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Abstract

The article shows the fundamental role of mineral fertilizers in solving the problems of global
food security. Due to a number of reasons, primarily the increase in the cost of fertilizers and
restrictions on their supply, as well as sanctions restrictions on the supply of raw materials, tech-
niques for more efficient use of fertilizers are given. The role of precision agriculture is charac-
terized, including issues of increasing the efficiency of fertilizer use. The results of agrochemical
experiments with various crops and in various soil and environmental conditions are presented,
their agronomic and economic efficiency is shown. Further directions of work on the evaluation
of the effectiveness of the use of fertilizers, in particular nitrogen, are given. The risk assessment
and management measures are also noted.
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Introduction

The increasing global production and use of mineral
fertilizers is caused by the food consumption of the in-
creasing population of the Earth and is predetermined
by the shortage of basic nutrients, nitrogen, phosphorus
and potassium, in various ecosystems, and above all, in
agroecosystems and agricultural soils.

At the same time, it is known that, first of all, nitro-
gen is the most important component of protein and
protein food in general, its biophility is extremely high,
the biophility factor, i.e. the ratio of the content of this
element in vegetation, and biota in general, in relation to
the content in the lithosphere, is 160, in this sense nitro-
gen is second only to carbon (780), surpassing hydrogen
(70) and oxygen (1.5) [1]. Nitrogen (N) is an essential
element of proteins and other important biomolecules,
and the availability of nitrogen in soil is a key factor lim-
iting both natural and agricultural productivity in ter-
restrial ecosystems [2—6].

At the same time, it is known that the development
of agriculture in recent centuries has largely been based
on agrochemistry, which provides a scientific basis for
the use of various fertilizers.

The development in the early twentieth century of
a technology for binding atmospheric nitrogen (N,) to
ammonia (NH,), known as the Haber-Bosch process,
led to the emergence of the nitrogen fertilizer industry.
These mineral fertilizers, including nitrogen, phospho-
rus and potassium ones, along with improved crop ge-
netics and agronomy, contributed to the “Green Revolu-
tion”, which led to a multiple increase in crop yields in
many parts of the world, preventing hunger for a large
number of people [7—9].

Currently, almost 270 million tons of mineral ferti-
lizers are used annually in world agriculture, of which
169 are nitrogen, 51 are phosphorous and 53 million
tons are potash [10]. However, due to a number of rea-
sons, primarily the increase in the cost of fertilizers and
restrictions on their supply, as well as sanctions restric-
tions on the supply of raw materials, it is necessary to
address issues of more efficient use of fertilizers, since it
is obvious that it will be difficult to expect an increase in
their production in the foreseeable future.

Fertilizer best management practices aim to increase
nutrient use efficiency and thus reduce adverse environ-
mental impacts. In the case of phosphorus, the examples
of sustainable phosphorus management — fractional
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application and use of efficient phosphorus fertilizers
that do not contain high enough concentrations of cad-
mijum and other toxic elements to pose a long term risk
to the environment and possibly to human health.

The purpose of the 2d part of review is related to the
issues of increasing the efficiency of the use of various
types of mineral fertilizers in details, since it is obvious
that the growth of their production and supply to vari-
ous markets will slow down and even stagnate. Among
the efficiency factors, both agronomic, agrochemical
and biological, as well as social, will be characterized.
The role of agricultural systems with the use of precision
farming will be evaluated.

1. Precision farming

1.1. Precision farming and fertilizer efficiency

Precision farming is an approach to farm management
that aims to identify methods that optimize the use of
resources [11]. As a result, precision control is based
on technologies that provide intensive collection, pro-
cessing and evaluation of data necessary for the correct
characterization and synthesis of temporal and spatial
variability.

At the same time, it should be emphasized the spe-
cial relevance of access to precision farming technolo-
gies in all agricultural regions of the world, including for
small farmers in developing countries. FAO often raises
this issue in its reports and makes great efforts to imple-
ment such approaches [12].

Theoretically, the difference in yield and environ-
mental results is explained by measurable climatic,
edaphic and managerial factors. Precision farming does
not focus solely on the management of nutrients com-
ing from fertilizers or from the soil, but improving the
efficiency of their use is a common goal. Management of
a specific site can help to adapt the introduced nutrients,
improve the efficiency of their use, increase profits and/
or minimize the risks of losses. First of all, this applies
to nitrogen. For this element, it is necessary to diagnose
the nitrogen regime of soils using various indicators,
ranging from assessing the nitrogen mineralizing ability
of soils [2] and ending with leaf diagnostics — see, for
example, the work of V.V. Tserling [13].

At the same time, the calculation of Nitrogen Use
Efficiency (NUE) at the field or contour level requires
spatial tools to estimate the N content in cultivated
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plants. For example, the values of the nitrogen index
can be used to determine whether the concentration of
N in plants will be sub-optimal in comparison with the
critical dilution curve to achieve maximum yield [14],
while the sufficiency N index can be estimated by com-
parison with a well-fertilized field area [15]. The rapid
estimation of NUE for a field or contour depends on re-
mote sensing tools and algorithms that reliably monitor
N concentrations in culture [16—19]. The working hy-
pothesis is that the status of nitrogen sufficiency in cul-
ture is functionally related to the nitrogen content in the
plant, expressed as concentration (%) or accumulation
(kg N/ha) in the leaf or plant.

Although the indicators of chlorophyll or protein do
not always coincide in terms of growth stages and the
rate of fertilization, they can be used as a proxy test for
assessing the status of N due to the strong relationship
between N-containing compounds and N content [20].
Many different vegetation indices are widely used to
assess the content and accumulation of N, accompany-
ing factors (soil properties, humidity), which, as a rule,
are calculated based on the reflectivity of leaves or the
crown as a whole in the visible and near infrared range
[21]. The rapid development of sensor technologies
combined with machine learning (and other methods)
has led to an increase in the ability to accurately predict
yields and non-destructively assess the nitrogen status
of plants. However, problems remain for practitioners,
including the influence of the growth stage, varieties
and the ability to manage these indicators in space and
time, as well as the indices near the saturation levels. In
addition, crown sensing data is often instantaneous, in-
frequent, and does not reflect the nitrogen status of the
entire plant (i.e. vertical distribution), which potentially
reduces the knowledge of the dynamic behavior of N in
the plant necessary to make timely recommendations.
To overcome these limitations, it is recommended to in-
tegrate hyperspectral data with crop growth models and
radiation transfer models to improve estimates [20].

Differences in plant and soil data can also be used
to determine the control zone of field contours using a
combination of sensing, geostatistics and interpolation
methods [22]. However, when developing specific plots,
recommendations for precision farming should also take
into account the dynamic nature of soil nitrogen and the
efficiency of its absorption by agricultural crops in dif-
ferent landscapes. In addition, recommendations based
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on indicators during the growing season cannot serve as
a guide for making decisions before sowing (planting).

