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Aim. To conduct a comparative assessment of the current state and dynamics of phosphorus balance in the
agroecosystems of Ukraine and the EU and determine the methods to manage phosphorus flows and restore
its funds in the soils. Methods. The methods of the Organization for Economic Cooperation and Development
(OECD, 2007) to assess the flows and balance of phosphorus and its use efficiency (PUE) in the crop produc-
tion subsystems were used (Chowdhury et al., 2021). The initial data were taken from the electronic resources
of the State Statistics Service of Ukraine (http://www.ukrstat.gov.ua), Eurostat (https://ec.curopa.cu), and State
Institution of Soil Protection of Ukraine (https://www.iogu.gov) regarding the inspection of agricultural fields by
the results of XI round (2016-2020). The index maps were built in the MS Excel 2021. Results. The gross ba-
lance of phosphorus in the agroecosystems of Ukraine and 30 European countries in 1990-2021 was determined.
A decrease in the soil potential for phosphorus content, calculated by the indices of phosphorus flows in modern
agricultural production, was determined. It was shown that, on average, the amount of phosphorus removed by
the economically valuable part of the crop significantly exceeded its entry into the soil with fertilizers. The state
of the use of mineral and organic fertilizers in crop production in Ukraine and EU countries was compared.
The unbalanced use of soil phosphorus in Ukraine’s agroecosystems in 1995-2021 was revealed: the negative
phosphorus balance increased from —5.6 to —11.4 kg P/ha/year and the intensive soil load — PUE 139-256 %,
which is primarily due to a decrease in the use of organic fertilizers from 9.6 to 0.8 kg P/ha/year, and phosphorus
mineral fertilizers — from 17.9 to 6.9 kg P/ha/year. The minimal gross P balance (0.6 P/ha/year) established
in the EU countries was observed only in 2019. Among the EU countries in 2019, the gross P balance ranged
from —5.6 to 6.0 kg P/ha/year. The countries with a negative P balance (2019) include Romania (-5.6 kg P/ha/
year), Bulgaria (-5.4), Germany (—4.8), Slovakia (-1.9), Sweden (—1.5), Lithuania (—1.3), Hungary (—0.4) and
the Czech Republic (-0.03 kg P/ha/year), the indices of which are lower than those for Ukraine. The PUE in
the EU countries (2019) was within the range of 62-167 %. In particular, the PUE above 100 % was found in
Hungary — 103 %, Lithuania — 111 %, Sweden — 113 %, Germany — 126 %, Slovakia — 118 %, Romania —
152 %, and Bulgaria — 167 %, which is lower than in Ukraine — 186 %. Currently, in Ukraine, the amount of
mineral phosphorus applied to the sown area is close to the EU average but 11 times lower than the amount of
organic phosphorus applied to the soil. Conclusions. To achieve a deficit-free balance of phosphorus, restore
its content in soils, minimize negative environmental impacts, and increase economic benefits, it is advisable
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to compensate for the removal of phosphorus with the main products not only by applying industrial phosphate
mineral and organic fertilizers but also by creating agroecosystems with a high level of phosphorus recycling

and using current local phosphorite deposits.

Keywords: phosphorus, soil, phosphorus flows, phosphorus use efficiency (PUE), fertilizers, waste of animal

breeding and crop production, recycling, phosphorites.
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INTRODUCTION

Rational management of phosphorus flows in agro-
ecosystems has a significant impact on food security
due to the low natural content of plant-available forms
of phosphorus in soils and limited resources of phos-
phate rock for the production of appropriate fertilizers.
Phosphorus (P) is one of the six chemical elements
that make up the basis of organic compounds and
the second most important macronutrient required by
plants for biomass formation during photosynthesis.
P is a component of organelles and cell membranes,
proteins, and enzymes of energy metabolism and trans-
mission of hereditary information. Phosphorus, like
the other seventeen major biogenic elements neces-
sary for plant growth, plays a key role as a central
regulator of plant physiological responses to abiotic
stresses due to adverse environmental conditions such
as drought, salinity, and extreme temperatures, affects
root system architecture, nutrient uptake, photosyn-
thesis and stomatal regulation (Khan et al., 2023).

The main primary source of P is the soil-forming
parent rock (Kramarov et al., 2015). Global resources
of P are getting exhausted faster, and, according to
some estimates, by 2050, the P resources in soil will
be limited, which creates a potential threat to the
stable development of crop production. Its deficiency
limits the yield of more than 40 crops in the world
(Balemi et al., 2012). Among biogenic elements, P has
the smallest reserves, most of which are concentrated
in a few countries (85 in Morocco) (Penuelas et al.,
2023).

