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Aim. To present theoretical justification of the increase in potential fertility of typical chernozem with syste-
matic application of surface tillage via the creation of soil conditions, optimal for photosynthesis, and provision of
maximal physiological activity of root systems of cultivated crops to restore natural processes of soil formation
in the agroecosystems of the Left-Bank Forest-Steppe of Ukraine. Methods. Field, laboratory, computational,
mathematical and statistical. Results. The analysis of scientific literature and our own studies (for over 30
years) have demonstrated that the conditions of minimal tillage ensure the connection between the physiologi-
cal rhythms of activity of agricultural crops, the rhythms of humus decomposition and synthesis, the fixation of
carbonic acid by the heterotrophic saprophyte microflora and carbonation, restoring soil formation in agroeco-
systems. Agricultural crops in the agroecosystems are self-developing, auto-regulated, open systems, capable
of overcoming the forces, causing the increase in entropy and forming highly regulated and dynamically stable
complexes of different hierarchy. High information capacity and codification of cultivated crops defines the
direction of the development of soil medium in agroecosystems. When the genetic information capacity of
the development of cultivated crops resonates with the information capacity of the soil medium development,
there is either the soil formation process or the process of extensive fertility restoration in agroecosystems.
Conclusions. The maintenance and application of aboveground by-products of crop production, sufficiently
compensated in terms of nitrogen using mineral fertilizers, as organic fertilizers, and wrapped up into the sur-
face layer of chernozem during the surface tillage, simulates the natural course of nitrogen-carbon circulation
in agroecosystems of different types. The restoration of the natural soil formation model in the agroecosystems
is ensured by the stimulation of physiological activity of cultivated crops in the agroecosystems due to the
launch of drain mechanisms of carbon with the increase in CO, content in the lowest atmospheric layers dur-
ing the vegetation period of crops, which should be the basic model of extensive fertility restoration of typical
chernozem.

Key words: soil formation, physiological activity of the root, agroecosystem, CO, factor, stimulating N-effect,
carbonates.
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INTRODUCTION
Agricultural crops in the agroecosystems are not pas-
sive consumers of environment constituents; instead
they actively transform the latter depending on their
needs and adjust to them at the same time. One of the
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manifestations of agroecosystem self-regulation is
the fact that the physiological rhythms of agricultural
crop activity should be balanced with the biochemi-
cal rhythms and regimes of soil stratum of chernozem,
which should be deemed as the adaptation reaction to
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the change in conditions of external growth factors and
the process of accumulating metabolic by-products for
soil saprophyte heterotrophic microorganisms in the
rhizosphere of cultivated crops and, as a consequence,
the enhancement of natural soil formation processes in
the agroecosystems [10, 11, 19, 23]. Current compli-
cated and organically reasonable adaptation reaction of
agricultural crops to the mineral nutrition in the form
of humus formation is a vital physiological function of
the plant organism, the basis of the process of extensive
fertility restoration and soil formation of chernozem in
the agroecosystem. The task, which should be demand-
ed from the agriculture system along with the increas-
ing performance, is to stimulate the processes of humus
and soil formation in the agroecosystems [19, 20].

The biochemical reactions, resulting in the transfor-
mation of residues of exogenous vegetative material
(root and after-harvest remains, root exudations) and
the introduced manure into humic acids and humus, the
mineralization of the latter, and, as a result, the change
in the structural elements of chernozem — all these come
from the activity of the living matter of the agroecosys-
tem, the physiological activity of which determines the
level of agriculture biologization [7, 8]. Soil fertility is
understood as its capability of ensuring optimal regime
of binding the solar energy in the soil-plant system in
specific conditions. The expected result of this capa-
bility should be the accumulation of by-products for
soil heterotrophic saprophyte microorganisms in the
plant rhizosphere. Current complicated and organically
reasonable adaptation reaction of agricultural crops to
the mineral nutrition in the form of humus formation
is a vital physiological function of the plant organism,
the basis of the process of extensive fertility restoration
and soil formation of chernozem in the agroecosystem
[8—13].

It is generally believed that the direction and rate of
the transformation of organic matter, coming into soil,
are focused on the activity of soil microorganisms,
since this part of soil biota is related to biochemical
transformations of organic substances, but the direction
of organic matter transformation in the annual and sea-
sonal cycles is determined due to the result of the inter-
action of agricultural crops in the monoculture and the
consecutive interaction of microorganisms and living
organisms, their cumulative physiological activity and
vital functions. The interaction of the soil microflora of
the root zone, the root system and the aboveground part
of agricultural plants is dominating. The character of
interaction is conditioned by the system of chernozem
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tillage: systematic tillage disturbs the natural interac-
tion mechanism of the following system: microorga-
nisms of the root zone-root system—aboveground part
of plants, while the systematic application of soil-pro-
tecting technologies of cultivating agricultural crops,
based on the zero tillage of chernozem, stimulates and
directs the development of typical chernozem towards
natural ecosystems, first of all changing the soil condi-
tions of activity of trophic constituents of the agroeco-
system [23, 26, 27].

The root system of agricultural crops is the main
source of physiologically active substances, which play
the decisive role in the donor-acceptor interaction be-
tween plants and the microbial cenoses and plants in
the soil during the whole vegetative period. Until quite
recently the notion of allopathic relevance of root sys-
tems was formed in isolation from the ecologic-evo-
lutionary and soil-formation specificities of crops in
the crop rotation, which are capable of forming the soil
structure via their root exudations; due to this fact the
root exudation is very important for the enhancement
of morphogenetic features of chernozem, the amount
of which is directly related to the activity of such abio-
tic factors in the soil medium, as temperature, humid-
ity, aeration, acidity, presence of nutrients [9, 18].

Modern studies demonstrate that with optimal hu-
midity of soil the amount of root exudate is propor-
tional to the aboveground part of the plant, i. e. even
hoed crops of the sufficiently humid agroecosystems
may be active soil-creators instead of being destruc-
tive factors for chernozem fertility as it was used to
believe. The root exudate contains about 30 % of nitro-
gen in the organic form from its total amount in plants;
20-37 % of carbon, synthesized in plants, is spent for
nitrogen-fixation processes in soil [18]. Ashy elements,
absorbed by the roots during the reproductive period
of development of cultivated plants, return 38—40 %
K, 20-22 % Ca, 10 % Mg into the soil [6]. The root
exudate [19] is one of the most active forms of natural
manure. Ponomariova [20] believes that root exudates
are the main source of pre-humus substances for the
whole humus-fertilized bedrock of chernozem, and
the root system, functioning in aerobic conditions, is
physiologically active. The aerobic breathing of roots
and the input of carbohydrates from the aboveground
mass of plants should form the basis of cultural soil-
formation. The anaerobic conditions of breathing for
the roots decrease the capability of plants to consume
nutrients; the protoplasm flow in the cells stops, the
synthesis of proteins is disturbed, the growth produc-
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tivity of agricultural crops is decreased [4, 14, 15]. The
study of the mentioned issues is the basis of ecologic
agriculture theory [21, 22].

The aim of the study is to present theoretical justi-
fication of the increase in potential fertility of typi-
cal chernozem with systematic application of surface
tillage via the creation of soil conditions, optimal for
photosynthesis, and provision of maximal physiologi-
cal activity of root systems of agricultural crops via
the restoration of natural processes of soil formation
in the agroecosystems of the Left-Bank Forest-Steppe
of Ukraine.

MATERIALS AND METHODS

Based on the general theory of the productive process
of agricultural crops [5, 6, 17] and the main provisions
of the ecologic agriculture theory [22], the attempts
were made to reveal the following:

— the impact of the tillage system in the agroecosys-
tem on the potential indices and levels of photosyn-
thetic productivity of agricultural crops and required
conditions;

— the substantiation and elaboration of the ways of
targeted and reasonable increase in the photosynthetic
productivity of crops in the rotation due to different
systems of soil tillage.

A number of indices, most relevant from the stand-
point of photosynthesis productivity assessment and
the realization of these tasks, are the dynamics of root
system growth; the dynamics of daily gain of dry and
living biomass of plants; the level of maximal daily
biomass gain in the period of the highest closing up of
crops and the most intense growth of plants; the change
in the structure of the aboveground biomass of plants in
the generative phase of development; the biogeochemi-
cal principles and microbiological activity of the soil in
agroecosystems.

The studies were conducted in the conditions of the
Left-bank part of the Forest-Steppe of Ukraine in the
permanent experiments of the Chair of Soil Science
and Soil Protection of the National University of Life
and Environmental Sciences of Ukraine (NAU) and the
Cherkasy State Agricultural Experimental station of
the NSC “Institute of Agriculture”, NAAS of Ukraine
[4, 15]. Long-term impact of the zero tillage on the res-
toration of typical chernozem fertility in the agroeco-
systems of the Left-bank part of the Forest-Steppe of
Ukraine was studied in the south of Vorskla-Sula re-
gion (soil cover is presented with typical chernozem
(>50 %), which was medium-humic (5.55-5.65 %),
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light loamy) and in the Middle Dnieper—Seym agrosoil
region (typical low-humic light loamy chernozem).