In addition, an integrative site-specific approach to
nitrogen management links geo-referenced models to
support decision-making with dynamic biogeochemical
models that model results based on relevant crop, soil,
weather, management and enterprise factors [15, 16].
Models simulating N state can then be tested using field
measurements collected during the growing season.

Thus, precision farming technologies are compat-
ible within the adaptive control N system, in which spe-
cific empirical data on specific areas of the field level or
contour are used to improve the accuracy of the model.
Ultimately, data from these various sources can be com-
bined using machine learning or other methods to pro-
vide the necessary assessments and automated recom-
mendations [22].

Similar approaches can be used for other nutrients,
both macro-elements (phosphorus, potassium) and
meso- and micro-elements.

Crop sensing data and geo-referenced management
data can be used to calculate and display the values of
fertilizer use efficiency in space and time.

1.2. Efficiency of the use of various types
of mineral fertilizers

Although currently the use of all mineral fertilizers has
dramatically increased the biogeochemical flows of ni-
trogen, phosphorus and potassium, but nitrogen has
been most affected.

The massive use of industrial nitrogen fertilizers has
doubled the N fluxes in its global biogeochemical cycle,
transforming it into an agrogeochemical one, with many
environmental consequences [2]. Currently, it is neces-
sary to reduce nitrogen losses during the cultivation of
agricultural crops, while ensuring its sufficient resourc-
es to ensure food security. Modern achievements and
problems related to the efficiency of nitrogen use in ag-
riculture and the identification of research opportunities
in the field of agrogeochemistry of nitrogen, its soil cycle
and agronomy can be useful for achieving sustainable
use of N in agriculture. As an environmental indicator,
NUE assessments can help farmers assess the risk of N
losses on farms or fields. It can also be useful for region-
al or supply chain assessments [23—26]. The technology
of fractional fertilization can significantly reduce nitro-
gen losses with low plant demand on field circuits with
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a low level of fertility with a corresponding decrease in
the rate of fertilization, in particular, for growing peren-
nial grasses on these sites for reclamation or bioenergy.
Thanks to modern technologies, the best way to capture
unused N after the vegetation of the main crop is to use
cover crops grown for rapid growth after the maturation
of the main crop. This will help to remove unused nitro-
gen from the soil solution and reduce its losses in the en-
vironment. In the future, the absorbed nitrogen can be
remobilized from the biomass of cover crops to ensure
the main harvest of the next year.

These agrochemical and agronomic techniques can
also be effectively used for better assimilation of both
macronutrients (phosphorus, potassium) and meso-el-
ements (sulfur, calcium), and trace elements necessary
for plants.

1.3. Integration of knowledge with crop
cultivation models

Next-generation computing platforms can study com-
plex N, P, K interactions in crop systems to inform man-
agement, prioritize research, and improve understand-
ing of complexities. These computational structures
include statistical models, process-based mechanistic
modeling models and their hybrids [27, 28].

So for nitrogen, such decision support tools explore
all aspects of N in the soil-culture interface — from gene
expression, crop physiology and phenology to soil pro-
cesses and behavior prediction. Within the framework
of such modeling (for example, APSIM, DSSAT models,
etc.), the critical nitrogen concentration for crop growth
is considered in the context of genetic, environmental
and management factors (G x E x M) that control the
interaction between nitrogen availability in soil, crop
phenology, nitrogen distribution and yield [29], includ-
ing biological nitrogen fixation (BNF) [30]. Models of
farming systems are integrated assemblies of models of
individual components that take into account specific
biophysical components (for example, water balance,
crop growth and mineralization of soil organic matter).
They can be used to develop hypotheses, test them, and
create management-oriented decision support tools that
improve productivity, profitability, and environmental
quality. Although statistical models are relatively easy
to use and well suited for decision support tools, unlike
process-based models, they cannot be extrapolated be-
yond the context (G x E x M) in which they were deve-
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loped. Consequently, they cannot predict the change in
the values of the efficiency of fertilizer use depending on
the un-programmed combinations (G x E x M). How-
ever, their potential can be significant for two reasons.
Firstly, experiments alone are not enough to solve many
potential combinations (G x E x M) resulting from the
interaction of farmers’ solutions and the weather. In a
given field and in a given year, the results of farming sys-
tems are the result of billions of potential combinations
of hundreds of variables. Some of them are chosen by
the farmer (for example, the variety, planting date, use
of soil and fertilizers), while others depend on weather
conditions and climate. Secondly, in theory, new strat-
egies for managing fertilizer and crop systems can be
considered to increase the effectiveness of field experi-
ments and determine research priorities based on sen-
sitivity analysis, which identifies scenarios with serious
consequences. At the same time, field experiments will
help to identify and fill gaps in the knowledge of models.

1.4. Significant areas of research to increase
the efficiency of fertilizer use

Historically, the values of the efficiency of fertilizer use,
in particular for nitrogen, in agricultural systems have
been transformed from high values in systems with low
costs and low productivity through low values in sys-
tems with high costs and high productivity to moderate
values in systems with moderate costs and high produc-
tivity [31].

In fact, some existing systems with low costs and
low productivity, for example, in Benin or even India,
demonstrate Nitrogen Use Efficiency (NUE) > 1, which
means net use of soil nitrogen and a decrease in soil fer-
tility. Although in many countries there is a sharp de-
cline in NUE values in agriculture with the introduction
and excessive use of N fertilizers (for example, NUE in
China fell below 0.3), it is believed that this is not inevi-
table and that countries experiencing a downward trend
in the values under consideration could learn from
those who were able to “bend” their curves of changes
in NUE values towards higher indicators (> 0.6 in the
USA and France) due to public policy, education, careful
management, etc. [31, 32].

As the historical trajectory shows, simply increasing
the efficiency of fertilizer use alone will not be enough
if it leads to low-production systems and food insecu-
rity among the growing world population. Thus, we are
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faced with a complex, multi-purpose problem, which is
further complicated by dynamic economic and environ-
mental factors. Profitability may be relatively insensitive,
in particular, to doses of N fertilizers. For example, in
the Midwestern United States, when growing corn, ex-
penditure budgets showing the return on investment in
nitrogen fertilizers (for example, the ratio of the cost of
nitrogen fertilizers and the profitability of grain) show
that the economically optimal doses of nitrogen N fluc-
tuates by as much as 50 kg N/ha, based only on the real
differences in the ratio “nitrogen fertilizers: grain prices”
(for example, 0.05—0.20) [33]. 50 kg N/ha is ~30% of
the average economic optimal dose of N for these sys-
tems. Consequently, if there are economic incentives to
optimize nitrogen application doses, they strongly de-
pend on grain and fertilizer markets.

