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Abstract

The assessment of spatial heterogeneity of structural-aggregate composition, hardness and bulk density of soil was
carried out using statistical and geostatistical data processing methods, which included empirical Bayesian kriging and
spatial autocorrelation (Moran's index). The research was carried out on the example of arable soils of territorial objects,
located in the area of the Left Bank Forest Steppe of Ukraine. It was found that the presence of heterogeneous relief forms
within the objects, uneven distribution of precipitation, and the influence of economic activity significantly influenced the
formation of small-scale soil heterogeneity. It was proved that the content of the lumpy (> 10 mm) and dusty (< 0.25 mm)
fractions was characterized by the greatest variability, while the density and hardness indicators showed little variability.
The impact of the studied indicators on the formation of crop yields was evaluated. On the basis of the analysis of 2-D
diagrams, the peculiarities of the spatio-temporal distribution of the investigated soil parameters were evaluated and the field
delimitation into working plots for differentiating the methods and intensity of mechanical soil tillage is substantiated.
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INTRODUCTION (Medvedev (Ed), 2009). However, the author
emphasized that the spatial heterogeneity of soil
In today's conditions, with the rapid increase in in small areas is not studied, which, in turn,
the number of the population and, at the same  inhibits the development of precision agriculture.
time, the depletion of soils within the agricul- In Ukraine, certain technologies of precision
tural lands, the issue of rational and ecologically ~ agriculture are used only on 20-30% of
safe land use using the latest information cultivated areas (about 8 million hectares), and
technologies becomes extremely relevant. One domestic agricultural holdings use elements of

such technology is precision agriculture. precision agriculture on 50% of the areas - when
In the scientific literature, the term "precision  applying plant protection products and only on
agriculture" has different interpretations. = 4% of the areas - when sowing and applying

According to the official definition of  mineral fertilizers.

International Society for Precision Agriculture  Usually, in precision agriculture, the most
“Precision Agriculture is a management strategy frequently used elements of technology are the
that gathers, processes and analyzes temporal,  application of fertilizers and plant protection
spatial and individual plant and animal data and  products, which can be carried out differently,
combines it with other information to support  taking into account the heterogeneity of the field
management decisions according to estimated  and the condition of the plants (Savytskyi, 2017;
variability for improved resource use efficiency, Burliai & Okhrymenko, 2021). At the same

productivity, quality, profitability and sustaina-  time, an unresolved issue is the differentiation of
bility of agricultural production.” (Precision...,  the methods and intensity of mechanical soil
2024). tillage, which will contribute to increasing the

Academician V.V. Medvedev called "precision  efficiency of the implementation of accurate
agriculture" one of the most technologically  spatially differentiated agricultural technolo-
developed areas of modern agriculture, which  gies, depending on the heterogeneity of the main
takes into account geospatial information onsoil ~ agrophysical properties of arable soils.

properties and plant condition for differentiated A large number of scientific works by both
tillage, fertilization, pesticide application, etc. = Ukrainian and foreign scientists are devoted to
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the issue of the heterogeneity of soil properties
(Medvedev, 2010a; Zukov & Zadorojhnaya,
2016; Beuschel et al., 2019; Yakovenko et al.,
2019; Sirant & Makovnikova, 2021; Myslyva et
al., 2023; Plisko & Byndych, 2020; Bertici et al.,
2022). The heterogeneity of the agrophysical
properties of the soil both in spatial and temporal
scales significantly affects the productivity and
fertility of the soil, the quantity and quality of
agricultural products (Techen et al., 2020; Yao
etal., 2014).

The spatial heterogeneity of the agrophysical
properties of soils is also facilitated by the relief,
which is relatively strongly related to the content
of organic carbon (Poffenbarger et al, 2020). In
turn, the content of soil organic matter affects
soil aggregation, which leads to changes in the
water-holding capacity and structural state of the
soil. Therefore, it is important to assess the
influence of the relief on the variability of the
soil and the agrophysical properties of the soil,
which determine the conditions for the growth
and development of agricultural crops.

