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Abstract

More complete realization of the wheat genetic potential will ensure increasing its yield
and quality in the conditions of the Republic of Kazakhstan. Innovative agrotechnological approach-
es, including a precision farming system (PFS) allow the problem to be addressed. Given the large
area of Kazakhstan, the incorporation of precision farming systems needs assessment of the state of
its vast territories using the Earth remote sensing (ERS) technology. In this paper, for the first time
in the conditions of Northern Kazakhstan, the methods of precision management of spring wheat
productivity were implemented. The aim of the work was to assess the prospects for precision farm-
ing in the conditions of Northern Kazakhstan and to develop an algorithm not only for passive mon-
itoring of the state of crops, but also for active management of the spring wheat yield using ERS.
The field trials were performed on dark chestnut soils in the seasons of 2019-2020 (a special preci-
sion farming landfill, Baraev Production Center of Grain Farming) with highly productive spring
wheat (Triticum vulgare L.) varieties of local selection, the Shortandinskaya 95 and Astana. At the
first stage, the main agrochemical indicators of the test sites were characterized using a ground-based
mobile complex. Soil fertility parameters were assessed using survey grids with 1, 5, and 25 ha plot
grids. The data were used to identify intra-field heterogeneity and calculate fertilizer doses for differ-
entiated application. The second stage involved crop assessment using images from the Sentinel-2
group satellites and photographs form unmanned aerial vehicles (UAV). Plant development during
ontogenesis was characterized by normalized difference vegetation index (NDVI), and the yields
were finally evaluated using electronic yield maps. At the third stage, the data were processed using
the Stat and Microsoft Excel 2010 software package and AGROS-1 software (version 2.09-
2.11/1993-2009). The main fertilizers were used at sowing and surface applied. Non-root feeding was
also performed. Polymer fertilizers Vitanoll-NP (1 1/ha) and Vitanoll-micro (1 1/ha) (Agromarket-24
LLC, Russia), a complex chelated fertilizer CHF (2 1/ha) (Agrophysical Research Institute, Russia),
and a humic fertilizer Stimullife (0.3 1/ha) (Agrofizprodukt LLC, Russia) were used. It was found
that only one agrochemical inhomogeneity of the field was partially leveled by the PFS-based
differentiated introduction of fertilizers. Soil fertility, landscape profile and hydrological parame-
ters (soil moisture availability) are shown to dominantly affect the spring wheat yield in the arid
conditions of Kazakhstan. The changes in the agricultural landscape conditions due to the slope of
the terrain, allows us to trace watercourses that characterize the productive moisture availability in
a particular part of the field. On the basis of remote sensing data and coupled ground measure-
ments used to precisely assess and record soil, landscape and soil moisture conditions, an algo-
rithm has been developed to manage the yield formation process in plants. It is shown that the
more precise the data analysis, the higher the effect of crop yield management. An increase in
yield was approximately 10 % for a 5-ha plot grid and 2 times more for a 1-ha plot grid. The cor-
relation revealed between the wheat yield and NDVI is strong and uneven as depends on the spa-
tial direction, that is, the r values are 0.64-0.99 along the slope transect and 0.62-0.98 broadwise
the field. A significant increase in yield was obtained both due to the differentiated application of



mineral fertilizers, by 9.5 % for the 5-ha grid and by 19.2 % the 1-ha grid, and due to timely non-
root fertilizing, by 15-22.3 %. In general, our findings indicate the PFS prospects in the manage-
ment of spring wheat productivity under the conditions of Northern Kazakhstan.

