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The continuous agronomic experiment revealed long-term dynamics of the total humus content and presented 
a forecast of the change in humus content in typical low humus chernozem under different technologies of till-
age till 2050. Aim. To determine the rates of humus accumulation dynamics and mineralization of total humus 
and to develop the forecast of the change in its content within a continuous agronomic experiment under long-
standing application of different technologies of soil tillage to typical low humus chernozem of the Left-Bank 
Forest-Steppe of Ukraine. Methods. Field, laboratory-analytical, mathematical and statistical. Results. The 
application of different technologies of tillage to typical low humus chernozem for 42 years resulted only in 
the delay in dehumi� cation processes and some stabilization of humus mineralization, but it did not promote 
its preservation and extended restoration to the initial level as of the start of the experiment. The increase in 
the total humus content for simple and extended restoration of humus in the centennial cycle equaled 20–25 
t and 30–33 t per 1 ha respectively. To ensure the increase in content and reserves of humus for 42 years, it is 
necessary to introduce 10–12 t of humus per 1 ha for simple restoration of total humus content and 14–15 t 
per 1 ha – for extended restoration annually. Conclusions. Simple restoration of humus in typical chernozem 
may be stated after achieving its actual (2017) content of at least 90 % from the content as of the beginning of 
the centennial cycle (92 years), which ensures maximal approximation to the non-decreasing cycle of humus 
dynamics trends in the centennial cycle. If the humus content is ensured in the actual measurement for the 
level, exceeding 90 % from the initial content, and dynamics trends are growing, one may state the success of 
achieving the state of extended restoration of humus. The obtained state of simple and extended accumulation 
of humus is ensured by the positivity of the trends of humus increase during the continuous experiment (42 
years) with simultaneous decrease in dehumi� cation process in the centennial cycle (92 years) which is impos-
sible to neutralize completely.

Keywords: typical chernozem, organic matter, humus, trend, straw, manure, mineral fertilizers, humi� cation, 
soil tillage.
DOI: 10.15407/agrisp5.01.003

© O. V. DEMYDENKO, P. I. BOYKO, V. A. VELYCHKO, 
2018

INTRODUCTION

Humus content is the most important index of fertil-
ity and agroecological state of chernozems. The orga-

nic matter de� nes its structural-aggregate condition, its 
physical, chemical, and exchange properties, and is a 
considerable source of nutrients [1–8]. Humus ensures 
the resistance of chernozem to external impact, thus 
promoting one of the overall functions – its biogenicity 
[9–13]. Due to intense processes of humus mineraliza-
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tion under the impact of anthropogenic burden, cherno-
zem acquires the features of agrophysical degradation 
[14]. Numerous studies demonstrate active manifes-
tation of dehumi� cation during the tillage of cherno-
zems and their further usage in agriculture [15]. The 
application of fertilizers and different systems of tillage 
and crop rotations is a powerful factor, impacting the 
parameters of the humus state of chernozems and the 
implementation of their potential fertility via its effec-
tive form [15, 16]. However, the fertilizers satisfy the 
needs related to the decrease in humus reserves [13] 
and humus balance in chernozems while cultivating 
some crops only by 50–60 %.

Modern studies of humus content dynamics are re-
lated to solving rather complicated methodological 
problems [17], caused, � rst of all, by the spectrum of 
chernozem humus, which changes the actual picture of 
humus dynamics considerably. Therefore, the most sig-
ni� cant way of solving these issues is a continuous ag-
ronomic experiment – the most realistic way of study-
ing the processes of accumulation and mineralization 
of humus, forecasting the dynamics for the nearest per-
spective and working out the agrotechnical technolo-
gies of regulating it in chernozems.

The mathematical and statistical models have become 
widely spread recently [18]. It should be noted that the 
drawback of the suggested models lies in the fact that 
they do not give an absolutely accurate forecast, the 
dynamics of humus accumulation or decomposition 
is a very complicated biochemical process, depending 
on many factors, which have not been accounted for 
in the model, and any change in the crop rotation (a 
set of crops or crop rotation structure, soil tillage, kind 
of organic fertilizers and their dosage) may lead to the 
change in a humus state of chernozem. Therefore, pe-
riodic study of humus state of chernozems with further 
correction of the change in coef� cients of prognostic 
equations of humus accumulation or mineralization is 
required [2, 15]. The work [19] describes the impact 
of fertilizers on humus dynamics. A relevant task of 
preserving the fertility of chernozem is forecasting the 
change in total humus of typical chernozem under long-
term application of different technologies of tillage.

The aim of this work is to determine the rates of hu-
mus accumulation dynamics and mineralization of to-
tal humus and to develop the forecast of the change in 
its content within a continuous agronomic experiment 
up to 2050 at the longstanding application of different 
technologies of soil tillage to typical low humus cher-
nozem of the Left-Bank Forest-Steppe of Ukraine.