Various approaches and methods are found in
the scientific literature for the general and
quantitative  assessment of the spatial
heterogeneity of the soil in the field. Chen S. and
Metwally M. et al. propose the division of a field
into subfields according to soil classes/zones
with different physical and chemical properties
based on contrasting yield responses (Chen et
al., 2020; Metwally et al., 2019). Calina J. and
Popescu C. (Calina et al., 2021; Popescu et al.,
2020) have developed a very precise and fast
method for determining the size and shape of
land areas with heterogienety of properties. The
method involves the use of terrestrial or 3D
scanning that provides accurate and complete
data about the scanned objects, allowing the
visualization of real field conditions. Also, from
the database obtained, thematic maps can be
created that can be used in other works on
agricultural farms, in order to practice a modern
agriculture such as precision agriculture.

In general, various geostatistical methods are
used to assess the spatial heterogeneity of soils
(Castrignano et al., 2018). In particular, spatial
correlation methods are used to predict soil
properties at points or locations where samples
have not been taken with sufficiently high
accuracy, thereby reducing the impact on the
environment (Nawar et al., 2017). In general,

165

geostatistical evaluation can prove the existence
of heterogeneity, establish its extent and deter-
mine the expediency of implementing elements
of precision agriculture, i.e., find the most
informative areas of agricultural land (a separate
field or land plot) with spatial heterogeneity of
soil properties for the local implementation of
differentiated agricultural measures.

In connection with the above-mentioned, the
aim of the research was to evaluate the
peculiarities of the spatial distribution of the
main agrophysical properties of arable soils
(within a separate territorial object) using
statistical and geostatistical methods of analysis,
to reveal the influence of the heterogeneity of
the studied soil indicators on the yield of
agricultural crops, and to substantiate the
implementation of measures with precision
tillage.

MATERIALS AND METHODS

The research was conducted during 2020-2021.
The object of research (part of the field) with an
area of 21 hectares is located outside the
settlement of Buda, South City Territorial
Community of Kharkiv District, Kharkiv
Region, in the Left Bank Forest-Steppe zone of
Ukraine. The soil cover is represented by gray
and light-gray podzolized soils of heavy loamy
and light clay granulometric composition on
loess rocks and their weakly and moderately
eroded analogues.

Figure 1 shows relief isolines according to
topographic map data and a regular grid with
soil sampling points within the object.

Figure 1. Map scheme of relief isolines according to
topographic map data and a regular grid with soil
sampling points within the object (based on Google-map)



The relief of the field is an undulating plain,
there are height differences from 140 to 160 m,
the slope of the surface varies from 2 to
6 degrees. The cultivated crops are winter wheat
(2020) and sunflower (2021).

To determine the heterogeneity of the
agrophysical properties of the soil, the method
of sampling according to a regular grid with
georeferencing of points at the rate of 1 point per
1 ha was used.

In the field conditions, the hardness of the soil in
layers 0-10 cm, 10-20 cm, and 20-30 cm was
determined with a Revyakin hardness tester
(DSTU  5096:2008). The structural and
aggregate composition was determined by the
sieve method in the modification of
N.I. Savvinov (DSTU 4744:2007) with the
definition of the main fractions of structural
aggregates: lumpy (size > 10 mm),
agronomically valuable (10-0.25 mm) and dusty
fractions (< 0.25 mm).

The density of the structure of arable soils of the
research object was determined by the
pedotransfer modeling method developed in the
Soil Geoecophysics Laboratory of the NSC
ISSAR with the quadratic model (Patent 123878
UA, 2018):

7 = 1,6929-0,0103x-0,0645y+0,0001x*-
0,0001xy+0,0006)?,

Where:

Z - soil bulk density, g/cm?;

x - physical clay content (particle size <
0.01 mm), %;

vy - humus content, %.

The productivity of cultivated crops was
assessed by grain (winter wheat) and seed
(sunflower) yields. Harvesting was carried out
in the phase of full crop maturity by the meter
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method (on an area of 1m? in a radius of 1m from
each point), which was then calculated in
hundreds kg/ha.

