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Abstract. The article presents the results of experimental studies of the relationship between the normalized
differential vegetation index and the yield of winter wheat at different rates of nitrogen fertilizers and
the nitrification inhibitor 3.4-dimethylpyrazole phosphate with carbamide-ammonia mixture (CAM-
32). Field research was carried out in 2018-2021 in the research department of the Limited Liability
Agricultural Company (LLAC) “Druzhba Nova” of the Varvyn district of the Chernihiv region (department
of the “Kernel” agricultural holding). Analytical and mathematical and statistical methods were used to
process experimental data. The normalized differential vegetation index (NDWI) was determined from
the satellite images of WorldView-2, WorldView-3, Geoeye-1 (Maxar USA). The scheme of the one-factor
field experiment was the use of options with different rates of nitrogen fertilizers (Nioo and Nizx), as well
as the use of the nitrification inhibitor 3.4-dimethylpyrazole phosphate in mixture to CAM-32. The control
(backgroung) option was the application of fertilizers at the rate of N1oP3oKs. The results of experimental
studies proved that NDWI is directly correlated with the yield of winter wheat for all 4 years of research.
It was established that the NDWI, on average over three summer months, was higher in 2018 in the range
0f0.56-0.67 and in 2020 — 0.53—0.66. The yield of winter wheat was also higher in 2018 and 2020, namely:
in 2018 from 3.72 t/ha to 8.14 t/ha and in 2020 — from 3.77 t/ha to 7.25 t/ha. The NDWI, in 2019 and
2021, averaged over three summer months according to the experiment options was lower and amounted
to 0.33-0.38 in 2019, and 0.30—-0.33 in 2021. This trend correlates with winter wheat yields, which
were also low during this period. So, in 2019 it was 3.63 t/ha — 5.10 t/ha and in 2021 — 3.83—4.81 t/ha.
The correlation coefficient between NDWI and the yield of winter wheat was high: in July and August, it
was from 0.93 to 0.97 on the options with nitrogen fertilizer rates Nioo and Nizo.
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The relevance of research. Growing crops,
as a rule, is carried out over fairly large areas,
which makes crop monitoring more difficult and
expensive. In addition, each culture has its own
different phases of growth and development,
phenological rhythms are inherent in it, etc.
Therefore, at the present stage of agronomic
practice, remote sensing of fields is optimal as
a more advanced and accessible technology for
monitoring such crops [1-4].

Over the past 40 years, many vegetation
indices have been developed and implemented,
but the normalized differential vegetation index
(NDWTI) [5] has become the most widely used.
NDWI shows the coverage of the vegetative
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mass with the difference between the visible and
infrared spectrum of radiation. It is essentially a
measure of plant health based on the reflectivity
at specific frequencies of the various wavelengths
being absorbed. This index is most used for
monitoring the dynamics of crop vegetation at the
regional and global levels [6, 7]. NDWI is also
widely used in determining the density of crops,
which shows the amount of active photosynthetic
biomass [6, 8, 9]. In practice, the processing of
digital data and images from satellites provides
tools for data analysis through mathematical
indices and algorithms [10]. Remote satellite
sensors provide digital and graphical data
for monitoring of cultivation areas use and
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changes in the vegetation cover of these areas
in approximately real-time at different scales
[11, 12]. Crop monitoring by standard methods,
such as visual crop diagnosis or sampling, usually
requires human resources, time-consuming,
lengthy procedures, and is inaccurate for
evaluating changes in plant development over
large areas [13, 14]. Therefore, we can conclude
that the use of crop monitoring using the NDWI
index is quite relevant.

Analysisofrecentresearchand publications.
An important component in the direction of
crops’ sensing, despite its shortcomings, is
understanding the potential, interpreting the
data obtained, fixing errors and the relationship
with the final result and sensing goals [5, 15].
Such experiments were carried out in the USA,
in the state of Kansas. They concerned the
measurement of NDWI and the mapping of
crops that were grown in relatively large areas.
The accuracy of the measurements was high and
amounted to more than 84 % [16]. In addition,
field experiments were conducted in Denmark to
measure the NDWI index on winter wheat during
different growing seasons on the background of
different nitrogen’s rates application. The use of
the NDWI index has been found to be a useful
tool, but is dependent on the choice of spectral
length [17]. In 2000-2013 Ukrainian scientist
[.G. Semenova studied NDWI and established
quantitative relationships between the index and
the productivity and yield of individual crops for
seasonal forecasting for all 25 regions of Ukraine.
[18]. Also, the obtained results of experiments on
the use of materials taken from the MSU-E space
sensor or similar systems proved the possibility of
their use for early prediction of the winter wheat
productivity with a high level of correlation [19].