MATERIALS AND METHODS 
The studies were conducted in conditions of the cen-

tral part of the Left-Bank Forest-Steppe of Ukraine dur-
ing a continuous agronomic experiment in the Drabiv 
experimental � eld of the Cherkasy State Agricultural 
Experimental Station, NSC “Institute of Agriculture”, 
NAAS of Ukraine. The experiment was located on 
typical low-humus heavy-clay light loamy chernozem 
with the humus content of 3.8–4.2 %, the content of 
mobile phosphorus – 12–14 mg per 100 g of soil, and 
that of mobile potassium – 8–10 mg per 100 g of soil, 
��� = 6.8–7.0. The study involved two � ve-� eld crop 
rotations: perennial grasses–winter wheat–sugar beet–
corn–barley with some sown grasses (crop rotations: 
60 % – grains, 20 % – technical crops, perennial grass-
es – 20 %). Fertilization system (1995–2017): no ferti-
lizers and N33–66�31–62�41–82 per 1 ha of crop rotation + 
6–7 t/ha of by-products. Until 1995 manure was intro-
duced in the amount of 6 t/ha with the similar dose of 
mineral fertilizers. The technologies of soil tillage in 
� ve-� eld crop rotations: ploughing of different depth 
for 22–25 cm; subsurface tillage for 22–25 cm; and 
surface tillage for 10–12 cm. The content of total hu-
mus was determined according to I. V. Turin in the 
modi� cation of M. V. Simakov (DSTU 4289:2004). 
The content of humus in the humus horizon as of 1925 
was studied using the research materials of the Drabiv 
experimental station, prepared by Kh. G.  Zinovieva 
[20]. Three factors were considered while analyzing 
the centennial cycle of total humus dynamics: a type 
of organic fertilizers, a technology of tillage and a crop 
rotation with perennial grasses.

Forecasting of the change in the humus state of 
chernozem under different technologies of tillage was 
conducted for each separate technology of soil tillage. 
Thus, the impact factor was deemed to be the number 
of years after 1925 (t1 = 92) and after the start of the 
experiment – 1975 (t2 = 42 years). The logarithmic 
parametric function was selected as a functional depen-
dency: y = � ± 	 ln x, where: y – unknown parameter 
(humus content); � – coef� cient of parametric func-
tion; 	 – coef� cient related to the explanatory factor; 
ln – natural logarithm; x – quantitative characteristic 
(t – time). The results of � eld studies were statistically 
processed by the dispersion analysis method (B. O. Do-
spiekhov, 1985) using Statistica-8 software.

RESULTS OF INVESTIGATIONS
As of 1925, the humus content in chernozems of the 

Drabiv experimental � eld was 6.49 % while keeping 
the fallow in the 0–20 cm layer, and 5.12 % – in the 
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Fig. 1. The dynamics of the change in total humus content depending on the tillage technology of typical chernozem: in 
1925–2017 (a) and in 1975–2017 (b)
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humus horizon (0–40 cm). There were 4.86 % and 
4.56 % in the variant of intense use of chernozem under 
tillage respectively (Fig. 1, a).

The decrease in humus content relative to the fallow 
was 0.63 % and 0.16 %. In 1975 the content of total 
humus as of the start of the continuous experiment was 
3.82–3.96 % (0–20 cm) and 3.65–3.79 % (0–40 cm).

In 50 years (1925–1975), typical chernozems lost 
28–30 % and 21–23 % of humus compared to the con-

tent in the fallow, and in case of the intense use of cher-
nozem – 19–21 % and 18–20 % in the soil layers of 
0–20 cm and 0–40 cm respectively.

In 1975 the experiment was started with the purpose 
of continuous study of the impact of different technolo-
gies of chernozem tillage on the change in the humus 
state (Fig. 1, b). Until 1995, the gradient of change in 
the humus content compared to 1925 
 uctuated incon-
siderably either decreasing or increasing regardless of 

Table 1. The dynamics of the change in the total humus under the impact of different technologies of tillage of typical low-
humus chernozem in 1925–2017

Note. *1975 – year of starting the experiment.