Taken together, these problems require a reliable
interdisciplinary approach to improving NUE using
multi-purpose optimization that takes into account so-
cial and biophysical sciences. Multi-purpose optimiza-
tion is a computational framework that looks for opti-
mal solutions and takes into account trade-offs between
potentially conflicting goals, such as minimizing data on
the supply of nutrients while maximizing data on yield
output. Such compromises are captured by the modeling
of agricultural systems, which are powerful integrators
for the use of multi-purpose optimization methods.
While modeling can only be used to maximize the fer-
tilizer utilization rate, it is instead possible to maximize
profitability and cost-effectiveness while minimizing
nutrient losses at the same time. Multi-purpose methods
have been used to optimize the simulation parameters
of the corn growing system in accordance with empiri-
cal results [34], but can also be applied to optimize goals
aimed at NUE indicators. On a regional scale, these op-
timization methods were used to distribute rain-fed and
irrigated areas in order to maximize yields and minimize
environmental impacts [35], therefore, similar concepts
could be used to maximize the values of the efficiency
of the use of nutrients in different regions or around
the world. For example, compromises in goals have also
been identified in crop breeding, in particular, between
the total grain yield and the concentration of N in the
grain, but recent work with genomic selection on several
grounds opens up significant prospects [36]. Therefore,
it can be suggested that a clear consideration of the set of
goals within the optimization framework will be crucial
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for future progress in increasing the fertilizer use effi-
ciency (FUE) while simultaneously achieving food secu-
rity and optimizing economic indicators [37].

2. Case studies

In this section, it is necessary to consider examples of
the rational use of fertilizers in various agricultural re-
gions. This allows us to emphasize once again the fun-
damental role of mineral fertilizers in obtaining sustain-
able and economically justified yields of various crops.
This has been evaluated in numerous recent publica-
tions [39—51].

2.1. Vegetable crops
Cabbage

Russia

The development of vegetable growing in any country
is aimed at fully meeting the needs of the population in
vegetables and is based on the use of a certain level of
production of intensive crops. Carrots during the grow-
ing season require a continuous supply of nutrients. At
the beginning of growth, it is particularly demanding for
nutrients in a highly soluble form. At this time, the plant
consumes the most nitrogen. During the growth period
of root crops, the need for phosphorus and especially for
potassium increases. In two-year studies (2019—2020) on
sod-podzolic soil in the Moscow region, Russia, authors
studied the effect of foliar top dressing for vegetation with
liquid complex fertilizer, LCD, with a ratio of N and P
equal to 11:37, consists mainly of ammonium polyphos-
phates) on various mineral nutrition systems. The experi-
mental plot soil has the following agrochemical indexes:
humus matter — 1.54%, pHy, — 6.1 and 6.63, content
of mobile forms of P,O.— 437 and 199 mg/kg of soil,
K,0 — 220 and 211 mg/kg of soil, in 2019 and 2020, re-
spectively. In the experiments, phenological observations
were carried out, the characteristics of the development
of vegetables under various food systems were evalu-
ated, the day before harvesting, the biometric indicators
of carrots were evaluated according to the experimental
variants. Guided by generally accepted methods, addi-
tional income from the use of fertilizers was determined
according to the control variants. The maximum increase
in commercial yield in comparison with the control, on
average for two years of research, was obtained in the
variant N92P76K69(S5) with the use of four top dressing
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(N11P37) and amounted to 8.7 t/ha. When reducing the
total dose of nitrogen by 35 kg in the active substance
to N57P90K120(S20)+28Ca0, the yield increase to the
control was 5.6 t/ha. On average, for two years, the larg-
est amount of conditional net income was obtained in the
variant N92P76K69(S5) with the use of four top dressing
and amounted to 83 thousand rubles/ha, which exceeds
the other variants by 35-36 thousand rubles/ha.

2.2. Root vegetables
Table beet

Russia

Table beet in the process of growth forms a large volume
of biomass, which causes its increased need for nutrients.
As a result, during the growing season this crop requires
a continuous supply of nutrients. Nitrogen consumption
continues throughout the growing season, but the maxi-
mum shortage can occur during the phases of formation
of a powerful leaf apparatus, root growth, so it is advis-
able to split nitrogen fertilization during the growing
season, using fertilizer urea. Both the lack of nitrogen
and phosphorus reduces the attaining of high yields.
With low application rates of complex fertilizers, phos-
phorus deficiency can be partially corrected by applying
LCE. In two-year studies held on a sod-podzolic soil in
the Moscow region, authors studied the effect of foliar
fertilization with complex fertilizer under various min-
eral nutrition systems. In the experiments, phenologi-
cal observations were carried out; the characteristics of
crop development under various nutrition systems were
evaluated. The day before harvesting, the biometric pa-
rameters of table beet were evaluated through the ex-
perimental treatments, and, based on generally accepted
approaches, additional income from the use of fertilizers
was determined when compared to the control treat-
ment. The maximum increase in marketable root yield
over control, on average for two years of research, was
obtained in the treatment receiving N88P65K69(S5)
with two N11P37 foliar applications and amounted to
8 t/ha. When reducing the total nitrogen rate by 16 kg/ha
to N72P79K120(S20)+28CaO, the yield increase over
control was 7.3 t/ha. On average for two years, the larg-
est extra income was obtained in the N88P65K69(S5)
treatment with two foliar applications that amounted to
86 thousand rouble/ha, exceeding the other treatments
by 12—29 thousand ruble/ha.
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2.3. Potatoes

Russia

The study of the effect of liquid and granular phospho-
rus-containing fertilizers on the yield and quality of
potato tubers on gray forest soil was carried out in the
Kaluga region, Russia. When setting up this experiment,
one proceeded from the following postulates.

With 1 ton of potato tubers, an average of 3 kg
N; 1.5 kg P,O; 6.5 kg K,O and 0.3 kg S are alienated
from the soil. Under potatoes, it is required to add more
potassium than nitrogen and phosphorus, since pota-
toes are a potassium-loving culture. Optimizing the nu-
trition of potato plants with phosphorus contributes to
the better use of nitrogen by plants, increases the starch
content in tubers, accelerates maturation and improves
the keeping quality of tubers. Balanced mineral nutri-
tion of potatoes reduces the damage of plants by fungal
and viral diseases (Fig. 1).

