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Aim. To substantiate the approach towards the identification of zones, vulnerable to nitrate accumulation, based 
on the data of mineral nitrogen content in soil according to the requirements of the Nitrate Directive. Methods. 
The study was conducted on arable soils of humus-accumulative genesis on six land plots in the Forest-Steppe 
of Ukraine with the rate of applying nitrogen-containing fertilizers from 0 to 170 kg/ha. The content of mineral 
nitrogen (Nmin), nitrates and productive moisture reserves was determined layer-wise down to the depth of 120 
cm, in dynamics during the vegetative periods of 2021, 2024, and 2025. Crops: grain corn, winter wheat, spring 
barley, oil flax. Results. A considerable variability in the content of Nmin and nitrates proper was determined in 
soil depending on terms, ways, and norms of applying nitrogen-containing fertilizers. The maximal concentra-
tions were observed in the arable soil layer immediately after the application of nitrogen fertilizers, but these 
parameters gradually decreased with time and depth. In June–July, the highest accumulation of nitrates in deep 
soil layers was noted when, at the norm of the application of fertilizers of over N100, the content of nitric nitrogen 
at the depth from 80 to 120 cm was from 15.6 to 35.8 mg/kg. The accumulation of nitrates in deep layers of soil 
decreases in the course of the vegetation period, and at the time of harvesting, the content of nitric nitrogen at 
the depth of 80–120 cm did not exceed 10 mg/kg in a year with normal moisturization conditions and 4 mg/kg 
in a dry year. At the norm of applying fertilizers up to 100 kg/ha, the accumulation of Nmin and nitrates in deep 
soil layers is minimal. Conclusions. The use of Nmin as an indicator corresponds to the requirements of the Nit
rate Directive regarding the identification of zones, vulnerable to the accumulation of nitrates. It is reasonable 
to take measurements after harvesting the crops. The application of nitrogen-containing fertilizers for the crops 
of rotations on arable soils of the humus-accumulative genesis in the plains of Ukraine with non-flushing or 
periodically flushing type of the water regime at the norm, not exceeding 100 kg/ha, does not pose any threat of 
leaching mineral nitrogen and its nitrate forms from soil and further pollution of the underground waters.
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Introduction
The introduction of the EU Nitrate Directive is one 

of the urgent tasks for the European integration of the 
Ukrainian agrarian sector which requires executive 

decisions at the level of specific land tenures, aimed at 
sustainable nitrogen management in agroecosystems 
(San Martin, 2020; Romero et al., 2024; Xu et al., 
2025). The complexity of the solution for this issue 
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is conditioned by the different impact of nitrogen in 
the agroecosystems: on the one hand, it has an ex-
clusive role in nurturing plants and ensuring higher 
yields (Sandhu et al., 2021), and on the other —  
non-productive losses of this element may cause a 
cascade of negative changes in the environment (Gal-
loway et al., 2013). The degree of the manifestation 
of positive or negative effect characterizes nitrogen 
management as somewhat “unpredictable”, since it 
depends on a number of soil, geomorphological, and 
weather-climatic specificities of the territory as well 
as organizational and industrial conditions (Galloway 
et al., 2013; Kant et al., 2011).

According to the data of the International Ferti
lizer Association (IFA), starting with 1980s and 
until nowadays, there has been a considerable im-
balance in NPK in the composition of fertilizers in 
favor of nitrogen, which takes 58% from the total 
global consumption (which is 115 million of met-
ric tons, N) (Fertilizer Consumption — Historical 
Trends by Country or Region, 2023). Ukraine has 
even greater imbalance — nitrogen takes about 70%, 
and the ratio of N:P2O5:K2O in the structure of the 
applied fertilizers changed from 1:0.71:0.66 in 1990 
to 1:0.22:0.20 in 2023 (Agriculture, forestry and 
fisheries of Ukraine. Application of mineral and or-
ganic fertilizers, pesticides (1990–2023)). Excessive 
domination of nitrogen in the fertilization systems 
may lead to its increased losses beyond the limits of 
the soil profile (Li et al., 2019). To prevent negative 
consequences of the excessive or inappropriate app
lication of nitrogen-containing fertilizers, in 1991, the 
Council Directive 91/676/EEC concerning the pro-
tection of waters against pollution caused by nitrates 
from agricultural sources (hereinafter — the Nitrate 
Directive) was adopted (Council Directive 91/676/
EEC of 12 December 1991). The total algorithm of 
implementing the Nitrate Directive into the national 
legislation envisages obligatory monitoring of the 
quality of waters to determine the degree of pollution 
with nitrogen or potential risk of such pollution. The 
criteria of pollution identification are the excessive 
concentration of nitrates in water of over 50 mg/l 
(or 11.3 mg N/cdm) and the availability of features 
of the eutrophication process in water bodies. Criti-
cally relevant is objective determination of territories 
with nitrogen losses and their identification as zones, 
vulnerable to nitrate accumulation (Council Directive 
91/676/EEC of 12 December 1991; Report from the 
commission to the council and the European parlia-

ment…, 2021). If the territory is declared to be such 
a zone, codes of proper agricultural practice are de-
veloped for it and programs/plans of actions, obliga-
tory for implementation, are introduced. To estimate 
the efficiency of the implemented measures, every 
four years, the member states report to the European 
Commission about the results of the monitoring, the 
evaluation of the impact of the Action plan on the 
quality of water and agricultural practice, review of 
the zones and Action plans, and the estimation of 
further tendencies (Council Directive 91/676/EEC 
of 12 December 1991).