Therefore, the study aimed to establish
the actual correlation between the level of the
normalized differential vegetation index NDWI
and the grain yield of winter wheat with the
use of different rates of nitrogen fertilizers and
nitrification inhibitors (NI) in combination with
the application of CAM-32.

Research  materials and  methods.
Experimental studies were carried out in the
production conditions of the Limited Liability
Agricultural Company (LLAC) “Druzhba
Nova” of the Varvyn district, Chernihiv region
(department of the “Kernel” agricultural
holding). The soil of the experimental plot is
typical chernozem with low humus, the arable
layer is characterized by the following main
indicators: humus content — 3.4 %, pH neutral
and close to neutral — 5.7-7.0, the content
of mobile forms of phosphorus — from high

to very high — 15.4-26.3 mg/100 g of soil,
exchangeable potassium — from medium to high —
7.1-16.2 mg/100 g of soil, lightly hydrolyzed
nitrogen — from high to high — 5.7-7.9 mg/100 g
of soil. The studies were carried out according
to a single-factor experiment design. The sown
area of the experimental plot is 0.6 hectares,
and the alternation of options is sequential.
Field experiments were laid out and carried out
according to the generally accepted methodology
for field experiments (Dospehov B.A., 1985).
The harvest was taken into account by the
method of continuous harvesting and weighing
of the bunker mass from each plot, followed
by recalculation to standard humidity and weed
content according to DSTU 2240-93 in triplicate.
Mathematical and statistical calculation of the
data was carried out using the Agrostat software
and information complex. The normalized
differential vegetation index (NDWI) was
determined based on the results of images from
satellites WorldView-2, WorldView-3, Geoeye-1
(Maxar USA). The images were taken by a
separate satellite, depending on its location and
cloudiness level, three times during the growing
season: in June, July, and August. According to
the decision of the regulatory commission of the
European Union No. 1257/2014, which corrects
the regulation of EC No. 2003/2003 of the
European Parliament and the Council regarding
fertilizers and changes to supplements I and IV of
November 24, 2014, the norm for the use of the
nitrification inhibitor (NI) 3.4-dimethylpyrazole
phosphate has been established (DMPP) (EU
No. 424-640-9), which ranges from 0.8 % to
1.6 % [20]. Per the regulation, the minimum rate
of IN DMPF of 0.8 % was used on amide NHy
and ammonium NH4" forms of nitrogen.

According to this minimum calculated rate of
0.8 %, the rate of use of NI DMPP on CAM-32
is 7.02 1 per 1000 kg of CAM-32. Accordingly,
the calculated rate of IN DMPF for CAM-32with
a rate of 250 kg/ha was 1.76 1/ha according to
CAM-32 norms, and 300 kg/ha — 2.11 l/ha,
respectively.

The following options for applying mineral
fertilizer rates were used in the experiment:

1. Background — NioP30K4, NPK 7-20-28
granular fertilizers were applied at the rate
of 150 kg/ha per sowing.

2. Background+Nio+ NI  (granulated
ammonium sulfate at a rate of 100 kg/ha on
frozen soil and CAM-32 at a rate of 250 kg/ha
with the application of NI in the spring after the
resumption of the vegetation).

3. Background+Niot+ NI  (granulated
ammonium sulfate at a rate of 100 kg/ha on
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frozen soil and CAM-32 at a rate of 300 kg/ha
with the application of NI in the spring after the
resumption of the vegetation).

4. Background+Niy (granulated ammonium
sulfate at a rate of 100 kg/ha on frozen soil
and CAM-32 at a rate of 300 kg/ha without an
application of NI in the spring after the resumption
of the vegetation).

Research results and discussion. NDWI
is a numerical indicator of the condition and
number of plants in a certain area of the field. It
is calculated by satellite imagery and depends
on how plants reflect and absorb light waves
of different lengths. According to the study
results, winter wheat NDWI for 2018-2021
varied throughout the growing season and was
highest in June and decreased in July and August
(Table 1). Thus, the NDWI level in June was the
highest in the years of research and was at the
level of 0.74-0.82 in 2018, 0.69-0.77 in 2019,
0.71-0.80 in 2020 and 0.42—0.48 in 2021. During
July and August, NDWI was lower than in June.
So, in July, according to the years of research, it
was in the range of 0.49-0.60 in 2018, 0.16-0.20
in 2019, 0.47-0.61 in 2020, and 0.23-0.26 in
2021 In August, NDWI was respectively in the
range of 0.44-0.58 in 2018, 0.13-0.17 in 2019,
0.42-0.57 in 2020 and 0.24-0.26 in 2021.