Permanent experiment No. 1. The studies were con-
ducted (1989-1996) in a multifactor permanent ex-
periment of NAU (currently NULES) in the follow-
ing 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 for 22—32 cm (deep ploughing
for 22-32 cm); zero tillage of different depth for 22—
32 cm (subsurface tillage for 22-32 cm); zero tillage
for 10-12 cm (surface tillage for 10-12 cm); and zero
tillage for 5-6 cm (surface tillage for 5—6 cm) on the
background of four fertilization systems — without or-
ganic and mineral fertilizers; 15 t/ha humus + NP K,
(low dose); 15 t/ha humus + N_ P K _ (medium dose);
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15 t/ha humus + N | P, K. (high dose).

Permanent experiment No. 2 (launched in 1975, still
active). The registry of certificates of NAAS No. 040
“The scientific foundations of establishing crop rota-
tions, tillage and fertilization systems in conditions of
the Left-bank Forest-Steppe of Ukraine”). The studi-
es (2003-2014) were conducted during the multifac-
tor permanent experiment of the Cherkasy State Ex-
perimental station of NSC “Institute of Agriculture of
NAAS”. Two types of five-course crop rotations were
investigated during the experiment: A — perennial
grass—winter wheat—sugar beet—corn—barley + peren-
nial 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 %). The fertilization system
in 2001-2012: 6.0 t/ha of by-products; N, P__ K, (aver-
age dose); NP, K., (double dose). The ways of main
tillage: tillage of different depth for 22-25 cm (deep
ploughing for 22-32 cm) for all the crops; zero tillage
for 22-25 cm (subsurface tillage for 22—32 cm) for all
the crops; surface tillage for 8-12 c¢m for all the crops
(surface tillage for 10-12 cm).

The methods of determining the indices of study ob-
Jjects. To register the changes in agrochemical, physical
and chemical, and agrophysical indices while studying
the nutrition regime, humus and agrophysical condi-
tions, mixed samples were selected from one meter
thick soil layers in 10 cm distance on different land
plots following the schemes of experiments according
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to DSTU 7030:2009 (GSTU 46.001-96). The analysis
of the samples of soil and vegetative material, the reg-
istration and calculations were conducted according to
special methods: humidity — by the thermogravimetric
method according to the main periods of the growth of
crops (DSTU ISO 11465:2001); structure density — by
the cutting ring method in Kaczynsky’s modification in
the periods of intensive growth of crops and yield for-
mation (DSTU ISO 11272:2001); humidity reserves —
by calculations (using the indices of humidity and
structure density of specific layers of soil up till the
depth of 150—-180 cm); the content of general humus —
according to Turin in Simakov’s modification (DSTU
4289:2004); pH, ., — by potentiometry (DSTU ISO
10390:2007). The content of soil air was determined
by the tube method (according to Matskevich) with
subsequent analysis of soil air at the gas analyzer
GV V-2; the content of carbonates — by the volumetric
estimation (DSTU ISO 10693-2001); the respiratory
coefficient (Rc) — by calculations (according to Zbo-
ryshchuk); the intensity of CO, emission — by Shtat-
nov’s method.

The lowest water field capacity (WFC) was deter-
mined by the method of flood filling; the humidity of a
break in capillary links (HBC) — according to Abramo-
va; the maximal hygroscopic moisture (MH), the with-
ering point (WP) and the moisture of delayed growth
(MDG) — by calculations according to Michurin and
Litaiev. The total specific surface area was determined
by the method of Kutilik; the volumetric moisture of
soil — by the known density per dry mass (DSTU ISO
16586:2005). The soil biological surveys were con-
ducted in the 0-20 cm layer of soil. The selection and
storing of soil to study the aerobic microbiological pro-
cesses in laboratory conditions were conducted accord-
ing to DSTU ISO 10381-6-2001. The calculation of
carbon balance in the agroecosystems of different types
and forecast of the humus condition of chernozem as
per weight of released CO, was performed using the
following flows: Cy — weight of carbon CO, after hu-
mus mineralization, t; C_— weight of carbon CO, due
to mineralization of by-products, after harvest and root
remains, t; C P total weight of carbon after mineral-
ization, t; Cj — weight of carbon CO, due to the breath-
ing of soil organisms, t. The results of field surveys
were statistically processed by the dispersion analysis
method (Dospekhov, 1985) using Statistics-6 program.

RESULTS AND DISCUSSION

The study of the impact of different tillage systems
for typical chernozem on the rate of the growth of mor-
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phological parts of plants in the starting period demon-
strated that practically all the crops in the crop rotation
form a considerably higher root and aboveground mass
using surface tillage: while cultivating cereals in spring
the growth gain of the aboveground and root mass was
2.0-2.5-fold more intense than with tillage.

While cultivating sugar beet with surface tillage the
growth gain of the aboveground mass (sugar-beet top)
was 1.35-1.5-fold higher, and the rate of root mass
growth — 1.55-1.65-fold higher compared to the sur-
face tillage. A similar regularity was observed while
cultivating sunflower, corn for grain and silage: with
zero tillage the intensity of growth of morphological
parts of plants was 2.5-2.7-fold higher compared to the
tillage variants.

One of the integrating factors, influencing the rate of
growth of the aboveground and root mass in the start-
ing growth period, is the structure and density of the
humus bedrock, which is higher in the limits of optimal
values, compared to tillage, with zero tillage in the soil
layers of 0—10 and 10-20 cm, which allows forming a
denser seed bed at the depth of 5-6 cm. The correlation
coefficient between the structure density and the rate of
growth gain (g/day) of morphological parts of plants in
the starting period of growth reached the level of R =
(+0.70 ... —0.80) £ 0.05 for the aboveground mass and
R = (+0.76 ... —0.870) £ 0.04 for the root mass. The
correlation between the rate of root growth and soil hu-
midity was reverse: R = (—0.73 ... —0.82) £ 0.04. The
ratio of the mass of dry substance of the aboveground
part and the weight of roots with tillage was 2.5-3.5 to
1, while the one with zero tillage — 1.5-2 to 1, but with
higher absolute values of the ratio constituents.

The results of analysis of re-distribution of the root
system of hoed crops in the humus bedrock during the
critical phases of development demonstrated (Table 1)
that in conditions of different systems of soil tillage the
total mass increases with the minimization of tillage.
There is re-distribution of the root weight in the limits
of a soil layer of 0—40 cm. With the minimization of
the main tillage the number of roots in the soil layer of
0-10 cm increases: while cultivating corn for silage —
by 4.1-10.4 %, corn for grain — by 5.9-10.9 %; sun-
flower — by 10 %.

A similar regularity is remarkable for peas and win-
ter wheat: the number of roots in the 0-10 cm layer
compared to the tillage increases by 6—15 %, and the
total number of roots in the 0—30 cm layer during the
reproductive period of development of the mentioned
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crops was found to be 15-20 % higher compared to
tillage.

During the crop rotation while having low depth and
minimal tillage the total amount of roots in the humus
bedrock was 1.12—1.2-fold higher compared to tillage,
but their main amount was concentrated in the 0—10 cm
layer of chernozem (40—45 t/ha) which is 82.5-87.5 %,
while with systematic tillage the mass of roots was 28 t/
ha, i. e. 64.5 % of the total mass. With deep zero tillage
the indices of the content of roots and their re-distribu-
tion in the limits of humus bedrock were in-between
those for ploughing and tillage surface tillage for 5—12
cm which testifies to the differentiation of the content
of roots with the minimization of soil preparation (Fig.
1).

The comparison of the mass of the aboveground
part of a plant against the root mass allows estimat-
ing the adaptive capabilities of agricultural crops in
conditions of different tillage systems with increasing
moisture deficiency. With systematic ploughing and
the impact of a complex of soil and climate condi-
tions, during the starting period of growth the plants
form a root system, insignificant in size and quality
indices. To compensate moisture shortage in worsen-
ing conditions of growth and a great loss of moisture
due to transpiration in the period of intense increase

in the vegetative mass there is considerable growth of
the root system into the depth of the chernozem bulk
compared to the growth of the leaf surface. This pro-
cess occurs until the soil and climate conditions force
the plant to re-establish the mechanism of synchro-
nous growth of its morphological parts to the contrary
one. As for soil-protecting tillage systems, due to
optimization of soil conditions there is simultaneous
active growth of both the root and aboveground vege-
tative mass. This fact conditions higher yield gain of
agricultural crops using soil-protecting (low-carbon)
technologies.

The structure of the aboveground mass of agricultur-
al crops changes during the period of the initiation of
reproductive organs in different tillage systems. With
soil-protecting technologies on the background of av-
erage doses of mineral fertilizers (NP, K + 15 t/ha of
humus) the total biomass of plants compared to tillage
increases by 15-20 %, but it occurs due to the increase
in the share of reproductive organs in the total biomass.
With the introduction of high doses of mineral fertili-
zers (N, P, Ky, + 15 t/ha of humus) there is insignifi-
cant growth gain of the total aboveground biomass, the
share of marketable part of which increases by an insig-
nificant amount during the first 3—5 years of systematic
surface tillage for 10-12 cm. Long-term (10—15 years)
application of soil-protecting technologies stabilizes

Table 1. The impact of the tillage system of typical chernozem on the content (t/ha) and re-distribution (%) of roots while

cultivating hoed crops

Corn for silage Corn for grain Sunflower
Soil ‘layer Content of roots in the 0—30 c¢m layer
capacity, cm
tons/ha % tons/ha % tons/ha %
Deep ploughing for 22-32 cm
0-10 3.2 59.3 4.5 61.1 291 63
10-20 1.1 20.4 1.7 233 1.14 25
20-30 1.1 20.3 1.1 15.1 0.53 12
0-30 54 100 7.3 100 4.57 100
Subsurface tillage for 22-32 cm
0-10 3.50 63.4 5.00 67.0 2.89 63
10-20 1.1 20 1.5 20.0 1.16 25
20-30 0.9 16 1.0 13.3 0.64 12
0-30 5.5 100 7.5 100 4.59 100
Surface tillage for 10-12 cm
0-10 3.90 69.7 6.20 72 3.60 73
10-20 0.95 17 1.4 16.3 0.7 14
20-30 0.73 13.3 1.0 11.7 0.6 13
0-30 5.58 100 8.6 100 4.90 100
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the share of the marketable part in the total biomass
at the level of values, remarkable for average doses of
fertili-zers. In conditions of systematic tillage and in-
troduction of high and medium doses of mineral fer-
tilizers there is active increase in the total vegetative
biomass, and the share of the marketable part of the
yield is lower with surface tillage for both medium and
high doses of fertilizers (Table 2).