In Ukraine, the process of implementing the Nitrate 
Directive takes place gradually, with the involvement 
of specialists from different areas to form interdiscip
linary working groups. In 2021, the national legisla-
tion was introduced the Methodology for determining 
zones vulnerable to the accumulation of nitrates 
(Methodology for determining zones vulnerable to 
(accumulation of) nitrates…, 2021) and the Rules 
for ensuring soil fertility and the use of certain agro-
chemicals (Rules for ensuring soil fertility and the use 
of certain agrochemicals…, 2021) (the analogue of 
the code of proper agricultural practice). At the same 
time, public discussion of these documents revealed 
the concern of domestic agroproducers regarding ex-
cessive limitations on the introduction of fertilizers. 
A key question is the identification of territories on 
which the requirements of the Nitrate Directive are 
to be imposed, taking into consideration the diver-
sity of soil and climatic conditions of Ukraine, local 
specificities of geomorphology and hydrology, the 
technologies of cultivating crops, etc. The objective 
consideration of this issue requires obtaining and 
summarizing numerous data about the migration of 
nitric nitrogen under various natural and economic 
conditions. This article systematizes the results of 
experimental research of the authors, obtained in the 
course of five recent years in permanent and tempo-
rary field experiments and industrial conditions.

The aim of the study — scientific substantiation  
of the differentiated approach towards the identifi-
cation of territories as zones vulnerable to the ac-
cumulation of nitrates for the implementation of the 
requirements of the Nitrate Directive.

Materials and methods
The investigation of the risks of nitrogen losses 

from arable soils was conducted in 2021 (locations 
1–4) and 2024–2025 (locations 5–6). The change of 
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the places to conduct the studies was conditioned 
by the beginning of the full-scale aggression of the 
russian federation; however, it allowed for covering 
a larger geographic area of observations.

Location 1: A permanent field experiment “Agro-
ecological monitoring” in the territory of the SE “Ex-
perimental Farm Hrakivske” of the NRC “ISSAR 
named after O. N. Sokolovsky” (Doslidne village, 
Chuhuiv district, Kharkiv region, geographical co-
ordinates — 49.726528° N, 36.923328° E), the total 
area of 7.0 ha (two fields of 3.5 ha), where the grain-
hoed crop rotation was implemented. The experiment 
territory covers an even drainage-free plot within a 
flat terrace of the Siverskyi Donets river, where the 
depth of the location of underground waters is over 
10 m. The soil is typical chornozem on loess-like 
clay, in terms of the granulometric composition it 
is heavy loamy, and contains 46.7% particles under 
0.01 mm.

The system of mineral fertilization in this experi-
ment included the following variants:
  � cultivation of winter wheat  

(Bogdana variety):
	 control — no fertilizers;
	� N75Р55К45 — N45 prior to pre-sowing soil 

treatment + N30 for fertilization;
	� N150Р110К90 — N90 prior to pre-sowing soil 

treatment + N60 for fertilization;
  � cultivation of grain corn  

(Adevei hybrid):
	 control — no fertilizers;
	 N90Р60К45 — prior to spring tilling;
	 N180Р120К90 — prior to spring tilling.
Soil samples were taken every 20 cm at the depth 

of 100 cm under winter wheat on April 28, under 
corn — on June 14. The applied mineral fertilizers —  
ammophos (10:46), ammonia nitrate (34.5%), urea 
(46%), potassium chloride (60%).

Location 2: The industrial corn field of ALLC 
“Druzhba-Nova” in Romny district of the Sumy re-
gion (geographical coordinates — 50.897185° N, 
33.510034° E), with the area of 142 ha, where the 
grain-hoed crop rotation was implemented. The ter-
ritory of the field is a flat terrain with the height 
above the sea of 160 m, where the depth of the loca-
tion of underground waters is over 5 m. The soil is 
meadow-chornozem on loess-like clay, in terms of 
the granulometric composition it is heavy loamy and 

contains 52.8% particles under 0.01 mm. The norm 
of applying N134: pre-sowing application of N18.9 
(granulated ammonium sulfate) and N70.4 (UAN-32) +  
fertilization with N44.8 (UAN-28).

Location 3: The industrial corn field of ALLC 
“Druzhba-Nova” in Nizhyn district of the Chernihiv 
region (geographical coordinates — 51.122321° N,  
31.996897° E), with the area of 310 ha, where the 
grain-hoed crop rotation was implemented. The ter-
ritory of the field is a flat terrain with the height 
above the sea of 130 m, where the depth of the lo-
cation of underground waters is over 10 m. The soil 
is dark grey podzolic on loess-like clay, in terms of 
the granulometric composition it is light loamy and 
contains 21.5% particles under 0.01 mm. The norm 
of applying N119: pre-sowing application of N18.9 
(granulated ammonium sulfate) and N60.8 (UAN-32) +  
fertilization with N39.2 (UAN-32).

Location 4: Scientific experimental field ALLC 
“Druzhba-Nova” (Varva district of the Chernihiv 
region, geographical coordinates — 50.437705° N, 
32.684625° E), with the total area of 444 ha. The ter-
ritory of the experimental field is a flat terrain with 
a low slope and the height above the sea of 170 m, 
where the depth of the location of underground waters 
is over 10 m. The soil is typical chornozem on loess-
like clay, in terms of the granulometric composition 
it is light loamy and contains 28.3% particles under 
0.01 mm. The cultivated crop is grain corn.

The norms of applying nitrogen-containing fer
tilizers:

– � N16 (in the composition of liquid  
complex fertilizers);

– � N100 (including N21S24 in the composition 
of 100 kg/ha ammonium sulfate)

– � N120 (including N21S24 in the composition 
of 100 kg/ha ammonium sulfate)

– � N140 (including N21S24 in the composition 
of 100 kg/ha ammonium sulfate)

– � N155 (including N21S24 in the composition 
of 100 kg/ha ammonium sulfate)

– � N170 (including N21S24 in the composition 
of 100 kg/ha ammonium sulfate).

In locations 2–4, the soil samples were taken every 
20 cm from the depth of 0–120 cm with the interval 
of 20–30 days.