If we consider the level of NDWI in the
context of field experiment options, then there is
a clear tendency to correlate the level of NDWI
depending on different rates of nitrogen fertilizers
and the application of the nitrification inhibitor

(9]

(NI) 3.4-dimethylpyrazole phosphate (DMPP)
both separately by month and on average over
three months. Thus, in 2018, in the control variant
NioP30K4o (background), the NDWI level was the
lowest in June, July and August, 0.74; 0.49 and
0.44, respectively, which averaged 0.56 over three
months. With an increase in the nitrogen rate and
the addition of NI DMPP, the NDWI increased:
in the background+Nio+ NI experiment in June,
July, and August, the NDWI was 0.79; 0.57 and
0.55, which averaged 0.64 over three months.
NDWTI slightly increased in the variant of
the experiment with an increased nitrogen rate —
background+Nix+ NI — and was 0.80 in June,
July and August; 0.59 and 0.57, which averaged
0.65 over three months. The highest level of
NDWI was in the variant of the experiment with
an increased nitrogen rate, but without the use of
NI — background+Niz — and was 0.82 in June,
0.60 in July and 0.58 in August, and on average
over three months — 0.67. A similar trend was
observed during other years of research. The
lowest NDWI level was observed on the control
variant NioP30K4o (background) in June, July and
August and on average for three months in 2019,
namely: 0.69; 0.16; 0.13 and 0.33, in 2020 - 0.71;
0.47;0.42 and 0.53 and in 2021 —0.42; 0.23; 0.24
and 0.30. The level of NDWI increased with an
increase in the nitrogen rate and the addition of
NI DMPP. Thus, in the experimental option —
background + N100 + NI — the NDWI level in
2019 in June, July and August was 0.74; 0.19;
0.16 and on average for three months 0.36;

1. Normalized differential vegetation index of winter wheat depending on the application of different
rates of nitrogen fertilizers with the addition of a nitrification inhibitor (2018-2021)

Experiment options Month Years of research Correlation
2018 2019 2020 2021 coeficient
June 0.74 0.69 0.71 0.42 —0.67
(background) August 0.44 0.13 0.42 0.24 0.38
Average 0.56 0.33 0.53 0.30 —
June 0.79 0.74 0.77 0.46 0.71
Background+Ni o+ July 0.57 0.19 0.55 0.25 0.97
NI August 0.55 0.16 0.54 0.28 0.93
Average 0.64 0.36 0.62 0.33 —
June 0.80 0.74 0.78 0.47 0.75
Jul 0.59 0.18 0.61 0.25 0.94
Background +Niz+NI Aungt 0.57 0.15 0.55 0.27 0.93
Average 0.65 0.36 0.65 0.33 —
June 0.82 0.77 0.80 0.48 0.70
July 0.60 0.20 0.61 0.26 0.97
Background *Nuzo August 0.58 0.17 0.57 0.26 0.97
Average 0.67 0.38 0.66 0.33 —
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in 2020, respectively — 0.77; 0.55; 0.54 and 0.62
and in 2021 — 0.42; 0.23; 0.24 and 0.30. In the
experiment variant — background + Nz + NI —
the NDWI level in 2019 in June, July, and August
was 0.74; 0.18; 0.15, and on average for three
months 0.36; in 2020, respectively, 0.78; 0.61;
0.55 and 0.65 and in 2021 — 0.47; 0.25; 0.27
and 0.33.

The highest level of NDWI was observed
in the variant with an increased nitrogen rate —
background + N, but without the application
of NI DMPP. Thus, the NDWTI level in 2019
in June, July and August was 0.77; 0.20; 0.13
and on average for three months 0.38; in 2020
0.80; 0.61; 0.57 and 0.66, respectively, and in
2021 - 0.48; 0.26; 0.26 and 0.33. The correlation
coefficient was high: in July and August in the
variants of the experiment — background+Nig+
NI at the level of 0.93-0.97, in the variant —
background+Ni;o+ NI at the level of 0.93-0.94
and in the variant — background+N2 — 0.97.