Years

Technologies of soil tillage

ploughing subsurface surface
Period after 

start of 
experiment

0–20 cm 0–40 cm 0–20 cm 0–40 cm 0–20 cm 0–40 cm

Content of humus, %

1925
*1975
1985
1995
2010
2015
2017

4.86
3.96
3.91
3.98
3.85
3.66
3.45

4.56
3.79
3.87
3.85
3.78
3.62
3.41

4.86
3.86
3.95
4.02
3.92
3.85
3.75

4.56
3.75
3.81
3.87
3.83
3.89
3.65

4.86
3.82
3.85
3.98
3.95
4.01
4.03

4.56
3.65
3.66
3.71
3.66
3.71
3.68

–
50
10
20
35
40
42

Gradient of the change in humus content compared to 1925, %

1975
1985
1995
2010
2015
2017

–0.90
–0.05
0.07
–0.13
–0.19
–0.21

–0.77
0.08

–0.02
–0.07
–0.16
–0.21

–1.00
0.09
0.07

–0.10
–0.07
–0.10

–0.81
0.06
0.06

–0.04
0.06

–0.24

–0.69
–0.09
–0.05
–0.05
–0.02
–0.03

–0.91
0.01
0.05

–0.05
0.16

–0.03

–
10
20
35
40
42

± humus compared to 1925

– –1.41 –1.15 –1.11 –0.91 –0.83 –0.88 52

Average estimated mineralization/formation of humus for 92 years, % a year

– –0.0153 –0.0125 –0.012 –0.0121 –0.009 –0.010 –

± humus compared to 1975

– –1.51 –1.38 –1.11 –1.10 1.21 0.03 42

Average estimated mineralization/formation of humus for 42 years, % a year

– –0.0121 –0.0091 –0.003 –0.0026 0.005 +0.0007 –

± humus from ploughing (control)

– – – +0.30 +0.24 +0.68 +0.27 –
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the technology of tillage, which is related to the period 
of introducing the manure in the amount of 30 t/ha for 
sugar beet or 6 t/ha of the crop rotation (Table 1). Typi-
cal chernozem passed from medium-humus gradation 
into low-humus gradation. Likely this is due to the fact 
that the dehumi� cation passed to relatively quasi-equi-
librium state with the formation of humus at a certain 
level of organics intake into soil and the stability of the 
fertilization system.

From 1995 till 2017, when by-products were intro-
duced instead of manure, the gradient of humus con-
tent under ploughing was 0.13–0.21 % (0–20 cm) and 
0.07–0.21 % (0–40 cm), while under systematic appli-
cation of subsurface tillage in the 0–20 cm soil layer 
the humus content decreased by 0.07–0.10 %, and by 
0.04–0.24 % – in the 0–40 cm of chernozem layer. The 
regularity, found for the subsurface tillage, was even 
more manifested under surface tillage.

It was determined that regardless of the technology 
of tillage, there was further dehumi� cation of cherno-
zem, and the decrease in humus content depended on 
the intensity of tillage. The average estimated annual 
mineralization of humus for 52 years was in agreement 
with the found regularity and had the lowest values 
under surface tillage (0.009–0.01 % per year). Under 
ploughing, the gradient of change in the humus con-
tent in 1975 was negative (–0.51 and –0.38 %); under 
subsurface tillage the gradient of humus decrease was 
3.8–4.6 times lower than that for ploughing, and the 
surface tillage demonstrated the increase in the humus 
content by +0.21 and +0.03 %.

Under ploughing, the average estimated mineraliza-
tion of humus for 42 years was the highest and de-
creased 3.5–4 times under subsurface tillage; and under 
surface tillage the annual increase in the humus content 
was +0.005 and +0.0007 % relative to soil layers. The 
logarithmic equations of dynamics trends for the total 
humus for 92 years had a declining character with the 
reliable level of approximation (R2 > 0.4) regardless of 
the technology of chernozem tillage, and the regression 
coef� cients (Cr) for the variable x(t) were negative. 
Under subsurface tillage, Cr decreased 1.31–1.75 times 
in the 0–20 soil layer, and 1.43 times in the humus ho-
rizon (0–40 cm) which testi� es to the decrease in the 
mineralization rate per one time unit. The estimation of 
logarithmic equations and trends of declining dynam-
ics of the total humus during the period of studying the 
ef� ciency of different technologies of tillage (1975–
2017) demonstrated the reliability of the approxima-
tion of trends (R2 > 0.40). Under ploughing in the 0–

20 cm chernozem layer, the regression coef� cient for 
the variable x(t) was 3.26 times higher compared to the 
regression coef� cients of the trends for the subsurface 
tillage, and under surface tillage the regression coef-
� cient for the variable x was positive and 11–12 times 
higher, which testi� es to the increasing character of the 
humus accumulation trend.

In the humus horizon (0–40 cm), the trends of humus 
dynamics had a declining character regardless of the 
technology of tillage, but under ploughing the value of 
Cr was 5.5–11 times higher compared to the subsurface 
and surface technologies of tillage, which testi� es to 
the decrease in the rate of humus mineralization in the 
latter two cases.

While preserving and restoring the humus in cher-
nozem, a relevant task is to forecast the changes in the 
humus content under long-term application of different 
technologies of soil tillage, which is complicated and 
possible only in conditions of a continuous agronomic 
experiment. The parametric logarithmic functions were 
used to estimate the theoretical (forecast) content of to-
tal humus in typical chernozem under different variants 
of chernozem tillage till 2050. The values, obtained 
about the anticipated humus content, were used to esti-
mate the theoretical (forecast) humus balance relative 
to 1975 (Fig. 2, a). 