Location 5: A short-term field experiment in the 
territory of the SE “Experimental Farm Hrakivske” 
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of the NRC “ISSAR named after O. N. Sokolovsky” 
(Kharkiv district of the Kharkiv region, geographical 
coordinates — 49°58′7.75″N; 36°1′27.61″E) with 
the total area of 4.2 ha and the grain-hoed crop rota-
tion (crop rotation: winter wheat, sunflower, grain 
corn, soy (in 2025, oil flax was grown instead of 
soy), buckwheat). The experimental territory covers 
the flattened undulating dividing surface, adjusted to 
the flat loess terrain with poor drainage. Soil waters 
lie deeper than 8–10 m, the soil water regime is of 
periodically flushing type. The experimental soil is 
podzolic chornozem on loess-like clay, in terms of 
the granulometric composition it is heavy loamy and 
contains 51.1% particles under 0.01 mm. In 2024, 
grain corn was cultivated, in 2025 — oil flax, for 
which four levels of nitrogen fertilization (N0, N60, 
N100 and N120 kg/ha) were applied with stable doses 
of phosphorus and potassium (60 kg/ha each) during 
the pre-sowing tilling.

Location 6: A short-term field experiment in the 
territory of the “O.V. Panasenko” farm (Valky district 
of the Kharkiv region, geographical coordinates — 
49°51′13.34″N; 35°37′33.19″E) with the total area of 
170 ha and the grain-hoed crop rotation (crop rota- 
tion: winter wheat, grain corn, soy, barley, sunflower). 
The experiment covers flattened undulating territory 
within flat interfluvial terrace with poor drainage, 
where the depth of underground waters exceeds 6– 
8 m, the soil water regime is of periodically flushing 

type. The experimental soil is podzolic chornozem on 
loess-like clay, in terms of the granulometric composi-
tion it is medium loamy and contains 38.0% particles 
under 0.01 mm. In 2024, barley was grown, during the 
pre-sowing tilling, three levels of nitrogen fertiliza-
tion were applied (N0, N60, and N120 kg/ha).

In locations 5–6, the soil samples were taken 
down to the depth of 100 cm every 20 cm in four 
periods (May, June, July, early September) in 2024 
and in three periods (early June and July, late July) 
in 2025.

Hydrothermal conditions. The climate in the ter-
ritory of conducting the studies, which belongs to the 
Left-Bank Forest-Steppe of Ukraine, is moderately 
continental, where the precipitation amount decreases 
and the temperature increases from the northern West 
to the southern East.

The distribution of the precipitation amount in 
April-September of the study period in locations 1–4 
is presented in Fig. 1. In 2021, higher air temperature 
was registered in the territory of Location 1, amount-
ing to 17.8°С on average in April–September, while 
in locations 2–4, it fluctuated within 16.2–16.9°С.

The hydrothermal conditions of the study year 
conditioned the corresponding dynamics of the pro-
ductive moisture reserves (PMR) in soil. Satisfac-
tory PMR were registered in April–June in location 
1 both in the 0–20 cm soil layer and in the 0–100 cm 

Fig. 1. � The precipitation amount in April–September in the territory of conducting the study
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soil layer under winter wheat, amounting to 26.0– 
33.6 mm and 111.1–145.6 mm, respectively. Start-
ing with July, the PMR decreased considerably to 
the unsatisfactory level and their practical absence. 
In locations 2–4, the highest PMR in the 0–20 cm 
layer were observed in late May in location 2 after 
the application of N134 (satisfactory level), whereas 

in other locations, the levels were unsatisfactory and 
amounted to less than 20 mm (Table 1). A similar 
tendency was notable for the one-meter-deep soil 
layer. There were practically no PMR from July till 
September or they were very scarce.

The hydrothermal conditions during the vegetation 
periods in 2024–2025 were very different (Table 2).  

Table 1.  The productive moisture reserves in soil, locations 2–4

Date of soil sampling Soil layer, 
cm

Productive moisture reserves, mm

Location 2 Location 3 Location 4

N134 N119 N16 N100 N140 N155 N170

25.05 locations 2 and 3;
27.05 location 4;

0–20 27.1 9.2 8.4 9.2 9.5 13.5 9.7
20–40 22.7 3.5 10.4 10.2 10.3 14.0 13.3
40–60 26.0 5.5 8.3 10.7 8.8 15.8 10.5
60–80 20.5 5.7 6.5 9.4 6.9 17.3 9.0

80–100 19.4 4.8 3.7 8.6 3.6 9.1 8.0
0–100 115.7 28.7 37.3 48.1 39.1 69.6 50.4

17.06 locations 2 and 3;
22.06 location 4

0–20 16.3 0.4 9.7 11.7 15.6 11.7 8.4
20–40 16.7 1.5 13.9 11.7 12.1 10.3 8.6
40–60 19.6 2.6 18.0 14.7 13.2 12.1 7.9
60–80 16.9 4.1 9.6 11.4 12.1 10.0 9.3

80–100 16.2 4.3 12.5 11.9 12.8 12.1 10.0
0–100 85.6 13.1 63.1 61.3 65.8 56.2 44.2

08.07 locations 2 and 3; 
14.07 location 4 0–100 26.8 1.1 0.0 0.0 0.0 0.0 0.7

29.07 locations 2 and 3; 
27.07 location 4 0–100 1.6 0.0 0.0 0.0 0.0 0.0 0.0

08.09 locations 2 and 3; 
06.09 location 4 0–100 13.4 21.3 0.0 0.0 0.0 0.0 0.0

Table 2.  Weather and climate conditions in the study years in locations 5–6

Months
Average air temperature, °C Optimal precipitation amount, mm

2024 2025 Average 
perennial 2024 2025 Average 

perennial

March 4.3 5.3 –1.9 18.6 34.3 44
April 14.5 9.5 7.1 15.6 14.5 44
May 15.4 14 15.2 21.6 79.5 54
June 21.2 18.1 18.4 58.5 47.5 74
July 24.1 22.5 21.2 4.6 96.7 71
August 21.2 18.3 19.8 13.2 61.4 57
March–August 17.0 14.6 13.5 132.1 333.9 382.0
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In the abnormally dry 2024, the air temperature ex-
ceeded the average perennial data 1.3 times, and the 
total precipitation amount was 65% lower than the 
norm. In 2025, the precipitation amount either some-
what exceeded or was at the level of perennial data 
(except for April) practically each month, and the 
temperature indices almost did not differ from the 
average perennial values.