Keywords: spring wheat, Northern Kazakhstan, precision agriculture, remote sensing data,
agro landscape, soil fertility, soil moisture

The Republic of Kazakhstan is one of the world's leading exporters of
high-quality wheat. At the same time, the yield of soft wheat in Kazakhstan av-
erages only 10-15 c/ha, which is due not only to natural and climatic factors but
also to the imperfection of agricultural technologies. Increasing the yield and
quality of wheat can be achieved by realizing its breeding potential [1, 2], which,
among other things, provides resistance to pathogens [3]. It has been previously
shown that, along with selection achievements, innovative agro-technological
approaches, including the precision farming system (PFS), are of decisive im-
portance [4, 5]. However, PES technologies successfully implemented in the
Russian Federation [4] and other countries [6, 7] require adaptation to the con-
ditions of Northern Kazakhstan. Simple copying or replication of the PFS previ-
ously used in humid climates is unacceptable when it comes to the specific con-
ditions of arid climates.

The introduction of precision farming in the conditions of Kazakhstan
began relatively recently. Since 2018, LLP Baraev Production Center of Grain
Farming has been developing a specialized program “Transfer and adaptation of
technologies for precision farming in the production of crop products based on
the principle of demonstration farms (landfills) in the Akmola Region”. Scien-
tific research is focused on a specialized precision farming landfill with an area
of 3000 hectares, where precision experiments have been carried out since 2019.
One of the first elements of the introduction of precision farming in Kazakhstan
(taking into account its length) is the assessment of the state of the cultivation
zones of agricultural plants using modern technologies of Earth remote sensing
(ERS) [8, 9]. On the basis of ERS, numerous tasks are currently being solved,
including the predictive and actual assessment of the state and yield of spring
crops in large areas [10, 11], which implies the assessment of the areas of not
only cultivated plants but also the proportion of native species [12, 13].

To identify the ERS, it is required to be bound to the terrain conditions,
as well as have a connection in time and space with ground-based studies, car-
ried out taking into account the heterogeneity of the state of the soil cover,
which can be realized only in precision studies. In addition, ERS provides typi-
cal monitoring observations aimed at assessing, analyzing, and only to some ex-
tent predicting the state of soils and plants [4, 14].

In this work, for the first time in the conditions of Northern Kazakhstan,
methods of precision control of the productivity of spring wheat were imple-
mented. It was shown that with a more detailed analysis of the data (the degree
of precision on a grid of 1, 5, and 25 hectares), the resulting yield increased,
which is associated with a more accurate differentiated use of fertilizers. It was
revealed that in the arid conditions of Kazakhstan, soil-landscape-hydrological
factors associated with the reserve and distribution of soil moisture were more
important. Using ERS and the normalized difference vegetation index (NDVI),
a close correlation was established between the remote sensing data and the yield
map. In addition, the NDVI, determined using unmanned aerial vehicles, dif-
fered in information content and efficiency from satellite images. At the preci-
sion farming landfill, using ground and coupled ERS observations, it was possi-
ble to quickly identify zones of depression in plant development in the heteroge-
neous space of the field, which made it possible to timely carry out the necessary



correction of plant growth and development using foliar dressing.

The aim of the work is to assess the prospects for using the PFS in the
conditions of Northern Kazakhstan and, on this basis, to propose an algorithm
for the transition from passive monitoring measures to active control precision
methods of increasing the productivity of spring wheat.

Materials and methods. The studies were carried out on dark chestnut
soils typical for Northern Kazakhstan and southern carbonate chernozems in the
conditions of the growing seasons of 2019-2020 (a specialized experimental land-
fill of precision farming (LLP Baraev Production Center of Grain Farming). The
main objects were highly productive varieties of spring wheat (7Triticum vulgare
L.) of local selection. The variety Shortandinskaya 95 (improved), a subvariety of
Lutescens, was bred by the method of stepwise hybridization by means of mass
selection from the hybrid population [(Pirotrix 28 X Justin) X Tselinnaya 21] X
(Tselinnaya 60 X Lutescens 57/76). The variety is of a medium late type, the
vegetation period is 95-100 days. The variety Astana, a subvariety of Lutescens,
was bred by hybridization (line Lutescens 1-2959 X Tselinnaya 90), medium-
early ripening type, vegetation period 80-84 days.

The growth and development of plants were assessed both with the help
of traditional ground-based observations and with the data of remote sensing of
the Earth coupled with them.