Figure 1. The mass fraction of commercial potato tubers
in the fertilized versions of the experiment was in a
close range: 83.8—85.8%. In the control version of the
experiment, the marketability of tubers was noticeably
lower (71.6%)

Puc. 1. Maccoeas 0ons mosapHvix Kny6Heti kapmodensa

6 Y00OpeHHbIX 86APUAHMAX IKCHEPUMEHMA HAXOOUNAC

6 6nuzkom ouanasoe: 83,8—85,8%. B konmponvHom eapuanme
JKCcnepumenma poiHouHoOCMb KyOHei 6vina samemmuo Hudce (71,6%)
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The conducted research allowed us to draw the fol-
lowing conclusions:

o When cultivating potatoes in 2020 on gray forest
soil with very low availability of nitrate nitrogen, very
high availability of mobile phosphorus and high avail-
ability of mobile potassium, the maximum increase
in yield of commercial tubers relative to control with-
out fertilizers, equal to 93%, was obtained by applying
N97P75K90S6 (kg/ha) with a combination of the fol-
lowing brands of fertilizers:

- LCF+,NPK(S)+Ca 5:15:30(5)+7CaO for pre-
planting cultivation;

- urea for pre-planting cultivation;

- LCE NP 11:37 — foliar top dressing in budding.

o The most balanced mineral nutrition of potatoes
is achieved by using complex nitrogen-phosphorus-
potassium fertilizers with a high potassium content.

o The introduction of N97P75K90S6 when
combining LCF, NPK(S) 8:20:30(2) and urea before
planting with foliar top dressing LCFE, NP 11:37 gave
a high economic result — additional income relative
to the control amounted to 170 thousand rubles/ha
(excluding the cost of fertilizing, as well as harvesting
the crop increase).

Furthermore, the effect of non-root treatment with
Si-containing agrochemicals on the yield and qual-
ity indicators of potato tubers when growing for seed
purposes is evaluated. The experiments were laid at
the experimental base Korenevo of the Russian Potato
Research Center in the Moscow region in 2019—2020.
The effect of non-root treatments with silicon-con-
taining agrochemicals in increasing doses on the pro-
ductivity of seed potatoes of the Golubizna variety
was studied. Spraying of plants with the preparation
from 100 to 1000 g/ha in the physical weight of the
agrochemical was carried out in the budding phase —
the beginning of flowering at the consumption of the
working solution of 300 1/ha. The scheme of the experi-
ment included eight variants in a four-fold repetition.
The standard power supply system is N9OP90K135.
The structure of the crop of potato tubers was deter-
mined by weighing the fractions from each plot, taking
into account the transverse diameter: small fraction —
less than 30 mm; seed fraction — from 30 to 60 mm;
food-tubers more than 60 mm. Spraying potato plants
with silicon-containing agrochemicals during the bud-
ding phase — the beginning of flowering increases the
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gross yield and marketability of seed tubers, as well
as increases the yield of nutritionally valuable com-
ponents. The maximum gross yield of tubers was ob-
tained in variants with the introduction of 270—384 g
of SiO,/ha. The increase in the yield of tubers at the
same time amounted to 4.9—8.5 t/ha. In turn, for the
variants with a dose of 270—384 g of SiO,/ha, the best
starch yield indicators were achieved (8.6—8.7 t/ha)
and vitamin C (7.9—8.3 t/ha).

2.4. Sugar beet

Poland

Optimization of the mineral nutrition of sugar beet with
macro- and meso-elements during the spring applica-
tion of the main fertilizer was performed on podzolic
soil of light granulometric composition in Poland.

In this project, which was carried out for 3 years
(2018, 2019 and 2020), the following strategy of feeding
sugar beet on podzolic soil of light granulometric com-
position was applied:

o inclusion of both macro- (nitrogen, phosphorus,
potassium) and meso-elements (sulfur, magnesium) in
the plant nutrition program in balanced proportions, it
allows you to achieve the best yield of root crops;

« optimization of plant nutrition with macro- and
meso-elements increases the collection of sugar per hec-
tare.

In favorable weather conditions for sugar beet in
2020, when cultivated on podzolic sandy loam soil with
a neutral reaction of the soil environment, an average
supply of nitrate nitrogen, a very high supply of mobile
phosphorus, an average supply of mobile potassium
and an average supply of exchangeable magnesium, the
maximum yield of root crops (118.2 t/ha) was obtained
using the following mineral nutrition scheme (with by
adding in kg/ha N130P60K141S52Mg12):

« LCE NPK(S) 15:15:15(10) before sowing;

« kalimag before sowing;

o ammonium nitrate for top dressing at the end of
March.

The system of applying mineral fertilizers for sugar
beet, which included the introduction of complex fer-
tilizer LCF, NPK(S) 15:15:15(10) and kalimag before
sowing, as well as fertilizing with ammonium nitrate,
generated a high additional income equal to 708.1 eu-
ros/ha, excluding the cost of harvesting the crop in-
crease.
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2.5. Silage crops
Corn

Russia

In a number of agrochemical experiments, it has been
shown that insufficient doses of fertilizers with low soil
fertility lead to a strong risk of crop shortage of green
corn mass. In this project, carried out for 2 years (2019
and 2020) on sod-podzolic sandy loam soil with high
potassium availability, the following strategies for feed-
ing silage corn were used:

« combination of macro-, meso- and microelements
(nitrogen, phosphorus, sulfur and zinc) is a necessary
condition for intensive biomass accumulation;

o if the soil is highly supplied with potassium, it is
permissible to use brands of complex fertilizers that do
not contain potassium, but it is necessary to take into
account the prospect of depletion of soil fertility;

« foliar fertilizing with phosphorus is a justified
technique that improves the phosphorus nutrition of
plants, especially in conditions of cool spring.

Based on the conducted experiments, the following
conclusions were made:

When cultivating silage corn in 2020 on sod-podzol-
ic sandy loam soil with medium availability of mobile
phosphorus and high availability of mobile potassium,
the maximum yield of green mass (52.8 t/ha) and dry
matter (15.8 t/ha) was achieved through the use of the
following mineral nutrition scheme with nitrogen, phos-
phorus, sulfur and zinc (in kg/ha N163P90S56Zn1,6):

o LCF+, NP(S)+Zn 20:20(14)+0.4Zn for pre-sowing
cultivation;

o Urea for pre-sowing cultivation;

o LCE NP 11:37 — foliar top dressing at a plant
height of 10—15 cm.

Lithuania

In the conditions of 2020, which was characterized
by cold weather in May, with a fractional applica-
tion of phosphorus (80 kg P,O. / ha before sowing +
10 kg P,O, / ha — foliar top dressing) obtained a high
yield increase of green mass of corn and dry matter
equal to 12%. The above-mentioned system of applica-
tion of fertilizers for silage corn (N163P90S56Zn1,6)
with the introduction of a small part of phosphorus in
foliar fertilization allowed to obtain a high additional in-
come of 341.0 euro/ha relative to the standard system of
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application of fertilizers in the region with the introduc-
tion of nitrogen-phosphorus fertilizers in lower doses
(N140P60). The costs of harvesting the resulting crop
increase were not taken into account.