In 2024, in the experimental plots of locations 5–6, 
the abnormally low amount of precipitation condi-
tioned the formation of very poor PMR, especially 
in July–September, when the residues of produc-
tive moisture were present only in deep soil layers  

(Table 3). In 2025, a considerably higher precipi-
tation amount promoted the accumulation of PMR 
in soil with relatively even distribution along the 
profile without any considerable differentiation be-
tween upper and lower investigated layers. The lowest 
moisture provision was registered in early July, and 
in other periods, the PMR fluctuated within 11.4– 
54.9 mm in the one-meter-deep layer.

Methods of analytical studies. The content of 
nitric nitrogen was determined in soil samples photo-
metrically using phenoldisulfonic acid, that of am-
monium nitrogen — photometrically using Nessler’s 
reagent (DSTU 4729:2007, 2008). Field soil humidity 

Table 3.  The productive moisture reserves in soil, locations 5–6

Date 
of soil 

sampling

Soil 
layer, cm

The productive moisture reserves, mm

Location 5 Location 6 Date 
of soil 

sampling

Location 5

N0 N60 N100 N120 N0 N60 N120 N0 N60 N100 N120

2024 2025

29.05

0–20 6.7 9.3 17.0 6.3 2.6 0.0 0.0
20–40 15.7 15.5 17.5 20.8 0.0 3.6 0.0
40–60 15.5 16.9 20.0 17.9 2.8 8.7 4.6
60–80 21.5 21.8 21.5 20.8 13.6 16.5 13.9

80–100 22.1 23.8 21.0 21.7 21.3 24.8 23.3
0–100 81.6 87.2 97.0 87.5 40.2 53.6 41.8

26.06

0–20 5.4 8.5 8.7 9.6 0.0 0.0 0.0

10.06

0.0 0.0 0.0 0.0
20–40 6.4 7.5 10.3 7.5 0.0 0.2 0.0 10.4 9.4 4.1 9.4
40–60 9.9 14.1 12.0 11.4 0.0 2.5 0.0 19.0 18.2 18.6 14.8
60–80 11.2 17.6 13.3 13.9 0.7 4.1 6.1 17.5 13.3 18.3 18.2

80–100 11.2 18.2 16.0 19.5 2.5 4.4 4.3 5.7 12.8 1.6 12.5
0–100 44.1 65.9 60.3 61.9 3.2 11.2 10.4 52.6 53.7 42.5 54.9

31.07

0–20 0.0 0.0 0.0 0.0 0.0 0.0 0.0

09.07

0.1 0.0 0.0 0.0
20–40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.4 0.8 0.5
40–60 7.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 1.3 0.8 0.7
60–80 2.2 4.7 3.3 1.4 0.0 1.6 1.9 2.2 2.9 2.6 3.0

80–100 0.2 7.0 3.7 0.3 1.1 1.8 6.7 3.7 4.3 2.0 3.8
0–100 9.5 11.8 7.0 1.7 1.1 3.4 8.6 7.4 8.9 6.2 8.0

11.09

0–20 0.0 0.0 0.0 0.0 0.0 0.0 0.0

25.07

0.5 0.5 0.6 1.0
20–40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 1.7 1.8 1.5
40–60 0.0 0.0 0.0 0.0 0.0 0.0 0.9 2.0 3.3 0.9 4.1
60–80 0.0 4.7 0.0 1.4 0.5 2.1 1.9 5.9 4.8 3.8 5.5

80–100 0.0 7.0 0.0 1.2 3.8 1.9 6.7 6.0 6.4 4.3 5.7
0–100 0.0 11.8 0.0 2.6 4.3 4.0 9.6 16.1 16.7 11.4 17.7
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was controlled by gravimetric method (DSTU ISO 
11465:2001, 2002). The productive moisture reserves 
were calculated by the formula:

Wprod. = (Wfield – Wwither.) × d × h / 10,
where Wprod. — productive moisture reserves, mm;  
Wfield. — field humidity of soil, %; Wwither. — humi
dity of stable withering of plants, %; d — density of 
soil layer, g/cc; h — soil layer, cm; 10 — conversion 
coefficient into mm.

The study results were processed and summarized 
using Statistica 10 and Microsoft Excel.

Results
The migration of nitrates in soil (their movement 

deeper along the soil profile) was investigated using 
the data of the actual content of mineral nitrogen 
(Nmin), defined as the sum of its nitrate and ammo-
nium forms, and nitrogen of the nitrate form proper 
(N–NO3) (Revtie-Uvarova et al., 2020).

Table 4 summarizes the data of observations in 
industrial conditions during the vegetation of corn 
in locations 2, 3, and 4. In all these locations, the 
parameters of Nmin content in soil directly depended 
on the norm of applying nitrogen-containing ferti
lizers, and the highest values were registered in the 
0–20 cm layer. In particular, on typical chornozem 
of location 4, when corn is fertilized with N100–N170, 
the content of Nmin is very high (over 54.3 mg/kg of 
soil), whereas in case of applying N16 it corresponds 
to the average provision level. Split application  
of N134 into several portions in location 2 and that 
of N119 in location 3 not only created a high level  

of Nmin content, but also ensured the prolongation of 
this state during the active vegetation of corn.