Previously, at the precision farming landfill, the parameters of soil fertili-
ty were determined by means of a detailed agrochemical survey according to the
generally accepted method, and in some variants — according to a 1-, 5- and
25-hectare grid. A precision farming technology with variable rationing of fertili-
zation was used for the fields with a grid of 1 and 5 hectares, and the traditional
technology for the fields with a grid of 25 hectares. Soil samples were taken with
an automatic Wintex 3000 drill (Wintex Agro, Denmark) using a mobile complex
with GPS referencing along a diagonal route for each cell of soil sampling. The
data obtained were used to identify intra-field heterogeneity and calculate the dos-
es of fertilizers for their differentiated application.

The state of plants was assessed using satellite images using the NDVI [8,
9]. Based on a detailed study of various vegetation indices, the most informative
indicators with a spatial resolution of 30 m were previously identified [15]. Mon-
itoring by satellites of the Sentinel-2 group was carried out using the LandViewer
service (https://eos.com), which allows processing and analyzing images in real
time. The authors also took into account the data of unmanned aerial vehicles
(UAVs) [16] Geoscan 201 Agro (Geostoroiizyskaniya LLC, Russia) equipped
with two cameras — an RGB camera and a modified infrared camera. The data
from the first was used to create an orthomosaic, elevation maps, 3D models,
and from the second, for NDVI maps.

Field coordinates on a 1-ha grid are 51°33'5.8”"N (latitude), 71°02'30.7"E
(longitude); on a 5-hectare grid 51°33'17.4"N, 71°02'08.7"E; on a 25-hectare
grid 51°33'14.2"N, 71°03'25.1"E. For cluster sectors (along the field slope) at
constant longitude 71°02'30.7"E, coordinates for sector 1 are 51°33'15.8”"N, for
sector 2 51°33'54.7"N, for sector 3 51°32'43.7"N. Spring wheat cv. Shortandin-
skaya 95 was cultivated in the 1- and 5-hectare fields with differentiated fertiliza-
tion, wheat cv. Astana according to a standard technology. All fields were locat-
ed within the same soil variety on dark chestnut soils.

The control techniques of precision farming were implemented through
the differentiated application of basic fertilizers in two ways, i.e., with pre-
sowing fertilization in the rows simultaneously with sowing seeds using the Bour-
gault complex (Bourgault Industries Ltd., Canada) and by the surface method
using the Amazone ZA-M solid bulk fertilizer spreader (AMAZONEN-WERKE



H. Dreyer GmbH & Co. KG, Germany). Both of these complexes were
equipped with control on-board electronics and GPS receivers, which made it
possible to control fertilization with a specfied accuracy.

Corrective control of the bioproduction process was carried out by foliar
feeding. Top dressing was carried out with a solution at the rate of 50-100 1 of
tank mixture per 1 ha using equipment for applying liquid fertilizers (self-
propelled sprayer John Deere m 4030, John Deere, USA). In the experiments,
the research team used polymer fertilizers Vitanoll-NP (1 1/ha) and Vitanoll-
micro (1 1/ha) (Agromarket-24 LLC, Russia) [25], complex chelated fertilizer
CCF (2 1/ha) (FSBSI Agrophysical Research Institute, Russia) and humic ferti-
lizer Stimulife (0.3 1/ha) (Agrofizprodukt LLC, Russia) [26]. Operational correc-
tion of productivity was carried out at the critical phases of ontogenesis which
were assessed using ERS.

Statistical analysis was performed using the Stat and Microsoft Excel
2010 standard software packages and the AGROS-1 software (version 2.09-
2.11/1993-2009). The reliability of the results of field experiments based on the
analysis of variance, correlation and variation analysis was determined according
to the method of the field experiment [17]. ERS data were assessed based on
cluster analysis [18, 19] and time series analysis [20, 21], as well as NDVI dy-
namics for the growing season for each field [22-24]. Curves of NDVI dynamics
by analysis time were smoothed in the dispersion mode. The data were presented
graphically [21]. The software for precision farming FieldRoverll (Site-Specific
Technology Development Group, Inc., USA) and SMS Advanced (Ag Leader
Technology, Inc., USA), as well as own developments of Agro-Network Tech-
nologies (Kazakhstan) and API GIS (Russia), were used.