The formation of the soil phosphate fund is en-
sured by soil biota, which induces the transformation
of primary phosphorus-containing minerals of the
parent rock that ensures the formation of secondary
inorganic and organic phosphates. In fact, under natu-
ral conditions, soil formation is a closed cycle of P,
which is determined by the ratio of humification and
mineralization of organic matter, so one of the main
tasks is to reduce the deficit of P available to plants
in the soil by increasing the use of phosphorus fertili-
zers, including those from local raw materials — or-
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ganic fertilizers, phosphorites and apatites, sapropels,
peat, crop residues, etc. (Nosko, 2018; Torma et al.,
2018).

Considering soils with Olsen phosphorus content
above and below the threshold (1 mg-kg'), which
corresponds to the likely agronomic optimal yield
for 28 of the most common and valuable crops in
the world, as well as pastures for intensive grazing,
it was found that 73 % of the land area is below the
optimal production thresholds in terms of available
soil phosphorus (McDowell et al., 2024). For soils
close to the critical level of P, the efficiency of its
use becomes high since the phosphorus applied to
the soil with fertilizers and its consumption by crops
is almost the same. Maintaining soil near the criti-
cal P level should optimize yields and use of global
phosphorus resources while minimizing the risk of
excessive phosphorus amount being transferred to
water sources (Johnston et al., 2019). Moreover, for
example in China, despite local successes, the wide-
spread mobilization of smallholder farmers to adopt
sustainable management practices of phosphorus re-
mains a challenge, primarily due to the associated
high costs and complicated sampling. Therefore, to
optimize the determination of the soil phosphorus
status and to reduce the use of phosphorus fertilizers
by half, a dynamic optimization of soil phosphorus
status (DOP) approach is proposed, aimed at mana-
ging the long-term soil phosphorus status within a
range of agronomic and ecological threshold values
(Gong et al., 2025).

Understanding quantitative agronomic and ecologi-
cal thresholds for soil phosphorus at a global scale
is necessary to improve phosphorus use efficiency
and crop productivity while preventing phosphorus
losses in the environment (Wang et al., 2023). Limi-
ted resources of phosphate raw materials are among
the most pressing problems not only in Ukraine but
also globally (Romanova et al., 2023). The optimiza-
tion of phosphate nutrition of crops should be based
on information about their yield, nutrient content in
plants and soil properties of a particular field. The
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phosphorus balance is significantly affected by the
doses of phosphorus supplied with mineral and or-
ganic fertilizers. The balanced content of phospho-
rus in soil is achieved in the fields with low doses
of phosphorus, applied with mineral fertilizers and
manure, and the absence of phosphorus fertilizers
has a negative effect on phosphorus balance and may
result in a decrease in crop yield. This information is
required for efficient soil management, environment
protection, and a decrease in industrial expenses for
phosphate fertilizers (Matéjkova et al., 2021).

The level of nitrogen and phosphate fertilizers used
per unit of sown area in the world has increased 8
times and 3 times, respectively, since 1961, when
IFA (International Fertilizer Association) and FAO
(Food and Agricultural Organization) conducted the
following country-level studies. In the early 215t
century, the hotspots of fertilizer use in the 1960s
shifted from the United States and Western Europe
to East Asia with the current hotspot in Brazil (Lu
et al., 2017). Globally, the major trends include the
general increase in nutrient inputs and outputs of
N, P and K during the period from 1961 to 2020,
reflecting the increased scale and intensity of food
production in most countries over the same period.
The relative larger increase in the growth of inputs
vs. outputs has concurrently resulted in greater nut-
rient surpluses for N and P, whereas K surpluses have
decreased. This indicates that more emphasis has been
placed globally on inputs of N and P compared with
K, relative to removed nutrients (Ludemann, et al.,
2024).

Since the main source of phosphorus, phosphate
rock, is a vital non-renewable natural resource that
permeates different sectors, governance levels, ma-
terials and social relations, phosphorus governance
can be described as a wicked non-renewable resource
problematic that has been translated into a complex
system of knowledge sub-systems not sharing the
information (siloed knowledge). This siloed thinking
is reflected in the vast number of EU regulations and
policies that are at the same time narrowly limited
to discrete aspects and sectoral uses of phosphorus,
which are dominated by the sectors of agriculture and
resource recovery (Kalpakchiev et al., 2023).

Today, P has become a critical and often unbalan-
ced element in European agriculture. At the same
time, in May 2020, the European Commission pub-
lished the From Farm to Fork (F2F) strategy, one
of the main goals of which was to reduce fertilizer

use by at least 20 %. It is important to look for the
optimal use of P to reduce environmental phosphate
pollution and, at the same time, ensure food security
(Panagos et al., 2022). In addition, the Directive on
Nitrates (91/676/EEC) sets guidelines for agricultural
practices to reduce nitrate (NO;) leaching, which
are implemented in each Member State through the
National Action Program (NAP), which is legislated
as Good Agricultural Practice (GAP) rules. The GAP
rules set out farming practices to reduce NO3 leach-
ing but also limit the use of P on farms and establish
soil P indices (Mihailescu et al., 2015).