Sunflower

Russia

Also in the Moscow region, Russia, an experiment was
conducted on the use of liquid complex fertilizer and sul-
fur-containing complex granular fertilizer in the techno-
logy of sunflower cultivation on sod-podzolic soil. Based
on the results obtained, it was shown that when sunflower
was grown on sod-podzolic soil with a medium acidic re-
action, low availability of mobile phosphorus and medium
availability of mobile potassium, high seed yield (2.79 t/ha
at standard humidity) was achieved when N76P30K30S20
(kg/ha) was introduced into the soil by using the follow-
ing two fertilizers: urea for pre-sowing cultivation; NPK(S)
15:15:15(10) during sowing. The adjusted system of apply-
ing fertilizers for sunflower with the introduction of all the
nutrients necessary for plants (nitrogen, phosphorus, po-
tassium and sulfur) into the soil was 24% more expensive
than the nutrition system without potassium and sulfur,
but provided additional income in the amount of 1,200 ru-
bles/ha, excluding the cost of fertilizing the soil, and also
for harvesting and refining the crop increase,

2.6. Grain crops

Spring wheat

Russia
The study of the effectiveness of the use of urea with dif-
ferent methods and terms of its use in the fertilizing of
spring wheat was carried out on a typical chernozem in
the Tambov region, Russia. It is known that due to the
balanced provision of plants with all the necessary nu-
trients, it is possible to maximize the realization of the
genetic potential of productivity. It is important to use
the correct form of fertilizers, as well as the timing and
methods of application. In different phases of growth
and development, wheat needs different amounts of ni-
trogen. The amide form of nitrogen, as is known, quick-
ly penetrates through the leaf surface of plants and is in-
cluded in the processes of nitrogen metabolism.

When developing the spring wheat nutrition pro-
gram, the following approaches were taken: fractional
application of nitrogen fertilizers with a combination of
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pre-sowing application and several non-root fertilizing
can be an effective method of increasing grain yield and
quality; identification of the optimal timing and meth-
ods of urea application for maximum realization of ge-
netic potential with a single dose of application.

The conducted experience allowed us to draw the
following conclusions:

o The maximum yield of spring wheat grain on typi-
cal chernozem was obtained by carrying out two non-
root fertilizing with urea (N30 + N30) against the back-
ground of pre-sowing application of a mixed fertilizers
to the soil, consisting of a grade of complex fertilizer
PK(S) 0:20:20(5) and urea (P40K40S10 + N20).

« The increase in yield relative to the control ver-
sion of the experiment, where fertilizers were not ap-
plied, was 250%. The double use of urea in the phases
of the tube and the flag sheet gave a very high operating
income of 11,243 rubles/ha. From an economic point
of view, the transfer of 75% nitrogen to fertilizing on
spring wheat is of interest when it is used once in the
early phases of crop development (before earing). This
technique provides the smallest number of technologi-
cal operations for the introduction of urea solutions and
gives an operating income relative to control without
fertilizers of more than 4.5 thousand rubles/ha.

o Fractional application of nitrogen fertilizers (25%
before sowing and 75% in top dressing) makes it pos-
sible to optimize nitrogen nutrition of plants with a high
initial supply of the upper soil layer with mineral nitro-
gen, which is mainly in ammonium form.

Lithuania

The study of the effect of complex granular and liquid
fertilizers on the yield and grain quality of spring wheat
was carried out on the sod-podzolic sandy loam soil of
Lithuania. In this project, carried out over 2 years (2019
and 2020) on soil with high potassium availability, the
following strategies of spring wheat nutrition were used:

o optimization of plant nutrition with nitrogen and
phosphorus is a necessary condition for obtaining high
yields and high grain quality;

« if the soil is insufficiently supplied with mobile
phosphorus, it is necessary to apply increased doses of
phosphorus in the main application.

Conclusions from this experience:

When cultivating spring wheat in 2020 on sod-pod-
zolic sandy loam soil with medium availability of mobile
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phosphorus and high availability of mobile potassium,
the maximum grain yield (3.85 t/ha), as well as the best
values of quality indicators (grain nature, sedimenta-
tion), were obtained when adding N100P90 as part of
the following fertilizers:

« LCE NP 11:37 sprayer for pre-sowing cultivation;

e ammonium nitrate for pre-sowing cultivation;

o ammonium nitrate in top dressing randomly at the
BBCH 30 stage (the beginning of the exit into the tube).

The above-mentioned spring wheat mineral nutri-
tion technology (N100P90) made it possible to achieve
a good economic result compared to the standard re-
gional technology (N100P60). The additional income
amounted to 120.6 euros/ha, excluding the costs of har-
vesting and refining the resulting crop increase

Winter wheat

Russia

It is known that with 1 ton of winter wheat grain, an
average of 19 kg of N, 8 kg of P,O, and 4.8 kg of K,0
are alienated from the soil. Sufficient provision of plants
with phosphorus improves the overall and productive
bushiness, promotes overwintering, increases the ef-
ficiency of water use by plants, accelerates maturation
and reduces grain moisture during harvesting. During
the spring cold snap, winter crops often lack phosphorus
due to a decrease in its intake into plants.

Liquid complex fertilizer (LCF) with a ratio of N
and P equal to 11:37, consists mainly of ammonium
polyphosphates. In soil, polyphosphate chains are bro-
ken down to monomeric phosphates (undergo hydroly-
sis) under the action of enzymes produced by soil mi-
croorganisms and plant roots, or without the action of
enzymes. Approximately half of the polyphosphates are
destroyed within 1—2 weeks. A small part of phospho-
rus in the composition of liquid complex fertilizers is
represented by monomeric phosphates, which are im-
mediately available to plant roots.

In this project, which was carried out for 5 years on
leached chernozem, the following winter wheat nutri-
tion strategy was used:

« the use of phosphorus in both solid and liquid
complex fertilizers allows for a high increase in grain
yield;

o reducing the nitrogen dose in dry years does not
lead to a decrease in yield, but does not allow you to get
high-quality grain.
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When growing winter wheat on gray forest soil of the
Orel region, Russia, the combination of urea top dressing
with non-root top dressing LCF, NP 11:37 contributed
to the formation of the most full-fledged grain with the
maximum protein and gluten content. The increase in
winter wheat grain yield from foliar fertilizing with LCF,
NP 11:37 in the phase of tillering and the phase of milk
ripeness was in the range of 0.28—0.32 t /ha at standard
grain moisture or 4—5% compared to standard farming
practice, which includes only nitrogen fertilization with
ammonium nitrate. The additional income received due
to carrying out two non-root fertilizing of winter wheat
with liquid complex fertilizer of housing and communal
services NP 11:37 is estimated at 2186—2204 rubles/ha,
excluding the costs of harvesting and refining the crop
increase.

