0 30 cm layer of chernozem is 
1.85 1.87 regardless of the way of tillage, which testi  es to the repeatability of humus accumulation, but the 
total reserves of energy org was higher for subsurface tillage (+ 31 Teracalorie/ha) compared to deep plough-
ing. As for the surface tillage, the energy enrichment was at the level of deep ploughing.
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perience has demonstrated that only soil-protecting till-
age of chernozem creates the most favorable conditions 
for humi  cation of organic fertilizers compared to deep 
ploughing and has the highest stabilizing effect on the 
productivity of agrosystems [4, 5].

The issue of organic carbon circulation has been the 
subject of a considerable number of scienti  c studies 
[5–7], including fundamental ones [8–13]. Increased 
interest to the study of carbon circulation problems is 
also observed in foreign publications [14–19]. At pre-
sent the problem of the formation of organic carbon 
reserves and the changes in its quality and energy sta-
tuses in agrosystems, especially while applying diffe-
rent ways of tillage, is yet to be elucidated, it requires 
additional analysis both from agroecological and agro-
nomic standpoint to de  ne the ways of increasing po-
tential fertility of typical chernozem. Intensive tillage 
leads to the decrease in the content of organic carbon 
on large areas, affecting its  ow and circulation in the 
above-ground cycle, which is accompanied with the 
decrease in the level of soil organic compounds [13, 20, 
21] and the components of group and fractional com-
position of humus in typical chernozem of agrosystems 
of the Left-Bank Forest-Steppe of Ukraine.

The aim of the work was to study long-term effect of 
different ways of tillage for typical low-humus cher-
nozem on the change in the content and composition 
of humus and the direction of transformation processes 
for organic fertilizers as well as to analyze the change 
in the status of energy reserves in the structure of group 
and fractional composition of humus in typical low-
humus light-loamy chernozem in agrosystems of the 
Left-Bank Forest-Steppe of Ukraine.

MATERIALS AND METHODS

The study was conducted in conditions of the central 
part of the Left-Bank Forest-Steppe of Ukraine during 
the long-term (over 36 years) permanent experiment 
of Drabiv experimental  eld of the Cherkasy State Ex-
perimental Station of NSC “Institute of Agriculture of 
NAAS”. The study was conducted on typical heavy 
loam, light clay, low-humus chernozem with the humus 
content of 3.8–4.2 %, the content of mobile phosphorus 
of 12–14 mg per 100 g of soil and mobile potassium – 
8–10 mg per 100 g of soil, 

2
 = 6.8–7.0. The long-

term (1995–2010) effect of different ways of tillage on 
humus state of chernozem was studied in a short-term 
 eld rotation: peas–winter wheat–sugar beets–corn–

corn. The determination was conducted on the  eld 
of winter wheat. The ways of soil cultivation were as 

follows: different depth ploughing for 22–25 cm; sub-
surface tillage for 22–25 cm, surface tillage for 10–
12 cm. The fertilization system, a kilogram of active 
substance per 1 ha of  eld rotation: 6 t/ha of humus and 
7 t/ha of by-products + N62 66 82. The indices of humus 
condition (IHC) were calculated according to Orlov 
[22]. The soil biological surveys were conducted in 0–
20 cm layer of soil. The selection, processing and sto-
ring of soil to study the aerobic microbiological proces-
ses in laboratory conditions were conducted according 
to DSTU ISO 10381–6–2001. Different groups of micro-
organisms were studied by microbiological analysis 
via cultivation of soil suspension on dense culture me-
dia. The meat-peptone agar (MPA) was used to study 
the total number of microorganisms, decomposing ni-
trogen-containing organic substances; the starch-and-
ammonia agar – for microorganisms, assimilating mi-
neral forms of nitrogen; starvation agar – for the num-
ber of oligotrophs, and Ashby medium – for the num-
ber of oligonitrophils. The method of Zvyagintsev [23] 
was used to estimate the colonies of microorganisms in 
soil and to determine the composition of the medium. 
The energy reserves org in fractions of group and frac-
tional composition was estimated using the improved 
method [24]. The permanent  eld study was conducted 
according to Dospekhov [25].

RESULTS AND DISCUSSION

In 1995 (the end period for the introduction of 6 t/ha 
of manure) the content of total humus in the 0–20 cm 
layer of chernozem was 3.98 % for deep ploughing, 
4.02 % for subsurface tillage, and 3.98 % for surface 
tillage. The determination of these indices in 2010 (the 
period of applying 7 t/ha of by-products) demonstrated 
that with deep ploughing the humus content decreased 
by 0.13 %, with subsurface tillage – by 0.10 %, and 
with surface tillage – by 0.09 %. Compared to the 
beginning of studies the humus content decreased by 
0.11 % with ploughing, increased by 0.06 % with sub-
surface tillage, and increased by 0.17 % with surface til-
lage. In 2010 the content of total humus in the 20–
40 cm layer of soil increased by 0.02, 0.03 and 
0.01 % with deep ploughing and subsurface tillage, re-
spectively (in 1995 – 3.73; 3.74 and 3.42 % compared 
to the mentioned depth of the arable layer). Compared 
to 1976 [26] the humus reserves increased by 0.13 and 
0.10 % with ploughing and subsurface tillage and de-
creased by 0.15 % with surface tillage (Fig. 1).