The results of the studies also demonstrate a con-
siderable dynamic nature of Nmin in soil and its de-
pendence on the terms, ways, and norms of applying 
nitrogen-containing fertilizers. For instance, in the 
arable layer of typical chornozem in location 1, in 
case of applying N45Р55К45 prior to the pre-sowing 
soil tilling and N30 to fertilize winter wheat, the con-
tent of Nmin in the third decade of April was very 
low, whereas the twofold increase in the nitrogen 
norm ensured the increase in Nmin to a higher level. 
In case of applying the complete mineral fertilizer 
N90Р60К45 prior to the spring cultivation of corn in 
the second decade of June, the content of Nmin was 
27.9 mg/kg (an increased level), and in case of ap-
plying N180Р120К90 — 75.3 mg/kg of soil (very high 
level) (Fig. 2).

A general tendency is the maximal increase in Nmin 
content in the arable soil layer after the application 
of nitrogen-containing fertilizers and its gradual de-
crease with depth and with the longer time period 
after their application. Noteworthy is the fact that 
the nitrate form prevailed in the structure of mineral 
nitrogen in all the study locations. In particular, in 
location 1, in the third decade of April, the highest 
content of nitrate nitrogen under winter wheat was 
observed in the 0–20 cm soil layer which was de-
creasing with depth 1.6–2.2 times (Fig. 3А). In two 
months after the application of N90 and N180 under 
corn prior to spring tilling, the nitrates were also 
concentrated in the arable layer. At the same time, 

Fig. 2. � The content of mineral nitrogen in the 0–20 cm layer of typical chornozem under different fertilization of winter 
wheat and corn, location 1

Notes:  * — determined in the third decade of April; ** — determined in the second decade of June.
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Table 4. � The dynamics of the mineral nitrogen content in soil depending on the norms of applying nitrogen-containing 
fertilizers under grain corn in locations 2–4

Date of soil 
sampling

Soil layer, 
cm

Mineral nitrogen content, mg/kg soil

Location 2 Location 3 Location 4

N134 N119 N16 N100 N140 N155 N170

25 May —  
Locations 2 and 3;
27 May —  
Location 4

0–20 � 155,0 � 60,0 �18,7 �71,2 �64,7 �54,3 �72,5

20–40 � 72,2 � 28,0 �18,0 �26,6 �25,4 �20,1 �31,2

40–60 � 32,7 � 22,2 �14,7 � 11,7 �15,8 � 11,9 �16,8

60–80 � 24,0 � 21,3 � 13,6 �10,6 �17.5 �13,1 �17,7

80–100 � 34,6 � 23,0 � 13,8 � 11,2 �27,9 �10,7 �23,5

100–120 � 35,6 � 22,8 �18,1 �13,7 �30,6 � 9,9 �24,7

17 June —  
Locations 2 and 3;
22 June —  
Location 4

0–20 � 50,1 � 59,8 �18,5 �49,0 �55.9 �48,0 �52,5

20–40 � 47,3 � 25,3 �14,0 �19,3 �20,2 � 22,3 �19,6

40–60 � 37,1 � 24,9 � 11,9 � 8,0 � 11.9 �10,9 � 11,1

60–80 � 21,1 � 16,8 � 11,5 � 7,7 � 11.3 �12,1 �13,1

80–100 � 23,8 � 19,2 � 12,7 � 8,1 � 11,3 � 9,3 �14,3

100–120 � 31,5 � 20,4 � 13,4 � 8,2 �19.2 �19,2 �16.8

08 July —  
Locations 2 and 3;
14 July —  
Location 4

0–20 � 47,0 � 66,3 � 11.9 �34,3 �41,0 �30,2 �21.8

20–40 � 16,3 � 45,6 � 6.6 � 11,6 �10.4 �10,5 � 9.4

40–60 � 12,4 � 32,2 � 4.7 � 5,5 � 5.3 � 4.9 � 5.3

60–80 � 13,7 � 27,2 � 6.7 � 5.5 � 6.6 � 5,8 � 6,7

80–100 � 23,1 � 28.8 � 7,9 � 6.0 � 8,7 �10,5 � 9.3

100–120 � 38,5 � 26.1 � 8.1 � 6,2 �12.4 �10.4 �10.8

29 July —  
Locations 2 and 3;
27 July —  
Location 4

0–20 � 61,7 � 64.9 � 9.9 �14.1 H.д. � 11.0 �12.8

20–40 � 27,6 � 20.6 � 5.7 � 6.1 H.д. � 6,5 � 6,7

40–60 � 17.7 � 12.8 � 4.6 � 4.3 H.д. � 8.2 � 3.4

60–80 � 15.0 � 9.1 � 7,5 � 7.8 H.д. � 5,4 � 5.2

80–100 � 11,3 � 10.5 � 6.7 � 11.1 H.д. � 5.2 � 5.9

100–120 � 13.4 � 14.5 � 7,5 � 11.1 H.д. � 5.5 � 6.5

08 September —  
Locations 2 and 3;
06 September —  
Location 4

0–20 � 23.9 � 68.9 � 11.6 �22.1 H.д. �23.9 �13.3

20–40 � 23.3 � 44.2 � 9.1 �10.2 H.д. �10.1 � 10.0

40–60 � 11.1 � 15.0 � 4.1 � 4.8 H.д. � 7.2 � 5.9

60–80 � 11,2 � 12.5 � 6.8 � 7.9 H.д. � 8.4 � 7.3

80–100 � 11,4 � 12.7 � 6.1 � 7.4 H.д. � 11.8 � 7.1

100–120 � 14,7 � 18.0 � 6.9 � 7.4 H.д. �10,6 � 8.2

Note. �   — high values;  — average values;  — low mineral nitrogen content in successive soil layers down to a depth 
of 120 cm at each soil sampling period.
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under both crops, the accumulation of nitrates in the 
subarable soil layers down to the depth of 100 cm was 
found to be much higher in case of a double norm of 
fertilizers than in case of a single norm. It should be 
noted that the average monthly precipitation amount 
at the time of sampling soil was 32% lower than the 
perennial indices.

