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Abstract

This experiment was conducted at the Lviv National University of Nature Management (LNUP
— Dublyany) in 2020-2021, in the Pasmovo Pobuzhye area of the Western Forest-Steppe
of Ukraine, on soil that was dark-gray, podzolic light loam, low in humus (Greyic Luvic
Phaeozem). The study aimed to determine the activity of nitrapyrin in the form of N-Lock™
in soil after applying different doses and forms of nitrogen fertilizers to a winter barley field.
The agrochemical properties of the soil were determined according to classical indicators.
The soil reaction in the 0-20 cm horizon was slightly acidic, with pH,, of 6.10-6.11. The content
of easily hydrolyzable N in the 0-20 cm horizon was 65-70 mg kg of soil, decreasing down to the
depth 40 cm to 50-53 mg kg'. The content of nitrate anion changed from 20-28 mg kg!
in the 0-20 cm layer to 16-18 mg kg' in the 20-40 cm layer. Fertilization of winter barley N37
in the phase of the onset of spring vegetative growth with the introduction of N23P60K60 in the
autumn for pre-sowing cultivation without the use of nitrapyrin was less effective. The use
of the urease inhibitor in the early vegetative growth phase rather than at the phase of resumed
vegetative growth alongside the same doses of mineral fertilizer contributed to the harvest
of 7.1 and 7.4 Mg ha' grain in 2020 and 2021, respectively. In general, the yield of winter bar-
ley correlated with the dose of nitrogen fertilization in 2020 (r = = 0.76) and in 2021 (r + = 0.81),
while the concentration of nitrates in the arable layer correlated with the dose of fertilizer
in 2020 (r = = 0.88). The calculation of the payback of fertilizers showed that the application
of N23P60K60 (NH,),HPO, + NH NO, + KCl + N37 (NH,NO,) + nitrapyrin (N-Lock™) in the
phase of spring vegetative growth is the most economically viable option of providing nitrogen
nutrition to winter barley in the market situation of 2021.
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INTRODUCTION

Nitrogen (N) is a very important nutrient that contributes to the optimal
growth and yield of all agricultural crops. With the increasing human popu-
lation, the annual global demand for N chemical fertilizers is continuously
increasing (Lassaletta et al. 2016). Global N containing fertilizer uptake
in 2020 was 110 Mt (IFA, 2019) and continues to grow. The use of nitrogen
from fertilizers is low and its losses are very high. Depending on the crop,
agronomy practices and soil type, more than half of the supplemented N fer-
tilizer can be lost to the environment (Yan et al. 2020). Nitrogen losses con-
tribute to the eutrophication of water bodies (Ascott et al. 2017, Wang et al.
2019). Therefore, new solutions are sought to retain nitrogen in the soil and
improve its fertilization efficiency, e.g. through the use of urease inhibitors.

The yield of winter barley largely depends on the quality of soil. A factor
limiting the yield of barley most severely is the soil reaction. Nevertheless,
barley is the fourth cereal in terms of yields (155 million tons) and cultiva-
tion area (66.6 million ha) — Noworolnik, Leszczynska (2017).

In terms of grain yield, winter barley exceeds spring barley and spring
wheat (Vlokh, Tuchapsky 2004, Shcatula, Barsky 2021). The distribution
of this cereal in Ukraine is dictated by the country’s natural conditions.
Likewise, the supply of mineral fertilizers, in particular, nitrogen fertilizers,
should also adjusted accordingly. Nitrogen stimulates growth processes from
tillering, increases the respiration rate and metabolic rate, but at the same
time excessive nitrogen nutrition and adverse weather events raise a higher
risk of lodging (Klymyshyna 2011). The maximum use of nitrogen by winter
barley occurs in the period from the tillering phase (BBCH 22) to the end
of the phase of stem elongation (BBCH 30).

A four-field, crop rotation, mineral fertilization system with the introduc-
tion of N128 annually on average increased the content of easily hydrolyz-
able nitrogen in Greyic Luvic Phaeozem of the Western Forest-Steppe
of Ukraine from 99 to 111 Mg kg of soil in eight years (Poliovyy et al. 2021).
Nitrogen use efficiency by plants and agronomic efficiency values were
dependent on the fertilization variants and nitrogen doses (Szulc et al. 2019).

The nitrogen resources available to winter barley in the soil can be most
easily regulated by manipulating autumn and spring fertilization regimes
with ammonium nitrate or urea (Qin et al. 2010). In experiments with
ammonia and nitrate nutrition of winter barley, the same efficiency was con-
firmed. However, nitrification, the process of oxidation of ammonium nitro-
gen to nitrate, causes the conversion of ammoniac forms of nitrogen into
water-soluble one, nitrate, which can be lost in vertical soil run-offs (Singh,
Verma 2007, Shibata et al. 2015, Torma et al. 2019, Fu et al. 2020, Hes et al.
2020). Groups of nitrifiers are bacteria of the species Nitrosomonas, Nitroso-
cystis, Nitrosolobus, Nitrobacter, Nitrococcus (Gubry-Rangin et al. 2010,
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Beeckman et al. 2018, Li et al. 2018). Urea is the most popular nitrogen
fertilizer. Urea is hydrolyzed through the catalysis of the microbial enzyme
urease (Martins et al. 2017). Urease activity depends on the type of biogeo-
cenosis and varies in the seasons of the year; for example, it increased rapid-
ly in spring and autumn (111-327%), while in summer the enzyme activity
naturally decreased twice in Prysamarya in the Eastern Forest-Steppe
beyond the Dnieper (Kulyk et al. 2007, Zaman et al. 2009, Abalos et al.
2014). Urea nitrogen can be lost to form N,O, N, or oxidized to nitrates by
microbial nitrifiers (Zaman et al. 2009, Parn et al. 2018, Fu et al. 2020).