Mathematical-statistical methods were used to
establish the reliability of the obtained data and
the relationships between productivity and the
studied agrophysical parameters of the soil,
which were implemented with the help of Excel
and Statistica 10. The geostatistical method was
used to evaluate the spatial analysis of the data.
This analysis was carried out using the ArcGIS
10.4.1 program, which made it possible to single
out the most informative sections of the field for
local improvement of their parameters using
such a measure of precision agriculture as
differential tillage.

RESULTS AND DISCUSSIONS

Assessment of the heterogeneity of indicators
of the structural and aggregate composition
of soils. The spatial distribution of indicators of
the structural-aggregate composition (Figure 2)
shows that the majority of the studied soils in
2020 were characterized by favorable indicators
of the structural-aggregate composition: 61.9%
of the total area of the territory was
characterized as good, 33.3% - sufficient, 4.8%
- excellent structural condition. According to the
results of 2021, it was established that almost
half of the area of the object was characterized
by a good structure, the other half by a sufficient
structure, that is, there was a decrease in the
lumpy and an increase in the dusty fractions of
the soil.

The obtained statistical indicators confirmed
that the content of the lumpy and dusty fractions
was characterized by the greatest heterogeneity,
the values of the correlation coefficients (Kv)
for which were 0.33 and 0.55, respectively.



2020 year

Content of
‘macroaggregate fraction
(size > 10 mm),%
150205
206259
[E26,0-31,4
[ 31,5369
370424
)
15,0534

® Selection points

Content of

macroaggregate
(size 10-0,25 mm),%
] 4496
[ 497549
[ 55,0-60,1
B 60.2-65,3
B 65,4706
. 70,7-758
. 759811
® Selection points

‘Content of
‘macroaggregate fraction
(size <025 mm),%
1724
2531
= 3238

3945
[P+

2021 year

Content of
‘macroaggregate fraction
(size >10 mm),%
(112171638
7116302058

[ 20.59-24.79

= 2899

[ 29,00-33,20

33213741
1 37,42-41,61
« Selection points

‘Content of

ma te fraction
(size 10-0,25 mm),%
[154,53-58,35
[]58,36-62,17

0 62.18-6599

5 66,00-69,81

I 69,52-73,68

I 73,64.77.45

1 77.46-81.27

« Selection points

Content of
‘macroaggregate fraction
(size <025 mm),%
241432
433623

0 624804

B 3151005

1 10,6-11,9
11971387
. 133515,79

© Selection points.

¢) content of macroaggregate fraction (size < 0.25 mm), %

Figure 2. 2-D diagrams of the spatial distribution of the structural and aggregate composition of soils

Assessment of heterogeneity of soil hardness.
Indicators of soil hardness during the research
period ranged from 8.8 kg/cm?® to 14.3 kg/cm?
(Figure 3). The standard deviation of the sample
for a depth of 0-10 cm was 0.63 kgf/cm?, for a
depth of 10-20 cm - 0.65 kgf/cm?, for a depth of
20-30 cm - 0.78 kgf/cm?. Despite the fact that
the hardness of the studied soils of the site was
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no more than 14.3 kgf/cm?, it is important to
emphasize that for successful seed germination
and the development of first-order roots, it is
recommended that the hardness does not exceed
10 kgf/cm?, and for small-seeded crops (such as
sugar beet) - even 5-7 kgf/cm?. (Medvedev,
2009; Medvedev, 2010b).
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Figure 3. 2-D diagrams of the spatial distribution of soil hardness within the territorial object of the study

Evaluation of the heterogeneity of the density
of the soil structure. The obtained data indicate
the variability of the structure density within the
study object (Figure 4). The range of changes in
the indicator was from 1.20 g/cm® to 1.45 g/cm?,
which potentially substantiates the feasibility of

differentiating agricultural measures from soil
cultivation in those parts of the field where the
permissible parameters of structure density were
exceeded (> 1.3 g/cm?). This trend was observed
during two years of research.