During 1995–2010 the humus content in the 0–
40 cm layer of soil decreased by 0.04–0.06 % regard-
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less of the way of tillage; compared to the beginning of 
the study it increased by 0.01, 0.08 and 0.01 % respec-
tively. The differentiation process regarding accumula-
tion was registered during the systematic surface tillage 
for 34 years: in the 0–20 cm layer of chernozem humus 
accumulated at the level of 0.005 % per year, whereas 
in the 20–40 cm soil layer its content decreased by 
0.004 % per year, while the difference in the humus 
content between soil layers of 0–20 and 20–40 cm in 
2010 was 0.48 % or 115 % less. This phenomenon 
was not observed for subsurface tillage and deep 
ploughing.

Long-term application of subsurface tillage is the 
most relevant reason of the increase in the ratio of ener-
gy reserves org of humic acids (HA) to fulvic acids 
(FA) HA : FA, which is conditioned by the applica-
tion of organic fertilizers and increased humi  cation of 
plant remains of by-products. For instance, this ratio 
increased by 110–112 % in the 0–20 cm soil layer with 
subsurface tillage, and by 105 % – with surface tillage. 

According to Boyko [26], the ratio of HA : FA in 
the experiment with ploughing in 1994 was 1.18–1.24, 
with subsurface tillage – 1.18 1.32, and with surface 
tillage – 1.15 1.28, and 1.21, 1.27 and 1.22 respective-

Fig. 1. The dynamics in the change of total humus content depending on the way of tillage (1 – deep ploughing; 2 – subsur-
face tillage; 3 – surface tillage) of typical low-humus chernozem in 5-course grain-hoed crop rotation: until 1985 – 6 t/ha 
of manure + N56P52K64; 1996–2010 – 7 t/ha of straw + N64P64K81. 0.05: 0 20 cm – 0.056 %, 20 40 cm – 0.045 %; 0
40 cm – 0.03 %
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ly compared to the tillage of the 0 30 cm soil layer. In 
2010 the ratio HA : FA increased 1.37 times with deep 
ploughing, 1.43 times with subsurface tillage, and 1.41 
times with surface tillage which testi  es to the forma-
tion of better conditions of humi  cation during subsur-
face tillage when there is considerable improvement of 
soil and fraction composition of humus. Long-term ap-
plication of different ways of tillage of typical cherno-
zem conditions the changes both in the content of total 
humus and in its quality composition. The estimation 
of the content of labile bioactive humus of fractions 
FA-1a, FA-1 and HA-1 demonstrated the de-crease in 
the formation of the latter by 113 % under the effect of 
systematic subsurface tillage in the 0–30 cm soil layer 
compared to deep ploughing and surface tillage. The 
content of fractions of stable bioactive humus (HA-2, 
FA-2) with subsurface and surface tillage increased by 
104–106 % and by 106 % with surface tillage in the 
20–30 cm soil layer. During subsurface and surface til-
lage the content of fractions of stable bioactive humus 
exceeded 50 %, whereas with ploughing it was less 
(Fig. 2). 

The index of relative motility of humus (Ih) was 1.19 
times higher for systematic ploughing in the 0–30 cm 
soil layer compared to the subsurface tillage, and 1.09 
times higher for surface tillage. The estimation of lay-
ers demonstrated that Ih value for ploughing in the 0–
10 cm soil layer was 1.4 times higher, and in the 10–
20 cm layer – 1.18 times higher compared to syste-
matic subsurface tillage, and it increased 1.19 times 
compared to surface tillage in the 20–30 cm soil layer. 
Therefore, compared to ploughing the process of in-
volving the fractions of labile bioactive humus to the 
fractions of stable bioactive humus is the most inten-
sive for deep subsurface tillage. With surface tillage the 
mentioned processes are weaker in the 0–20 cm layer, 
and at the level, similar to that for subsurface tillage, – 
in the 20–30 cm soil layer (Table 1, Fig. 3). 

With systematic application of subsurface tillage the 
highest level of HA-3 humus fractions was revealed 
in the 0–10 cm soil layer, whereas their content de-
creases deeper down and is lower compared to plou-
ghing. The concentration of insoluble residue was 21.6–
22.3 % regardless of the way of chernozem tillage. A 

Fig. 2. The long-term effect of different ways of tillage for typical low-humus chernozem on group and fractional composi-
tion of humus
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Table 1. The long-term effect of different ways of tillage on humus state of the 0–30 cm layer of typical low-humus 
chernozem.

*Note. Ih – index of relative motility of humus.

Depth, cm Ntotal Corg Humus, % *Ih CHA:CFA

Ploughing for

0 10
10 20
20 30
0 30

0.21
0.21
0.20
0.21

2.22
2.09
1.96
2.09

3.82
3.60
3.38
3.60

0.21
0.19
0.19
0.21

1.66
1.65
1.68
1.66

Subsurface tillage for

0 10
10 20
20 30
0 30

0.23
0.22
0.22
0.22

2.39
2.26
2.15
2.27

4.12
3.90
3.71
3.91

0.15
0.19
0.18
0.17

1.86
1.73
1.83
1.81

Surface tillage for

0 10
10 20
20 30
0 30

0.23
0.21
0.19
0.21

2.35
2.09
1.92
2.12

4.04
3.60
3.31
3.65

0.19
0.20
0.17
0.18

1.73
1.71
1.67
1.71

Fig. 3. The dependence between the humus content, the humi  cation depth and the index of relative activity of humus sub-
stances of typical low-humus light-loamy chernozem
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weak tendency towards its decrease was revealed for 
subsurface tillage in the 0–30 cm of soil layer (21.4–
21.9 %), for ploughing – in the 20–30 cm soil layer 
(21.5 %) and for surface tillage – in the 0–10 cm soil 
layer (21.7 %).