Various chemical compounds have been evaluated for their effectiveness
in reducing ammonia losses from urea by inhibiting urea hydrolysis (Takai,
Horikoshi 2000, Ferguson et al. 2003, Rose et al. 2018, Byrne et al. 2020,
The European Chemicals Agency 2020, Viléek et al. 2020, Anonymus 2021).
Therefore, there is a variety of urease inhibitors. Thiophosphoric triamide
(Sigurdarson et al. 2018) acts on urea for 7-10 days (Zaman et al. 2008).
Dicyandiamide is a nitrification inhibitor that slows the oxidation of ammo-
nia to nitrate by inactivating bacterial monooxygenase (Amberger 1986).
Nitrapyrin is a chlorinated pyridine compound with the formula C1C,H,NCCL,
Nitrapyrin is a widely used nitrification inhibitor in soils in the EU and the
US (Zacherl, Amberger 1990, Dow Chemical 2012). 2-chloro-6- (trichloro-
methyl) pyridine, nitrapyrin, is a soil bactericide, acts as an inhibitor
of the formation of urease, thus preventing the hydrolysis of urea. Its effect
on soil bacteriocenosis and nitrification inhibition lasts for 8-10 weeks. Nitra-
pyrin decomposes in both soil and plants (Espin, Garcia-Fernandez 2014).
Nitrapyrin is available as N-Serve™, Instinct™, N-Lock™, which have been
marketed since 1974.

Nitrapyrin delays the nitrification process. It suppresses the bacteria
Nitrosomonas spp., which converts ammonia to nitrite. Nitrapyrin thus
retains more of the nitrogen applied with fertilizers in a form readily avail-
able to crops (Zacherl, Amberger 1990). This prevents the loss of soil nitro-
gen through leaching of nitrates (NO,), or due to the emission of nitrogen
gas (N,) and nitrous oxide (N,O) into the atmosphere (Zaman et al. 2008,
Roche et al. 2016, Martins et al. 2017, Tian et al. 2017, Zhang et al. 2018).
Nitrapyrin has been used in the United States and studied in various coun-
tries for over 40 years as a nitrification inhibitor to increase crop yields and
reduce the environmental impact of nitrogen fertilizers used in agriculture
(Anonymus, 2021).

Ukraine has undertaken the implementation of the Council of Europe
Directive 91/676/EEC of 12 December 1991 concerning the protection
of waters against pollution caused by nitrates from agricultural sources
(Nitrates Directive). It stipulates a number of documents that should guide
the sectors of the economy. In particular, they are “Methods for identifying
areas vulnerable to pollution by nitrate compounds” and “Code of Best Agri-
cultural Practice” (Implementation 2020, 2020).
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In Ukraine, in particular in the Western Forest-Steppe, the use of ure-
ase inhibitors is rare, and imports of nitrapyrin are unstable. However, the
problem of obtaining high yields of winter barley with the maximum back-
ground of nitrogen nutrition and without nitrogen loss exists there.

Our study aimed to determine the effect of nitrapyrin in the form of
N-Lock™ in Greyic Luvic Phaeozem by applying different doses and forms of
nitrogen fertilizers for winter barley.

MATERIALS AND METHODS

The experiment was conducted at the Lviv National University of Nature
Management (LNUP — Dublyany) in 2020-2021. The university has a research
field on the Pasmove Pobuzza in the Western Forest-Steppe of Ukraine.
The geographic coordinates are N 49°54'14"; E 24°05'10", and the altitude
above sea level is 258 m (Physical and geographical zoning ..., 2022; Anony-
mus, 2022a).

The technology of growing winter barley was traditional: plowing
to 20-22 cm, fertilization with diamophos (NH,),HPO, + NH NO, + KCI —
N10P26K26) for pre-sowing cultivation according to the experimental scheme
(Table 1). The total doses of P and K were, respectively, 60 kg ha! in variants
2-12, as the background. Sowing was carried out with the chosen variety
of barley, on optimal dates, with the recommended sowing rate of 3.8 million
grains per hectare. Phases of ontogenesis of winter barley were recorded
according to standard methods (Meier 2018).

Table 1
Scheme of the experiment
Variant code Fertilizer components
1. no fertilizers
2. N23P60K60 (NH,),HPO,+NH NO,+KCl) (before sowing)
3. Nitrapyrin (before sowing)
4. N97(CH,N,O) (before sowing)
5. N97(CH,N,0) (before sowing) + nitrapyrin (before sowing)
6. N97(CH,N,0) (before sowing) + nitrapyrin (in BBCH 21)
7. N37(NH,NO,) (in BBCH 21)
8. N37(NH,NO,) + nitrapyrin (in BBCH 21)
9. N67(NH,NO,) (in BBCH 21)
10. N67(NH,NO,) + nitrapyrin (in BBCH 21)
11. N97(NH,NO,) (in BBCH 21)
12. N97(NH,NO,) (in BBCH 21) + nitrapyrin (before sowing)
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In the experiment, urea (CH,N,0O — N46) was applied pre-sowing in the
standard dose. Part of the nitrogen fertilizers in the form of ammonium
nitrate (NH,NO, — N34) was applied in the spring during the resumed vege-
tative growth, part — before earring (according to the experimental scheme).
Nitrogen stabilizer (nitrapyrin, Dow Chemical 2012, N-Lock™), was applied
in a dose of 1.2 dm ha!according to the experimental scheme.