It was established that under systematic ploughing 
the humus content will decrease in the most intense 
way compared to subsurface and surface technologies. 
It is on the highest level in the 0–20 cm chernozem lay-
er. Under ploughing, the regression coef� cients for the 
variable x(t) in the regression equations are 1.35–1.55 
times higher compared to the subsurface and surface 
technologies of tillage. This regularity is less expressed 
in the humus horizon, but the regression coef� cients at 
x(t) for subsurface tillage are 1.18–1.23 times lower. 
In all the cases, the regression coef� cients were nega-
tive, which testi� ed to the declining rate of humus ac-
cumulation. By the declining trend, the humus content 
in its absolute manifestation in the 0–20 cm soil layer 
would be 2.35 % (2025) and 2.11 % (2050) for system-
atic ploughing; 2.85 % and 2.65 % – for subsurface 
tillage; 3.15 % and 2.66 % – for surface tillage. The 
change in the total humus content in the humus hori-
zon (0–40 cm) is subject to the found regularity for the 
0–20 cm chernozem layer in accordance to the years 
of forecasting (2025 and 2050) and the technologies of 
chernozem tillage (Table 1).

The estimation of the humus balance demonstrated 
that regardless of the technology of tillage, in 2017 
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the humus balance was negative, and its de� ciency 
decreased from ploughing (–0.19–0.21 %) to the sur-
face tillage (–0.15–0.17 %). Under subsurface tillage 
the value of the humus balance had interim values: 
–0.16–0.19 %. Compared to 1975, the estimated humus 
balance till 2050 has an increasing trend, but regard-
less of the technology of soil tillage, the humus balance 
acquires a negative value, and the increase in the inten-
sity of soil tillage (ploughing) increases the de� ciency 
of humus balance, which rises, compared to the sub-
surface and surface technologies of tillage, 1.55–3.31 
times and 1.19–1.31 times higher in the 0–20 cm and 
0–40 cm soil layer (Fig. 2, b).

The increasing character of trends of humus balance 
is determined by a high rate of humus accumulation 
in 1975–1995, when manure was introduced as an or-
ganic fertilizer (6–7 t/ha). When manure was replaced 
with by-products, the rate of the increase in the de� -
ciency of humus balance rose actively, by 2050 they 
are estimated to reach negative values at the level of 
–0.29 % for subsurface tillage and the values, exceed-
ing –0.40 %, for systematic ploughing. In general, the 
estimated trends in humus balance by 2050 are of in-
creasing character, but they are not likely to reach the 
zero value. By the regression coef� cients, the rate of 
de� ciency increase in the humus balance is 1.85–2.0 
times more intense for ploughing compared to the sub-
surface tillage.

Regardless of the fact that for 42 years of experiment, 
the humus content was not preserved at the initial level 
(1975), the application of subsurface and surface tech-
nologies of tillage promoted the increase in its content 
in humus horizon compared to the ploughing. In 2017 
the content of total humus was determined in differ-
ent variants of soil tillage. It was determined that the 
application of subsurface technologies of soil tillage 
led to considerable slowing down of the dehumi� ca-
tion processes and resulted in some stabilization of the 
humus content but did not promote its extended res-
toration. The increase in the content of total humus 
was determined only compared to ploughing and the 
control, where the fertilizers were not introduced. The 
stabilization of humus content took place in the declin-
ing trend compared to the control point of the humus 
content both in 1925 and in 1975, when the experiment 
was started. The extended restoration of humus took 
place while keeping the fallow (+0.022 % a year): for 
42 years of keeping the fallow, humus was restored by 
95–97 % compared to 1925, and while keeping the fal-
low for more than 54 years – by 113 % (Fig. 3).

There is a logical question – which rate of humus ac-
cumulation and increase in humus balance should be 
ensured to reach the edge of transition from the declin-
ing trend to the increasing one? The evaluation demon-
strated (Table 2) that in 2017 it was necessary to ensure 
4.41–4.43 % humus content in the 0–20 cm of soil layer 
and 4.18–4.23 % – in the humus horizon. It was deter-
mined that to reach the level of transition to the increas-
ing trend of humus accumulation, one should reach the 
4.65–4.67 % humus content in the 0–40 cm chernozem 
layer for ploughing and 4.39–4.41 % – for subsurface 
tillage. Therefore, it is necessary to ensure the increase 
in the humus content by 11.6–11.9 % and 16.4–17.9 % 
for ploughing; 12.8–12.9 % and 15.8–20.9 % for sub-
surface tillage and 13.3–13.4 % and 19.7 % for surface 
tillage, relative to the level of restoration of fertility 
and soil layers. In case of such provision of the humus 
content, the average estimated mineralization of humus 

Fig. 3. Humus state of typical low humus chernozem de-
pending on the technology of tillage and fertilization (a): 
42 years of experiment; fertilization (b) in ten-� eld grain-
growing and weeding crop rotation: 54 years of experiment; 
keeping the fallow for 42 and 54 years respectively, a and b 
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Table 2. The estimated dynamics of the total humus under the impact of different technologies of tillage of typical low humus 
chernozem in 1925–2017

Note. *1975 – year of starting the experiment.