The mentioned changes testify to the fact that with 
subsurface tillage the labile bioactive humus is in-
volved in the composition of fractions of stable bioac-
tive humus most intensively. There is also the differen-
tiation of the processed chernozem layer by the content 
of HA-3. Long-term application of the surface tillage 
has considerable effect on the level of fractions regar-
ding bioinert humus (HA-3). For instance, the content 
of the mentioned fraction was 1.23 less in the 0–30 cm 
soil layer compared to ploughing and 1.18 times less 
compared to subsurface tillage.

With subsurface tillage the direct correlation (R =
= (0.62 0.67) ± 0.03) was found between the ratio 

HA: FA and the humus content, whereas there was di-
rect strong correlation (R = 0.59 ± 0.02) between the ra-
tio HA: FA and total nitrogen content. The correlation 
became reverse and strong with systematic ploughing. 
The reverse correlation at the level of strong correla-
tion was found between the indices of Ih, the content of 
total nitrogen and FA and humus content in conditions 

of subsurface tillage, whereas it was direct for plough-
ing and surface tillage. 

The dependence between the content of total nitrogen 
and humus in typical chernozem is at the level of direct 
strong correlation, which indicates the reserves of or-
ganic carbon in soil (Fig. 4).

It was determined that biogenicity was the highest for 
subsurface tillage in the 0–20 cm soil layer compared 
to ploughing and surface tillage. Further studies de-
monstrated direct strong correlation between the humus 
content and biogenicity level (R = 0.82 ± 0.03; R2 = 
= 0.67). It explains the highest content of humus in 
the 0–20 cm soil layer with subsurface tillage: 3.92 %, 
which is 0.07 % higher compared to ploughing and 
0.03 % higher compared to the surface tillage. 

It was revealed that there is direct strong correlation 
between the biogenicity level in the 0 20 cm cher-
nozem layer and the humi  cation depth ( HA : FA) – 
(R = 0.88 ± 0.03, R2 = 0.77), which explains the enrich-
ment with humus and the change in the depth of humi-
 cation with subsurface tillage compared to ploughing 

and shallow subsurface tillage. The direct correlation 
(R = 0.81 ± 0.03) was found between the fractions of 
stable bioactive humus and biogenicity, and the reverse 
strong correlation (R = 0.93 ± 0.03) – between the 

Fig. 4. The dependence between the content of humus, carbon and total nitrogen in typical low-humus light-loamy chernozem
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former and Ih. The humi  cation depth is related to the 
number of microorganisms  decomposers of organic 
compounds of nitrogen (R = 0.97 ± 0.03) and micro-
organisms  assimilators of mineral compounds of 
nitrogen (R = 0.98 ± 0.01), as well as to the content 
of nitrogen compounds, which are easily hydrolyzed 
(R = 0.95 ± 0.02). It was established that with subsur-
face tillage the highest indices of phosphate-mobilizing 
and nitrogen-providing properties of the 0–20 cm soil 
layer are conditioned by increased indices of the humi-
 cation depth of organic matter in humus.
The dendrogram (Fig. 5) of the af  nity between sepa-

rate soil layers at different ways of tillage demonstrates 
that in terms of the complex of indices of group and 
fraction composition of humus (17 indices) and bio-
genicity (8 indices), with ploughing the soil layers of 
0–10, 10–20 and 20–30 cm are united in separate in-
tegrated clusters, whereas with subsurface and surface 
tillage these horizons are united into separate clusters, 
remotely related to quality indices for ploughing at the 
level of 75 %.

In terms of quality there are differences for the 0–10 
cm soil layer at subsurface tillage and the 20–30 cm soil 
layer at the surface tillage, which is related to speci  c 
conditions of biogenicity and the direction of humus 

Fig. 5. The effect of different ways of tillage for typical low-humus chernozem on the similarity level of humus horizon ac-
cording to the set of properties

Table 2. The long-term (34 years) effect of different ways 
of tillage on humus energy reserves in the 0–30 cm layer of 
typical low-humus light-loamy chernozem

Depth, cm

Humus 
energy 

reserves 
Petacalorie/

ha

Re-
distribution 

within 
0–30 cm

soil layer, %

Increase 
compared to 
ploughing, 

%

Ploughing for

0–10
10 30
0 30

32.8
74.2
107

30.7
69.3
100

100
100
100

Subsurface tillage for

0–10
10 30
0 30

46.8
86.0

132.8

35.4
64.6
100

143
116
124

Surface tillage for

0–10
10 30
0 30

42.2
75.6
117.8

35.8
64.2
100

129
102
110
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accumulation. Overall, in terms of quality and quantity 
composition of humus and biogenicity, the condition of 
the 0–30 cm soil layer depends on the way of tillage: 
the dendrogram (Fig. 5) of the af  nity degree demon-
strates that in terms of the quality composition the lat-
ter is 65 % for parts of the processed chernozem layer, 
and the distance is 90–92 %.