.
s Soil bulk density, g/em
2,7
1,281,32
133136
1374
4245

* Selection points

s

Soil bulk density, g/em3
[11,20-1,28

[ 1,26-1.30

[ 1,3-1,35

I 1,36-1,40

I 1,40-1,45

® Selection points

a) 2020 year

b) 2021 year

Figure 4. 2-D diagrams of the spatial distribution of the soil bulk density
in the 0-30 cm layer within the territorial object

A geostatistical analysis was carried out on the
example of the density of the soil structure. We
used a geostatistical method, in particular spatial
autocorrelation (Moran's Index). Moran's Index
(MI) indicates the spatial dependence of a
variable and is a correlation coefficient between
the value of a feature at a given point in space
and the average value of this feature in its
immediate surroundings (Webster, 2023;
Moran, 1950). According to the results of the
autocorrelation analysis (Figure 5), it was
established that the variation of the density of

the soil structure of the studied object has a
regular character, the MI was 0.48 and 0.45,
respectively, in 2020 and 2021 with a significant
Z-score (2.17 in 2020 and 2.05 in 2021) and
insignificant p-value (0.029 in 2020 and 0.039
in 2021). That is, the probability is less than 5%
that the analyzed attributes of the spatial object
may be the result of a random distribution: the
heterogeneity of the density of the soil structure
within the object is not random. A positive MI
value indicates clustering tendencies.
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Figure 5. Spatial Autocorrelation Report based on Moran’s index

Assessment of crop yield heterogeneity. Within
the boundaries of the territorial object, the
variety of yield data was noted (Figure 6).

The yield of winter wheat in 2020 ranged from
29.6 t/ha to 50.6 t/ha. Comparing the maps of
yield distribution (Figure 6a) and physical
properties, we came to the conclusion that the
productivity of wheat increased with a decrease
in the density of the structure (Figure 4), as well
as a decrease in the content of lumpy fractions
(Figure 2a), but an increase in fractions of
agronomically valuable size (Figure 2b). The
same trend was observed in 2021 (Figure 6b),

where the cultivated crop was sunflower. In
general, the yield of sunflower was quite high
and ranged from 46.5 t/ha to 80.5 t/ha. The
highest yields of both crops were obtained on
gray podzolized soils, slightly lower - on their
washed varieties and light gray podzolized soils.
The decrease in productivity is explained by the
fact that the podzolized soils are located on
slopes of different steepness, in connection with
this the loss of part of the moisture with surface
runoff and the development of erosion processes
is observed.

a) winter wheat

b) sunflower

Figure 6. Cartogram of crop yield distribution
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Correlation analysis was used to assess the
dependence of crop yield separately on each of
the studied agrophysical soil parameters. The
yield of winter wheat showed an average
correlation with the content of aggregates
>10mm (r = 0.53) and the content of
agronomically valuable aggregates (r = 0.59);
moderate correlation was observed with
hardness in the 0-10 cm layer (r = 0.36). The
correlation with other investigated indicators
was weak. Similar results were obtained for
sunflower: an average correlation was
established between sunflower productivity and
the content of agronomically valuable
aggregates (r = 0.52) and a moderate correlation
with the content of structural aggregates
> 10 mm (r = 0.47). The rest of the indicators
were weakly correlated with crop productivity.
The significance of the relationships between
individual investigated indicators was noted, in
particular, an inverse correlation was obtained
between the content of lumps and the content of
agronomically valuable aggregates (r = -0.99),
hardness in the 0-10 cm and 10- 20 cm layers
(r = -0.82) and a positive correlation between
hardness in the 10-20 cm and 20-30 cm layers (r
=0.81).