Results. A distinctive feature of the conducted studies is their precision
nature, which for the first time made it possible to move from the assessment of
the observed phenomena to the operational use of crop correction means.

The use of ERS in Kazakhstan is far from new. Earlier, the National
Center for Space Research and Technologies introduced the AgroGIS infor-
mation and analytical system, adapted to solve the problems of space monitoring
of grain production in Kazakhstan [27]. Based on data from EOS MODIS
(Moderate Resolution Imaging Spectroradiometer), Terekhov presented empiri-
cal relationships between productivity and various spectral characteristics of
fields for non-cereal [28] and grain crops [29] over a number of seasons. Results
have been obtained that confirm the close relationship between the vegetation
indices and the yield of cultivated crops [27-29]. However, these and other
monitoring studies in the conditions of Kazakhstan were carried out over large
territories, therefore, they were rather statistically generalizing and predictive in
nature and did not detail the data for each field separately in terms of their mo-
saicity in fertility and agricultural landscape features. At the same time, the in-
tra-field diversity (heterogeneity) of each field has not yet been taken into ac-
count, which can be realized only with the help of precision farming technology.

Methods based mainly on geostatistics have been developed to identify
intra-field heterogeneity; however, there are not many approaches for decoding
ERS in an inhomogeneous field space. Based on many years of research by the
Agrophysical Research Institute (API) on the introduction of precision farming
technology, the authors have developed an algorithm for the transition from typ-
ical monitoring studies to new management techniques for wheat cultivation in
the unfavorable arid conditions of Kazakhstan. So, to identify the boundaries of
intra-field inhomogeneity, a new precision approach was proposed based on the
conjugate processing of remote sensing and ground-based precision information



[4, 15], which was first implemented in the conditions of Northern Kazakhstan [30].

At the precision farming landfill, a detailed assessment of the heteroge-
neity of the state of the soil cover was carried out according to the main agro-
chemical indicators. A network of 159 elementary plots with an area of 1 hectare
was formed, as well as a network of landfills of 5 and 25 hectares. According to
the main agrochemical characteristics, the comparative heterogeneity of the
massifs was revealed. So, in a 1-ha grid with an average N-NO3 content of
15.2 mg/kg, the coefficient of variation (Cv) was 65%, for P20s (27.2 mg/kg)
27%, and for K20 (733 mg/kg) 21%. An increase in the size of an elementary
plot in determining the most variable indicator (the content of nitrate nitrogen
in the soil) led to a decrease in the coefficient of variation. And with a decrease
in the size of the elementary section, the inhomogeneity index for mobile phos-
phorus decreased.
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Fig. 1. Integration of terrestrial (yield maps of spring wheat 7Triticum vulgare L.) (A) and satellite
remote sensing data (normalized vegetation index, NDVI) (B) with differentiation by assessment grids
of 5, 1, and 25 hectares and clusters (sectors 1-3) in different years (LLP Baraev Production Center
of Grain Farming, Kazakhstan).

Of particular practical interest were the data that serve as an information
basis for subsequent calculations and analysis — an electronic yield map with a
grid of 1, 5, and 25 hectares (Fig. 1). Each field had zones (designated as sectors,
or clusters) with clearly lower and higher yields. These clusters were clearly man-
ifested according to the data of the yield map for the growing season of 2019, as
well as independently and unambiguously — in the conditions of 2020. Moreover,
the cluster manifested itself as a separate zone of field heterogeneity, identified
not only by the yield map, but also in the conjugate assessment with ERS.