Weed control was performed with the herbicide Triburon-methyl (25 g ha').
The grain was treated against diseases with Kinto Duo (2.0 dm?® Mg')
and Sistiva fungicide (0.8 dm® Mg!) before sowing. Terpal (1.0 dm® ha'') was
applied in a tank mix with Abacus (1.5 dm?® ha') and microelements in the
VVSN 3 dm?® phase with the growth regulator Chlormequat (1.2 dm?® ha').

The size of a plot is 37 m?, and the area for harvest was 25 m2. The field
experiment was conducted in three replications.

The weather conditions were better in the autumn of 2020 than in the
autumn of 2019. Therefore, the conditions for the formation of the winter
barley harvest were better in the spring of 2021, despite the colder weather
at that time.

The agrochemical properties of the soil were determined by classical
indicators (Klute 1987). The analyses were performed in the laboratory
of the branch of the Department of Agrochemistry and Soil Science of LNUP,
which is affiliated with the Institute of Agriculture of the Western Region
of the National Academy of Sciences of Ukraine.

Soil samples were taken and prepared for analysis in accordance to
DSTU ISO 11464-2001. Determination of pH,, was performed by the poten-
tiometric method according to DSTU ISO 10390: 2001 at a soil to solution
ratio of 1: 2.5 in a salt extract of 1 mol dm? KCI solution. The nitrate nitro-
gen content (Nn) was determined potentiometrically using an ion-selective
nitrate electrode in a salt extract of 1% solution of potassium alum at a 1:
2.5 soil to solution ratio. The content of nitrate nitrogen was determined
from readings of an ionometer and the calibration graph. Standard solutions
for calibration of the device and calibration graph were prepared using 1 10"'M
KNO, by gradually diluting it ten times with distilled water to a concentra-
tion of 1 102 M, 1 10® M, 1 10* M. Determination of easy hydrolysable nitro-
gen (Nh) was performed by the Cornfield method according to DSTU 7863:
2015. To this purpose, a batch of the soil was hydrolyzed with 1 mol dm?
NaOH solution in Conway cups for 48 h in a thermostat at 28°C. As a result,
nitrogen of organic compounds in the form of NH, was released, which
was absorbed by the boric acid solution and then quantified by titration with
0.02 mol dm™® H, SO, solution.

The genetic and morphological structure of the soil had been described
before the establishment of the experiment in a soil profile in the experimen-
tal field of the Lviv National University of Nature Management. Soil samples
for laboratory analysis were also taken. The experimental plot lies in the
lower declivous part of a slope. The experimental plot is arable land.
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The surface of the soil is lumpy. The soil is dark-gray, podzolic light loam,
low in humus (Anonymus 2022b), i.e. Greyic Luvic Phaeozem, 1961 (WRB
2015)

The content of clay in the top horizon was 28.4%, thus the soil has the
granulometric composition of light loam. The content of clay increases with
the depth of the soil horizon.

The content of humus in arable horizon was 2.18-2.38%, thus the soil is
low in humus.

The reaction in the 0-20 cm horizon is slightly acidic, pH, 6.10-6.11,
and becomes more acidic, pH, 5.97-6.01 to the depth of 40 cm. Hydrolytic
acidity in the arable horizon is low, 2.40-2.80 cmol kg'. The total of exchange-
able bases 1s 22.0-22.7 cmol kg, which corresponds to a high level. The con-
tent of easily hydrolyzable nitrogen (N,) in the 0-20 cm soil layer is 65-70 mg
kg of soil and decreases to 50-53 mg kg to the depth 40 cm. The amount
of available phosphorous (P) in the 0-20 cm layer is 49-50 mg kg. Its con-
tent decreases gradually to 43-45 mg kg! with the depth. The content
of available potassium (K) in the 20-cm layer is 34-36 mg kg!. Its content
decreases to 25-28 mg kg! in the 20-40 cm layer. The weak mobility of avail-
able forms of nutrients was probably caused by the very high capacity of the
sorption complex that appears in the Ukrainian soils.

Statistical reliability of indicators was calculated using MS Excel, Statis-
tica 12 (by ANOVA method) (Anonymus, 2022c).

RESULTS

The lack of soil fertilization caused a low (natural) content of easily
hydrolyzable nitrogen in the arable and subsoil horizons, and it decreased
before harvest to 44-65 mg kg' dry weight (Figure 1 - var. 1). Application
of N120P60K60 (N23 before sowing and N97 at the onset of spring vegeta-
tive growth in the form of urea — var. 4) resulted in an increase in the con-
centration of easily hydrolyzable nitrogen by 31-37 mg kg in the 0-20 cm
layer in both years of research. The application of nitrapyrin in object no. 5
(Table 1) contributed to an additional increase in the supply of easily hydro-
lyzable nitrogen by 8 mg kg! each year. Nitrapyrin was more effective when
applied at the start of the spring growing season of winter barley (object
no. 6) compared with its application under pre-sowing cultivation.
An increase in the resource of easily hydrolyzable nitrogen at the beginning
of the growing season was observed when N23P60K60 was applied
in autumn + N37 at the start of spring vegetative growth (object no. 7). The
application of nitrapyrin and the increase in the dose of N37 (object no. 8)
and N67 (object no. 9) at the beginning of spring vegetation further increased
the concentration of easily hydrolyzable nitrogen in the arable layer. Howe-
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Fig. 1. Changes in easily hydrolyzable N resources in the soil under the influence of nitrogen fertilizer and nitrapyrin

in the growing season of 2020. Experiment options — see Table 1



48

ver, its content peaked at 128-135 mg kg, from using N23P60K60
in autumn + N97 at the start of spring vegetation without nitrapyrin (object
no. 11) and with nitrapyrin (object no. 12) in both years of the study.