In the arid conditions of 2020, when cultivating win-
ter wheat on leached chernozem in the Krasnodar Terri-
tory, Russia, with increased availability of mobile forms
of phosphorus and potassium, mineral nutrition with
the addition of N49-93 and P92-162 in kg/ha provided
an increase in grain yield by 81—103% relative to the
control without fertilizers. Food grain of the 3rd class
was grown in a variant of the experiment with the intro-
duction of N93P81 by combining the following brands
of fertilizers: LCF, NP 11:37 in autumn for disking
(N24P81); ammonium nitrate — early spring fertilizing
(N69). At the same time, grain yield did not significantly
differ in the variants where diammonium phosphate
NP 18:46 and LCE NP 11:37 (5.27—5.47 t/ha) were used
as phosphorus-containing fertilizers. At the same time,
grain yield was significantly lower in the variant using
ammophos NP 12:52 as a phosphorus-containing fer-
tilizer compared to variants with using LCE, NP 11:37.
The reduced nitrogen dose (48 kg N/ha) in the dry sea-
son was sufficient to obtain a good yield of 5.47 t/ha of
grain. In the latter variant, LCE, NP 11:37 was used for
the main application to the soil and for fertilizing. How-
ever, the phosphorus dose is too high (162 kg P,0./ha)
and it certainly should not be used with the develop-
ment of erosion processes and the risk of phosphorus
losses to surface reservoirs. The best economic result
was also obtained when N24P81 + N69 was added to
kg/ha by combining LCE, NP 11:37 and ammonium ni-
trate. Additional income relative to control amounted to
about 35.8 thousand rub/ha without taking into account
the costs of fertilizing and harvesting the crop increase.
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In field experiments, conducted on soddy-podzolic
heavy loam soils in the Moscow region, the effect of use of
Si-containing agrochemical on yield and quality param-
eters of winter wheat grain was studied. Soil had a me-
dium level of available phosphorus and potassium, as well
as a low level of available sulfur, and therefore a balanced
grade of sulfur-containing complex fertilizer NPK(S)
15:15:15(10) was applied as a basal fertilizer. Weather
conditions in 2018—2019 and 2019—2020 growing sea-
sons were characterized by an excessive precipitation. It
is known that silicon optimizes the metabolic processes
in plants, strengthens the stem that prevents lodging of
cereals. The Si-containing agrochemical was used in in-
creasing rates in winter wheat Moskovskaya 56 variety.
During two experimental years the highest yield of winter
wheat grain was obtained in the treatment with seed coat-
ing with Si-agrochemical at 50 g/t seeds and foliar sprays
at 100 g/ha at the beginning of stem elongation and the
beginning of heading. In the above-mentioned treatment,
the use of Si-agrochemical increased grain yield by 19—
26%. Si-containing agrochemical had a positive effect on
spike length, 1000-grain weight and test weight of grain.

Poland

Study of the effectiveness of early spring winter wheat
fertilizing with complex fertilizers on podzolic soil of
light granulometric composition in Poland allowed us
to conclude that under conditions of insufficient mois-
ture in the 2019—2020 season, when cultivating winter
wheat on soil with a neutral reaction, high availability of
nitrate nitrogen, very high availability of mobile phos-
phorus and average availability of mobile potassium, the
maximum grain yield (5.58 t/ha) was achieved with the
use of the following system of application of mineral fer-
tilizers (with the addition in kg/ha N150P85K145S30):

« double superphosphate before sowing;

« potassium chloride before sowing;

o NPK(S) 15:15:15(10) — top dressing in mid-
February;

o ammonium nitrate — 2 top dressing (in mid-
February and mid-March).

The winter wheat fertilizing scheme, which included
the early spring application of ammonium nitrate and
complex fertilizer NPK(S) 15:15:15(10) and the second
fertilizing with ammonium nitrate in a month, gener-
ated additional income of 118.4 euros/ha, excluding the
cost of harvesting and refining the crop increase.
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Italy

The study of the effectiveness of early spring fertilizing
at two experimental sites of the University of Milan in
2017—2018 with winter wheat was conducted.

Treatments A, B, C, D refer, respectively, to: (i) un-
fertilized (control), (ii) fertilized according to the farm-
er’s experience (with local fertilizers), (iii) like B but with
new fertilizers, (iv) like B but with S- and Zn-enriched
fertilizers.

Fertilizers were:

o Treatment B: DAP (18-46-0) [origin of phosphate
rocks was Tunisia in one site, Morocco in the other] +
ammonium nitrate [provided by the farmer] + urea
[provided by the farmer];

e Treatment C: DAP (18-46-0) + ammonium
nitrate [provided by the farmer] + urea [provided by the
farmer];

o Treatment D: NP+S+Zn (16-34-0)(6)(0.4) [Russia]
+ ammonium nitrate [provided by the farmer] + urea
[provided by the farmer] (Table).

Cultivar Obelix (Syngenta) was sown on 11 Octo-
ber 2017 in the first (named “Bonatti” hereafter; latitude
45°00°47.8” N, longitude 9°57°10.7” E; https://goo.gl/
maps/3nX4UxEmrsm) and second field (“Capannone”
hereafter; latitude 45°01°24.6” N, longitude 9°57°42.5” E;
https://goo.gl/maps/dZ1PrK5AGQC2

The positive effect of sulfur on the number of spikes
per plant and of grains per spike was already observed
for winter wheat by Jarvan et al. [45]. This led to a
slightly higher harvest index (grain biomass to total
aboveground biomass ratio) for treatment D as com-
pared to other treatments.

Sulfur did not affect stem elongation [46—49], as dif-
ferences in plant height were mainly among unfertilized
(treatment A) and fertilized (treatment B, C, and D) plots.

Table. Scheme of fertilizer application

Tab6nuya. Cxema éHeceHust y0oOpenui

Total amounts of fertilizers distributed (kg/ha)

Treatment PO, | N K0 S Zn
A — 0 — — —
B,C 80 160 — — —
D 80 160 —_ 14.1 0.94
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This is a key point since higher plants are more sus-
ceptible to lodging, one of the main abiotic factor
affecting wheat productivity and grain quality. No effect
of treatments was found for grain size or grain weight,
in agreement with what reported by different authors.

Concerning the Capannone site, results from the
2017/18 campaign are in line with those of the Bon-
atti one, with treatment D showing the highest yield and
treatment A the lowest. Plants fertilized with addition of
sulfur and zinc (treatment D) had the greatest number
of spikes per plant and of grains per spike as observed
in the other field Bonatti (Fig.2), although variability
among field replicates prevented results to be statistically
significant. Even in this case no effect of sulfur on plant
height was found, confirming the absence of negative
side-effects of sulfur fertilization (no increase in suscep-
tibility to lodging). As observed in the Bonatti site,
fertilization treatments did not affect neither grain size
nor grain weight.

Such agreement between results obtained in the two
sites is relevant, as it clearly shows that the effect of the
previous crop in the Capannone field (tomato) — which
hidden the effect of sulfur and zinc during the first-year
campaign — is progressively fading.