As for NDWI indicators of winter wheat in
termsofyearsofresearch, thetrendofdependence
of NDWI on meteorological parameters can be
traced. Thus, on average over three months in
the section of all variants of the experiment,
NDWTI was higher in 2018 (0.56—0.64) and in
2020 (0.53-0.66), which is associated with the
optimal water regime of the soils. On the other
hand, in 2019 and 2021, the NDWI values on
average for three months across all variants
of the experiment were lower and ranged
from 0.33 to 0.38 and 0.30—-0.33, respectively.
In a mixture with CAM-32 NI DMPP makes it
possible to preserve the main supply of mineral
nitrogen for a longer period until the moment
when it is most needed by wheat plants.
It is NI DMPP in a mixture with CAM-32 that
is able not only to prolong the use of available
nitrogen in the soil but also to significantly
optimize its assimilation by plants. Table 2
shows data on the yield of winter wheat
depending on different rates of nitrogen
fertilizers and the use of NI DMPP as an
addition to CAM-32 and their combined use.

According to the results of the research,
the yield of winter wheat varied by year. Thus,
the highest yield was obtained in 2018, when
it ranged from 3.72 t/ha to 8.14 t/ha (LSDos in
2018 was 1.33 t/ha) and in 2020 — from 3.77 t/ha
to 7.25 t/ha (LSDes in 2020 was 2.03 t/ha).
A relatively lower level of winter wheat grain
yield was observed in 2019: from 3.63 t/ha to
5.10 t/ha with LSDos 1.86 t/ha and in 2021 —
from 3.83 t/ha to 4.81 t/ha with LSDys 2.49 t/ha.
The average grain yield of winter wheat according
to the experimental options during 2018-2021
ranged from 3.74 t/ha to 6.30 t/ha.

A clear trend towards an increase in the
yield of winter wheat has been established, both
individually by year and on average over 4 years
of research with an increase in the application rate
of nitrogen fertilizers and the use of NI DMPP.

Thus, the lowest yield of winter wheat was
obtained in the control option with the application
of N1oP30K4o (background), where it was 3.72 t/ha
in 2018, 3.63 t/ha in 2019, 3.77 t/ha in 2020 and
3.83 t/ha in 2021, which averaged 3.74 t/ha over
4 years. With an increase in the rate of nitrogen
fertilizers and the use of NI DMPP, the yield
of winter wheat increased. So, on the variant —
background+N;p+NI, the yield of winter wheat
was 8.00t/hain 2018, 5.05t/hain 20219, 7.20 t/ha
in 2020, and 4.81 t/ha in 2021, which averaged
6.27 t/ha over the 4 years of research. With a
further increase in the rate of nitrogen fertilizers
and the application of NI DMPP, the yield of
winter wheat also increased. The only exception
was 2021, when in the background+Nix+NI
option, the yield of winter wheat was 8.14 t/ha in
2018, 5.10 t/hain 2019, and 7.25 t/ha in 2020 and
4.72 t/ha in 2021, which averaged 6.30 t/ha over
4 years of research. With the application of the
maximum rate of nitrogen fertilizers, but without
the use of NI DMPP (background+Nx), the yield
was higher than the control option (NioP30Ku4o
(background), but lower than the options with
the same rate of nitrogen fertilizers and the use
of NI DMPP (background+Nix+ NI) and the
option with a reduced rate of nitrogen fertilizers

2. Grain yield of winter wheat depending on the application of various rates of nitrogen fertilizers
with the addition of a nitrification inhibitor (2018-2021), t/ha

Experiment option Yield, t/ha Average productivity
2018 2019 | 2020 | 2021 2018-2021, t/ha
NioP30Ka40 (background) 37.2 363 | 37.7 383 37.4
Background+N oo+ NI 80.0 50.5 72.0 48.1 62.7
Background +Ni2+NI 81.4 51.0 72.5 47.2 63.0
Background +Ni2 74.0 46.4 | 68.5 45.0 58.5
LSDos 1.33 1.86 | 2.03 2.49 -
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and using DMPP NI (background+N¢+NI). So,
in the option — background+Nz - the yield was
7.40 t/ha in 2018, 4.64 t/ha in 2019 year, 6.85 t/ha
in 2020 and 4.50 t/ha in 2021, which averaged
58.5 t/ha over the 4 years of research.
Conclusions. According to the results of
experimental studies, it has been proven that
NDWI correlates with the yield of winter wheat
grain. [t was found that NDWI during the summer
growing season of winter wheat plants in the
context of experimental variants was higher
in 2018 and 2020 and amounted to 0.56-0.67
and 0.53-0.66, respectively. The grain yield of
winter wheat was also higher in these years of
research: in 2018 — from 3.72 t/ha to 8.14 t/ha
and in 2020 — from 3.77 t/ha to 7.25 t/ha. During