A significant factor, limiting the growth of plants and
the physiological activity of the root system, is the soil
temperature. In the first decade of May (Table 3) the
average temperature of the half-meter chernozem layer
with the surface tillage was +1.2 ... —1.8 °C, and in the
soil layers of 0—10 and 10-30 cm — +1.2 ... —2.0 °C be-
low the values for tillage. In June-July the temperature
of the 0—50-cm chernozem layer was +0.9 ... —1.6 °C,
and in the 0—-10-cm layer — +1.4 ... =2.4 °C less.

The difference, observed in the temperature re-
gime of chernozem with tillage during May-June,
promotes 20-25 % increase in physical evaporation
of the productive reserve of moisture from the depth
of chernozem in the seasonal cycle. In conditions of
systematic tillage the temperature of soil, increased
in the summer period, accelerates the aging of the
root system. It starts branching intensively with pre-
dominant thin root fractions. Here the physiologi-
cal activity of root systems decreases: nutrients are
almost not consumed, and the growth gain of the
aboveground mass and the root exudation decrease
to the critical levels. With systematic tillage during
the starting phases of development (April) of field
crops there is an increase in the humidity in the hu-
mus bedrock of chernozem. In these conditions there
is no need for plants to have a strong root system. A
high ratio between the aboveground and root mass of
plant is formed.

With the increase in dryness of soil and climate con-
ditions in May-June there is active growth of the root
into the depth of the soil profile of chernozem: field
crops feel the increasing deficiency of optimal moisture
provision constantly. The rate of soil aridity increase
is constantly surpassing that of the root mass into the
depth of the profile, which results in constant increase
in the ratio of the weight of the root and the weight of
the aboveground weight of crops with the decrease in
the absolute weight of the marketable part of the yield.
The regularities determined about the growth of crops
in agroecosystems are used as a basis of a false conclu-
sion on better development of the root system in condi-
tions of increased aridity, which is a consequence of in-
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Fig. 1. The impact of the way of soil preparation on the re-
distribution (%) (a) and the storage (t/ha) (b) of roots in the
humus bedrock of typical medium-humic light loamy cher-
nozem in the 10-course grain-hoed crop rotation with the in-
troduction of N .P_ K _+ 15 t/ha of humus: 1 — deep plough-
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ing for 22—32 cm; 2—4 — subsurface tillage for 22—32 cm (2),
surface tillage for 10—12 cm (3) and 5—6 cm (4)

tensive soil preparation. With minimal preparation, due
to moderately developed total biomass of agricultural
crops the amount of summer atmospheric precipitation,
reaching the surface of the field, is higher compared to
the tillage, and the depth of wetting the humus bedrock
is about 15-25 cm.

High level of agrophysical condition, the presence of
mulching of the soil surface and more improved ag-
rophysical structure of the 0-30 cm soil layer are the
reasons why in the driest period of the year (July—Au-
gust) the soil humidity does not reach the WP values
which prolongs the period of biological activity (PBA)
for 20-25 days compared to the variant of systematic
tillage. This fact enhances the biogenicity of soil, and
the intensity of CO, emission by the chernozem surface
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increases 1.15-1.25-fold compared to the systematic
tillage, which stabilizes the content of carbon acid and
the turbulence of air masses during the highest density
of the crops and the permanence of the cultural soil
formation conditions in the agroecosystem in general
(Table 4).

With intensive soil preparation of the degraded cher-
nozem of the Left-bank Forest-Steppe there are worse
quantitative indices of humidity and considerable
increase in the depth of active moisture circulation

which shifts to May-July and conditions deep summer
drying out of the soil. The contrast of the hydrother-
mal regime and the accumulation of the xeromorpho-
sis of soil conditions of the processed soils decrease
the soil-restoring activity of the crops in crop rota-
tions and increase pauses in the activity of soil meso-
fauna and microorganisms, which is the main reason
of shortening the humus-fertilized bedrock via the
enhanced mineralization processes with considerable
accumulation of humus in the upper part of the soil

Table 2. The impact of the system of preparation of typical chernozem on the structure of the total biomass of agricultural

crops in the crop rotation

The system of soil

Total biomass

Structure of total biomass, t/ha

The by-products/main

preparation tons/ha Main By-products products ratio
Winter wheat (phase of milky-wax ripeness)

N45 P65 K55
B, 10.3 4.50 5.80 1.3/1
B, 10.4 5.00 5.40 1.1/1

Corn for grain (phase of wax ripeness)
Ny, P, K, + 30 t/ha of humus
B, 38.4 7.90 30.5 3.8/1
B, 41.0 9.50 31.5 3.3/1
Sunflower (phase of seed ripeness in sunflower calathium)

N30 P56 K45
B, 15.2 4.20 11.0 2.6/1
B, 12.4 4.40 8.00 1.8/1

Note. B, — variant of tillage for different deep ploughing for 22-32 ¢m; B, — surface tillage for 10-12 cm.

Table 3. The impact of the soil preparation system on the temperature (°C) of the typical chernozem layer of 0-50 ¢m on the
89" year starting from the beginning of the experiment

Temperature (°C) at 12.00

0-10 cm 10-30 cm 30-50 cm 0-50 cm
First decade of May

+16.8/+14.8* +13.6/+12.4 +11.6/+11.0 +14.0/+12.8
Second decade of June

+15.8/+13.6 +14.8/+13.4 +12.6/+11.8 +14.4/+12.8
Second decade of July

+22.4/+21.0 +20.3/+19.6 +19.3/+18.8 +20.7/+19.8

For May-July
+18.3/+16.5 +16.2/+15.1 +14.5/+13.9 +16.4/+15.1

*Deep ploughing for 22—32 cm/surface tillage for 5—12 cm.
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profile. There is steppification of the soil formation of
chernozem of northern facies in the agroecosystems.
Using special technological operations in soil process-
ing, covering organic, mineral fertilizers, after harvest
remains and by-products from the previous crop at the
depth of 10-12 cm and simultaneous mulching of the
field surface with non-marketable part of the yield,
the farmers have to activate the activity of soil biodi-
versity and the root systems of agroecosystem crops,
eliminating the abovementioned consequences of the
systematic tillage.

Deep intensive tillage increases the surface with the
processes, related to the exchange of substances and
energy in the soil. With considerable tillage there is soil
inoculation of the lower part of the arable land by the
upper part of the humus bedrock, due to which there
is an outbreak of biological activity in the processed
soil layer, but two months later the humus bedrock of
chernozem is differentiated by the cellulosolytic activi-
ty, and one year after the intensive mixing of the soil
the availability of nutrients in the lower part of the hu-
mus bedrock decreases by 55—65 % by the content of
mineral nitrogen, by 30-36 % — by the content of phos-
phorus, and by 20-25 % — by the content of potassium.

On the other hand, it was established that after in-
tensive processing the restoration of natural differen-
tiation of different layers of humus bedrock by fertility
requires 2—2.5 months even in conditions of preserving
summer fallow. The renewal of natural differentiation
of soil by fertility starts since the moment of revolving
hunks in October—November, and in May-June of the
next year the starting stage of natural differentiation of
the arable layer by fertility is renewed: the upper third
of the humus bedrock has a higher index of biological
activity, which is several orders lower than that for zero
tillage. During this period the root system grows deeper
into the soil profile, impoverishing the 0—15 cm soil
layer with active (physiologically active) roots, which
disturbs the chemotaxis level between the root sys-
tem and the soil microflora. The systematic ploughing
“separates” the active pool of soil microorganisms and
the root system to different sides of the arable layer.
There is increased mineralization of humus in the sur-
face layers of chernozem and the decrease of biological
activity in the lower part of the arable layer with the
main mass of roots. In these conditions the intensity of
nutrition processes and biological activity of the soil
deteriorates, which requires the introduction of higher

Table 4. The impact of the soil preparation system of typical chernozem on the interval value of field humidity (%) in July-

August for 10 years of surveys

Soil layer capacity, cm Deep ploughing Tillage for
for 22-32 cm subsurface tillage for 22-32 cm | surface tillage for 5-12 cm
0-15 17-12 17-20 19-25
15-30 18-13 16-21 18-26
0-30 17-14 17-21 18-25
Category of soil moisture MDG-WP-MH HBC-MDG WFC-HBC-MDG

Note. MDG — moisture of delayed growth; WP — withering point; MH — maximal hygroscopic moisture; HBC — humidity of

a break in capillary links; WFC — water field capacity.