Despite European regulations, the elevated P levels
persist in many water bodies across the continent.
Phosphorus excess in soils promotes eutrophication
and deterioration of water quality in surface waters.
In particular, the total excess of phosphorus in the
EU-27 increased three times in 170 years, from
1.19 (£0.28) kg-ha!-year! in 1850 to about 2.48
(£0.97) kg-ha™!-year™! in recent years. The long-term
perennial data about the phosphorus excess in soil
are relevant for understanding of these levels and
determining future management strategies (Batool
et al., 2024).

The informative index of the substance flow analy-
sis (SFA) in the agricultural production system nation-
wide is phosphorus use efficiency (PUE). The PUE in
the overall agricultural production system averages
46 % (30 countries), which is lower than in the crop
and pasture subsystem (average 72 %), but higher
than in the livestock breeding subsystem (average
18 %). Shifting from animal feed/pasture produc-
tion for animal products to crop production for food
can improve the PUE in the agricultural production
system (Chowdhury et al., 2021). Although manure
is a source of P excess in areas with high livestock
density, P deficiency is often common in areas where
crops are grown for livestock fodder (MacDonald et
al., 2011).

Among all the resources needed to increase ag-
ricultural productivity, nutrients are considered the
most important (Timsina, 2018). The management
of phosphorus, nitrogen, and potassium fertilizers
is at the center of the main dichotomy between food
security and environmental issues such as climate
change and eutrophication. Such a key role requires
the adoption of the well-known common sense prin-
ciple of the 4Rs (right nutrient source at the right
rate, at the right time, and in the right place), which
would help ensure proper use of nutrient resources
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and optimize productivity (Penuelas et al., 2023).
In addition, a phosphorus management strategy re-
quires a better understanding of soil-plant-animal P
dynamics, effective soil P restoration, and innovative
technologies to improve plant uptake of P fertilizers
(Withers et al., 2014).

The purpose of this study is to assess the current
state and dynamics of phosphorus balance in agroeco-
systems of Ukraine and EU countries and to identify
the ways to restore phosphorus reserves in soils.

MATERIALS AND METHODS

The calculation of the gross phosphorus balance
in crop production in Ukraine (the total phosphorus
balance of all crops on the total harvested area in
Ukraine per year) was based on the methodology
of the Organization for Economic Cooperation and
Development (OECD, 2007). The gross surplus/deficit
of phosphorus (Py,1s), which may remain in soil, get
leached into soil waters, or flow into surface waters,
was calculated using equation 1 (OECD, 2007):

P = Psoil surface balance - AUAA X 100, (1)

where: Py, — gross surplus/deficit of phosphorus
in the soil while cultivating crops, kg of P/ha/year;
Pl surface balance — 2r0ss balance of phosphorus in the
soil while cultivating crops, t P/year; Ay s, — har-
vested area of crop yield, ha.

surplus

The soil surface balance of phosphorus was calcu-
lated as the difference between the total amount of
phosphorus, annually entering soil, and the amount
of phosphorus, leaving soil, using equation 2 (OECD,
2007):

Psoil surface balance EPinputs - ZPoutputsa (2)

where: Pj, s — incoming flows of phosphorus in
crop production (mineral fertilizers, organic ferti-
lizers, seeds, and atmospheric precipitation), t P/year;
P ypuis — outgoing flows of phosphorus with the crop

products (food and fodder crops, by-products), t P/
year.

After-harvest crop residues are additionally inclu-
ded in the incoming and outgoing phosphorus flows.
In Ukraine, in addition to livestock waste, after-har-
vest crop residues (straw, tops, stubble, leaves) from
corn for grain, soybeans, potatoes, vegetables, sun-
flower, and food and fodder crops are used as or-
ganic fertilizers. The straw and tops of other crops
are used as fodder or bedding for animals. P is added

to the soil through mineralization of crop residues
and removal of P with crop by-products. (P, was
calculated based on the method of F.I. Levin, using
equation 3 (MEPR, 2023):
P(cr) = 21{[(611 X Pi+bi)+

+ (e X Pi+dy) X foi} S5, (3)
where: i — index of the crop species; P; — yield of
the i-th crop, kg/ha; S; — harvested area under the
i-th crop, ha; @; and b; — regression coefficients for
the straw of the i-th crop; ¢; and d; — regression
coefficients for the stubble of the i-th crop (MEPR,

2023); f,; — content of phosphorus in the straw and
stubble of the i-th crop, % (Table 2);