2019 and 2021, NDWTI indicators on average
for three summer months in the context of
experience options were lower and amounted
to 0.33-0.38 in 2019 and 0.30-0.33 in 2021.
Winter wheat grain yield was also at its lowest
level in these years of study: in 2019 ranging
from 3.63 t/ha to 5.10 t/ha and in 2021 — from
3.83 t/hato 4.81 t/ha. The correlation coefficient
between NDWI and winter wheat yield was
the highest in July and August in the variants:
background+Noo+NT; background+N,0+NI
and background+Ni20 and ranged from 0.93
to 0.97. So, the possibility and feasibility of
using of this indicator for remote monitoring of
the condition of winter wheat crops have been
confirmed.
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Anomauia. Y cmammi HagedeHo pe3ynbmamu eKCnepUMenmaibHux 0OCHiOdNCeHb 13 8UBYEHHS B3AEMO-
36 A3KY MINC HOPMANI308AHUM OUpepeHYiliHuUM 8ecemayitiHuM THOeKCOM Md 6POJNCAUHICMIO NUeHUY]
03UMOI 30 BUKOPUCTAHHL PISHUX HOPM A30MHUX 000pus ma ineibimopa Himpugixayii 3,4-oumemuinipaso-
agocpam 3 KAC-32. [lonvosi docniosxcenusn nposedeno npomszom 2018-2021 pp. y Haykoso-00ciionomy
6i0oini CTOB «/pyoicb6a Hosa» Bapsuncvkoeo pationy Yepniciecvkoi obnacmi (8i00inents acpoxonouney
«Kepneny). [{ns 06pobku excnepumeHmanibHux OaHUX 6UKOPUCHIAHO AHATIMUYHT A MAmMeMamudHo-Cma-
mucmuyri memoou. Hopmanizosanuii ougepenyiiinuii gecemayitinuii inoexc (NDWI) suznauanu 3a pesyno-
mamamu 3HimKxie i3 cynymuuxie WorldView-2, WorldView-3, Geoeye-1 (Maxar USA). Cxemor oonogax-
MOPHO20 NONBLOBO2O 00CAIOY OYI0 BUKOPUCTNAHHA 8APIAHMIE I3 PISHUMU HOpMAMU a30MHUX 000pus (N
ma Ni2), a maxooic suxopucmannsi ineioimopa nimpughixayii 3,4-oumemuanipazongocgam npu dooasamnmi
6 KAC-32. Konmponvnuum 6y6 eapianm i3 neceHusim 000pus y nopmi NioP3oKq. Pezyriemamamu excnepu-
MeHMANbHUX 00CaiddceHb 0osedeno, wo NDWI npsamo kopenioe 3 ypodcarinicmio nuienuyi o3umoi 3a 6ci
4 poxu docriddcenv. Becmarnosneno, wyo NDWI 6 cepednvomy 3a mpu micayi 3a sapianmamu 0ociioy 6ys
suwum y 2018 p. y mexcax 0,56—0,67 ma ¢ 2020 p. — 0,53—0,66 Bpooicavinicme nuienuyi o3umoi maxoic
oyaa oinvuwor 6 2018 ma 2020 poxax, a came: y 2018 p. 6i0 3,72 m/ea do 8,14 m/ea ma y 2020 p. — 6i0
3,77 m/ea 0o 7,25 m/ea. B 2019 p. may 2021 p. NDWI 6 cepedHbomy 3a mpu iimui micayi 3a eapianmamu
docniody 6ys nudicuum ma ckaaoas: y 2019 p. 0,33-0,38, y 2021 p. — 0,30-0,33. [{a menodenyis xopenio-
EMbCSL 3 YPONUCAUHICIIO NULEHUYT 03UMOI, KA MaKodic 6y1a Ha Huicuomy pieHi 6 yeti nepiod. Tak, y 2019 p.
6ona cmanosuna 6i0 3,63 m/za 0o 5,10 m/za ma y 2021 p. — 3,83—4,81 m/ea. Koegiyicum xopensyii misc
NDWI ma epooicatinicmro nuiernuyi o3umoi Oy8 UCOKUM: Yy TUNHI MA CEPRHI HA 8APIAHMAX i3 HOPMAMU
asomuux 006pus Nioo i Ni2o cmanosus 6io 0,93 0o 0,97.

Knrouosi cnosa: incioimop nimpughixayii, 3,4 oumemunnipasonghocgham, xapdoamiono-amiauna cymiud,
HOPMANI308aHUL OUGhepeHYIHULL 6e2eMayitiHULl IHOEKC, YPOICAUHICTIb, NULEHUYS 03UMA
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