Years

Technologies of soil tillage

ploughing subsurface surface Period after 
start of 

experiment0–20 cm 0–40 cm 0–20 cm 0–40 cm 0–20 cm 0–40 cm

To reach the positive trend of increasing – simple restoration of humus

Content of humus, %

1925
*1975
2017

4.86
3.96
4.43

4.56
3.79
4.23

4.86
3.93
4.45

4.56
3.75
4.22

4.86
3.89
4.41

4.56
3.69
4.18

–
50
42

Gradient of decline/increase in humus compared to 1925, %

1975
2017

–0.90
+0.05

–0.77
+0.05

–0.93
+0.06

–0.81
+0.05

–0.97
+0.07

–0.87
+0.07

–
42

± humus as of 1925

– –1.43 –0.33 –1.41 –0.34 –0.45 –0.38 92

Average estimated mineralization/formation of humus for 92 years, % a year

– –0.0047 –0.0036 –0.0045 –0.0037 –0.0049 –0.0041 –

± humus compared to 1975

– +0.47 +0.44 +0.51 +0.47 +0.52 +0.49 42

Average estimated mineralization/formation of humus for 42 years, % a year

– +0.0112 +0.0105 +0.0121 +0.0112 +0.0124 +0.0117 –

For stable transition to the positive trend of increasing – extended restoration of humus

Content of humus, %

1925
*1975
2017

4.86
3.96
4.67

4.56
3.79
4.41

4.86
3.86
4.67

4.56
3.81
4.41

4.86
3.85
4.67

4.56
3.75
4.39

–
50
42

Gradient of decline/increase in humus compared to 1925, %

1975
2017

–0.90
+0.09

–0.77
+0.09

–1.00
+0.13

–0.75
+0.08

–1.01
+0.12

–0.81
+0.09

–
42

± humus compared to 1925

– –0.19 –0.15 –0.19 –0.16 –0.19 –0.17 92

Average estimated mineralization/formation of humus for 92 years, % a year

– –0.0021 –0.0016 –0.0022 –0.0016 –0.0021 –0.0019 –

± humus compared to 1975

– +0.71 +0.62 +0.81 +0.60 +0.76 +0.74 42

Average estimated mineralization/formation of humus for 42 years, % a year

– +0.017 +0.015 +0.019 +0.014 +0.018 +0.018 –
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Table 3. Statistical parameters and fractal dimensionality of the trends of time series of total humus depending on the techno-
logy of chernozem tillage by actual and estimated models of development

Depth, 
cm

Equation of 
trend exponent *R2 Coef. var, % **0.46 Coef. 

var, % ***If ****FR

Indices by actual determinations, 1925–2017

Ploughing – 75–100 years

0–20
0–40

Y=4.70e–0.045x

Y=4.41e–0.035x

0.79
0.73

36.1
15.7

16.6
7.23

–0.045
–0.035

1.05
1.04

Subsurface tillage – 42 years

0–20
0–40

Y=4.51e–0.028x

Y=4.25e–0.021x

0.51
0.49

23.8
19.6

10.9
9.00

–0.028
–0.021

1.03
1.02

Surface tillage – 2 years

0–20
0–40

Y=4.28e–0.014x

Y=4.08e–0.016x

0.41
0.39

28.1
17.9

12.9
8.22

–0.014
–0.016

1.01
1.02

Indices by estimated determinations, 1925-2050

Ploughing – 75–100 years

0–20
0–40

Y=5.61e–0.098x

Y=4.95e–0.072x

0.87
0.41

35.0
20.0

16.1
9.20

–0.098
–0.072

1.10
1.07

Subsurface tillage – 42 years

0–20
0–40

Y=5.09e–0.061x

Y=4.59e–0.046x

0.56
0.56

25.0
19.0

11.5
8.74

–0.061
–0.046

1.06
1.05

Surface tillage – 42 years

0–20
0–40

Y=4.67e–0.047x

Y=4.44e–0.040x

0.44
0.47

27.0
16.0

12.4
7.36

–0.047
–0.040

1.05
1.04

Indices by the model forecasting of simple restoration of fertility,
1925–2050

Ploughing – 75–100 years

0–20
0–40

Y=4.28e0.0098x

Y=4.07e0.0091x

0.29
0.25

–
–

–
–

0.0098
0.0091

1.01
1.01

Subsurface tillage – 42 years

0–20
0–40

Y=4.21e0.017x

Y=4.05e0.0095x

0.23
0.22

–
–

–
–

0.017
0.0095

1.02
1.01

Surface tillage – 42 years

0–20
0–40

Y=4.20e0.0195x

Y=4.05e0.016x

0.22
0.19

–
–

–
–

0.021
0.016

1.02
1.02

Note. *R2 – value of approximation reliability; **0.46*Coef.var,% – approximation curve deviation; ***If - indicator of frac-
tality; ****FR – fractal dimensionality: (FR= 1 – |If|), [23].
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in the 92-year-long cycle should be 0.0036–0.0049 %, 
and the increase in the humus content in the 42-year-
old cycle – 0.00112–0.0124 % a year.