Table S. The impact of the soil preparation system of typical chernozem on qualitative properties of the root system of

winter wheat in the tillering stage

The system of soil Specific adsorption surface of the root system, m*/g
preparation Total Active Not active
Deep ploughing for
22-32cm 2.97 1.42/49.0* 1.47
Subsurface tillage
for 22-32 cm 7.70 3.20/42.0 4.50
Surface tillage for 10-12 cm 6.80 3.50/52.0 3.30

*(m?/g)/%.
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norms and doses of fertilizers. The natural organization
of biochemical processes in chernozem is disturbed.

With the systematic surface tillage the processes of
exudation and saturation of the soil depth with root ex-
udate are more intense compared to those with tillage.
The test-probes demonstrated that the rate of growing
the roots of indicative plants of garden cress in the veg-
etative period with zero tillage was 5-10 % higher, and
in some years — 20-30 % lower compared to the variant
of systematic tillage which is an indirect indicator of
higher root exudation [23, 25]. The study of the bio-
logical activity of the soil revealed that the systematic
zero tillage with the introduction of a sufficient amount
of mineral and organic fertilizers does not decrease the
intensity of the activity of cellulose-destroying micro-
organisms, and in these conditions the root exudates
become a stable source of nutrition of plants and soil
microorganisms on condition of maintaining scientifi-
cally grounded crop rotation. The intensity of cellulose
decay was 1.3-fold higher compared to tillage.

The system of soil preparation in the crop rotation
has a considerable impact on qualitative features of the
root system (Table 5). The overall adsorption surface
of the root system with minimal treatment of cereals is
2.3-2.6 times higher in size compared to tillage. With
zero tillage the active part of the adsorption surface of
the root system is 44-52 % from the total surface, and
its absolute value was found to be 2.4-2.6 times higher
compared to tillage, which results in the increase in the
content of nitrogen and some ash elements in the roots
and aboveground biomass of agricultural crops. The
surveys of Shykula and Makarchik [25] demonstrated
that with zero tillage the content of nitrogen in the roots
is 1.20-1.25 times higher, K,O — 1.35-1.45 times high-
er, phosphorus — 1.07—1.22 times higher compared to
tillage, and the biological circulation of nitrogen and
ash elements accelerates 2.4—4.4 times compared to
tillage. With soil-protecting technologies the change in
the qualitative indices of the root systems promotes the
enhancement of the root exudation.

A relevant property of the soil microflora is the capa-
bility of chemotaxis. Due to biological active substanc-
es, coming into the soil with root exudations, there is
programming of the impact of cultivated plants on the
development and activity of trophic groups of micro-
organisms, participating in and directing the transfor-
mation of the organic matter in the soil. The volume
of root exudates of agricultural crops is 10-25 % of
the photosynthetic production of plants which is in
proportion to the amount of the aboveground mass of
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agricultural crops [18]. The dominating components
of the root exudates are sugars, amino- and organic
acids. The root exudate of legumes contains cystine,
cysteine, aspartic acid, serine, glutamin, glutamic acid,
threonine, alanine, tyrosine, valine, phenyl alanine,
leucine, isoleucine, and the root exudate of corn — cys-
tine, cysteine, ornithine, lysine, serine, glycine, gluta-
min, threonine, glutamic acid, alanine, proline, valine,
phenyl alanine, leucine, isoleucine. The study of the
spatial distribution of root exudates demonstrated that
the root exudates in observable amounts are located at
the distance of 2.5-3.0 mm from the surface of the root,
i. e. in the rhizosphere zone. The following substances
of carbon nature were revealed in the root exudate: oli-
gosaccharides, mono- and di-sugars, glucuronic and
galacturonic acid. The vegetable sugars are exudated
by young plants with the root exudate and quickly con-
sumed by the soil microflora [5, 6].

The root exudates in the root rhizosphere are potential
chemoeftfectors for microorganisms, as their concentra-
tion gradient in the soil determines the chemotaxis of
trophic groups of microorganisms regarding one or an-
other substance on the pre-contact level. At the same
time there is recognition of potential symbionts in the
form of exchanging specific signaling molecules, pres-
ent in the root exudate and the aboveground part of the
plant. These molecules may be nucleic acids, lectins,
enzymes, substances of flavone and carbon nature.
The exchange of specific signals between the plant and
groups of microorganisms results in biochemical, mor-
phological and physiological changes in the reverse
reaction of each symbiont and the subordination of dif-
ferent trophic groups of microorganisms to the state of
functioning as a unified organism. Considering the rele-
vance of chemotaxis in the recognition of soil micro-
organisms of “their own” plants by the trophic groups,
taxis reactions are divided as follows: taxis to simple
molecules (sugars, organic acids, aminoacids), the re-
sult of which is non-specific involvement of a wide
range of microorganisms into the root rhizosphere, and
taxis to large molecules, distinguished by plant tissues
(flavones, hormones, lectins, enzymes) in the frame-
work of the very rhizosphere, which determines the
exchange of specific signals between the plant and soil
microflora [17].

The root exudation is maximally manifested when
the content of humus in soil in the seasonal cycle
reaches the minimal value and there is a process
of heterotrophic fixation of CO, by soil microflora.
There is the accumulation of carbon from the soil air
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and soil (CO, in the soil solution) by heterotrophic
microbes with their formation of a new organic mat-
ter with 30—42 % of protein and 1-5 % lipids. These
organic substances are in protoplasma, and with au-
tolysis of microbes (breakdown of the envelope) they
enter the soil solution and interact with soil intaking
complex, restoring the nitrogen-containing radicals of
humic acids. At first they enter the fulvates, then (with
their condensation) they supply stable humates, which
is accompanied with the increase in ATP content in
the soil by 25-250 %. With minimal tillage it should
be related to the activity of heterotrophic saprophyte
microorganismes.

The root exudates contain aminoacids, amines, ami-
des and prohumus fragments, which may be involved
in the restoration of organic matter in the soil by the
complementarity principle. Certainly, not the whole
volume of the root exudate is transmitted to the humus
content in the soil.

In June its considerable part is populated by sapro-
phyte heterotrophic microflora, for which this substrate
is physiologically more active. The mentioned process
is a biochemical mechanism of restoring humus and
self-regulating soil fertility of chernozem in the agro-
ecosystems.

Due to the launch of the biochemical mechanism of
humus restoration on condition of applying zero till-
age there is renewal of seasonal pulsation of humus,
which is determined by the seasonal physiological ac-
tivity of crops in the agroecosystem, the activity of
heterotrophic microflora, and which masters the set
of physical, physical and chemical, agrochemical, and
biochemical indices. The wider the amplitude of the
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Fig. 2. The impact of different ways of tillage and mainte-
nance (1 — fallow, 10—15 years; 2 — surface tillage for 10—
12 cm; 3 — deep ploughing for 22-32 c¢m) of typical medium-
humic light loamy chernozem on the seasonal dynamics of
humus with the introduction of N, ,P. K .+ 15 t/ha in the typ-
ical grain-hoed crop rotation of the Left-bank Forest-Steppe
of Ukraine [24, 27]

seasonal change in the humus content with zero till-
age is, the closer the connection is between the genet-
ic rhythmics of the development of agricultural crops
and the restoration of informative (coding) principles
of soil formation for chernozem in the agroecosys-
tems (Fig. 2).

Table 6. The impact of the soil-protecting technologies on the humus state of typical chernozem on the 10" year from the
beginning of the surveys with the introduction of N ,P_ K+ 15 t/ha of manure during a crop rotation

) Total humus Humus substances and capability of peptization
Soil layer m (1 + 2 fractions of HA) according to Hodlin
capacity, cm
% tons/ha % tons/ha Motility, %
0-30 5.61/5.66* 195/215 2.08/2.23 79.0/82.0 53.0/42.0
3040 4.58/4.73 247/275 1.95/1.81 69.0/63.0 50.0/40.0
40-70 3.49/3.75 117/125 1.50/1.38 48.0/38.0 49.0/38.0
70-100 2.29/2.53 78.0/87.0 1.10/1.15 38.0/29.0 69.0/35.0
HCP,
0-40 0.05 10.5 0.11 5.0 5.0
40-100 0.12 12.0 0.23 12.0 9.0

A — subsurface tillage for 22—32 cm; B — surface tillage for 10—12 cm.
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The systematic application of zero tillage in the crop
rotation stimulates the manifestation of the above-
mentioned mechanism via more optimal wetting and
increased biogenicity of the soil conditions, which al-
lows ensuring the water-soluble state of pro-humus and
humus substances at the moment of their formation and
leads to deep saturation of the depth of chernozem with
the solution of humic acids, pro-humus substances and
Ca(HCO, ), [19, 20]. Due to this fact there is inten-
sive deep saturation with pro-humus substances (for
the depth of regular wetting of the soil profile), mainly
with humates Ca of the second fraction (HA-2) of hu-
mic acids. The formation of humates Ca occurs both in
natural conditions of soil formation and in the agroeco-
systems, but in the latter case it is even more intense
due to permanence of hydrothermicity in the seasonal
cycle (Table 6).