In case of a split application of N134 in location 2 
and N119 in location 3 in the industrial fields of corn, 
the highest content of nitrates was also registered in 
the 0–20 cm soil layer (Fig. 4). The fluctuations of 

the absolute values of the content of nitrates in this 
layer may be related to the nitrification course of 
ammonium nitrogen of mineral fertilizers and, pos-
sibly, ammonium nitrogen of the mineralized organic 
matter in soil (“extra”-nitrogen) (Nosko, 2013). A 
general regularity in the transition of nitrate nitrogen 
in the 0–120 cm soil layer is its gradual decrease with 
the depth. For instance, in case of applying N134, its 
content at the depth of 100–120 cm is 5.9 lower than 
that in the arable layer at the start of vegetation, and 
1.2–5.6 times lower — in other periods. The diffe

Fig. 3. � The distribution of nitrate forms of nitrogen in soil in case of applying the complete mineral fertilization in 
location 1: A — under winter wheat; B — under corn

Fig. 4. � The distribution of nitrate forms of nitrogen in soil in case of the split application of N134 and N119 in location 2:  
А — location 2 (application of N134 in meadow-chornozem soils); B — location 3 (application of N119 in dark-
grey podzolic soils)

A

A

B

B
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rence between the content of nitrates at the depth of 
100–120 cm from the first to the last determination 
is 3.3-fold: there is a decrease from 24.6 mg/kg of 
soil to 7.5 mg/kg of soil. In case of applying N119, the 
content of nitrate nitrogen decreases at the depth of 
100–120 cm as compared to the arable layer, depend-
ing on the period of determination. The content of 
nitric nitrogen in the 100–120 cm soil layer decreased 
from 14.1 mg/kg of soil to 9.0 mg/kg of soil from 
the first to the last determination.

Similar regularities in the accumulation and migra-
tion of nitric nitrogen in the 0–120 cm soil layer were 
also found in location 4 in case of the application 
of different norms of nitrogen-containing fertilizers 
under corn (Fig. 5). The maximal content of nitric 

nitrogen was noted in the 0–20 cm soil layer with the 
decrease with depth and time. In case of applying the 
maximal norm of N170, the 0–20 cm layer contained 
53.7 mg/kg of nitric nitrogen, whereas in the 100– 
120 cm layer it was three times lower, and in the last 
period of observations, these parameters decreased 
to 8.9 mg/kg and 4.3 mg/kg, respectively. In general, 
at the end of the corn vegetation period, the content 
of nitric nitrogen in the 0–20 cm layer fluctuated 
within the interval from 7.4 to 18.2 mg/kg, and at  
he depth of 100–120 cm  from 3.6 to 6.9 mg/kg of 
soil.

In podzolic chornozem of locations 5 and 6, during 
abnormal drought of 2024, in June, the content of 
Nmin fluctuated for all the levels of applying mineral 

Fig. 5. � The distribution of nitric nitrogen in soil in case of applying different norms of nitrogen-containing fertilizers 
in location 4: A — application of N16; B — application of N100; C — application of N155; D — application of 
N170

C

A

D

B
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Fig. 6. � The distribution of mineral nitrogen in soil in case of applying different doses of nitrogen-containing fertilizers 
in locations 5 and 6: A — during the vegetation period of barley and corn in 2024; B — during the vegetation 
period of oil flax in 2025

A B

N0

N60

N100

N120
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fertilizers (N60, N100 and N120) from 2.1–2.4 mg/kg  
in the 0–60 cm layer to 0.40–0.95 mg/kg in the 
80–100 cm layer, and in September, it was 0.42– 
0.82 mg/kg of soil without considerable differentia-
tion among soil layers (Fig. 6А). In 2025, due to 
a considerably higher precipitation amount during 
the vegetation period and relatively higher soil hu-
midity and more favorable conditions for the course 
of microbiological processes, the Nmin content was 
higher than in 2024, namely: in control — 4.2–2.6 ti- 
mes, N60–100 — 2.3–2.1 times, N120 — 3.0–2.1 times  
(Fig. 6B). At the same time, in 2025, for levels of 
applying mineral fertilizers (N60, N100, N120) the Nmin 
content at the depth of 80–100 cm did not exceed the 
value of the control variant N0. In case of applying 
N120, the Nmin content at the depth of 80–100 cm was 
2.0–3.5 times higher as compared to N60–100, but it 
did not exceed the value for 15 mg/kg of soil which 
corresponds to a low rate of saturating the soil with 
mineral nitrogen.

The observations in locations 5 and 6 registered 
the highest concentrations of nitric nitrogen in case 
of applying N120 in winter and spring months in 
the 0–60 cm soil layer, whereas at the depth of 80– 
100 cm, the amount of N–NO3 decreased 2.5–6.0 
times and did not exceed 6 mg/kg of soil (Fig. 7). It 
demonstrates the possibility of increasing the con-
tent of nitric nitrogen in deeper soil layers in case of 
higher precipitation amount during the vegetation pe-
riod, but only in case of applying nitrogen-containing 
fertilizers in the dose above 100 kg/ha.

Discussion
Two approaches to identification of zones, vul-

nerable to the accumulation of nitrates, are used in 
the EU (Report from the commission to the council 
and the European parliament…, 2021). The general 
territorial approach envisages expanding the require-
ments of the Nitrate Directive to the area of the entire 
territory of the country, which is implemented in 
Austria, Denmark, Finland, Germany, Ireland, Lithua
nia, Luxembourg, Malta, the Netherlands, Poland, 
Romania, Slovenia, and Belgium (except for Flan-
ders). Bulgaria, Spain, Hungary, Italy, Slovakia, Cyp
rus, Estonia, Latvia, and Portugal single out only 
the territories in which nitrate losses penetrate water 
bodies, and in some countries they define additional 
local zones (“hot spots” or “red zones”) with a higher 
pollution level or proximity to points of abstracting 
drinking water (Report from the commission to the 
council and the European parliament…, 2021).