The increasing trend of humus accumulation in the 
92-year-long cycle is ensured at the background of av-
erage estimated mineralization of humus in the range 
of 0.0016–0.0021 %, which is 2.25–2.33 times lower 
than the variant of approximation to the conditions of 
the increasing trend and 7.3–7.5 times lower than the 
actual mineralization for 1975–2017.

The forecast and estimation of the behavior of the 
dynamic soil system include the evaluation and assess-
ment of fractal dimensionality of time series of integral 
soil parameters, which may involve the dynamics of 
total humus and fertility of chernozems in agroecosys-
tems. The determination of fractal dimensionality of 
time series of linear systems is based on the change in 
the curve length depending on the scale. If the curve is 
estimated as a fractal one, the length of the curve will 
increase with the decrease of the scale in an exponen-
tial way [21–24].

The analysis of statistical parameters and fractal di-
mensionality of the trends of time series of humus in 
the centennial cycle depending on the technology of 
soil tillage and according to actual and prognostic indi-
ces demonstrated (Table 3) that regardless of the tech-
nology of chernozem tillage, the equations of expo-
nential trends have a declining character at the reliable 
value of approximation (R2 = 0.41–0.79) and the reli-
able deviation of the approximation curve (0.46* Coef. 
var, % = 7.23–16.6): the regression coef� cients (–b) 
for the variable (�*�–b) have a negative value. Under 
soil-protective technologies of chernozem tillage, the 
values of the regression coef� cients were 1.6–1.7 times 
lower (subsurface tillage) and 2.19–3.31 times lower 
at the surface tillage, which demonstrated a slower 
character of dehumi� cation in the centennial cycle. 
The determination of the fractality indicator (If) as a 
degree of approximating exponential function, giving 
low and positive values of the argument () allows for 
a conclusion about the stable process of the declining 
humus state of chernozem regardless of the technology 
of tillage, introduction of different kinds of organic and 
mineral fertilizers.

The estimation of fractal dimensionality (FR) dem-
onstrated [23] that FR values correspond to the stabil-
ity interval of the declining development of the soil 
system (FR=1.01–1.41) regardless of the technology 
of soil tillage. If the value of FR < 1.5, the impact of 
factors, forming the declining trend of the humus state 

of chernozem, will take place steadily in future without 
any changes and the applied agrotechnical measures 
(introduction of fertilizers, type of crop rotation, tech-
nology of soil tillage, sowing of perennial grasses) will 
not be able to correct the declining dynamics of humus 
in the centennial cycles. It is only possible to have the 
correcting impact, capable of restraining the progress-
ing dehumi� cation of chernozems in agroecosystems 
to some degree (Table 3).

The value of FR indicates stable dehumi� cation of 
chernozem after its removal from the quasi-equilibrium 
state of the virgin � eld of long-term fallow, thus, one 
should accept the thought that the process of cherno-
zem dehumi� cation in the agroecosystem is a perma-
nent and time-wise steady process, a necessary “evil” 
which makes it possible to grow crops in the agroeco-
systems.

The equations of trends (y=ae–bx) of the declining 
dynamics of humus content, depending on time under 
different technologies of tillage, both actual and antici-
pated ones, differed in the value of the free member 
(� = 4.25–5.61) and the degree index (�=–0.014÷–
0.061), which impacted the value of If. However, the 
value of FR was in a narrow range of values (FR =
= 1.01–1.07), which testi� ed to the proximity of the 
declining dynamics of humus regardless of the tech-
nology of chernozem tillage in the centennial cycle 
(Table 3).

The simulated trends of time series of total humus, 
which correspond to the approximation to the sim-
ple restoration of fertility in the centennial cycle, are 
achieved in case when the regression coef� cients in 
the exponential equations with the variable (�*�b) are 
positive. Under soil-protective technologies, the values 
of regression coef� cients increase 1.9–2.3 times com-
pared to ploughing. Here If acquires positive values 
regardless of the technologies of soil tillage, and un-
der the impact of agrotechnical measures chernozem 
as a system comes to the stable process of increasing 
humus-formation in time (Table 3).

The estimates demonstrated that the increase in the 
content of total humus, which would be required for 
simple and extended restoration of humus in the cen-
tennial cycle, equaled 25–30 t per 1 ha and 35–40 t per 
1 ha respectively. To ensure this increase in the content 
and reserves of humus for 42 years, it is necessary to 
introduce 15–18 t of manure per 1 ha for simple res-
toration of total humus content and 18–20 t per 1 ha – 
for extended restoration annually. In case of replacing 
manure with by-products, the standardized dose of ma-
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nure (coef� cient 3.5) by the yield of straw is 15–18 t 
per 1 ha and 18–20 t per 1 ha annually, which is actu-
ally impossible in modern industrial conditions.