The results obtained in the arid conditions of Kazakhstan in 2019 and
confirmed in the conditions of the growing season of 2020 made it possible to
reveal the dominant influence on the productivity of the crop rather than typical
agrochemical parameters of soil fertility, but others related to the stock and dis-
tribution of soil moisture (soil-landscape-hydrological). Earlier [30], the authors,
like other researchers [4-6], focused on the parameters of the agrochemical
heterogeneity of the field and, using the differential application of mineral fer-
tilizers, tried to eliminate nutritional deficiencies. Therefore, as a result of
cluster and detailed analysis of the yield for each cell of the landfill for a 1 ha
grid, it was not possible to reveal any significant interdependence with the pa-
rameters of soil fertility.



However, in the present experiment, a very close relationship was found
between yield and NDVI. Along the long run of the field in the direction of the
wheat sowing rows, the correlation coefficient between yield and NDVI along
the transect was r = 0.64-0.99 (sample of 9 rows with a cell of 1 ha), across the
field » = 0.62-0.98 (sample of 18 rows with a cell of 1 ha). However, based on
the results obtained, as well as the data of other researchers [30, 31], the authors
were unable to identify a factor that determines the increase in yield across clus-
ters of a field that is heterogeneous in the direction from its northern part (sector
1) to its southern part (sector 3).
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Fig. 2. The distribution of the yield of spring wheat riticum vulgare L. on the digital elevation model
map in different years: A — 2019, b — 2020. Sectors are marked with a coordinate reference at a
constant longitude of 71°02'30.7"E with heights registration (h): for sector 1 51°33'15.8”"N (h = 400-
405 m), for sector 2 51°33'54.7"N (h = 390-395 m, for sector 3 51°32'43.7"N (h = 385-390 m)
(LLP Baraev Production Center of Grain Farming, Kazakhstan). The rectangles in the center
of images A and B illustrate an increase in moisture availability from the top of the figure to
the bottom.

It was found that only one agrochemical heterogeneity of the experi-
mental field was partially leveled by the differentiated introduction of nutrients.
This heterogeneity was clearly manifested in the detailed accounting of yield da-
ta. Dividing the field according to the zones of heterogeneity of the array into
three sectors (Fig. 2), it can be noted that the average yield for 2019 in the up-
per part of the field (sector 1) was 12.8 c/ha, in the center (sector 2) 15.4 c/ha,
in the lower part 18.2 c/ha (sector 3). In 2020, this trend continued, but the av-
erage yield turned out to be slightly higher. It was found that with an increase in
the degree of precision of studies (grids of 25, 5, and 1 ha), both the total yield
and the differentiation of the yield along the slope increased. If in 2019, on a
grid of 25 hectares, the average yield on an area of 82.9 ha was 14.6 c/ha, then
in 2020, on an area of 559 ha, a yield of 18.1 c/ha was recorded; in a 5-ha grid,
in 2019 and 2020, this indicator was 16.0 c/ha (areca of 68.3 hectares) and
18.9 ¢c/ha (65 hectares), respectively, in a 1 ha grid 17.4 c/ha (174.4 ha) and
22.6 ¢/ha (418 ha).

On the basis of coupled precision studies, the authors were able to iden-
tify the reason for the change in yield in different parts of the field, which was
determined by the slope of the field and, accordingly, by different degrees of
moisture supply. Here one can single out a factor associated with the stock and



distribution of soil moisture, due to the peculiarity of the terrain, the combina-
tion of soil and hydrological conditions of the agricultural landscape (that is,
soil-landscape-hydrological conditions). This was realized with the help of re-
mote sensing and the creation of a digital elevation model [31], for which math-
ematical and digital models of the earth's surface were used [32]. The more de-
tailed the data analysis was, the higher the accuracy of estimating the yield in-
crease was. Thus, the increase in yield when detailed on a 5-ha grid was slightly
less than 10%, and with a 1 ha grid 2 times more compared to the traditional
technology (on a 25-ha grid).