The phosphorus use efficiency (PUE) in crop pro-
duction was calculated using the proposed general
methodological approaches to assessing the crop pro-
duction subsystem (Cc), which includes the produc-
tion of cereals and non-cereals, fruits and vegetables,
processes and material flows according to equation 4
(Chowdhury et al., 2021):

CcPUE = (CcTPO =+ CeTi) x 100, (4)

where: PUE — phosphorus use efficiency in the crop
production subsystem (Cc), %; CcTPO — total in-
coming phosphorus inflows in the crop production
subsystem (Cc) (mineral fertilizers, organic fertilizers,
seeds, atmospheric precipitation, and mineralization
of after-harvest (ploughed under) plant residues),
t P/year; CiTi — total flows of phosphorus, outgo-
ing with plant products (food and fodder crops, by-
products) in the crop production subsystem (Cc),
t P/year.

The coefficients of phosphorus content in organic
fertilizers and atmospheric precipitation of phospho-
rus are presented in Table 1.

The coefficients for the calculation of P input into
soil and P removal with grain and plant residues of
crops are presented in Tables 2, 3.

The initial data to calculate P balance and phos-
phorus use efficiency (PUE) in Ukraine — inputs of
mineral and organic fertilizers into the soil, sown and
harvested crop area, yield and volume of production
of crops were taken from the database of electronic
resource of the State Statistics Service of Ukraine
(http://www.ukrstat.gov.ua) for 1990-2021. The initial
data for calculations P balance and PUE in EU coun-
tries — total P inputs/outputs, harvested crop area
& P inputs from mineral & organic fertilizers were
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Table 1. The coefficients of phosphorus content in organic fertilizers and atmospheric precipitation of phosphorus

Source of phosphorus P content, % References

As per the data of the laboratory of organic fertilizers

Manure of farm animals, average 0.12 and humus, the NSC “Institute for Soil Science and
Agrochemistry, named after O.N. Sokolovsky”

Poultry manure, average 0.88

Sludge and sapropel, average 0.28 .

) Voitenko L. et al., 2009

Peat and its substrates, average 0.08

Other kinds of organic fertilizers, average 0.11

Atmospheric precipitation, average, kg/ha 0.05 Korsun S.H. et al., 2018

Table 2. The coefficients of phosphorus content in the grain of crops

Source of phosphorus P content, % References
Cereals, interval 0.22-0.45 | FAO, 2022
Grain legumes (except soybeans), interval 0.40-0.87 | Sharasia et al., 2017; FAO, 2022
Soybeans 0.81 FAO, 2022
Oil crops, interval 0.17-0.59 | FAO, 2022; Vovchenko, 2008; Bhat et al., 2014
Root crops, interval 0.05-0.10 | FAO, 2022
Vegetables, interval 0.02-0.34 | FAO, 2022; Hospodarenko, 2018
Cucurbits, average 0.03 FAO, 2022; Hospodarenko, 2018
Fodder root crops, interval 0.03-0.05 | FAO, 2022; Hospodarenko, 2018

Table 3. The coefficients of phosphorus content in the after-harvest residues of the crops

Source of phosphorus P content, % References

Cereals, interval 0.08-0.23 Hospodarenko, 2018; Senchuk, 2017; Servi-Tech Labo-
ratories (https://cropfile.servitech.com/index#h.qzirp
2rqvds0)

Grain legumes (except soybeans), interval 0.10-0.22 | Sharasia et al., 2017

Soybeans 0.09 Gelderman, 2009

Oil crops, interval 0.08-0.48 | Hospodarenko, 2018; Vovchenko, 2008; Bhat et al., 2013;
Servi-Tech Laboratories (https://cropfile.servitech.com/
index#h.qzirp2rqvds0)

Root crops, interval 0.04-0.14 | Hospodarenko, 2018

Vegetables, interval 0.03-0.19 | Hospodarenko, 2018; FAO, 2017

Cucurbits, average 0.04 Hospodarenko, 2018

Fodder corn 0.08 FAO, 2022

Fodder root crops, interval 0.03-0.04 | Hospodarenko, 2018

Grasses for green fodder, interval 0.05-0.11 Ibatullin, 2003; 2015.

Grasses for hay, interval 0.20-0.25 | Ibatullin et al., 2003; 2015; Hospodarenko, 2018
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taken from the Eurostat database (https://ec.europa.
eu) for 1990-2019.

To determine the average weighted P205 content in
the soil, we used the materials of scientific research of
State Institution of Soil Protection of Ukraine, on the
survey of agricultural land based on the results of the
XI round (2016-2020) (https://www.iogu.gov.ua/).

The balance calculations and index maps were done
in the MS Excel 2021.

RESULTS

The main sources of phosphorus input into the soil
in Ukraine (2021) are mineral fertilizers — 48.1 %,
after-harvest crop residues — 42.6 %, organic fer-
tilizers — 5.6 %, seeds — 3.4 % and atmospheric
precipitation — 0.3 % (Table 4).