According to the estimate of Osadcha et al. (2020), 
vulnerable zones are limited territories of the river 
basin (parts of drainage territories), from which nitric 
nitrogen is flushed to the massives of surface and 
underground waters (Osadcha et al., 2020). How-
ever, considering the biogeochemical instability of 
nitrogen compounds, the status of a vulnerable zone 
may change with time. It should be noted that this 
publication is dedicated to flushing nitrogen com-
pounds (their movement deeper along the profile), 
whereas their flushing with the superficial drainage 
has other specificities and is more notable for territo-

Fig. 7.  The distribution of nitric nitrogen in soil in case of applying N120 in location 5
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ries, vulnerable to erosion, i.e. territories, which, due 
to their natural features (complex landscape: slopes 
of different steepness, divided forms) are inclined 
to intense development of erosion processes, in this 
case, this is water erosion of soils. As for the terri-
tory of conducting the study, these are water-dividing 
plots or flattened interfluvial terrains.

Mineral nitrogen, presented by ammonium and nit
rate forms, is the most common quantitative indicator 
in Ukraine, which allows estimating the amounts of 
nitrate migration in the soil depth. A nitrate form is 
not constrained by the absorbing complex in soil and 
migrates in it freely, and ammonium ions transform 
into nitrates in the nitrification process. To determine 
the suitability of mineral nitrogen indicator in soil for 
identification of zones, vulnerable to the accumulation 
of nitrates, it is necessary to confirm two provisions, 
envisaged in the Nitrate Directive. Firstly, is the con-
tent of mineral nitrogen sufficient for the current 
understanding of the behavior of nitrogen compounds 
in the environment (water and soil)? Secondly, is the 
content of mineral nitrogen sufficient for the current 
understanding of the impact of the measures taken 
to minimize the input of nitrogen compounds into 
water bodies?

Our studies demonstrate that after the application 
of nitrogen-containing fertilizers, there is a consi
derable increase in mineral nitrogen in the 0–40 cm 
soil layer (Table 3, Fig. 2 and 6), increasing with 
larger doses of nitrogen application. This tendency 
has a direct impact on the vertical migration of nitric 
nitrogen in the 0-120 cm soil layer: the increase in 
upper layers with a gradual decrease in its content 
along the soil profile and in time (Fig. 3–5, 7). In 
addition, the nitric nitrogen in the lower soil layers 
is a potential source of fertilization of plants with 
nitrogen which is brought to upper layers with the 
ascending stream of moisture. The studies demon-
strate (Feng et al., 2019) that the penetration of the 
roots to the depth of 40 and more cm promotes the 
increase in nitrogen absorption and lower flushing 
of nitric nitrogen. Sebilo et al. (2013) used labelled 
(stable) isotopes of nitrogen (15N) in the composition 
of nitrogen fertilizers to determine that 61–65% of 
15N applied fertilizers are absorbed by plants mostly 
during the first years of application, 12–15% of 15N 
is accumulated in the composition of the organic 
matter of soil, and 8–12% of 15N is removed to the 
hydrosphere during a 30-year-long period of obser-
vations.

According to our results, the content of mineral 
nitrogen in soil decreases considerably by the end of 
the crop vegetation. In early September, the content of 
nitric nitrogen under corn in the arable 0–20 cm layer 
fluctuated from 7.4 to 18.2 mg/kg of soil, whereas the 
difference between the minimal and maximal norms 
was N154. At the depth of 100–120 cm, the content 
of N–NO3 fluctuated from 3.6 to 6.9 mg/kg of soil, 
and its average content in the 0–120 cm soil layer 
did not exceed 7.8 mg/kg of soil (Fig. 5).

The presented specificities of the re-distribution 
of mineral nitrogen in soil give grounds to recom-
mendations on conducting soil sampling to determine 
the risk of flushing nitrates in autumn, after crop 
harvesting. There is a similar practice in Flanders, 
where the content of mineral nitrogen is regularly 
determined in the 0–90 cm soil layer within the pe-
riod from October 1 and November 15, which is the 
main leaching period (D’Haene et al. 2014). It also 
allows avoiding non-objective limitations on the use 
of mineral nitrogen fertilizers, especially in the ter-
ritories with deep underground waters and minimal 
manifestation of erosion processes.

The behavior of nitrogen compounds in soil is 
closely related to the life activity of soil microorga
nisms which are very sensitive to weather and climate 
fluctuations, and their activity directly depends on 
humidity (Schimel, 2018). Similar to most European 
countries, in Ukraine a decrease in the total precipi-
tation amount is forecast which is caused by their 
considerable reduction in summer, and a thinner snow 
cover which, in its turn, changes the terms and vo
lumes of drainage (Kundel et al., 2021; Wilson et al., 
2021). At present, the situation with moisture provi-
sion for soils deteriorated sharply, especially in the 
southern and eastern regions of Ukraine. According 
to the experts, due to the limited precipitation amount 
in spring and summer, the one-meter-deep soil layer 
accumulates from 10 to 80 mm of productive moisture 
(Soil moisture reserves are decreasing in Ukraine — 
corn and sunflower harvests are at risk, 2025). This 
is confirmed by the results of our studies, in which 
the fluctuations in PMR in the one-meter-deep soil 
layer in locations 2, 5, 6 in spring were 80–115 mm, 
and in July–August, they decreased to 8–13 mm, and 
in locations 3–4, the moisture, available for plants, 
was not registered at all in late summer. Drought 
conditions inhibit the course of ammonification and 
nitrification processes as well as the consumption 
of nitrogen by plants (Lori et al., 2020), instead the 
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increase in soil humidity increases the content of 
mineral nitrogen in soil considerably (Lu et al., 2025). 
A similar regularity is notable for chornozem soils 
of our objects of study, where in locations 5–6, we 
observed a close positive correlation between the 
precipitation amount, moisture provision and mineral 
nitrogen content in soil.