Discussion of results. Achieving the state of simple 
and extended accumulation of humus is ensured by 
the positivity of the trends of humus increase during 
the continuous experiment (42 years) with simultane-
ous decrease in dehumi� cation process in the centen-
nial cycle (92 years) which is impossible to neutralize 
completely. Under the impact of the increasing eco-
nomic activity of humans involving the use of cherno-
zems, there is a stage in the centennial cycle when its 
development is directed towards mitigating elemen-
tary processes of soil formation, which is related to 
the development of the processes of dehumi� cation 
and agrophysical degradation, and, as a result, the de-
crease in the level of natural and ef� cient fertility of 
chernozems in the conditions of natural-anthropogen-
ic soil formation.

The intense use of chernozem (ploughing for over 
75–100 years) promotes the decrease in the content of 
total humus the most, but a sharp decrease in the humus 
content takes place only during the � rst 25–30 years 
after ploughing the fallow and virgin � elds. With fur-
ther “improvement” of chernozems, the processes of 
humus formation-decomposition get stabilized, where-
as with high culture of arable farming the mineraliza-
tion of humus is somewhat restrained, but here the type 
of humus formation remains extensive and declining 
by its trend in the centennial cycle.

Among different components of organic matter of 
chernozem, detritus is paid special attention, as its 
amount is directly related to the increase in the con-
tent and reserves of total humus [25]. Detritus is capa-
ble of accumulating newly formed humus substances 
and peculiar humic substances (PHS) on its surface, 
which testi� es to its relevant role in improving the 
agrophysical properties of chernozem. Under plough-
ing for over 75–100 years, the content of detritus 
was 28–30 % from the total reserves of humus, and 
its highest amount was formed in places of localiza-
tion of afterharvest, root remains and manure, i.e. in 
the lower part of the humus horizon. Under long-
term (over 40 years) subsurface tillage, the reserves 
of detritus in the humus horizon were 1.16–1.4 times 
higher compared to the long-term ploughing, and the 
most considerable accumulation of detritus took place 
in the 0–20 cm soil layer, where the total reserves of 
detritus increased up to 35–38 % from the reserves 
of the total humus, which is con� rmed by the data of 

other researchers, proving that the content of detritus 
in the total humus is from 35 % to 40 %, and exceeds 
40 % in the virgin analogues of chernozems [26]. 

Detritus is the least stable component of the organic 
matter, the amount of which in the intensively tilled 
chernozems decreases due to the impairment of the 
mutual compensation of the conditions of transforming 
organic residues and forming humus, which is related 
to the change in the quantitative and qualitative compo-
sition of humus. Under systematic implementation of 
soil-protective technologies, there is acceleration of the 
processes of soil formation – the humi� cation coef� -
cients of organic matter increase by 12–15 % compared 
to ploughing. Their highest number was formed for 
subsurface tillage at different depths: total reserves in 
the 0–20 cm soil layer were 2.8–3.3 times higher, and 
in the variant of subsurface tillage for 10–12 cm – 2.6–
2.7 times higher compared to the systematic ploughing.

In case of tillage minimization, there was differen-
tiation of the content of active forms of humus in the 
humus horizon of chernozem, whereas under plough-
ing the differentiation was manifested inconsiderably. 
Under subsurface tillage for 10–12 cm, the reserves 
of active forms of humus in the 0–20 cm soil layer 
reached 58–60 % of the total reserves in the 0–40 cm 
layer, whereas under ploughing – 40–44 %, and under 
subsurface tillage at different depth – 52–53 %. The 
redistribution of active forms of humus in the humus 
horizon of chernozem was remarkable for all the vari-
ants of chernozem tillage, and the variants differed in 
the degree of differentiation manifestation within the 
humus horizon. The restoration of differentiation by 
the content of active humus is a natural process of soil 
formation in agroecosystems and it should be stimu-
lated by the soil-protective system of tillage instead of 
being ruined by ploughing.

The change in the ratio of humus components in 
chernozem under the impact of soil-protective systems 
of tillage is related to the increase in the reserves of 
total humus in the humus horizon of chernozem. Under 
systematic ploughing, with the introduction of a suf-
� cient amount of mineral and organic fertilizers, the 
reserves of humus were smaller compared to the vari-
ants, where the subsurface tillage was conducted. Tak-
ing into account the fact that in all the variants PHS 
were in the same amount, the increase in the reserves 
of total humus took place due to the accumulation of 
detritus, and the ratio of PHS reserves and the detri-
tus reserves under surface tillage was smaller (1.83–
1.91 to 1), whereas under subsurface tillage at diffe-
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rent depth and ploughing the ratio was getting broader. 
While keeping the fallow, the ratio of the reserves of 
PHS and the reserves of detritus was stable at the level 
of 1.65–1.75 to 1.