About two-thirds of the incoming phosphorus flows
in the “soil-plant” system are deposited in grain (fruit)
and one-third — in the by-products of plant produc-
tion (stubble, straw, and leaves), remaining in the
field after harvesting the main crop products. On
average, in Ukraine 97.2 % of phosphorus is used for
the production of food crops, and only 2.8 % — for
fodder production (Table 5).

Some part of the after-harvest residues of crops
(straw and leaves) is used for bedding and feeding
of farm animals, and the rest is returned to the soil.
The after-harvest crop residues with high green bio-
mass — corn, sunflower, soybeans, and vegetables,
are intentionally ploughed into the soil. It is believed
that the organic matter of the after-harvest residues is
mineralized in soil for two years (MEPR, 2023).

On average, in Ukraine in 2021, the input into
soil was 14.2 kg P/ha, and the output with the crop
harvesting — 25.0 kg P/ha.

Results obtained in 2021, showed that the average
P balance in Ukraine was 10.8 kg/ha. The negative
P balance was determined for all the administrative
regions of Ukraine, with the highest values in the
Khmelnytskyi (-17.2 kg p/ha/year), Vinnytsia (-16.8),
Ternopil (-15.7) and Cherkasy regions (—15.5 kg
P/ha/year). The minimal value (-2.4 kg P/ha/year)
was registered in the Luhansk region. (Fig. 1).

The average PUE value in Ukraine (2021) was
176.0% and in the administrative regions of Ukraine
in 2021, it fluctuated from 115% (Luhansk region)
to 251 % (Chernivtsi region) (Fig. 2).

Table 4. Phosphorus input flows from mineral and organic fertilizers, seeds, atmospheric precipitation and mineraliza-

tion of after-harvest residues in Ukraine, 2021

Input P flows in the “soil-plant” system

P of mineral
fertilizers

P of organic

fertilizers P of seeds

P of after-harvest
residues

P of atmospheric

precipitation Total

kg P/ha kg P/ha kg P/ha

thousand
tons/year
thousand
tons/year
thousand
tons/year

kg P/ha kg P/ha kg P/ha

thousand
tons/year
thousand
tons/year
thousand
tons/year
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Table 5. Phosphorus output flows for the production of the main and by-products of crop production in Ukraine,

2021
Output P flows in the “soil-plant” system
Grain (fruit) Fodder By-products Total The ratio
thousand kg P/ha thousand kg P/ha thousand kg P/ha thousand kg P/ha bf;\:iiezrfge
tons/year tons/year tons/year tons/year by-products
463.0 17.2 20.0 9.4 243.4 8.4 726.5 25.0 2.0
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Gross Phosphorus Balance per
hectare UAA (kg of P per ha)

a2
|-10
A7

<

Zhytomyr

Zakarpattya

The content of mobile forms of phosphorus in the soils base
on the results of a survey in 20162020 (data of the State
institution "Institute of Soil Protection of Ukraine", 2023)

8 Very high (> 200 mg/kg)

® High (151-200 mg/kg)

0 Increased (101-150 mg/kg)
o Average (51-100 mg/kg)

8 Low (21-50 mg/kg)

® Very low (< 21 mg/kg)

Fig. 1. The gross balance of P for the harvested area of crops of all the farm categories at the level of administrative
regions® of Ukraine, 2021 (present study)

* Data for the Crimea was not available.

PUE, %
251
183
115

Zhytomyr

Khmelnytsky ¢

Ternopil |
Luhansk
Ivano-Frankiysk MILERL
Zukarpattya

Cherpivtsi

Kherson

Fig. 2. The PUE in the crop production of all the farm categories at the level of administrative regions* of Ukraine,
2021 (present study)

* Data for the Crimea was not available.
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Gross Phosphorus Balance per
hectare UAA (kg of P per ha)

8

|-11
-13

The content of mobile forms of phosphorus in the soils based on the S I EPPE

results of a survey in 2016-2020 (data of the State institution
"Institute of Soil Protection of Ukraine", 2023)

® Very high (> 200
mg/kg)

BHigh (151-200
mg/kg)

Olncreased
(101-150 mg/kg)

© Average (51-100
mg/kg)

®Low (21-50
mgkg)

| Very low (<21
mg/kg)

FOREST  FOREST-STEPPE ~ STEPPE

Fig. 3. The gross balance of P regarding the harvested area of crops in terms of the natural agricultural zones*
of Ukraine, 2021 (present study)

* Data for the Crimea was not available.