Nitrapyrin helped to increase the content of easily hydrolyzable nitrogen
in the soil both when applied before sowing (3 mg kg in autumn) and at the
start of spring vegetative growth (6 mg kg! in spring) in both experimental
years. In all variants, the combination of a nitrogen dose with nitrapyrin
caused a relative increase in the resource of easily hydrolyzable nitrogen
in arable and subsoil layers.

Nitrogen fertilizers increased the nitrate nitrogen concentration 2-4 times
in the soil at the start of spring vegetative growth. For example, application
of N23 before sowing + N97 urea (Figure 2 - object no. 4) or ammonium
nitrate at the start of spring vegetative growth (object no. 11) led to an increase
in nitrate nitrogen to 93-99 mg kg! of soil in 2020. Nitrapyrin, when applied
at different times, significantly reduced the concentration of nitrates
in arable and subsoil layers. However, nitrapyrin was more effective when
applied making at the resumed growth of winter barley. However, in order
to determine the effectiveness of nitrapyrin depending on different dates
of application of nitrapyrin and fertilizers, longer studies are needed, cover-
ing different weather conditions of the growing season.

To determine the effect of fertilizers and nitrapyrin on soil acidity,
we investigated the increase in the acidity of arable and subsoil layers under
the influence of mineral fertilizers in 2020-2021. The alkalizing effect
of nitrapyrin on the soil solution was established. However, alkalization
of the soil with nitrapyrin was weakened by increasing the nitrogen dose
from 23 kg ha! (Figure 3 - object no. 2) to 120 kg ha'! (object no. 3, 4, 5 and
others). The soil was acidified the most at N120 nitrate without nitrapyrin.
By the time the winter barley was harvested, the soil was less acidic than
it had been in the spring.

We harvested from 4.4 to 7.4 Mg ha' grain in 2020-2021 (Figure 4).
The minimum yield was harvested from the soil with its natural fertility.
Application of N97 (resumed vegetative growth) + nitrapyrin (pre-sowing
cultivation) against the background of N23P60K60 (object no. 10 and 11)
resulted in a maximum yield of 7.4 Mg ha' in 2021 and 7.3 Mg ha' grain
in 2020 (object no. 11). The lower dose of N67 against the background
of N23P60K60 when using nitrapyrin in the resumed vegetative growth
(object no. 10) gave a lower yield of 7.4 and 7.3 Mg ha! grain in 2021 and 2020.

Fertilization of winter barley N37 in the phase of vegetation restoration
against the background of N23P60K60 from autumn without the using nitra-
pyrin (object no. 7) provided a grain yield of 6.8-6.7 Mg ha’ in 2020-2021.
The introduction of urease inhibitor in the phase of vegetation restoration
against this background of nitrogen-phosphorus-potassium fertilizer (object
no. 8) contributed to the collection of 6.9 and 6.6 Mg ha! grain in 2020 and
2021.
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Fig. 3. Changes in soil pH,, under the influence of nitrogen fertilizer and nitrapyrin during the
spring-summer growing season in 2020 (all analytical parameters were within 0.05 level
of statistical accuracy). Experiment options — see Table 1

DISCUSSION

Our results were similar to the effects of applying nitrogen fertilizers
to winter barley reported by some other researchers (Klymyshyna 2012,
Roche et al. 2016). At the same time, the effectiveness of nitrapyrin
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Fig. 4. Yield of winter barley depending on the dose of nitrogen and nitrapyrin in 2020
(all parameters were within 0.05 level of statistical accuracy — the error difference of average
Sd = 1.30 Mg ha! for 2020 and 1,64 Mg ha'! for 2021, the smallest absolute significant
difference (05) = 2.63 Mg ha! for 2020 and 3.32 Mg ha! for 2021). Experiment options — see
Table 1

in autumn or spring is still controversial (Amberger 1986, Abalos et al. 2014,
Beeckman et al. 2018). It is different depending on natural areas
of the world (Ferguson et al. 2003, Fu et al. 2020), on the use of different
agricultural treatments (Qin et al. 2010, Babulicova, Dyulgerova 2018) and
on different crop cultures (Martin et al. 1993, Abalos et al. 2014, Roche et al.
2016, Martins et al. 2017, Zhang et al. 2018).

The first goal of using urease inhibitors is to avoid excessive nitrate
accumulation in the soil after applying nitrogen fertilizers. The second goal
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is to achieve the maximum crop productivity and fertilizer efficiency.
We obtained the greatest effect from using N120 in the form of urea and
ammonium nitrate in combination with nitrapyrin in the autumn and spring
of 2020-2021 on average. The nitrification inhibitor provided 7.4 Mg ha'
grains of winter barley, which is 0.8 tons more than achieved with urea
alone. We obtained the same result from the division into N23 in autumn +
N67 in spring and the use of nitrapyrin at the start of spring vegetation
according to the 2020-2021 average.