With subsurface tillage the humus energy reserves in 
the 0–30 cm soil layer increased by 124 % compared 
to ploughing, and with surface tillage – by 110 %. With 
subsurface tillage there was the increase by 143 % in 
the humus energy reserves in the 0–10 cm soil layer, 
and with the surface tillage – by 129 %. The energy 
reserves in the 10–30 cm soil layer increased by 116 %
with the subsurface tillage, and by 102 % – with sur-
face tillage (Fig. 6, Table 2).

The long-term application of different ways of tillage 
affects the reserves of organic carbon ( org) in the 0–30 
cm chernozem layer. Thus, the highest values were 
found for subsurface tillage – 83.0 t/ha. With ploughing 
the reserves were 3.4 t/ha less, and with surface tillage – 
6.4 t/ha less ( 0.05 = 3.1 t/ha). With subsurface and 
surface tillage the 0–10 cm soil layer accumulates 34.0 
and 36.4 % from the total reserves of organic carbon, 
and deeper down its reserves decrease to 30 % with 
surface tillage, whereas with ploughing they become 
even along the whole arable layer of chernozem Fig. 6).

The carbon reserves in the 0–30 cm chernozem layer 
turned out to be higher with deep subsurface tillage 
(43.4 t/ha), whereas with ploughing and surface til-

lage it was 1.08–1.1 times less. The highest amount of 
organic carbon of HA is located in the 0–10 cm cher-
nozem layer with subsurface tillage (15.2 t/ha). With 
ploughing the reserves of HA decrease 1.15-fold, and 
with surface tillage – 1.1-fold. With subsurface tillage 
the carbon reserves in the 0–30 cm chernozem layer 
are up to 22.1 t/ha, whereas with ploughing and sur-
face tillage they tend to decrease – 20.9 t/ha ( 0.05 = 
= 1.12 t/ha). 

The estimation of the reserves of org of the most ac-
tive part of humus (HA-1 + FA-(1+1 )) demonstrated 
that its accumulation in the 0 30 cm soil layer with 
subsurface tillage is 7.76 t/ha. With ploughing the most 
intense accumulation of organic carbon of the men-
tioned fractions occurs in the 10–30 cm chernozem 
layer, whereas with surface tillage – in the 0–20 cm 
soil layer: 5.1 and 5.28 t/ha respectively. With surface 
tillage the content of org  of active fractions of humus 
in the 20–30 cm soil layer was found to be the lowest: 
2.05 t/ha which is 1.28 times less compared to subsur-
face tillage and 1.17 times less compared to ploughing 
(Fig. 6).

The reserves of org of the active part of humus com-
pared to its total accumulation with ploughing was 
9.33 9.94 %, with subsurface tillage – 8.95 10.94 %, 
with surface tillage – 9.03 9.91 %, and compared to 
the total reserves of organic carbon in HA and FA with 
subsurface tillage it decreased in the 0 20 cm cher-
nozem layer down to 11.5 11.6 %, in the 0 30 cm 
layer it was 11.8 %, whereas with surface tillage and 

Fig. 6. The long-term effect of different ways of tillage on the reserves of org in different fractions of humus in typical low-
humus light-loamy chernozem of the Left-Bank Forest-Steppe of Ukraine 
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ploughing the reserves of org of active fractions in-
creased 1.05 1.06-fold. In the 0 30 cm soil layer the 
reserves of org reached the values of 12.35 12.45 %. 
The mentioned changes are related to the formation of 
the reserves of org of humus of the non-hydrolyzed re-
mains, the accumulation of which was the highest with 
subsurface tillage (19.32 t/ha) whereas with ploughing 
and surface tillage the reserves of this fraction decreased 
by 1.41 and 1.98 t/ha respectively. With subsurface til-
lage the reserves of organic carbon in the insoluble re-
mains were the highest in the 20–30 cm soil layer, and 
with surface tillage – in the 0–10 cm soil layer. 

The indices of humus condition (IHC) – the ratio be-
tween the reserves of HA to the reserves of FA  re  ect 
bioclimatic conditions of organic carbon accumulation 
with different ways of tillage of typical chernozem. It 
was established that regardless of the way of tillage a 
fulvic-humate type of humus with IHC = 1.85 is for-
med in the 0–30 cm chernozem layer. With ploughing 
IHC = 1.91, whereas with subsurface tillage IHC =
= 1.85 1.86. With subsurface tillage the value of 

HA : FA > 1.9 : 1 was in the 10–20 cm soil layer with 
deep subsurface tillage and in the 20–30 cm soil la-
yer – with shallow subsurface tillage.

It was determined that the way of tillage does not 
have any signi  cant effect on the humi  cation degree 
of organic substance – the ratio of the reserves of org of 
HA to the reserves of org in humus (HC) was high 
(HC > 40 %) in the processed chernozem layer (0
30 cm) regardless of tillage. With ploughing HC was 
49.5 %, with subsurface tillage  HC = 51 %, with sur-
face tillage  HC = 52 %. 