PUE, %
' 185

162

STEPPE

Fig. 4. The PUE in the crop production of all the farm categories in terms of the natural agricultural zones* of Ukraine,
2021 (present study)

* Data for the Crimea was not available.
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The negative values of the gross balance and the
PUE were found in the Forest-Steppe zone (—13.2 kg
P/ha and 185 %, respectively), in Polissia (—11.5 kg
P/ha and 184 %) and Steppe (—8.2 kg P/ha and 162 %)
(Fig. 3, 4).

Fig. 5 and 6 demonstrate the gross balance and the
PUE of Ukraine as compared to 20 countries, which

were permanent and associate member states of the
EU in 2019.

Among the EU countries, the gross P balance
ranged from —5.6 to 6.0 kg P/ha/year. The countries
with the negative P balance include Romania (-5.6 kg
P/ha/year), Bulgaria (—5.4), Germany (—4.8), Slovakia
(-1.9), Sweden (—1.5), Lithuania (-1.3), Hungary
(-0.4) and Czech Republic (-0.03 kg P/ha/year), the
indices of which are lower as compared to Ukraine
(—=10.7 kg P/ha/year). The PUE in the EU countries
is within the range of 62-167 %. In particular, the
PUE above 100% was found in Hungary — 103 %,

Gross Phosphorus Balance per hectare UAA (kg of P per ha) 11- 2—6

) United

© Kingdom of .
Great Britain
and Northern

reland

Spain

Malta

Cyprus

Fig. 5. The gross balance of P for the area of agricultural fields of Ukraine (present study) and 20 countries which
are permanent and associate member states of the EU*, 2019 (the index was calculated by the data of Eurostat

from 20 countries, 2019)

* Data for the Belgium, Cyprus, Denmark, Estonia, Greece, Ireland, Luxembourg, Malta & United Kingdom of Great Britain and

Northern Ireland were not available.
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PUE, % L
62 124186

& DQlin{n!‘k- 3

United
~ Kingdom of
Great Britain
and Northern
Ireland

Spain

Ukraine

Bulgaria

Malta

Cyprus

Fig. 6. The phosphorus use efficiency (PUE) in the agricultural fields of Ukraine (present study) and 20 countries that
are permanent and associate member states of the EU*, 2019 (the index was calculated by the data of Eurostat

from 20 countries, 2019)

* Data for the Belgium, Cyprus, Denmark, Estonia, Greece, Ireland, Luxembourg, Malta & United Kingdom of Great Britain and

Northern Ireland was not available.

Lithuania — 111 %, Sweden — 113 %, Germany —
126 %, Slovakia — 118 %, Romania — 152 %, and
Bulgaria — 167 %, which is lower than in Ukrai-
ne — 186 %.

Considering the negative gross P balance in 2021
at the level of all the regions of Ukraine and the pres-
ence of ploughed areas with low and very low content
of P205, we studied the dynamics of P balance in
1990-2021 in Ukraine and in comparison with the
EU indices (Fig. 7).
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Since 1995, on average in Ukraine, the amount
of the removed nutrients as compared to their input
into the soil increased up to —10.8 kg P/ha/year. In
the EU, the minimal balance of P (0.6 P/ha/year)
was observed in 2019 (according to the data of 20
investigated countries, permanent and associate EU
member-states).

The optimal PUE indices (31 %) were observed
in Ukraine only in 1990 and, on average, in the EU
in 1990-2005 (52-75 %). Instead, intense soil bur-
dening has been observed in Ukraine in the recent
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Fig. 7. The dynamics of the gross balance of P for the harvested area of crops in Ukraine (present study) and the EU
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Fig. 8. The PUE dynamics in the crop production of Ukraine (present study) and the EU (the index was calculated by
the data of Eurostat from 30 countries, 1990-2019), 1990-2021

26 years — PUE up to 256 %. The highest PUE index,
97 %, was registered in the EU in 2019, i.e. under
the worst scenario, the amount of P, removed with
the crop harvest, is approximately the same as the
amount of the input P (Fig. 8).

In 1990-2021, there was a decrease in the appli-
cation of P into soil with fertilizers regarding the
sown areas in Ukraine, namely, with mineral fertil-
izers — from 17.9 to 6.9 kg P/ha/year; with organic
fertilizers — from 9.6 to 0.8 kg P/ha/year. The ra-

AGRICULTURAL SCIENCE AND PRACTICE Vol. 12 No. 1

tio between the mineral P and organic P, applied to
the soil, also changed — the mineral P started pre-
vailing: in 1990, it was 1.9:1, and in 2021 — 8.6:1
(Fig. 9).