The nitrification inhibitor nitrapyrin helped increase grain yield
by 0.3-0.6 Mg ha! in combination with various fertilizer doses applied to for
winter barley. The effect of nitrapyrin was manifested in expanding the con-
tent of easily hydrolyzable N and reducing the nitrate concentration at all
nitrogen fertilizers doses. Thus, when applying 97 kg of ha! urea alongside
N23, P60 kg of superphosphate and K60 kg of ha! potassium salt in autumn,
the addition of nitrapyrin for pre-sowing cultivation reduced the nitrate con-
tent by 24 mg kg! of soil, while adding it to restore vegetation reduced it by
26 mg kg! soil while its content without the inhibitor was 93 mg kg soil.
At the same time, its use significantly alkalized the acid reaction of the soil
at the beginning and end of the barley’s growing season.

The grain yield of winter barley was very closely correlated (Table 2)
with the concentration of easily hydrolyzable nitrogen and nitrate in the top-
soil (r = 0.85) and subsoil (r = 0.86) layers in 2020. An inversely proportional
correlation between yield and soil pH,, was detected. The higher the yield,
the less nitrate remained in the soil before the maturing of winter barley
(r = — 0.40 in the upper stratum, r = — 0.54 in the subterranean stratum).
In general, the yield of winter barley correlated with the dose of nitrogen
in 2020 (r = 0.76) and in 2021 (r = 0.81), while the concentration of nitrates
in the arable layer correlated with the dose of nitrogen in 2020 (r = 0.88).

The planar 3D model in Figure 5a demonstrates a positive synergistic
effect of increasing the concentration of easily hydrolyzable N and nitrate N
in the soil on the yield of winter barley grain. Therefore, the inhibition

Table 2

Relationship of winter barley grain yield with the content of easily hydrolyzable nitrogen
and nitrate nitrogen in the soil and the dynamics of pH, . r ()

Nutrition factor of plant (2020)
N | pH

N

KCl | n

Depth of soil sampling (cm)
0-20 | 20-40 | 0-20 | 20-40 | 0-20 | 20-40

Time of soil sampling — spring (after application of fertilizers and nitrapyrin)

0.87 | 0.89 | -0.60 | -0.69 | 0.88 | 0.86

Time of soil sampling — on harvest

0.17 | 0.31 | -0.42 | -0.54 | -0.44 | -0.39
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pH KCI

Fig. 5. Planar 3D model of the influence of the ratio of different forms of nitrogen in the soil
and nitrogen doses on the yield of winter barley and the change of pH,, of the soil according
to the data obtained in the experiment (for the given indicators weighted least squares)

of urease activity by nitrapyrin did not negatively affect the nutrition
of winter barley with nitrogen substances from the soil to obtain the maxi-
mum yield.

The planar 3D model in Figure 5b shows a distinct tendency of soil
acidification with an increasing nitrate concentration. An increase in the
concentration of hydrolyzed N moderately neutralizes soil acidity at low
levels of the nitrate N content. Therefore, the action of nitrapyrin restrained
soil acidification by nitrogen fertilizers owing to the inhibition of urease
activity, which ensures the rapid formation of excess nitrate N.

Many authors (Singh, Verma 2007, Zaman et al. 2008, Hess et al. 2020)
argued that urease inhibition reduced leaching, neutralized soil acidity
(Fu et al. 2020), and also restrained the emission of gaseous forms of nitro-
gen into the atmosphere (Martins et al. 2017; Tian et al. 2017, Byrne et al.
2020). Although we did not study some of these phenomena, we assume that
our optimal dose of nitrogen fertilizers in combination with nitrapyrin also
caused these positive effects.

The economic result of growing winter barley grain showed that the
highest net profit could be obtained with the fertilization regime:
N23P60K60 (NH,),HPO,+NH,NO_+KCl) (before sowing) + N37(NH,NO,)
(during the resumed vegetative growth) (object no. 7) — 896.73 $ h* (Figure 6).

High levels of profitability were calculated at higher application doses
of nitrogen fertilizers and nitrapyrin. However, the return on costs for ferti-
lizers and nitrapyrin decreased from 2.57 $/$ per object no. 8 to 1.42 $/$ per
object no. 12 of the experiment.
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CONCLUSIONS

Applying the maximum amount of nitrogen fertilizers under winter
barley in different forms of fertilizers (N97P60K60) and at different times
resulted in the maximum increase in the concentration of easily hydrolyzable
nitrogen and nitrates in the arable (0-20 cm) (117-132 mg kg!) and subsoil
(20-40 cm) (103-110 mg kg?) layers of Greyic Luvic Phaeozem. However, this
did not ensure the highest level of grain harvest of winter barley of the
Highlight variety. Nitrapyrin caused an increase in the content of easily hy-
drolyzable nitrogen by inhibiting the formation of nitrates when applied in
the fall before sowing, and in the spring when the vegetative growth re-
sumed. Increasing the dose of nitrogen fertilizer acidified the entire soil,
while the action of nitrapyrin contributed to its alkalization. The concentra-
tion of easily hydrolyzable nitrogen and nitrate nitrogen was closely positive-
ly correlated (respectively r + = 0.87-0.89 and 0.88-0.86) with the grain yield,
and soil acidity was negatively correlated with the yield (r + = -0,42 and
0.54).

Fertilization of winter barley N23P60K60 (NH,),HPO,+NH NO_+KCI) +
N97(CH,N,0) and use of nitrapyrin (before sowing) were effective. The grain
yield was by 0.8 t ha! in 2020 and 1.2 Mg ha* in 2021 higher than without
nitrapyrin.