The most typical fraction in the composition of HA 
of chernozem soil is HA-2, related to calcium. Regard-
less of tillage the sum of carbon of HA-2 is very high 
(> 80 %): with ploughing – 92–93 %, with subsurface 
tillage  92–94 %, with surface tillage  92–93 %. The 
reserves of organic carbon of humic acids, closely con-
nected to the reserves of org of HA in the 0–30 cm soil 
layer, depend on the way of chernozem tillage: with 
ploughing it is 26.9 28.7 % from the total reserves of 

org of HA, whereas with subsurface tillage – 25.6 %, 
and with surface tillage – 24.4 %. The percentage of 
organic carbon reserves of closely connected HA-2 
increases with depth in the 20–30 cm soil layer up to 
28.5–29. %, i. e. the ratio differentiation is becoming 
more expressed with the minimization of tillage. 

The share of the reserves of org of HA-1 in the to-
tal accumulation of carbon in HA with subsurface and 

surface tillage in the 0 30 cm chernozem layer is 6.7
7.9 %, and with ploughing – 7.0 7.8 %. With surface 
tillage the reserves of carbon of HA-1 increase in the 
surface layers of chernozem (0–20 cm), whereas with 
subsurface tillage – in deeper ones. With ploughing 
the reserves of organic carbon are even along all the 
layers of processed chernozem. The estimation of the 
relative motility index for reserves of org (RMI( org), %) 
as the ratio of carbon reserves of HA-1 + FA-(1 +
+ 1 ) to carbon reserves of HA-2 + FA-2 demonstrated 
that with ploughing in the 0 30 cm layer RMI( org) is 
26.79 %, whereas with subsurface tillage RMI( org)= 
= 25.89 %. It was found that with subsurface and sur-
face tillage the relative motility index of organic car-
bon is the highest in the 0 10 cm soil layer (RMI( org)= 
= 26.35 and RMI( org)= 27.3 %), and with depth its va-
lues decrease down to RMI( org)= 23.5 24.8 % with 
subsurface tillage and RMI( org)= 20.8 % with surface 
tillage. With ploughing the value of RMI( org) is even 
along the whole processed chernozem layer.

The coef  cients of mineralization (Cm) of HA 
(Cm = 0.19–0.2) and FA (Cm = 0.1–0.13) were used to 
estimate the weight of organic carbon, capable of mine-
ralization with different ways of chernozem tillage 
(Table 3). It was determined that regardless of the way 
of tillage, approximately the same weight of organic 
carbon of HA (2.08–2.021 t/ha) is capable of mine-
ralization in the 0–30 cm soil layer. However, the way 
of chernozem tillage had some effect on the weight of 

org in FA: it is mineralized the least with surface tillage 
(2.69 t/ha) whereas with ploughing the weight of organic 
carbon, capable of mineralizing FA, increases 1.1-fold.

In general the share of org fraction of HA and FA, 
capable of mineralizing regardless of the way of tillage, 
was almost the same: 4.79 5.08 t/ha, and in equiva-
lent of humus – 8.25 8.75 t/ha. The 0 10 cm cherno-
zem layer has the highest mineralization of org of HA: 
59.4 61.0 % from the total amount of organic carbon, 
capable of mineralization. The mineralization of org of 
HA decreases with depth: 27.5 30.6 % for ploughing, 
30.4 31.4 %  for subsurface tillage, 30.0 32.0 %  
for surface tillage, which is related to high resistance 
of HA to mineralization.

Vice versa, the weight of org of FA, capable of minera-
lization, increases with the depth, whereas it decreases 
in the 0–10 cm soil layer inversely to the mineraliza-
tion character of HA carbon. Here the lowest indices 
are found for deep subsurface tillage, which should be 
directly related to the increase in the total reserves of 

org of humus in the 0 30 cm chernozem layer.
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In terms of quantity for subsurface tillage the 0
30 cm chernozem layer has mineralization of 2.21 t/ha
of org of HA and 2.87 t/ha of org of FA; for plough-
ing – 2.08 and 2.95 t/ha. Regardless of this fact the hu-
mi  cation intensity in the 0–20 cm chernozem layer is 
high with subsurface tillage (about 3 % higher com-
pared to ploughing and surface tillage). In general the 
highest level of humi  cation in the processed cher-
nozem layer was found for systematic ploughing and 
subsurface tillage, whereas with surface tillage the in-
tensity of humi  cation is 1.2–1.22 times decreased 
(Table 3).

The highest intensity of humi  cation of plant re-
mains in the 0–10 cm chernozem layer was registered 
for subsurface tillage, whereas with ploughing it de-

creased 1.29 times and with surface tillage – 1.22 ti-
mes. It was established that compared to surface tilla-
ge, the intensity of humi  cation with subsurface tillage 
is less decreased, and on the contrary – with ploughing 
the intensity of humi  cation increases 1.38 and 1.49 ti-
mes respectively compared to subsurface and surface 
tillage. The reason can be found in the localization of 
post-harvest remains and by-products in the soil lay-
ers of 0–20 cm (subsurface tillage) and 20–30 cm 
(ploughing). 