The increase in facial humus accumulation in condi-
tions of minimal soil preparation occurs due to the pro-
vision of HA-2 with high migration ability at the mo-
ment of their new formation in conditions of increased
hydromorphism of the soil stratum of chernozem in the
seasonal and annual cycles. The optimal agrophysical
structure of the humus-fertilized bedrock maintains the
concentration of carbon acid in the soil air at the de-
pressive level (>1.20-1.22 %) for reduction-oxidation
processes, which ensures deep humification of newly
formed humus substances and root exudate: their opti-
cal density increases by 10—-15 % [25].

Humic acids are connected to Ca, have high optical
density, are capable of penetrating through the stratum
of carbonate eluvium into the soil-forming material [ 19,
20]. With systematic tillage in conditions of deep ari-
dization of the chernozem stratum during the summer
period the newly formed humus substances dry fast,
which accelerates their mineralization and decreases
the migration ability by the chernozem profile. In the
first case there is “northerning” of the soil-formation of
southern facies chernozem, and in the second — the pro-
cess of steppification of the soil formation of northern
facies chernozem in the agroecosystems.

The microflora of root rhizosphere changes during
the vegetative period and mainly bacteria and micro-
scopic fungi reproduce in the zone of young roots,
while at this time the roots extract sweeteners, which
are consumed fast. When the root system reaches maxi-
mal size, the population of heterotrophic saprophyte
microorganisms grows on the surface of the root and
in the rhizosphere. During tillage it grows into the soil
depth, and with minimal soil preparation — by the “turf
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cover” type, i. e. on the surface. When the phenom-
enon of chemotaxis, stimulating the formation of stable
trophic groups of saprophyte heterotrophic microorga-
nisms, is taken into consideration, the surface loca-
tion of the root system looks more natural. Therefore,
the main mediator of the differentiation of the humus
bedrock of chernozem by the biological activity is the
location of the root system by the “turf cover” type,
when the chemotaxis phenomenon has its maximal
manifestation and ecologic reasonability and should
be viewed as informative coding of the soil formation
in the agroecosystem. With the stimulation of the root
system growth into the depth of the humus bedrock of
chernozem the chemotaxis is manifested less, and the
decrease in the number of roots in the 0—10 cm layer
disturbs trophic interactions in the rhizosphere-root
system which does not promote the restoration of cher-
nozem fertility in the agroecosystem.

Stable groups of soil microorganism associations are
formed in natural ecosystems, remarkable for some
fluctuations in their number and the presence of strong
correlative relations between the microorganisms of
zymogenic, autochtonous, eutrophic and oligotrophic
blocks. The systematic minimal tillage in the agroeco-
system on the background of optimal introduction of
organic and mineral fertilizers promotes the formation
of'stable trophic groups of microorganisms with clearly
defined spatial reference to the 0—15 cm soil layer and
provides for the restoration of their ecologically rea-
sonable seasonal dynamics and improvement of humus
state of chernozem. The location of root systems of cul-
tivated plants in the upper part of the humus bedrock of
chernozem is decisive in this process [3, 4, 19].

With the systematic minimal tillage the intensity of
soil breathing (mg of CO, per 100 g of soil) in the 015
cm soil layer was 1.10—1.15 times higher, and with the
introduction of organic and mineral fertilizers — 1.15—
1.25 times higher compared to the systematic tillage.
Here the content of carbon acid in the soil air was more
stable: 0.65-1.05 % (0-10 cm), 0.78-1.29 % (10-30
cm) against 0.29-1.05 % and 0.60—1.55 % with till-
age. With minimal tillage the threshold concentration
of CO, for depressive phenomena in the reduction-
oxidation processes (1.21-1.25 %), when the humus
oxidation is restrained, was more stable in time com-
pared to ploughing [11].

The main agent of oxidative reactions of breathing in
soil, determining the formation and dynamics of CO,
in soil air, is the activity of the roots [4, 18]. The bio-
chemical essence of soil formation is the interaction of
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root systems of plants with the soil and external me-
dium, where high, physiologically unreasonable use
of photosynthesis products for the breathing of roots
is of utmost relevance. In the soil stratum the descend-
ing flow of carbohydrates, transforming into CO, in the
breathing process, meets the ascending flow of mois-
ture from the roots into leaves. With the breathing of
the roots the energy-deprived carbon acid is subject to
hydrolysis and transforms into the active acid form in
the soil solution. The soil carbon acid, formed by the
living matter of the agroecosystem (the roots of plants
and microorganisms) behaves differently from the one,
introduced artificially or extracted during the oxidation
of the organic matter of the soil [16, 28].

Under the impact of CO, the soil moisture and the
moisture of atmospheric precipitation are transformed
into the active form due to the formation of hydrocar-
bonates and then — simple carbonates. The carbonation
in chernozem is assumed to be related to CO,, formed
by the living matter of the agroecosystem. The carbon
acid, released during the “carbon acid” breathing of the
soil stratum due to degasation of carbonate-clay, car-
bonate deposits of loessial layers and during the oxida-
tion of the organic matter of soil, does not participate in
the formation of carbonates, but is consumed by plants
in the photosynthesis process [28].

With surface tillage for 10-12 cm due to the increase
in the degree of hydromorphic feature of chernozem
stratum (due to the convectional-diffuse transfer of
moisture along soil profile) the main mass of the roots
is concentrated in the chernozem stratum of 0-170
cm, where the conditions are established for high
physiological activity of the root systems of agroeco-
system crops. The increased degree of hydromorphic
feature of typical chernozem in the agroecosystems
with zero tillage is required to create the conditions
of enhancing the soil-restoration activity of the root
systems with subsequent deep saturation of the cher-
nozem stratum with root exudate and the provision of
the water-soluble condition of the pre-humus and hu-
mus substances at the moment of their new formation
[19, 20, 27]. These facts bring the evidence that sys-
tematic application of zero tillage in agroecosystems
directs the dynamics of soil-formation of chernozem
towards the enhancement of the biologization of pro-
cesses, and the indicators of this phenomenon are the
process of secondary carbonation, the change in the
form of carbonates and the enhancement of morpho-
genetic features which are required to keep cherno-
zem in the state of a fallow and wild land [23].
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S-course crop rotation: 60 % — cereals,
20 % 0 % — sugar beet, 2013

Oy

I 35-55cm

Surface tillage for 10-12 cm [ ;

Fig. 3. Long-term (35 years) impact of the way of soil prepa-
ration on the restoration of morphogenetic features towards
natural processes of soil-formation («) and the manifestation
of secondary carbonation features () of typical low-humus
light-loamy chernozem of the Left-bank Forest-Steppe of
Ukraine: 1 — deep ploughing for 22-32 c¢m; 2 — subsurface
tillage for 22-32 cm; 3 — surface tillage for 10-12 cm; 4 —
grass; 5 — fallow, 35 years

The phenomenon of enhancing the remaining mor-
phogenetic features of natural soil formation with the
systematic application of soil-protection technologies
was revealed by us: the undulating horizontal split, sepa-
rating the humus bedrock into H, and H_;, vanished
along with the features of a “plow sole” in the 30—
42 cm of soil, and the lower part of the humus bed-
rock acquired grain-lumpy structure and bulkiness with
well-manifested aggregate and inter-aggregate poros-
ity; the roots grew by the “turf” type and the whole
humus bedrock was well-saturated with it, there were
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Fig. 4. The profile distribution of the content of humus (%)
and carbonates (%) for different ways of soil preparation for
typical medium-humic light loamy chernozem in 10-course
grain-hoed crop rotation at the end of the latter: 1 — deep
ploughing for 22-32 cm; 2 — subsurface tillage for 22—
32 cm; 3 — surface tillage for 10—12 cm)

many worm channels with a high number of coprolites
(Fig. 3).
The whole humus bedrock (H + Hp, ) acquired ho-

mogeneous structure with the increase in the structure
formation in the 0—-50 cm soil stratum. The small roots

have a great number of low-grain water-resistant ag-
gregates similar to the fallow, which is the evidence of
high physiological activity of the root systems of agri-
cultural crops and microorganisms.

With secondary carbonation of typical chernozem
in the agroecosystems there is renewal in soil-for-
mation; the hydrothermal conditions of transforming
stable forms of soil carbonates into mobile ones are
modeled due to which the stratum of typical cherno-
zem is saturated with their new forms under the impact
of systematic zero tillage of soil, including the covering
of organic and mineral fertilizers at the depth of 10-12
cm and mulching of the field surface with after harvest
remains and non-marketable part of the yield.

The soil formation in the agroecosystems of the Left-
bank Forest Steppe of Ukraine is conditioned by opti-
mal moisture saturation and stability of chernozem in
thermodynamic state which determines the maximal
amplitude of the half-period of relaxation of autofluctu-
ating and cyclic processes in the soil-plant—atmosphere
system. This condition of chernozem is ensured when
the moisture in the chernozem stratum does not drop to
the values of WP and is mostly manifested in the fol-
lowing interval: MDG (moisture of delayed growth) —
HBC and 75 % lowest WFC (Table 7).