The positive effect of sulfur on crop productivity was
relevant and, in this second year campaign, also statis-
tically significant. Moreover, sulfur application did not
have any impact on plant height, and thus on potential
increase in susceptibility to lodging.

yield (t/ha) *** (p < 0.01)

A B C D
Lreatment

Figure 2. Yields in the Bonatti site, t/ha

Puc. 2. Yposxaiinocmov na yuacmxe bonammu, m/za
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Romania

The study of the comparative effectiveness of liquid and
granular phosphorus-containing fertilizers in the culti-
vation of winter wheat was carried out on chernozem
soil in Romania. At the same time, liquid complex fer-
tilizers based on ammonium polyphosphates are an ef-
fective form of phosphorus on soils that contain calcium
carbonate.

The study showed that the minimum NDVI values
were obtained in the control version of the experiment.
The NDVI values in the fertilized variants of the ex-
periment were statistically equivalent. Consequently,
when cultivating winter wheat in the dry season of
2019—2020 on chernozem soil with low availability of
phosphorus available to plants and medium availability
of easily exchangeable potassium, the best grain yield
of 4.03—4.07 t/ha was obtained by adding N175P60
and N184P74 to kg/ha using the following mineral fer-
tilizers:

o LCE NP 11:37 sprayer for pre-sowing cultivation;

o urea — top dressing randomly in the phases of till-
ering and the beginning of the exit into the tube.

The increase in gross revenue when introducing
N175P60 as part of LCE, NP 11:37 and urea is estimat-
ed at 307 euros /ha relative to the control. Based on the
costs of purchasing and applying fertilizers, this system
of applying fertilizers was economically the most prof-
itable.

Hungary

The study of the comparative effectiveness of liquid and
granular phosphorus-containing fertilizers in the cul-
tivation of winter wheat was carried out on meadow-
chernozem soil in Hungary. In the field experiment con-
ducted on meadow-chernozem soil, the following strat-
egies of winter wheat nutrition were used:

« liquid complex fertilizers based on ammonium
polyphosphates are the most effective form of phospho-
rus on soils containing calcium carbonate;

« to achieve maximum vyield on soils with low avail-
ability of phosphorus available to plants, it is necessary
to use increased doses of phosphorus-containing ferti-
lizers.

At the same time, the following conclusions and con-
clusions were obtained:

When cultivating winter wheat in the dry season
of 2019—2020 on meadow-chernozem soil with low
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availability of phosphorus available to plants and high
with easy-exchange potassium, the maximum grain
yield of 3.45 t/ha was obtained by applying a reduced
dose of nitrogen and an increased dose of phosphorus
(N123P104) by combining the following mineral ferti-
lizers:

« LCE NP 11:37 sprayer for pre-sowing cultivation;

o LCE, NP 11:37 — top dressing in the tillering
phase;

o urea — two top dressings at random in the tiller-
ing phase and the beginning of the discharge into the
tube.

The increase in gross revenue relative to control
when using the above-mentioned fertilizer application
system is estimated at 162.2 euros/ha. This is the only
fertilizer application system with the generation of addi-
tional income relative to control, taking into account the
costs of purchasing and applying fertilizers.

Brazil

The study of the comparative effectiveness of the appli-
cation of complex and mixed fertilizers in the cultiva-
tion of wheat was carried out on degraded red latosol
in Brazil. At the same time, it is known that wheat is an
important agricultural crop in Brazil, and the south of
the country is its granary for this culture.

When growing wheat in the 2019 season on degrad-
ed red latosol with a very high availability of phospho-
rus and potassium forms available to plants and a high
availability of available sulfur, the use of complex ferti-
lizers NP(S) 14:40(7) and NPK 12:32:16 during sowing
provided an increase in grain yield by 5—7% relative to
farming practice with by adding a mixture of the com-
position NPK 05:20:20 during sowing.

Wheat grain suitable for baking purposes was ob-
tained using a nutrition scheme that included a sulfur-
containing complex fertilizer (with the introduction of
N120P80K80S14 (in kg/ha):

o NP(S) 14:40(7) in rows during sowing;

o potassium chloride scattered after sowing;

o urea — fertilizing randomly in the phases of
tillering and the beginning of the discharge into the
tube.

The above scheme of wheat nutrition with the use of
sulfur-containing complex fertilizer NP(S) 14:40(7) dur-
ing sowing, according to preliminary estimates, was the
most cost-effective.
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Corn

Serbia

The study of the comparative effectiveness of different
grades of granular fertilizers was carried out on cher-
nozem soil in Serbia. Based on this experience, the fol-
lowing conclusions were made.

In 2020, when growing corn on carbonate cher-
nozem with low availability of mobile phosphorus and
medium availability of mobile potassium, the maximum
grain yield (11.03 t/ha) was obtained using macro-ele-
ments in doses of N100P80K60 by applying the follow-
ing mineral fertilizers for pre-sowing cultivation:

o ammophos NP 12:52;

o urea;

o potassium chloride.

The increase in gross revenue when combined be-
fore sowing of ammophos NP 12:52, urea and potassium
chloride (N100P80K60) is estimated at 486.7 euros/ha
relative to the scheme of application of farm fertilizers
with an overestimated dose of nitrogen and an insuffi-
cient dose of phosphorus (N156P64K64).

Brazil

The effectiveness of the application of sulphate sulfur as
part of complex fertilizers on the yield of corn grain cul-
tivated on degraded red latosol in Brazil was studied.

The conclusions obtained:

When growing corn in the dry winter season of 2020
on degraded red latosol with an average content of phos-
phorus and potassium forms available to plants and a
satisfactory supply of available sulfur, a competent se-
lection of sulfur-containing fertilizers is a combination
of NP(S) 14:40(7) grade and elemental sulfur (50% sul-
phate sulfur + 50% elemental sulfur) or the same appli-
cation is only NP(S) 20:20(14) (100 % sulphate sulfur) —
allowed to increase grain yield by 24—26% compared
to the traditional approach of farmers (100% elemental
sulfur). At the same time, the same amount of nutrients
was introduced into the soil — N100P40K40S28.

The maximum increase in gross revenue relative to the
control (N100), equal to 158.9 US dollars/ha, was obtained
with the following system of mineral nutrition of corn:

« NP(S) 20:20(14) before sowing;

o potassium chloride before sowing;

o urea in top dressing randomly in the phase of
4 leaves.
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2.7. Technical oilseeds

Winter rapeseed

Lithuania

The study of fractional application of the recommended
dose of phosphorus in the composition of a liquid com-
plex fertilizer for the cultivation of winter rapeseed was
carried out on the sod-podzolic sandy loam soil of Lith-
uania.

In the field experiment, with high soil potassium
availability, the following strategies for feeding winter
rapeseed were used:

« combination of macro- and meso-elements (nitro-
gen, phosphorus and sulfur) is a necessary condition for
obtaining high seed yields;

o fractional application of the recommended dose
of phosphorus in two doses as part of a liquid complex
fertilizer (before sowing + foliar top dressing) is more
effective than a single application as part of a granular
fertilizer.