Using the data on the reserves of org in humus and 
components of group and fractional composition of hu-
mus, the structural analysis of energy reserves of hu-
mus and its components for different ways of tillage of 
chernozem was performed (Fig. 7). It was established 
that subsurface tillage leads to considerable increase in 
the energy in the most stable fractions (HA-(2 + 3) +
 + FA-(2 + 3)) of humus: comparing to ploughing (the 
0–30 cm soil layer) the energy reserves of organic car-
bon increased by 8 % (because org of fractions FA-
(2 + 3)  by 5.1 %, and fractions HA-(2 + 3) – by 
2.6 %). With subsurface tillage the enrichment of the 
0–30 cm soil layer with the org energy of the mentioned 
fractions occurs due to the energy accumulation in the 
upper part of the processed chernozem layer: the ener-
gy reserves increase 1.17 times compared to ploughing 
and are about 70 % from the total reserves in this layer, 
whereas with ploughing they are 63.1 %. With surface 
tillage the mentioned processes are weaker, but still at 
a much higher level, compared to ploughing. The ener-
gy reserves org of active humus fractions (HA-1, FA-

Table 3. The effect of ways of tillage on the humi  cation 
intensity of org of plant remains on the background of 
N60 88 100 + 6 7 t/ha of by-products

Depth, cm

The way of soil preparation

Deep 
ploughing, 
20–22 cm

Subsurface tillage

22–25 cm 10–12 cm

0 10
10 20
20 30
0 30

0.168
0.191
0.183
0.181

0.216
0.165
0.133
0.171

0.177
0.145
0.123
0.148

Fig. 7. The structure of energy reserves of org in components of group and fractional composition of humus depending on 
the way of tillage of typical low-humus chernozem
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(1  + 1)) in the 0 30 cm soil layer were the highest 
for ploughing, whereas with subsurface and surface 
tillage they decreased 1.31 and 1.38 times compared 
to the total energy reserves in the 0 30 cm chernozem 
layer: with ploughing the reserves were 13.1 % against 
9.6–9.8 % with subsurface tillage. 

The increase in the energy reserves of organic carbon 
in active fractions of chernozem humus was found for 
ploughing, whereas with subsurface tillage the energy 
reserves decreased 1.35 times and 1.31 times, which 
testi  es to excessive activation of humus for systema-
tic ploughing, where the energy reserves org of active 
humus fractions increase 1.51–1.62 times compared to 
subsurface tillage.  

The energy reserves org of the non-hydrolyzed re-
mains in the 0 30 cm chernozem layer were 1.14 1.18 
higher for ploughing, and in terms of the total energy 
reserves in case of ploughing org was 13.1 %, whereas 
with subsurface tillage – 9.6 9.8 %, which testi  es to 
the increase in humus inactivity or its hardening. The 
change in the structure of org reserves in HA fractions 
under the impact of different ways of tillage for cherno-
zem soil is related to the  uctuations of nitrogen con-
tent and reserves therein. 

With subsurface tillage the concentration of nitro-
gen in the hydrolyzed part of HA and FA increases by 
111 %, ammonium nitrogen – by 128 %, amide ni-
trogen and non-hydrolyzed residue – by 113 %, and 

the content of non-oxidized aromatic compounds de-
creases 2.57 times compared to ploughing and not deep 
subsurface tillage. The content of nitrogen in HA and 
FA fractions was 1.1 times higher with deep subsurface 
tillage which affected the nitrogen reserves in the men-
tioned humus fractions: 1.193 t/ha against 1.032 and 
1.065 for ploughing and not deep subsurface tillage re-
spectively (Table 4). 

With deep subsurface tillage there was a similar in-
crease in the reserves of nitrogen of the hydrolyzed 
part of HA and FA (+ 51.0 t/ha), ammonium nitrogen 
(+ 25.0 t/ha), amide nitrogen (+ 34 t/ha) and nitrogen 
of non-hydrolyzed residue (+ 278 t/ha) and the reserves 
of non-oxidized aromatic compounds decreased by 
5 t/ha (Table 4).

With subsurface tillage the humus energy reserves in 
the 0–30 cm soil layer increased by 124 % compared to 
ploughing, and with surface tillage – by 110 %; there 
was the increase in the humus energy reserves by 143 
% in the 0–10 cm layer with subsurface tillage and by 
129 % – with surface tillage.

The most relevant indices of soil quality are biomass 
of microorganisms, taxonomic composition of micro-
 ora and its functional diversity. They are subject to 

the same regularities of dependence on ecological 
factors, actual for observations of macroorganisms. It 
means that the deterioration of ecological condition 
of soil is taxonomic, therefore, the functional diver-

Table 4. The content of nitrogen in the fractions of humic acids (HA) and fulvic acids (FA) depending on the long-term ap-
plication of different ways of tillage for typical low-humus light-loamy chernozem

Note. Nitrogen content (%) in HA and FA fractions compared to the total amount.

The way of tillage of soil

Nitrogen content (%) in HA and FA fractions:

hydrolyzed 
part ammonium amide

non-
hydrolyzed 

residue

of non-
oxidized 
aromatic 

compounds

HA + FA

Nitrogen content, %

Deep ploughing for 22–25 cm
Subsurface tillage for 22–25 cm
Subsurface tillage for 10–12 cm

12.99/28.9*
14.45/29.31
13.0/29.1

3.68/8.2
4.15/8.4
3.69/8.3

9.31/20.7
10.25/20.8
9.27/20.8

18.55/41.3
20.32/41.2
18.36/41.1

0.36/0.90
0.14/0.29
0.33/0.74

44.89/100
49.31/100
44.65/100

Reserves, tons/ha

Deep ploughing for 22–25 cm
Subsurface tillage for 22–25 cm
Subsurface tillage for 10–12 cm