Surface tillage of the soil, including the mulching of
the field surface with after-harvest and postcut remains
promotes the increase in the hydromorphicity of the
chernozem stratum during the driest season, which en-
sures PBA prolongation for 25-30 days compared both
to natural facial values and PBA in the typical cherno-
zem, which is in the state of enhanced xeromorphosis
due to intensive preparation (ploughing) in similar fa-
cial conditions. It allows restoring the soil formation in
the agroecosystems, manifested by the “rejuvenation”
of carbonates in the soil profile of typical chernozem of
the Left-bank Forest-Steppe of Ukraine (Fig. 4). There
is regradation of degraded typical chernozem (coming

Table 7. The impact of the soil preparation system on the content (mm) and saturation (%) of typical chernozem of the Left-

bank Forest-Steppe with soil moisture in July

Tillage for

subsurface tillage for 22-32 cm | surface tillage for 1012 cm

Soil layer capacity, cm sz ip 21.;.1—0;1 2gl§;1g
0-100 (50—-130)/(25—70)*
100-200 (80-130)/(40-70)

(56-140)/(34-78)
(95-145)/(55-85)

(65-150)/(36-85)
(110-150)/(65-88)

*(Reserves of productive moisture, mm)/(Moisture saturation in the range of available moisture, %).
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back to earlier stages of soil formation) in the agroeco-
systems of the Left-bank Forest-Steppe of Ukraine.

The solubility of carbonates in chernozem is deter-
mined by the partial pressure of CO, of the soil air,
qualitative composition of the soil solution, activity
of Ca*" ions and the reaction of the soil medium (pH).
High activity of calcium in the soil solution with sur-
face tillage testifies to the fact that calcium has a great
resource of energy, required for the transition from
the exchangeable state into the soil solution during
the migration by the soil profile. The abovementioned
process is conditioned by depressive concentration of
carbon acid of the soil air and the moisture optimum in
the seasonal cycles in case of systematic surface tillage.

With zero tillage the calciferous potential (pCa) of
chernozem has the values pCa = 6.32-5.56 compared
to pCa = 5.85— 5.95 for ploughing which ensures the
formation of soluble forms of carbonates due to greater
resource of energy for the transition from the exchange-
able state into the soil solution. There is re-crystalliza-
tion of granular calc-spar into microgranular calc-spar
and calc-spar-lublinite.

The capacity of the zone of activated carbonates in
the chernozem profile with zero tillage increases 2—6
times compared to systematic ploughing. There are
natural mechanisms, regulating the limits of carbonate
solubility and their release beyond the profile of their
localization: CO, content in the soil air (from 1.0 to
1.22 %) correlates directly with CaCO, solubility, and
when reaching the depressive concentration of carbon
acid in the soil air the solubility of carbonates slows
down and starts decreasing gradually. The depth of car-
bonate location and the character of new carbonate for-
mations in chernozem reflect the specificities of hyd-
rothermal regime during different ways of chernozem
preparation (Fig. 4).

Rather shallow autumn-spring wetting and fast dry-
ing-out of the humus profile in spring and summer in
conditions of intensive preparation promote the for-
mation of “dead” bedrock and result in shortening the
period of ascending flows of moisture, preventing the
formation of the migrational forms of carbonates and
causing their segregation into floury forms with differ-
ent cementation level, which are localized in the hu-
mus profile in the form of carbonate eluvium. With the
building-up of the degradation processes the carbon-
ate eluvium is cemented in the transitional bedrocks of
chernozem.
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To wash the dissolved mass of CaCO, beyond the
lower limit of the humus bedrock, it is required to cre-
ate the washing regime of wetting the chernozem stra-
tum during the warm period of the year [1, 2], but in the
conditions of the Left-bank Forest-Steppe the amount
of atmospheric precipitation for the vegetative period
wets the chernozem stratum for 50-75 cm in the years
with excessive moisture and for 25—45 cm — in the years
with optimal and dry conditions. Even with excessive
amount of precipitations in autumn with surface tilla-
ge the dissolved forms of carbonates are washed out
not deeper than during the annual spring wetting of the
chernozem stratum. With different systems of cherno-
zem preparation in spring the capillary moisture moves
towards the evaporation surface with simultaneous
transfer of soluble forms of carbonates and their crystal-
lization. Depending on the intensity of evaporation (the
rate of HBC values increase) the crystallization of car-
bonates in the form of pseudomycelium occurs at dif-
ferent depth levels from the evaporation surface: with
tillage — in the lower part of the humus bedrock, and
with minimal surface tillage — in its upper part.

The farmers faced the phenomenon of secondary car-
bonation of chernozem in the Left-bank Forest-Steppe
in historical dimension while applying the fallow sys-
tem of agriculture, when shallow soil preparation with a
plough and wooden plough promoted dragging carbon-
ates towards the surface of the soil profile. It decreased
the realization of potential fertility via its active form
due to carbonate “salination”, the negative impact of
which was eliminated by transferring the land into the
fallow state, and in our studies — by grassland reno-
vation using perennial cereals, which decreased the
level of CaCO, coagulation to natural values, simi-
lar to those of a fallow, on the 8-10™ year. One of the
reasons of elaborating the soil preparation of different
depth was the attempt to overcome the consequences
of secondary carbonation to enhance the realization of
the efficient fertility restoration in the existing agroeco-
systems, since shallow soil preparation with a plough
or wooden plough and less intensive varieties were not
capable of a sharp decrease in the level of natural and
potential fertility of chernozem in a short period of
time. The soil preparation for different depth levels al-
lowed controlling the process of carbonate “salination”
and solving a number of relevant issues of manifesting
efficient fertility as well as not withdrawing the land,
used as fallows.

With systematic deep tillage of the typical chernozem
of the Left-bank Forest-Steppe of Ukraine, when the

69



DEMIDENKO et al.

moisture circulation is activated in the spring-summer
period, the manifestation of migration-pulsation re-
gime of carbonates by the sporadic type requires slow
increase in positive temperature after transition over
0 °C in spring and a prolonged spring period (up to
65—70 days). In these conditions the capillary-sus-
pended moisture acquires the properties of movement
continuity towards the evaporation surface in the li-
mits of the wetted stratum of carbonate bedrock,
which provides for the dragging of soluble carbon-
ates to the humus bedrock. With the intensification of
climate dryness during recent 10 years the spring pe-
riod is reduced to 30-35 days with active increase in
the sum of active temperatures, which, being in May,
correspond to those of the summer period; it causes
rapid warming-up of the soil stratum of chernozem,
intensive moisture evaporation from it and the break
of moisture in the soil capillaries. Due to the above-
mentioned reasons the migration-pulsation regime of
carbonates by the sporadic type is impossible or con-
siderably limited in annual repeatability with system-
atic tillage.

With the latter, especially with the reduction of its
depth, there is enhancement of hydrogenous-accumu-
lative process of chernozem carbonation as a process
of secondary accumulation of CaCO, in the humus
bedrock of typical chernozem due to the increase in
the hydromorphism degree and biogenicity of the soil
conditions in the driest period. On the one hand, there
is the dissolution of stable forms of carbonates with
eluvium accumulation, and on the other — the enrich-
ment with new forms due to the increase in the physio-
logical activity of the root systems of crops in the agro-
ecosystems during the critical phases of vegetation and
for the re-utilization from the by-products during the
after-harvest period. This is confirmed by the presence
of a great number of encrusted forms (tarnish, bloom,
pseudomycelium, patches, streaks) and CaCO, emis-
sions on the inner surfaces of the soil stratum of typical
chernozem.

With surface tillage typical chernozem acquires the
specificities, remarkable for mycelial-calcreous cher-
nozem due to the increase in the biogenicity of soil
conditions and the accumulation of carbonates in situ,
as well as the restoration of their seasonal migration
by the soil profile. In spring there is annual presence
of carbonates in the humus bedrock which gradually
brings chernozem closer to surface-coagulated soil. It
should be deemed as the process of regradation of de-
graded typical chernozem, which is a determining fea-
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ture of the soil formation in the agroecosystems of the
Left-bank Forest-Steppe of Ukraine.

There is observed close correlation between the con-
tent of carbonates, the structure density and the humus
content in the chernozem stratum of the Forest-Steppe
and Steppe zone: a direct correlative connection (R =
(+0.58 ... =0.67) = 0.05) between the structure density
of the stratum, accumulating stable forms of carbona-
tes, (HPc and Ph ) and the content (%) of carbonates; a
reverse relation (R = (—0.58 ... —0.69) + 0.04) between
the content of humus (%) and the content of carbonates,
and the connection between the humus content (%) and
the structure density was found on the level of strong
reverse correlation (R = (-0.65 ... —0.70) = 0.04). The
activation of carbonate eluvium in the chernozem stra-
tum with soil-protecting soil preparation promotes the
mellowing of the soil stratum of the accumulation of
stable forms of carbonates: the structure and water re-
sistance capacity of the soil structure of genetic bedrock
are improved, and, as a result, the structure density de-
creases and the water permeability of deeper bedrocks
of the soil profile of chernozem improves.

The enhancement of soil hydromorphism in the
chernozem stratum does not change to the level, re-
markable for leached chernozem, the physical and
chemical conditions of chernozem restoration corres-
pond to the indices of modern soil formation with
fallows, and the curves of profile re-distribution of
humus and carbonates do not have any leakage cha-
racter, which testifies to the absence of leaching pro-
cesses. With soil-protecting technologies the cherno-
zem in the Forest-Steppe acquire some properties of
mycelial-calcreous chernozem due to the enhance-
ment of hydromorphism, biogenicity of soil condi-
tions and the tendency to accumulate carbonates in
situ. In spring there is the migration of carbonates into
the humus bedrock which gradually brings chernozem
closer to surface-coagulated soil. There is regradation
of degraded chernozem or, more precisely, the natural
process of soil-formation for chernozem in the agro-
ecosystems is enhanced. With the increase in the hyd-
romorphism of the soil conditions due to systematic
minimal tillage the carbonates are drawn to the hu-
mus bedrock instead of being washed out beyond its
boundaries, like it happens during leaching processes,
which is regulated by the depth of annual wetting of
the soil stratum in spring and enhanced humification
of the organic matter.