The systematic implementation of soil-protective 
technologies in the crop rotation, based on subsurface 
tillage and covering the surface with manure, afterhar-
vest and root remains, somehow restores the chernozem 
process of soil formation, which is manifested in the 
accumulation of detritus, active (newly formed) forms 
of humus in the organic matter and in the increase of 
total reserves of humus. The intensive cultivation (till-
age) of chernozem promoted the increase in the content 
of active forms of humus due to biological transforma-
tion of some passive humus into its active form: humus 
got renewed due to the mineralization of PHS, which 
was related to the decrease in its content and reserves in 
the centennial cycle. The application of the soil protec-
tive tillage of chernozem for 42 years resulted only in 
the delay in dehumi� cation processes and some stabili-
zation of humus mineralization, but it did not promote 
its preservation and extended restoration to the initial 
level as of the moment of starting the experiment and in 
the centennial cycle. The increase in the humus content 
took place compared to ploughing and control variant 
without fertilizers and with their introduction, but it is 
not enough for the restoration of humus in the centen-
nial cycle. The application of soil restoring measures 
(subsurface tillage, fertilizers, manure, straw, grasses) 
should be viewed as stabilizing measures in the centen-
nial process of chernozem dehumi� cation.

CONCLUSIONS

The estimation of the humus state of typical low 
humus chernozem was used to determine that under 
different systems of tillage the level of humus supply 
changes the most in the � rst years after the beginning 
of the mentioned actions, then the humus content sta-
bilizes and changes very slowly time-wise due to the 
transition of humus formation processes into the quasi-
equilibrium state with degradation phenomena.

The application of different technologies of tillage 
to typical low humus chernozem for 42 years resulted 
only in the delay in dehumi� cation processes and some 
stabilization of humus mineralization, but it did not 
promote its preservation and extended restoration to 
the initial level as of the moment of starting the experi-
ment. The increase in the humus content under different 
technologies of tillage took place compared to plough-
ing and the control variant without any fertilizers.

To ensure simple and extended restoration of humus 
in the centennial cycle, it is necessary to introduce 
10–12 t of manure per 1 ha for simple restoration of 
total humus content and 14–15 t per 1 ha – for extended 
restoration annually. In case of replacing manure with 
by-products, the standardized dose of manure (coef� -
cient 3.5) by the yield of straw is 10–12 t per 1 ha and 
14–16 t per 1 ha annually, which is actually impossible 
in industrial conditions.

Simple restoration of humus in typical chernozem 
may be stated after achieving its actual (2017) content 
of at least 90 % from the content as of the beginning of 
the centennial cycle (92 years), which ensures maximal 
approximation to the non-decreasing cycle of humus 
dynamics trends in the centennial cycle. If the humus 
content is ensured in the actual measurement for the 
level, exceeding 90 % from the initial content, and dy-
namics trends are growing, one may state achieving the 
state of extended restoration of humus.
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���� �#�����#\�@#� $X�X�X, ��� �� �&��J�� ��$� 
\^���"���� '� ��\�������X �#�'������� �� &���'-
����$� �#��J �� �����' \������� ����#�X. ����'���J 
��#�'X \�$��!��$� $X�X�X ��J &���'�$� # ��\������$� 
�#�'������J $X�X�X X �#�����X @���# �#���@#���: 20–25 
' '� 30–33 ' �� 1$� �#�&��#���. ��J \�^�\&�����J \���-
'���J ��#�'X # \�&��X $X�X�X �� &��'J\# 42 ���#� ���^-
#��� ���#��� �����'� $��� 10–12 ' �� 1 $� ��J &���-
'�$� # 14–15 ' �� 1 $� ��\������$� �#�'������J \�$��!-
��$� ��#�'X $X�X�X ���#��� ���
����. ����'� �#�-
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���&����$� @���X '����#� �����#�� $X�X�X X �#�����X 
@���#. ���� X�#�' $X�X�X \�^�\&��X_'!�J X ����!���X 
���#�# �� �#��# ^#�!���X \� 90 % �#� &���'����$� ��#�-
'X, � '����� �����#�� ��^X���'! \���'����$� ����-
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����� 90 % �' �����"���$� ������ �'���'� ������$� 
@���� (92 $���), �'� �^��&������' ��������!��� &��-
^��"���� � ��\���'�����X '����X �������� $X�X-
�� � ��\���'��� @����. ���� �����"���� $X�X�� 
�^��&������'�J � ����!��� �\������� �� X�����, 
&���������� 90 % �' &���������!��$� �����"���J, 
� '����� �������� &���^��'��' ��\���'����� ����-
'��, '� ��"�� ����'�'�����'! ���'�"���� ���'�J��J 
����������$� ���&���\����'�� $X�X��. ���'�"���� 
���'�J��J &���'�$� � ����������$� ����&����J $X�X�� 
�^��&������'�J &���"�'��!���'!� '������ ���'� $X-
�X�� \� ����J &��������J �'�@�������$� �&�'� (42 $�-
��) &�� ������������� ���"���� &��@���� ��$X��-
����@�� � ��\���'��� @���� (92 $���), ��'��X� &��-
���'!� ����������'! ����\��"��.

���	��#� �����: �����\�� '�&�����, ��$��������� 
�����'��, $X�X�, '����, ������, $���, �������!��� 
X��^����J, $X������@�J, �^��^�'�� &����. 
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