In general, only in 1990, more P was applied in
Ukraine with organic and mineral fertilizers than the
EU average index. Today, the amount of mineral P
applied to the sown area in Ukraine is close to the
EU average, but 11 times lower than the amount of
organic P applied to the soil.
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Fig. 9. The input of P of mineral and organic fertilizers for the harvest of crops in terms of the sown areas of Ukraine,

1990-2021 (present study)

DISCUSSION

The phosphorus balance can be used as a critical
indicator for phosphorus management in agriculture,
providing a reliable benchmark for limiting excess
phosphorus and developing a more productive, ef-
ficient, and environmentally sound phosphorus fer-
tilizer management strategy (Xiao et al., 2022; Xu
et al., 2023). A positive nutrient balance means that
phosphorus, in particular, can cause a potential en-
vironmental problem and potential yield loss (Gaj et
al., 2012). A negative phosphorus balance was found,
which (Figs. 1, 2) leads to a decrease in its content
in the soil. To achieve optimal yields with minimal
risk to the environment, the recommended range of
critical P balance is 2.15-4.45 kg P ha™!. The critical
range of phosphorus application, estimated on the
basis of the phosphorus balance, is 95.7-101 kg P205
ha-1, which improves relative yield (>90 %) and PUE
(90.0-94.9%) (Xu et al., 2023). The Institute of Soil
Protection of Ukraine, advices in order to improve
the soil nutrient regime, that P return should be in
the range of 150-200 % (Romanova et al., 2023),
as the use rate of P from mineral fertilizers is only
10-20 %, while that of N is up to 50% and K is up
to 70 % (Kramariov et al., 2015).

According to the PUE indicator, on average, in
Ukraine, 1.7 times more phosphorus is removed from
the soil than is supplied with fertilizers. Given the low
use rate of P from mineral fertilizers, which are the
main source of phosphorus input to the soil (Table 4),

this level of removal is critical and leads to the deple-
tion of soil fertility. The gross phosphorus balance
at the regional and national levels has significant
differences, conditioned by both organizational and
production management, which together affect the
efficiency of phosphorus use in agriculture (Kopinski
et al., 2016). The periodic report of the SI, the In-
stitute of Soil Protection of Ukraine, on the state of
soils in agricultural land based on the results of the
X round (2016-2020) of agrochemical land survey,
showed that only 8 % of the arable land has low or
very low P205 content in the soil and 24 % has high
and very high levels, respectively. The phosphorus
balance has been negative in recent decades, for ex-
ample, in 2016-2020, it was —17 kg P,0s/ha, and
the statement about the good phosphorus supply of
Ukrainian soils is erroneous and associated with in-
correct generalization of data without the conside-
ration of changes in the survey area. Thus, while in
1966-1970, the area of arable land surveyed was
30.9 million hectares, in 20162020, it was only 8.58
million hectares. First of all, the least fertile soils,
including heavily eroded soils and soils with light par-
ticle size distribution, were removed from circulation
and survey. Ignoring this fact in the generalization of
the data obtained led to an artificial overestimation
of statistical indicators, in particular, the phosphorus
content in the soil.

The gross P balance relative to the area of agri-
cultural land of the 20 EU permanent and associate
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member states studied (Fig. 5) has a wide variation —
from —5.6 to 6.0 kg P/ha/year. The efficiency of phos-
phorus use can vary significantly across EU countries
(Fig. 6), but in most countries, phosphorus inputs
to soils exceeded phosphorus removal with crops.
The Land Use/Cover Area frame Survey (LUCAS)
of 22,000 topsoil (0—20 cm) samples yielded va-
lues for both total and available phosphorus in ag-
ricultural soils of the EU and UK. Total P stocks
(mean: 1412 kg-ha™') and available P stocks (mean:
83 kg-ha™'). The P available to total P ratio is 1:17
for the whole study area, with distinct spatial patterns
from North to South Europe. An average surplus of
0.8 kg P-ha~!-yr~!. Total P losses to river basins and
sea outlets were estimated to be around 100,000 t
P yr! (Panagos et al., 2022).

Thus, unlike Ukraine, the problem of optimizing
phosphorus flow management in EU agroecosystems
is associated with both a lack and excess of phospho-
rus in the soil and its losses in the environment, which
is confirmed by other researchers. In particular, insight
into the role of phosphorus (P) in soil fertility and
crop nutrition at Rothamsted, UK, and its involvement
in associated environmental issues, has come from
long-term (175 years) field experiments on different
soils. Results confirmed that residues of P applied in
fertilizers and manures build up reserves of P in soil
and there is a strong relationship between crop yield
and Olsen P from which the critical level of Olsen P
at which a soil should be maintained to optimize crop
yield and P-use efficiency can be determined. PUE,
calculated by the balance method, can exceed 90 %
when the amount of P applied is nearly equal to that
removed in harvested crops. Maintaining sufficient
plant-available P in soil to ensure food security by
adding P in fertilizers and manures must not lead to
the transfer of P to the aquatic environment where it
can disturb the biological balance (Johnston et al.,
2019 Due to the high costs of P fertilizers, limited
availability and potential risk of diffuse contamina-
tion, the knowledge of P removal and its use by crop
plants is essential for the best management of this
essential nutrient. The outputs of the P budget data
framework may contribute to improve the current
indicators on P balance at regional and European
scale. Scenarios of agricultural production in 2030
estimate an increase in P removal at 4% (Panagos
et al., 2022)). Identification of P-responsive sites in
EU-28 (including the UK) is possible using a simple
model for the estimation of Olsen P threshold values