The condition, required for the yield increase of
cultivated crops, is the intensification of growth pro-
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cesses on the background of a reduction in the ave-
rage indices of photosynthesis. The latter tendency,
observed in the fields, is conditioned by the fact that
the main optimizing factors of crop performance in
the agroecosystems, such as moisture regime, mineral
nutrition (especially improved nitrogen nutrition) and
the ways of their change (intensive soil preparation)
are the strongest activators of growth processes dur-
ing the build-up of the total biomass of plants in the
vegetative phase of development, conditioning the
“mesophitisation” phenomenon in plants, which is
related to the loss of xeromorphosis features by the
leaves of plants. The leaves increase in their size, but
become thin, forming leaf tissues with large cells and
a smaller number of breathing cells per a surface unit
with smaller venation pattern and photosynthesis in-
tensity [5, 6].

The optimal photosynthetic apparatus is formed
during 1.5-2 months from the emergence of seed-
lings of cultivated crops. It should provide both the
biomass growth and yield formation, and its own
intensity level with organic substances and energy.
In addition to the abovementioned, photosynthesis
should condition balanced growth of plants in gene-
ral and compensate the input of materials and en-
ergy for breathing. In different conditions there is a
deviation from the norm both towards the deterio-
ration of soil and climate indices of photosynthetic
activity manifestation and towards their excessive
improvement. In the latter case the excessively de-
veloped leaf mass is capable of providing neither for
its own needs nor for the needs of the whole plant
organism, which leads to its premature aging and dy-

ing. Here the content of free metabolites decreases,
due to which there is a lesser share of reproductive
and storing organs in the total biomass of cultivated
crops of the agroecosystem [8].

The ratio of indices of values and quality of the yield
is in contradiction on the background of high provi-
sions. This phenomenon is observed in conditions
of systematic ploughing of chernozem of the Forest-
Steppe of Ukraine. The systematic application of soil-
protecting technologies in the agroecosystem corrects
the abovementioned imbalance in the development of
plants. The cultivated crops have a vital property which
allows them to play the role of a biogeochemical factor
in the agroecosystem. This is the capability to form a
complicated producing photosynthetic system, adjust-
ed to more complete use of the flows of energy and
nutrition substrates on large fields of agrolandscapes.
In conditions of soil-protecting agriculture, based on
surface tillage, this determining role of cultivated crops
increases — they become active soil-organizers in the
agroecosystems.

Using by-products as organic fertilizers and zero til-
lage, carbon circulation in the agroecosystems of crop
rotations strives to acquire natural organization that
leads to the increase in the reserves of terrestrial carbon
which is conditioned by increased CO, emission from
the mineralization of by-product excess into the atmo-
sphere. In its turn, it triggers performance enhancement
of agroecosystems due to increased accumulation of
CO, by the agroecosystem crops. In these conditions
the impact of a CO,-factor is increased in the agroeco-
systems of crop rotations, which acquire the properties
of drainage systems [30].

Table 8. The impact of the way of soil preparation, the kind of organic fertilizers on the intensity of the balance of nitrogen
and carbon in the agroecosystems of five-course crop rotations in the Left-bank Forest-Steppe of Ukraine

Balance intensity, %
Index N Core Core in soil C,, (CO,)
in agroecosystems
The way of soil preparation
Deep ploughing for 22-32 cm 94/100%* 84/95 80/105 50/125
Subsurface tillage for 22-32 cm 99/103 86/88 89/115 45/115
Crop rotation
with green peas 67/110 60/62 60/115 30/111
with perennial grass 97/130 57/65 100/115 50/95

*(6 t/ha of humus)/(7 t/ha of by-products).
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The activity of the root systems of cultivated crops
is triggered due to the optimization of nitrogen-carbon
circulation in the agroecosystems of different types,
causing the increase in the reserves of terrestrial car-
bon with the intensification of a heat resource, caused
by enhanced CO, emission from the mineralization
of the by-product excess into the lowest atmospheric
layer by the density of crops and the release of mine-
ral forms of nitrogen into the soil, which increases the
performance of agroecosystems due to the “stimulat-
ing N-effect” and atmospheric CO, pick-up. In these
conditions enhanced enrichment of the aboveground
layer of crop density with carbon acid promotes the
accumulation of organic carbon in agroecosystems
i. e. the higher dependence of the performance of agro-
ecosystems is on the intensity of nitrogen assimilation
which entered the system of the agroecosystem, the
faster the emission of CO, due to the mineralization
is consumed [30-38]. According to the data of Stasik
et al., the 1.4-1.45-fold increase in CO, concentration
in the lowest atmospheric layer leads to the increase
in photosynthesis intensity by 23-25 %, and the effi-
ciency of using the solar radiation increases 1.2—1.22
times, which ensures the increase in the yield of cere-
als and soy by 15-20 % [29].

The way of chernozem preparation has more sig-
nificant impact on the intensity of the balance (I,) in
the soil than the type of agroecosystem proper. At the
same time I, increases in the soil with the use of by-
products as fertilizers. The type of the agroecosystem
has more considerable impact on I, of nitrogen when
by-pro-ducts are applied, compared to the action of the
way of chernozem preparation (Table 8). Subsurface
tillage promotes the restoration of the natural model
of nitrogen-carbon circulation in the agroecosystems,
due to which there is activation of photosynthetic ac-
tivity of cultivated crops due to the renewal of drain
mechanisms of carbon with the increase in CO, content
in the lowest atmospheric layers due to mineralization
of by-products of the introduced organic fertilizers in
the form of manure and by-products of crop cultivation
in the period of crop vegetation and the enlarged heat
resources, which enhances the soil formation of cher-
nozem towards maintaining long-term fallows. With
the systematic tillage the imbalance of nitrogen-carbon
circulation is accompanied with the increased miner-
alization of organic matter of the soil, which, in the
combination with intensive mineralization of organic
matter, ensures high yield with simultaneous intensi-
fication of degradation processes in the soil stratum of
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typical chernozem of the Left-bank Forest-Steppe of
Ukraine.

CONCLUSIONS

Due to long-term intensive agricultural applica-
tion the chernozem of the Left-bank Forest-Steppe of
Ukraine has considerably lost natural fertility which
was caused by the decrease in the level of parametric
self-regulation of humus, physical and chemical, and
biological states; agrophysical properties, gas, nutri-
tion, reduction-oxidation regime and moisture regime.
It led to the morphological degradation of chernozem
due to the steppification of genesis and deterioration of
the conditions of restoring natural fertility and realiza-
tion of potential fertility of typical chernozem via its
efficient form.

The restoration of natural differentiation of soil by
fertility starts since the moment of revolving hunks
in October—November, and in May-June of the next
year the starting stage of natural differentiation of the
arable layer by fertility is renewed: the upper third
of the humus bedrock has a higher index of biologi-
cal activity, which is several orders lower than that
for surface tillage. Growing inside the soil profile and
impoverishing the upper third of the humus bedrock
by active (physiologically active) roots, the root sys-
tem disturbs the level of chemotaxis manifestation
between the root system and soil microflora. Using
systematic ploughing, we “separate” the existing pool
of soil microorganisms and the root system to diffe-
rent sides of the arable layer, which is accompanied
with enhanced mineralization of humus in the surface
layers of chernozem and withering of the biological
activity in the lower part of the arable layer with the
concentrated main mass of roots. The natural organi-
zation of biochemical processes in typical chernozem
is disturbed.

Due to the launch of the biochemical mechanism of
humus restoration on condition of applying zero tillage
there is renewal of seasonal pulsation of humus, which
is determined by the physiological activity of crops in
the agroecosystem and of heterotrophic microfiora,
which master the set of biological, physical, physical
and chemical, agrochemical, and biochemical indices.
The wider the amplitude of the seasonal change in the
humus content is, the closer the connection is between
the genetic rhythmics of the development of agricul-
tural crops and the restoration of informative (coding)
principles of soil formation for typical chernozem in
the agroecosystems.
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In conditions of long-term surface tillage with mul-
ching the field surface with postcut and after-harvest
remains and non-marketable part of the yield as well
as optimal introduction of mineral and organic sub-
stances, there is improvement in the moisture provi-
sion of soil formation resources, which ensures the
restoration of natural fertility due to the optimization
of moisture regime of the soil stratum of chernozem
in the seasonal and annual cycles due to the increase
in the level of hydromorphism of the soil stratum of
chernozem in the summer period of vegetation of cul-
tivated crops in the agroecosystems. The potential of
moisture provision for the energy of humus-accumu-
lation of chernozem in the agroecosystems with long-
term Subsurface tillage is also improved via more ef-
ficient consumption of precipitates in both winter and
summer periods, which, along with the increase in
the hydromorphism level, enhances the physiological
acti-vity of the roots, soil microorganisms and meso-
fauna due to the prolongation of the biological activ-
ity period of typical chernozem in the agroecosystems
by 20-25 days.