Therefore, in drought years, there is lower leaching 
of nitrates due to a smaller amount of filtration water 
(Rupp et al., 2021), and the excess of nitrogen in fer-
tilizers is accumulated in the pool of organic nitrogen 
of the soil (Engels et al., 1993; Werisch et al., 2021). 
The obtained data also demonstrate the decrease in 
the descending movement of mineral nitrogen to deep 
soil layers in drought years (Fig. 3-7). In addition, 
the flushing type of the water regime is registered 
ever more seldom, and in terms of the moisturiza-
tion regime (the course in time) in the zonal soils of 
the Forest-Steppe zone, there is a stable tendency to 
the manifestation of the features of the non-flushing 
type of the water regime (Demydenko et al., 2025), 
which is notable for the Steppe zone of Ukraine and 
immediate chornozem soils even in case of optimal 
moisture provision (at the level of average perennial 
amount of precipitation). Enhanced evaporation of 
soil moisture leads to a reduction in the descending 
movement of water and promotes drawing of mine
ral nitrogen from deeper layers of soil to the layer 
with roots (Rupp et al., 2021). Thus, current climate 
changes and deep location of underground waters 
make the penetration of nitrogen fertilizers into water 
bodies via flushing less probable. For instance, loca-
tion 1 is an even drainage-free territory within a flat 
terrace with poor drainage of the Siverskyi Donets 
river, where the depth of the underground waters is 
over 10 m.

From the standpoint of current understanding of 
the impact of the measures taken regarding the mini-
mization of the input of nitrogen compounds to water  
bodies, the indicator of the content of mineral nitro-
gen and its structure allows for objective determina-
tion of the efficiency of the measures, envisaged by 
the best practices and action plans. It was determined 
in the conditions of locations 2 and 3 that split app
lication of nitrogen fertilizers ensures the formation 
of enhanced, high or very high level of providing 
the soil with mineral nitrogen during the entire ac-
tive vegetation of corn. The maximal increase in the 
mineral nitrogen content was registered in the arable 
0–20 cm soil layer which was gradually decreasing 

with depth and longer time periods after the applica-
tion. It should also be noted that pre-sowing applica-
tion of UAN-32 and granulated ammonium sulfate 
ensured prolonged action via the course of processes 
of microbiological transformation of amide nitrogen 
into ammonium nitrogen, and ammonium nitrogen 
into nitric nitrogen.

Conclusions
The content of mineral nitrogen in soil is a conve-

nient indicator to ensure a differentiated approach to 
identification of zones, vulnerable to the accumulation 
of nitrates. It is recommended to determine the con-
tent of mineral nitrogen in the arable soils, which are 
potentially vulnerable, after harvesting the crops.

After the application of fertilizers, the maximal 
content of mineral nitrogen in soil is registered in the 
0–20 cm soil layer and decreases with depth and time. 
The observations on soils of six locations of upland 
soils in the years with dry and normal moisturization 
conditions did not reveal considerable volumes of 
flushing mineral nitrogen and nitrates directly into 
lower soil layers in spring and summer.

The application of nitrogen fertilizers under crop 
rotations on the arable soils of humus-accumulative 
genesis in the plain territories of Ukraine with non-
flushing or periodically flushing type of water regime 
at the norm, which does not exceed 100 kg/ha, does 
not pose any threat of mineral nitrogen leaching, 
including its nitrate forms, and pollution of under-
ground waters. In case of split application, it is pos-
sible to increase the norm of nitrogen fertilizers which 
ensures their prolonged effect.
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Мета. Обґрунтування підходу до виокремлення зон, 
уразливих до накопичення нітратів, на основі даних 
вмісту мінерального азоту в ґрунті згідно вимог Ніт
ратної Директиви. Методи. Дослідження проводилися 
на орних ґрунтах гумусово-акумулятивної генези 6 
земельних ділянок у межах ґрунтово-кліматичної зони 
Лісостепу України із рівнем застосування азотовмісних 
добрив від 0 до 170 кг/га. Визначення вмісту міне-
рального азоту (Nmin), нітратів та запасів продуктив-
ної вологи проводилися пошарово до глибини 120 см,  
у динаміці впродовж вегетаційного періоду 2021, 2024  
і 2025 рр. Культури: кукурудза на зерно, пшениця ози-
ма, ячмінь ярий, льон олійний. Результати. Встановле-
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но значну варіабельність вмісту Nmin та безпосередньо 
нітратів в ґрунті залежно від строків, способів і норм 
внесення азотовмісних добрив. Максимальні концен-
трації спостерігаються у орному шарі ґрунту одразу 
після внесення азотних добрив, і ці параметри поступо-
во зменшуються у часі та з глибиною. У червні–липні 
відмічене найбільше накопичення нітратів у глибоких 
шарах ґрунту, коли за норми внесення добрив понад 
N100 вміст нітратного азоту на глибинах від 80 до 120 см  
становив від 15,6 до 35,8 мг/кг. Накопичення нітратів 
у глибоких шарах ґрунту зменшується впродовж ве-
гетаційного періоду, і на час збирання врожаю вміст 
нітратного азоту на глибинах від 80 до 120 см не пе-
ревищував 10 мг/кг ґрунту у рік з нормальними умо-
вами зволоження та 4 мг/кг ґрунту у посушливий рік. 
За норми внесення добрив до 100 кг/га накопичення 

Nmin та нітратів у глибоких шарах ґрунту мінімальне. 
Висновки. Використання Nmin у якості індикатора від-
повідає вимогам Нітратної Директиви для виявлення 
зон, уразливих до накопичення нітратів. Вимірювання 
доцільно проводити після збирання врожаю сільсько-
господарських культур. Внесення азотних добрив під 
культури польової сівозміни на орних ґрунтах гуму
сово-акумулятивної генези рівнинних територій Украї
ни з непромивним або періодично промивним типом 
водного режиму у нормі, яка не перевищує 100 кг/га, 
не несе загрози вилуговування мінерального азоту та 
його нітратних форм з ґрунту та подальшого забруд-
нення підґрунтових вод.

Ключові слова: нітрати, мінеральний азот, міграція, 
часова динаміка, чорноземи.