Based on the change in agrolandscape conditions determined by the
slope of the terrain, it was possible to estimate the distribution of watercourses
characterizing the supply of productive moisture in one or another part of the
field (see Fig. 2).
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Fig. 3. Correspondence between the dynamics of the vegetation index by dates (A, Earth remote sens-
ing data, LLP Baraev Production Center of Grain Farming, Kazakhstan, 2019) and change in the
wheat leaf surface area (B) in ontogenesis under irrigation (a) and drought (b) [33]: 1 — tillering,
2 — stem elongation, 3 — earing, 4 — flowering, 5 — milk ripeness, 6 — wax ripeness.

When assessing the dynamics of plant development from May 26 to Au-
gust 10, 2019, it was noted that the change in NDVI over time was uneven. A
gradual increase in the vegetation index from 0.15 to 0.71-0.73 (July 6-9) char-
acterized an increase in the vegetative mass and growth activation (Fig. 3).
However, the vegetation index did not reach the expected values of 0.9-1.0,
which indicated the insufficient completion of the physiological processes of ac-
cumulation of plastic substances in the plant biomass. The latter could be associ-
ated with arid conditions, high temperatures, and lack of moisture, which did
not allow realizing the potential of cultivated varieties and agrotechnological so-
lutions of precision farming [33].

A correlation () was found between the yield and ERS data according to
the NDVI index: for sector 1 — 0.68, for sector 2 — 0.83, for sector 3 — 0.65.
However, here the influence of not an agrochemical factor, but a hydrological
factor, which determined the difference in yield across the estimated clusters,
was already manifested.

Also in precision field experiments, it was found that when using foliar
plant feeding at different phases of ontogenesis, wheat yield increased from
22.1 c¢/ha (high agricultural background) to 22.7-24.7 c/ha, or by 10-20%. A
statistically significant (LSDos = 3.42 c/ha) yield increase of 3.7 c/ha was noted
for Vitanoll-NP fertilizer, of 4.1 c¢/ha for CCF, and 4.6 c/ha for Vitanoll-micro.
This data was obtained in 2019, the first year of the research. However, in the
conditions of the 2020 season, no statistically significant increases in yield due to



the use of foliar feeding were revealed. In the future, it is necessary to clarify the
features and reasons for the ambiguity of these results.

Thus, as a result of the performed studies, an algorithm was proposed for
the transition from passive monitoring activities using ERS to active control ac-
tions aimed at increasing the productivity and quality of spring wheat in the
conditions of Northern Kazakhstan. This algorithm is based on the use of re-
mote sensing data and associated ground precision measurements. It allows de-
termining the specifics of differentiated fertilization, taking into account the re-
sponse of plants to changes in the vegetation index NDVI, and controlling the
physiological processes of growth and development of cultivated crops, which
ultimately affects an increase in yield. So, with remote sensing using UAVs, it
was possible to find out the features of the formation of the spring wheat crop in
different zones of field heterogeneity. Such an indicative indicator as the vegeta-
tion index NDVI, determined using UAVs, was more informative than satellite
images. With the help of remote sensing data, it was possible to assess the speci-
ficity of the dynamics of physiological processes during the growth and develop-
ment of different varieties of wheat, to identify critical phases, and to determine
the optimal timing for applying corrective actions. Significant increases were ob-
tained when vegetating wheat plants were treated with Vitanoll-NP (1 1/ha) at
germination and tillering (by 18%), CCF (1 l/ha) at tillering (by 19.9%), and
Vitanoll-micro (1 1/ha) upon a combined application at tillering, earing, and
milk ripeness of grain (by 22.3%). In addition, with the help of remote sensing,
it is possible to quickly identify zones of depression in plant development in the
heterogeneous space of the field and timely carry out the necessary fertilizing.
On the basis of the chosen scheme of plant treatment according to the phases of
ontogenesis using means of crop correction (foliar feeding), promising data were
obtained. In general, precision control of wheat productivity in the conditions of
Northern Kazakhstan is very promising and requires further comprehensive study.
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