Fertilization of winter barley N23P60K60 (NH,),HPO,+NH NO_+KCI) +
N97(NH,NO,) and use of nitrapyrin at the phase of resumed vegetative
growth (BBCH 21) ensured a yield of 7.2 t ha! in 2020 and 7.4 t ha! in 2021.
The use of nitrapyrin replaced an additional dose of N30 nitrogen fertilizers.
The yield of winter barley was proportionally correlated with the dose of ni-
trogen fertilizer in 2020 (r + = 0.76) and in 2021 (r = = 0.81), and the concen-
tration of nitrates in the arable layer was correlated with the dose of fertiliz-
er application in 2020 (r £ = 0.88).

The calculation of the payback of fertilizers in the form of (NH,),HPO, +
NH,NO, + KCl and CH,N,O (before sowing according to N120P60K60) and
also nitrapyrin in the form of N-Lock™ and the application of N23P60K60
(NH,) 2HPO, + NH NO, + KCl before sowing + N67 (NH,NO,) + nitrapyrin
(N-Lock™) in the resumed vegetative growth phase (BBCH 21) are cost-effec-
tive options for providing nitrogen nutrition to winter barley in the market
situation in 2021.

REFERENCES

Abalos D., Jeffery S., Sanz-Cobena A., Guardia G., Vallejo A. 2014. Meta-analysis of the effect
of urease and nitrification inhibitors on crop productivity and nitrogen use efficiency. Agric
Ecosyst Environ, 189: 136-144. doi.org/10.1016/j.agee.2014.03.036

Amberger A. 1986. Potentials of nitrification inhibitors in modern N-fertilizer management.
Zeitschrift fir Pflanzenerndhrung und Bodenkun, 149: 469-484. doi.org/10.1002/jpln.
19861490410



56

Anonymous 2020. Implementation of the Nitrates Directive in Ukraine. News. July 17, 2020.
https://menr.gov.ua/news/35591.html?tbclid=IwAR1WestOugFHeoylRfk90_Vi4z4weytSrj
dqFswMIJ1TpbO8cbvG_YMzkto

Anonymous 2021. Nitrogen Stabilizer Products that Must Be Registered under FIFRA. 2021.
Substances excluded from the definition of a nitrogen stabilizer. U.S. Environmental Protec-
tion Agency. 7.09.2021. https://www.epa.gov/pesticide-registration/nitrogen-stabilizer-products-
-must-be-registered-under-fifra#substances

Anonymous 2022a. Agro-soil zoning of Ukraine. 2022. http: //geomap.land.kiev.ua/zoning-2.
html.

Anonymous 2022b. Statistica 12.0. 2022. https://statistica.software.informer.com/12.0/
Anonymous 2022¢. Statistica 12.0. 2022. https://statistica.software.informer.com/12.0/

Ascott M.dJ., Gooddy D.C., Wang L., Stuart M.E., Lewis M.A., Ward R.S. 2017. Global patterns
of nitrate storage in the vadose zone. Nat. Commun., 8: 1-7. DOI: 10.1038/s41467-017-
-01321-w

Babulicova M., Dyulgerova B. 2018. Winter barley production in relation to crop rotations, ferti-
lisation and weather conditions. Agriculture (Polnohospoddrstvo), 64.1: 35-44. doi.
org/10.2478/agri-2018-0004

Beeckman F., Motte H, Beeckman T. 2018. Nitrification in agricultural soils: impact, actors
and mitigation. Curr. Opin. Biotech., 50: 166-173. pmid: 29414056

Byrne M.P., Tobin J.T., Forrestal P.J., Danaher M., Nkwonta Ch., Karl Richards G., Cummins E.,
Hogan S.A., O’Callaghan T.F. 2020. Urease and nitrification inhibitors — as mitigation tools
for greenhouse gas emissions in sustainable dairy systems: A review. Sustainability, 12: 6018.
doi.org/ 10.3390/sul2156018

Dow Chemical. 2012. Product safety assessment: Nitrapyrin. 6 pages. http://msdssearch.dow.
com/PublishedLiteratureDOWCOM/dh_08¢1/0901b803808¢186f.pdf.

DSTU 4289: 2004. 2006. Soil quality. Methods for determination of the organic matter. Kyiv,
Derzhspozhyvstandart of Ukraine.

DSTU 7863: 2015. 2018. Soil quality. Determination of light hydrolysis nitrogen by the Corn-
field method. Kyiv, Derzhspozhyvstandart of Ukraine.

DSTU ISO 10381-2: 2004. Soil quality. Sampling. Part 2. Guidance on sampling methods.
Kyiv, Derzhspozhyvstandart of Ukraine.

DSTU ISO 10390: 2001. 2008. Soil quality. Determination of pH (ISO 10390: 1994, IDT). Kyiv,
Derzhspozhyvstandart of Ukraine.

DSTU ISO 10390: 2007. Soil quality. Determination of pH. Kyiv, Derzhspozhyvstandart of Ukraine.

Espin S., Garcia-Fernandez A. 2014. Encyclopedia of Toxicology. 3'* ed. Elsevier, Amsterdam,
The Netherlands, pp. 519-522.