In this experiment, the following conclusions were
made:

When growing winter rapeseed in 2020 on sod-
podzolic sandy loam soil with good availability of
mobile phosphorus and high availability of mobile
potassium, the best seed yield (3.11 t/ha) was ob-
tained through the use of a fertilizer application sys-
tem with fractional phosphorus application (in kg/ha
N135P46+10S60):

« LCE NP 11:37 sprayer for pre-sowing cultivation;

» LCF, NP 11:37 — foliar top dressing in the BBCH
20 stage (the beginning of the development of lateral
shoots);

o ammonium sulfate in top dressing randomly in
the BBCH 20 stage;

« ammonium nitrate in top dressing randomly in
the BBCH 20 stage.

The above-mentioned system of applying fertiliz-
ers for winter rapeseed with the transfer of 10 kg of
P,O. / ha to fertilizing allowed to receive additional
income equal to 279.5 euros / ha, relative to the stand-
ard approach, which provides for the introduction of
granular phosphorus-containing fertilizer in a full dose
of phosphorus before sowing. The cost of harvesting the
crop increase was not taken into account.
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3. Risk assessment and management

There is no doubt that there is a need to assess risks of
various nature arising from the change of previously es-
tablished traditions in the fertilizer production and lo-
gistics markets. Along with the risks to public health, the
risks of depletion of soil fertility with a decrease in the
use of fertilizers or abandonment of them have to be as-
sessed.

Today, more than 170 million tons of mineral ni-
trogen fertilizers are used annually in world agricul-
ture [10]. In 2010, the total amount of nitrogen coming
from fertilizers, biological nitrogen fixation (BPA) by
leguminous crops, atmospheric precipitation and ma-
nure amounted to 174 million tons N, but only 74 mil-
lion tons N was detected in the collected products [38].
Most of the remaining nitrogen is lost from agricultural
land to the environment, where it harms sensitive eco-
systems, reduces air quality and contributes to climate
change, which leads to costs for biodiversity, fisheries,
human health and social infrastructure [52—68].

Anthropogenic reactive compounds are easily ab-
sorbed by plants and other organisms, and the need for
nitrogen fertilizers has led to a doubling of N fluxes in
its global cycle. This is no longer safe, because it chang-
es the entire biosphere as the habitat of humanity. The
United Nations (UN) Environment Program has iden-
tified excessive reactive N as one of the five emerging
threats facing the planet [63—65], so the Fourth UN En-
vironment Assembly (March 2019) adopted the resolu-
tion “Sustainable Nitrogen Management”.

Nitrogen fertilization is a “double-edged sword” that
provides food security for most of humanity, while hav-
ing a huge negative impact on the environment and hu-
man health [62]. Globally, fertilizer nitrogen is also the
largest source of nitrous oxide (N,0), which has a pow-
erful (~300-fold) global warming potential compared
to carbon dioxide and is a long-lived greenhouse gas,
whose concentration in the atmosphere increased by
0.8 parts per billion (ppb) per year from 300 ppb in 1980
to 332 ppb in 2020 [64, 68].

Currently, there is an increasing interest in assessing
various factors associated with increasing the efficiency
of nitrogen use. First of all, this is due to the increase
in the use of mineral nitrogen fertilizers, which has
now reached more than 170 million tons. The amount
of organic fertilizers and compost used is also grow-
ing, which are also a source of nitrogen introduced into
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agroecosystems. The negative environmental conse-
quences of the irrational use of nitrogen fertilizers are
characterized by the accumulation of nitrate and nitrite
nitrogen in drinking water sources, in crop production
and an increase in the unbalanced intake of N,O into
the atmosphere due to the denitrification process. These
ecological consequences are recorded in almost all soil-
climatic zones. The possibility of assessing environmen-
tal risk using methods and techniques of agrogeochem-
istry is shown. The quantitative assessment of various
articles of the agrogeochemical nitrogen cycle makes it
possible to determine the possibilities of eliminating ex-
cessive anthropogenic pressure on them. First of all, this
is due to the optimization of doses of nitrogen fertilizers,
for example, based on the determination of the nitrogen
mineralizing ability of soils, and a corresponding de-
crease in the content of nitrogen in various components
of agroecosystems subject to denitrification and leach-
ing. The accumulation of nitrates in plant products also
decreases [2, 69].

Conclusion

Global food needs are projected to double by 2050 to
feed 9 billion people, and the question facing agricul-
ture is whether this is possible. These goals will face in-
creasing climate variability and an increase in extreme
temperatures and precipitation in all parts of the world
[70—72], as well as a decrease in the volume and qual-
ity of the land resource base [73—77]. There are many
problems to face; however, first of all it is necessary to
focus on the interaction of genetics x environment x
management (G x E x M), where management means
primarily the use of a sufficient amount of mineral fer-
tilizers in precision agriculture [78]. This opens up the
potential to feed 9 billion people. Understanding and
quantifying the required crop yields provide the basis for
evaluating the planned means and methods of achiev-
ing progress in this direction, and the task will be to de-
termine the most effective and efficient way to increase
yields through more eflicient use of water and nutrients
from fertilizers and soil. A more appropriate approach
to increasing the potential would be to increase the ac-
tual yield rather than increase the potential yield. The
actual increase in yields and overall productivity can be
provided by management systems focused on increasing
land productivity, since our ability to expand available
land resources is not a viable option.
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In addition, it is necessary to pay great attention to
the problem of increasing the efficiency of the use of
mineral fertilizers due to the expected reduction in their
production, or, for the time being, stagnation. Thus, the
EU, within the framework of the Farm-to-Fork strategy,
aims to reduce the loss of plant nutrients by at least 50%
by 2030 and reduce the use of fertilizers by 20% [83].
Although this article focuses on improving the efficiency
of the use of nitrogen fertilizers, with an assessment of
the values of NUE, this approach can and should also be
used for phosphorus and potash fertilizers. It is neces-
sary in the future to pay more attention to the evaluation
of the values of the phosphorus use efficiency, PhUE,
as well as similarly for potash fertilizers with an assess-
ment of the potassium use efficiency, PUE. In the case of
phosphorus, we should talk about sustainable phospho-
rus management, in particular, meaning, for example,
fractional application and use of fertilizers that do not
contain high concentrations of heavy metals. This is de-
scribed in the Case studies section. When using potash
fertilizers, the measure of evaluating the effectiveness of
their use can be an assessment of the potash potential
of soils, which will allow assessing the potash regime of
soils and optimizing the doses of potash fertilizers.

Under these conditions, it is impossible to overesti-
mate the role of mineral fertilizers, in the production of
which it is necessary to use, as mentioned above, meth-
ane — a source of carbon dioxide and hydrogen, as well
as an energy source [79—82].

Without any doubts, the fundamental role of min-
eral fertilizers in food security will only increase in fu-
ture and hopefully these review will form a holistic view
of readers on the problem of global and regional food
safety and the basic approaches for its solution using
mineral fertilizers.
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