299
350
310

85.0
100
88.0

214
248
221

426
492
437

8.0
3.0
9.0

1032
1193
1065
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sity of microbial grouping decreases. New systems of 
tillage differ from the traditional one by the fact that 
plant remains and fertilizers are located in the upper 
layer. The revolving of hunks on the soil surface leaves 
10–15 % of plant remains, two-disk plowing – 30–
50 %, para-ploughing – 60–70 %, subsurface tillage – 
80 %. Therefore, the way of tillage determines the lo-
calization of the main mass of organic remains in the 
soil, which leads to differentiation by the biogenicity 
of soil layers. The minimization of tillage in the 0–
20 cm soil layer leads to the decrease in bacteria acti-

vity, there are less actinomyces, weakly developed bac-
teria, consuming mineral nitrogen, but the activity of 
ammoni  ers, nitri  ers and cellulose-decomposing or-
ganisms does not change. The minimization of tillage 
decreases the number of microorganisms, participat-
ing in the mineralization processes, and increases the 
amount of fungal micro  ora. 

The long-term application of subsurface tillage fa-
cilitates the highest amount of humus in the 0–20 
cm chernozem layer: + 0.14 %; surface tillage pro-
vides its excess by 0.03 % compared to ploughing. 
When fallows are maintained, there is 5.05 % of hu-
mus in the 0–20 cm soil layer, and the increase in 
the amount of humus, compared to ploughing, in the 
course of 34 years of maintaining was + 0.64 % or 
0.02 % per year.

The subsurface and surface tillage of soil lead to the 
optimization of the level of aeration, moisturization, 
temperature, increase in the amount of plant remains, 
coming into the 0–20 cm soil layer, which enhances the 
biogenicity and improves the humi  cation conditions 
of by-products (Fig. 8).

The content of mobile compounds of phosphorus 
in typical chernozem depends on the level of acidity 
and intensity of transformation for organophosphates 
and phosphatase synthesis by microorganisms (Fig. 9). 
The highest number of phosphate-mobilizing micro-
organisms and acidi  cation of soil environment while 
conducting subsurface tillage promote obtaining the 
highest index of the content of mobile compounds of 
phosphorus. Close correlation (r = 0.67) was found be-
tween the content of mobile compounds of phosphorus 
and the number of phosphate-mobilizing microorga-
nisms. The decrease in the exchange acidity and the 
increase in the concentration of phosphate-mobilizing 
microorganisms by 41 % with surface tillage compared 
to ploughing conditioned the decrease in the intensity 
of the formation of mobile compounds of phosphorus 
(Fig. 9).

The ratio of the number of microorganisms, decom-
posing organic forms of nitrogen, and the microorga-
nisms, assimilating mineral forms of nitrogen, while 
maintaining fallows, is 1:1, which leads to the forma-
tion of the highest content of ammonium and nitrate 
nitrogen. With ploughing these indices are 1:2.2 and 
with subsurface and surface tillage – 1:2.8 and 1:2.3 
respectively. The highest amount of heterotrophs, cul-
tivated on MPA, was found for surface tillage, and that 
of microorganisms, assimilating mineral forms of ni-
trogen – for subsurface tillage (Fig. 10).

Fig. 8. The long-term effect of the ways of tillage and main-
tenance of chernozem on total biogenicity and content of hu-
mus in the 0–20 cm layer: 1 – ploughing for 22 25 cm; 2 – 
subsurface tillage for 22 25 cm; 3 – subsurface tillage for 
10 12 cm; 4 – fallows for 40 years

Fig. 9. The long-term effect of the ways of tillage and main-
tenance for chernozem on the content of mobile compounds 
of phosphorus, exchange acidity and amount of phosphate-
mobilizing microorganisms (the 0–20 cm soil layer): 1 – 
ploughing for 22 25 cm; 2 – subsurface tillage for 22
25 cm; 3 – subsurface tillage for 10 12 cm; 4 – fallows for 
40 years
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The biogenicity of the 0–20 cm chernozem layer at 
the level of strong correlation determines the number 
of phosphate-mobilizing microorganisms and assimila-
tors of mineral compounds of nitrogen (R = 0.90 0.96) 
with the increase in the value of hydrolytic acidity. The 
mentioned regularity is most evident with subsurface 
tillage, when these parameters are optimally interrelat-
ed. With surface tillage the excessive neutralization of 
hydrolytic acidity leads to the decrease in the number 
of mobile forms of phosphorus and the decrease in the 
content of phosphate-mobilizing micro  ora (Table 5).

Strong inverse correlation was found between de-
composers of organic compounds of nitrogen and the 
content of mineral compounds of nitrogen (NO3 + 
NH4), whereas the correlation with hydrolytic acidity 
was revealed to be direct. The content of mobile forms 
of phosphorus in soil is directly related to the presence 
of phosphate-mobilizing micro  ora, the activity of 
which is maximal in the pH range of 6.7–6.8, whereas 
the optimum of development of nitrifying micro  ora 
in soil was revealed for neutral reaction, which is more 
remarkable for systematic ploughing. The excessive 
formation of active carbonates, released from after-
harvest remains and “drawn” from deeper horizons, 
facilitates the decrease in humus accumulation and the 
decrease in the content of easily hydrolysable nitrogen 
compounds. There is a process of “preservation” of ef-
 cient fertility contrary to the degradation processes 

with systematic ploughing. 