Ferguson R.B., Lark R.M., Slater G.P. 2003. Approaches to management zone definition for use
of nitrification inhibitors. Journal ser. 13533. Soil Sci. Soc. Am. J., 67(3): 937-947. doi.org/
/10.2136/sssaj2003.9370

Fu Q., Abadie M., Blaud A. Carswell A., Misselbrook T.H., Clark I.M., Hirsch P.R. 2020. Effects
of urease and nitrification inhibitors on soil N, nitrifier abundance and activity in a sandy
loam soil. Biol Fertil Soils, 56: 185-194. doi.org/10.1007/s00374-019-01411-5

Fu Q., Abadie M., Blaud A., Carswel A., Misselbrook T.H., Clark I.M., Penny R. 2020. Effects
of urease and nitrification inhibitors on soil N, nitrifier abundance and activity in a sandy
loam soil. Biol Fertil Soils, 56(2): 185-194. doi.org/ 10.1007/s00374-019-01411-5

Gubry-Rangin C., Nicol G.W., Prosser J.I. 2010. Archaea rather than bacteria control nitrifica-
tion in two agricultural acidic soils. FEMS Microbiol. Ecol., 74: 566-574. pmid: 21039653.
doi.org/ 10.1111/5.1574-6941.2010.00971.x

Hess L.J.T., Hinckley E.-L.S., Robertson G.P., Matson P.A. 2020. Rainfall intensification incre-



57

ases nitrate leaching from tilled but not no-till cropping systems in the U.S. Midwest. Agric.
Ecosyst. Environ., 290: 106747. doi.org/ 10.1016/j.agee.2019.106747

IFA 2019. Executive Summary Fertiliser Outlook 2019-2023. Kolkata, IFA.

Klute A. (Ed.) 1987. Methods of Soil Analysis. Part 1. Physical and Mineralogical Methods.
Agronomy Monograph No 9. Second Edition. Verlag Amer. Soc. Agron. und Soil Sci. Soc.
Amer., Madison (Wisconsin), USA, 1188 S. doi.org/10.1002/jpln.19871500519

Klymyshyna R.I. 2012. Productivity of winter barley depending on fertilizer and seeding
rates. Visn. Agrarian. Sci., 10: 76-79. (in Ukrainian) https://agrovisnyk.com/oldpdf/
/visnyk_10_2012.pdf

Kulyk A.F., Vasyliuk O.M., Roshka O.V. 2007. Activity of invertase and urease in soils of forest
biogeocenoses of Prysamarya. Bulletin of Dnipropetrovsk University, Biology, Ecology,
15(1): 77-81. (in Ukrainian) doi.org/ 10.15421/010714

Lassaletta L., Billen G., Garnier J., Bouwman L., Velazquez E., Mueller N.D. 2016. Nitrogen
use in the global food system: past trends and future trajectories of agronomic performance,
pollution, trade, and dietary demand. Environ. Res. Lett., 11:095007. DOI: 10.1088/1748-
-9326/11/9/095007

Li Y., Chapman S.J., Nicol G.W., Yao H. 2018. Nitrification and nitrifiers in acidic soils. Soil
Biol. Biochem., 116: 290-301. doi.org/10.1016/j.s011bi0.2017.10.023

Martin HW., Graetz D.A., Locascia S.J., Hensel D.R. 1993. Nitrification inhibitor influences
on potato. Agron. J., 85: 651-655. file:///D:/Downloads/agronj1993.00021962008500030024x.pdf

Martins M.R., Sant’Anna S.A.C., Zaman M., Santos R.C., Monteiro R.C., Alves B.J.R., Jantalia C.P.,
Boddey R.M., Urquiaga S. 2017. Strategies for the use of urease and nitrification inhibitors
with urea: impact on N,O and NH, emissions, fertilizer-N-15 recovery and maize yield
in a tropical soil. Agric. Ecosyst Env1ron 247: 54-62. doi.org/10.1016/j.agee.2017.06.021

Meier U. 2018. Growth stages of mono- and dicotyledonous plants: BBCH Monograph. Quedlin-
burg, Open Agrar. Repositorium. doi.org/ 10.5073/20180906-074619. https://www.openagrar.de/
/receive/openagrar_mods_00042351

Noworolnik K., Leszczynska D. 2017. Effect of soil conditions on grain yields of winter barley
cultivars. Pol J Agron, 30: 33-38. (in Polish)

Parn J., Verhoeven J.T.A., Butterbach-Bahl K., Dise N.B., Ullah S., Aasa A., Egorov S.,
Espenberg M., Jarveoja J., Jauhiainen J., Kasak K., Klemedtsson L., Kull A., Laggoun-
-Défarge F., Lapshina E.D., Lohila A., Lohmus K., Maddison M., Mitsch W.J., Miiller C.,
Niinemets U Osborne B., Pae T., Salm J.0., Sgourldls F., Sohar K Soosaar K., Storey K.,
Teemusk A. Tenywa M. M Tourneblze J., Truu J., Veber G Villa J. A Zaw S.S., Mander U
2018. Nztrogen rich organzc soils under warm well dramed condztzons are global nitrous
oxide emission hotspots. Nat Commun, 9(1): 1135. doi.org/10.1038/s41467-018-03540-1

Physical and geographical zoning of Ukraine. 2022. http://geomap.land.kiev.ua /zoning-1.html

Poliovyy V., Snitynskyy V., Hnativ P., Szule W., Lahush N., Ivaniuk V., Furmanets M., Kulyk S.,
Balkovskyy V., Poliukhovych M., Rutkowska B. 2021. Agro-ecological efficiency of a crop
fertilization system with the use of phytomass residues in the western forest steppe
of Ukraine. J. Elem., 26(2): 433-445. doi.org/ 10.5601/jelem.2021.26.1.2120