The application of different soil preparation systems
revealed the connection between the depth of carbo-
nates location, their visible forms and the increase in
hydromorphism (subsurface tillage) or intensifica-
tion of xeromorphosis of soil conditions (systematic
ploughing) in summer, which in the former case pro-
motes new rich carbonate formations, changing the
tonality of the color of the humus-fertilized bedrock
(H + He) to saturated ashy white color and providing
for a high level of its structure capability and mellow-
ing, testifying to secondary accumulation of carbon-
ates in the soil profile of chernozem due to the return
of previous stages of soil formation in the agroecosys-
tems of the Left-bank Forest-Steppe under the influ-
ence of systematic surface tillage for 10-12 cm.

With the latter typical chernozem acquires the
specificities, remarkable for mycelial-calcreous
chernozem due to the increase in the biogenicity of
soil conditions and the accumulation of carbonates
in situ, as well as the restoration of their seasonal mi-
gration by the soil profile. In spring there is annual
presence of carbonates in the humus bedrock which
gradually brings chernozem closer to surface-coagu-
lated soil. The latter should be deemed as the process
of regradation of degraded typical chernozem, which
is a determining feature of the soil formation in the
agroecosystems of the Left-bank Forest-Steppe of
Ukraine.
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The systematic application of surface tillage acts as
a powerful factor of restoring the humus accumulation
processes, diagnosed by the darkening of transition bed-
rocks (pH_ and Ph,) of the soil stratum of chernozem
from the flows of humus. It occurs due to high migra-
tion capability of humic acids at the moment of their
formation in conditions of increased hydromorphism of
the soil stratum of chernozem in the seasonal and annual
cycles. The newly formed humic acids, connected to Ca,
gradually migrate through the stratum of activated car-
bonate eluvium to the soil-forming layer. In conditions
of deep aridization of the chernozem stratum in summer
and due to ploughing the newly formed humic substanc-
es dry fast and get mineralized, which decreases their
migration capability by chernozem profile.

The restoration of the natural model of soil forma-
tion in the agroecosystems is ensured by the acti-
vation of photosynthetic activity of cultivated crops
due to the renewal of drain mechanisms of carbon
with the increase in CO, content in the lowest atmo-
spheric layers due to mineralization of by-products
of the introduced organic fertilizers in the form of
manure and by-products of crop cultivation in the
period of crop vegetation due to the enlarged heat
resources. With zero tillage of chernozem and due to
optimization of nitrogen-carbon circulation there is
the stimulating “N-effect” and “CO_-factor” which is
related to the prolongation of the period of biological
activity of chernozem and activation of physiologi-
cal activity of the root systems of cultivated crops
and is a basic model of extensive fertility restoration
of typical chernozem in the Left-bank Forest-Steppe
of Ukraine.

Agricultural crops in the agroecosystems are self-
developing, auto-regulated, open systems, capable of
overcoming the forces, causing the increase in entropy
and forming highly regulated and dynamically stable
complexes of different hierarchy. We understand the
principle of Nature’s solving its informative problems
at the example of preserving and transmitting the infor-
mation about the structure and direction of the deve-
lopment of the living matter, in particular, of a plant or-
ganism, but one should agree with the fact that Nature
is capable of solving its informative tasks even more
complete in the issues of informative, coded mecha-
nism of manifesting the natural soil formation in the
agroecosystems.

High informative value of cultivated crops defines
the direction of the development of soil medium: if
their genetic information capacity is in agreement
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with the information capacity of the natural soil for-
mation of chernozem, there is a process of extensive
restoration of their fertility in the agroecosystems,
but when the process of informative or coding de-
velopment of chernozem is imposed by the agri-
culture system, deteriorating the manifestation of
self-regulation of processes and regimes, there is
a decrease in soil-restoring capability of cultivated
crops. Here the direction of development of typical
chernozem is mastered by anthropogenic energetic
expenses, which are the basis of the very agriculture
system. The main task of agriculture is to create con-
ditions for the manifestation of autocorrelation bet-
ween the information capacity of the development
of cultivated crops and chernozem, i. e. the informa-
tion capacity of the development of cultivated crops
should promote the realization of a morphogenetic
code (memory) of the chernozem development in the
agroecosystems.
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KOPEHEBHX CHCTEM CLIBCHKOTOCHONAPCHKUX KYJIBTYp IS
BIZTHOBJICHHSI TIPUPOJHHUX IIPOIECIB IPYHTOyTBOPEHHS B
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3[aTHI JIONIaTH CWIIH, SKi CHPHYHMHSIOTH 3POCTaHHS SHTPO-
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KOMILJIEKCH pi3HOi iepapxil. CBo€lo BHCOKOI iH(pOpMa-
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pHUCTaHHS K OpraHivHOTO NOOpWBa MOAPIOHEHOI MOOIYHOT
NPORYKLIT POCIMHHULTBA 3 JOCTATHHOI a30THOIO KOMIICH-
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PEHHS IPUPOIHOI MOJIeITi IPYHTOYTBOPCHHS B arpoLCHO3aX
3a0€3Meuy€eThCsl CTUMYIIAMIEI0  (i3i0M0TigHOI  aKTUBHOCTI
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nccnenoBannii (6omee 30 JeT) BBIABICHO, YTO B YCIOBHIX
MHHUMAaJBHOH 00pabOTKH 00eCIeunBaeTCs CBS3h MEKIY
(DM3HONIOTUYECKUMH PUTMaMH KU3HECSTEIBHOCTH  CEIIbCKO-
XO3SIMCTBEHHBIX KYIIBTYP, PUTMaMH PA3JIOKEHNS W CHHTE3a
rymyca, QUKcanueil yrIeKHCIOTH TeTepoTpodHON campo-
¢utHON MuKpodopoil m KapOOHAaTOOOpa30BAHMEM, BOCCTa-
HABJIMBAIOIIM TTOYBOO0OpA3oBaHUE B arporieHo3ax. Cenbeko-
XO3SICTBEHHBIE KYNIBTYypBl B arpoleHO3ax — 3TO camopas-
BUBAIOIIHNECS, CAMOYPETYIMPOBAHHBIE, OTKPBITHIE CHCTEMBI,
CIOCOOHBIE TPEOI0JIeBaTh CHIIBI, CIIOCOOCTBYIOIIHME YBEIHYe-
HHIO DHTPOIUH ¥ (OPMHUPYIOIINE BBICOKOYPETYIHPOBaHHEIE,
JMHAMUYHO CTOMKHE KOMIUIEKCHl Pa3IuYHOM HepapXuH.
CBoeil BBICOKON HMH(OPMATHBHOCTBIO U KOJHUPOBAHHOCTHIO
KYJIBTYPHBIE PACTCHUA OIPEACIIAIOT HAIPABICHHOCTL pa3BU-
THs [IOYBEHHOM Cpelibl B arpoleHo3ax. Ecnu renernyeckas
MH(OPMATHUBHOCTh Pa3BUTHUS KyJIBTYPHBIX pacTeHHH pe3o-
HHUpPYET ¢ MH(OPMATUBHOCTHIO PA3BUTHsI IMOYBEHHOW CpE/IBbI,
TO TPOUCXOJUT IMPOIECC TOYBOOOPA30BAHMUS WM IPOIIECC
pacIIMPEHHOr0 BOCIPOM3BOJCTBA IUIONOPOAMS B arpoiie-
Ho3e. BoiBoabl. OcTaBiieHNE U HCIOIB30BAHNE B KadeCTBE
OpPraHUYecKoro ynoOpeHHs: M3MENIBYeHHOH TO0O0YHOH Mpo-
JYyKUUM PACTCHUEBOACTBA C JIOCTAaTOYHOM a30THOH KOM-
MeHCaIMell MUHEpaIbHBIMH YOOPEHUSIMH, KOTOpasi 3ajie-
JIbIBa€TCSI B TIOBEPXHOCTHBIM CJION yepHO3eMa mpu 0e3-
OTBAJILHOM DBIXJICHHH, MOJCIUPYIOT IMPUPOIHBIA Xapak-
TEp a30THO-YIJIEPOAHOTO OOMEHa B arpoleH03ax pas3ind-
HOro THIA. BoccTaHoBieHHe NPUPOAHONW MOJIEIH IOYBO-
00pa3oBaHMs B arporeHo3ax oOecredrBaeTcsl CTUMYIISIIHEH
(PM3HOIOTMYECKO aKTUBHOCTH CEJBCKOXO3SHCTBEHHBIX KyJlb-
TYp B arpoleHO3ax 3a CYeT 3allyCKa CTOKOBHX MEXaHH3MOB
yriepoja npu Bozpactanuu cojepxanns CO, B IPU3EMHBIX
closx arMocdepsl B TEYCHHE BETETAllMU KYJIBTYp, 4YTO
JIOJDKHO CTarh 0a30BOM MOJEIBIO PACIIMPEHHOIO BOCHPOM3-
BOJICTBA IUIOAOPOANST YEPHO3EMOB THITMUHBIX B arporeHo-
3ax JleBoOepexnoii Jlecocrenn YkpanHsl.

KoaroueBble ciioBa: nouBooOpazoBanue, (Gpusnonoruueckast
aKTUBHOCTh KOpHsl, arpoueHos, pakrop CO,, ctumynupy-
roruii ekt N, kapOoHATHI.
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