Rationale of the implementation of precision
soil cultivation measures. The assessment of the
heterogeneity of agrophysical soil indicators and
productivity made it possible to divide the area
of the research object into separate parts (Figure
7) for the differentiated management of
agrotechnological operations, in particular, the
application of measures of precise soil
cultivation, which involves soil cultivation of
different intensities and depths, aimed at
leveling fertility within a specific area.
Characterizing the spatial distribution of the
content of lumps, we came to the conclusion that
within the scope of the study, 19.7 hectares need
additional surface treatment, which is about
90 % of the total area of the field (Figure 7a).
Such an operation will ensure a reduction in the
content of blocks exactly on the part of the field
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that needs it. Exceeding the upper limit of the
permissible values of the density of the soil
structure in the 0-30 cm layer during the
cultivation of grain crops was noted on an area
of 10.8 hectares (49.6% of the total field area),
which substantiates the need for additional
surface tillage (Figure 7b). According to some
research (Vizitiu & Calciu, 2022) in order to
mitigate the subsoil compaction, the best
solution with positive effects on soil quality is to
use a combination of the two tillage treatments,
namely the application of the mould board
ploughing annually and of the subsoiling
periodically at 3-4 years. In this way is
prevented the formation of the hard pan layer at
the base of tillage depth.

A significant area of the studied soils is
characterized by loose hardness, especially in
the upper 0-10 cm layer - from 8.8 to
10.8 kgf/cm?, which is not an obstacle for the
germination of seeds of most agricultural crops.
In turn, in the 20-30 cm layer, an increase in
hardness values was established to 14.3 kgf/cm?,
where the plow sole is located. In this regard,
these areas within the object require a
continuous reduction of hardness in the seed and
arable (this is mandatory) layers. In advance, it
is possible to assert the expediency of deeper
loosening without turning over the formation
(for example, with the help of a chisel or a rotary
loosener), while the depth of chiseling must be
differentiated. If we rely on the measurement of
the density of the structure, then the best
chiselling depth is at least 30 cm and it is
desirable to carry it out on the entire area of
over-compacted areas within the field. But we
tend to give preference to determining the
hardness of the soil as a more correct indicator
for choosing one or another tillage and,
therefore, in order to reduce the cost of the
technological  operation, we recommend
chiseling only to a depth of 20-22 cm. These are
relatively small parts of the field (about
3.5 hectares, which is 16 % of the total area of
the field), which is also shown in Figure 7 c.
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Figure 7. Recommendations for precise tillage within the limits of the experimental field
(a - by the content of macroaggregate fraction > 10 mm; b - by soil bulk density in the 0-30 cm layer;
¢ - by soil hardness in the 20-30 cm) layer)

CONCLUSIONS

According to the results of the determination of
agrophysical indicators within the territorial
object of the Left Bank Forest Steppe of
Ukraine, it was established that the arable (0-
30cm) layer of the studied soils was
characterized by the following indicators: the
content of the lumpy fraction was from 14.97%
to 53.40%, the content of aggregates of
agronomically valuable size ranged from
44.37% to 81.07%, the content of the dusty
fraction - from 1.73% to 6.60%. The hardness of
the soil varied from 8.8 kgf/cm? to 14.3 kgf/cm?
depending on the depth of determination, while
its highest values were recorded at the depth of
the location of the plow sole (in a layer of 20-30
cm). The density of the soil structure varied from
1.23 g/em® to 1.45 g/em?.

Mathematically, the greatest variability of the
content of the lumpy fraction (Kv = 0.33) and
the content of the dusty fraction (Kv = 0.42) with
insignificant variability of density and hardness
was proved. Autocorrelation analysis based on
the Moran's Index confirmed the fact that the
heterogeneity of the density of the soil structure
within the site is not random - MI was 0.48
(2020) and 0.45 (2021)).

Correlation analysis was used to assess the
dependence of crop yield separately on each of
the studied agrophysical soil parameters.

The dimensions of individual working areas are
substantiated for the introduction of precise
tillage, which provides for the possibility of
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local, and not continuous (as was the case with
conventional technologies) correction of
inhomogeneities. It was determined that within
the boundaries of the territorial object, in the
presence of an excessive content of lumps in the
arable layer of the soil, 19.7 hectares, which is
about 90 % of the total area of the field, need
additional surface treatment. Exceeding the
upper limit of the permissible values of the
density of the soil structure in the 0-30 cm layer
was noted on an area of 10.8 ha, which
substantiates the expediency of chiselling to a
depth of at least 20-22 cm.
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