Qin S.P., Hu C.S., Wang Y.Y., Li X.X., He X.H. 2010. Tillage effects on intracellular and extra-
cellular soil urease activities determined by an improved chloroform fumigation. Method
Soil Sci, 175: 568-572. doi.org/10.1097/SS.0b013e3181fa2810

Roche L., Forrestal P., Lanigan G., Richards K., Shaw L., Wall D. 2016. Impact of fertiliser
nitrogen formulation, and N stabilisers on nitrous oxide emissions in spring barley. Agric.
Ecosyst. Environ., 233: 229-237. doi.org/10.1016/j.agee.2016.08.031

Rose T.J., Wood R.H., Rose M.T., Van Zwieten L. 2018. A re-evaluation of the agronomic effecti-
veness of the nitrification inhibitors DCD and DMPP and the urease inhibitor NBPT. (vol 252,
pg 69, 2017). Agric. Ecosyst. Environ., 258: 205-205. doi.org/10.1016/j.agee.2018.02.017



58

Shcatula Y., Barsky, D. 2021. Yield of winter barley depending on the fertilizer system. Crop
production, current state and prospects of development. Agric. Forest., 21: 82-94. doi.org/
/10.37128/2707-5826-2021-2-7

Sigurdarson J.J., Svane S., Karring H. 2018. The molecular processes of urea hydrolysis in rela-
tion to ammonia emissions from agriculture. Rev Environ Sci Biotechnol, 17: 241-258.
doi.org/10.1007/s11157-018-9466-1

Singh S.N., Verma A. 2007. The potential of nitrification inhibitors to manage the pollution
effect of nitrogen fertilizers in agricultural and other soils: A review. Environ. Rev., 9: 266-279.
doi.org/10.1017/S1466046607070482

Szule W., Rutkowska B., Kuémirek E., Spychaj-Fabisiak E., Kowalczyk A., Debska K. 2019.
Yielding, chemical composition and nitrogen use efficiency determined for white cabbage
(Brassica oleracea L. var. capitata L.) supplied organo-mineral fertilizers from spent mush-
room substrate. J. Elem., 24(3): 1063-1077. doi.org/ 10.5601/jelem.2019.24.1.1778

Takai K., Horikoshi K. 2000. Rapid detection and quantification of members of the archaeal
commaunity by quantitative PCR using fluorogenic probes. Appl Environ Microbiol, 66: 5066.
doi.org/10.1128/aem.66.11.5066-5072.2000

The European Chemicals Agency ECHA. Nitrapyrin. https://echa.europa.eu/substanceinformation/-/
/substanceinfo/100.016.076 (accessed on 9 June 2020)

Tian D., Zhang Y., Zhou Y., Mu Y., Liu J., Zhang C., Lui P. 2017. Effect of nitrification inhibi-
tors on mitigating N,O and NO emissions from an agricultural field under drip fertigation
in the North China Plain. Sci. Total Environ., 598: 87-96. pmid:28437775. doi.org/
/10.1016/j.scitotenv.2017.03.220

Torma S., Koco S., Viléek dJ., Cermak P. 2019. Nitrogen and phosphorus transport in the
soil from the point of view of water pollution. Folia Geogr, 61(1): 143-156. http://www.
foliageographica.sk/unipo/journals/2019-61-1/528

Viléek J., Koco S., Litaveova E., Torma S. 2020. Characteristics of soil parameters of agricultu-
ral land use types, their location and development forecast. Land, 9(6): 197. DOI: 10.3390/
/1and9060197

Vlokh V.G., Tuchapsky O.R. 2004. Winter barley in the western region of Ukraine. Lviv. 72 p.
(in Ukrainian)

Wang R., Min J., Kronzucker H. J., Li Y., Shi W. 2019. N and P runoff losses in China’s vegeta-
ble production systems: loss characteristics, impact, and management practices. Sci. Total
Environ., 663: 971-979. DOI: 10.1016/j.scitotenv.2019.01.368

Yan M., Pan G., Lavallee J.M., Conant R.T. 2020. Rethinking sources of nitrogen to cereal
crops. Glob. Change Biol., 26: 191-199. DOI: 10.1111/gcb.14908

Zacherl B., Amberger A. 1990. Effect of the nitrification inhibitors dicyandiamide, nitrapyrin
and thiourea on Nitrosomonas europaea. Fertili Res, 22: 37-44. doi.org/10.1007/BF01054805

Zaman M., Nguyen M. L., Blennerhassett J. D., Quin B. F. 2008. Reducing NH,, N,O and NO,-N
losses from a pasture soil with urease or nitrification inhibitors and elemental S-amended
nitrogenous fertilizers. Biol Fertil Soils, 44: 693-705. doi.org/10.1007/s00374-007-0252-4

Zaman M., Saggar S., Blennerhassett J.D., Singh J. 2009. Effect of urease and nitrification
inhibitors on N transformation, gaseous emissions of ammonia and nitrous oxide, pasture
yield and N uptake in grazed pasture system. Soil Biol. Biochem., 41: 1270-1280. doi.org/
/10.1016/j.s0ilbi0.2009.03.011

Zhang M.Y., Wang W.J., Tang L., Heenan M., Xu, Z.H. 2018. Effects of nitrification inhibitor
and herbicides on nitrification, nitrite and nitrate consumptions and nitrous oxide emission

in an Australian sugarcane soil. Biol Fertil Soils, 54: 697-706. doi.org/10.1007/s00374-018-
-1293-6