CONCLUSIONS
With systematic subsurface tillage of typical cher-

nozem there is structuring of energy reserves in 
the fractions of group and fractional composition, 
aimed at decreasing the mineralization (1.1-fold) 
and increasing the humi  cation (up to 1.29-fold) 
and humus accumulation in the agrosystems of the 

Fig. 10. The long-term effect of the ways of tillage and main-
tenance for chernozem on the number of decomposers of or-
ganic substances of nitrogen, assimilators of mineral forms 
of nitrogen and the content of ammonium and mineral nitro-
gen (the 0–20 cm soil layer): 1 – ploughing for 22 25 cm; 
2 – subsurface tillage for 22 25 cm; 3 – subsurface tillage 
for 10 12 cm; 4 – fallows for 40 years

Table 5. The matrix model of interrelations between the fertility parameters of typical low-humus light-loamy chernozem.

*CFU – colony-forming units.

Biogeni-
city 

CFU*/g

Humus, 
%

Phosphate-
mobilizing 

micro-
organisms, 
million/g

Mobile 
compounds 

of 
phosphorus, 

mg/100 g

Hydrolytic 
acidity, 

mg-eq./100 g

Decom-
posers

of organic 
compounds
of nitrogen,

Assimila-
tors of mine-

ral compounds 
of nitrogen,

Easy 
hydrolysable 
compounds 
of nitrogen, 
mg/100 g

Para-
meter

million/g

X1 X2 X3 X4 X5 X6 X7 X8

1 0.55
1

0.90
–0.25

1

0.75
–0.69
0.67

1

0.62
–0.35
0.79
0.88

1

0.08
–0.85
–0.35
0.25

–0.30
1

0.96
–0.66
0.89
0.90
0.78
0.12

1

0.56
0.98

–0.16
–0.60
–0.45
–0.87
–0.58

1

1

2

3

4

5

6

7

8
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Left-Bank Forest-Steppe of Ukraine compared to 
ploughing.

Soil tillage does not affect the type of humus ( HA 
to FA = 1.85 1.87), but it changes the total energy 
reserves org in the 0–30 cm chernozem layer. The 
highest values were obtained with subsurface tillage 
(+ 31 teracalorie/ha) compared to ploughing. As for the 
surface tillage, the energy enrichment is at the level of 
ploughing. 

The systematic application of subsurface tillage 
on typical low-humus chernozem determines the re-
grouping of nitrogen forms in the nitrogen composition 
of peripheral chains of HA and FA towards their more 
available forms, which will facilitate more ef  cient 
manifestation of potential fertility along with quality 
change in the carbon state.

In conditions of long-term subsurface tillage both 
with the introduction of 6 t/ha of manure and 7 t/ha 
of by-products, the most ef  cient humus accumula-
tion is noted for the 0–20 cm chernozem layer with 
simultaneous increase in its content in the lower part 
of the processed layer without any differentiation of 
accumulation. With surface tillage there is expressed 
differentiation in humus accumulation in the 0–20 cm 
soil layer (0.005 % per year), and the content of hu-
mus in the 20–40 cm soil layer decreased by 0.004 % 
per year. The difference between the humus content in 
chernozem layers is 0.45 %. When 6 t/ha of manure are 
replaced by 7 t/ha of by-products the intensity of hu-
mus accumulation is decreasing regardless of the way 
of tillage, but humus accumulation was found to be the 
most ef  cient for subsurface tillage.

The application of subsurface tillage leads to the in-
crease in the HA: FA ratio in the 0–20 cm soil layer 
with subsurface tillage, which is conditioned by the in-
crease in humi  cation of by-products remains: the ratio 
increased by 110–112 %, and with surface tillage – by 
105 %. Here the content of fractions of stable bioactive 
humus exceeded 50 %, whereas with ploughing it was 
less than 50 %. The relative motility index of humus 
demonstrates that with deep subsurface tillage there 
is a process of involving the fractions of labile bioac-
tive humus into the fractions of stable bioactive humus 
compared to ploughing. 

Soil tillage is a relevant factor of impact on the num-
ber of ecologo-trophic and taxonomic groups of micro-
organisms. Compared to indices of different variants of 
soil tillage, the biogenicity on fallows was 1.56–2.39 
times less, the number of phosphorus-mobilizing mi-

croorganisms – 2–4 times less, and that of microorga-
nisms, assimilating mineral forms of nitrogen – 2.5 
times less. The application of subsurface tillage pro-
motes the decrease in the intensity of mineralization 
processes, the increase in humus accumulation, better 
provision of mobile forms of phosphorus and mineral 
compounds of nitrogen for plants.

The enhanced biogenic accumulation of nutrients 
and local acidi  cation of the upper third of humus hori-
zon are useful phenomena, which should be stimulated 
by subsurface tillage, and not destroyed by systematic 
ploughing. The content of mobile forms of phosphorus 
in soil is directly related to the activity of phosphate-
mobilizing micro  ora, the activity of which is maximal 
in the range of exchange acidity of EA = 6.7 68. In 
conditions of subsurface tillage the share of ammonium 
form of nitrogen in the sum of NH4 + NO3 increases 
compared to ploughing. The inverse correlation was 
found between the intensity of nitri  cation and the con-
tent of available and mobile compounds of phosphorus.
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