involving soil properties routinely determined in soil
analysis (clay and pH). This will allow for a better
allocation of P resources and more accurate estimates
of P fertilizer rates as a basis for sustainable fertili-
zation schemes. This will lead to a decrease in P
fertilizer needs in the future by increasing P levels
in P-responsive sites while decreasing excessive en-
richment in non-P-responsive sites and the associated
environmental impact. The estimated demand for P
in Europe based on this information indicated that it
is possible to cover most of this demand (86 %) by
optimizing the recycling of P from food processing,
manure, wastewater, and municipal solid waste as the
circular economy approach (Recena et al., 2022). In
general, agricultural production and maintenance of
the phosphorus stock in European countries depends
on imports of phosphate fertilizers.Moreover, there
is an environmental problem of phosphorus pollution
of surface waters, which is also partly due to climate
change (Schoumans et al., 2015).

The tendency of negative phosphorus balance iden-
tified in Ukraine over the past 26 years (Figs. 7, 8)
due to the expansion of intensive crops such as corn,
sunflower, and rapeseed, leads to accelerated depletion
of natural P reserves in the soil. The growing global
demand for bioenergy crops has had implications for
future phosphorus use, particularly when grown on
additional marginal lands with low phosphorus ferti-
lity status. The area under these crops was expected
to increase in Argentina, Brazil, Indonesia, Malaysia,
Russia and Ukraine (Smit et al., 2009).

The changes in the phosphorus balance and PUE
indicators in the time dimension are obviously related
to changes in economic conditions in Ukraine. For
example, after 1990, the economy declined. Agricul-
tural enterprises sometimes did not have the finances
to buy planting material, fuel and lubricants, and
fertilizers were mostly used in a limited way or not
at all (Moshenskyi, 2024). Since 2000, there has been
a sharp decline in the average level of phosphorus
application to the soil with phosphorus mineral and
organic fertilizers to 1.9 kg P/ha/year (Romanova et
al., 2023). Currently, the amount of mineral P applied
to the soil is close to the EU average but 11 times
lower for organic P (Fig. 9).

It was found that the application of P from min-
eral and organic fertilizers relative to the sown area
in the EU has also changed. According to the data
of Eurostat of P inputs from mineral & organic fer-
tilizers from 30 countries from 1990 to 2019, the
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ratio of mineral to organic P has shifted towards the
predominance of organic P. In particular, in 1990, on
average in the EU 14.3 kg P/ha/year was the input
to the soil with mineral fertilizers and 10.8 kg P/ha/
year with organic fertilizers. In 2019 it decreased to
6.5 and 9.1 P/ha/year, respectively. Based on these
data and average EU gross phosphorus balance over
1990-2019 (Fig. 7), it can be assumed that this is
due to the fact that, unlike Ukraine, the soils of the
EU countries have accumulated a significant amount
of residual fertilizer phosphates, and in this case, it
is not economically and environmentally feasible to
apply high doses of mineral phosphate fertilizers).
Only in the late 1980s, the European Union started
implementing policies that linked to environmental
objectives. As a result, the EU P surplus has decreased
over the last three decades about 80 % on a per-hectare
basis (Ludemann, et al., 2024). The continuation of
environmental policy was the adoption of the Euro-
pean Farm to Fork (F2F) strategy in 2020, which
aims to reduce the use of mineral fertilizers by at
least 20 %, increase the share of agricultural land
used by organic farming with 25 %, and a reduction
of agricultural nutrient pollution by 50 % by 2030,
and a significant increase in prices for phosphate
rock and phosphate fertilizers in the EU since 2008.
Although organic farming restricts off-farm nutrient
inputs, on average, 2.1 kg P ha™! of mineral fertilizer
P is used in crop production in each NUTS2 region
of EU (Wesseler, 2022; Kalpakchiev et al., 2023;
Magaya et al., 2025).

According to the results phosphorus flows and
balances studies for EU-27 and its Member States
in the sectors crop production, animal production,
food processing, non-food production and consump-
tion the following conclusions were made: although
wide-ranging variation between countries, generally
phosphorus use in EU-27 was characterized by rela-
tively (1) large dependency on (primary) imports,
(2) long-term accumulation in agricultural soils, es-
pecially in west European countries, (3) leaky losses
throughout entire society, especially emissions to
the environment and sequestered waste, (4) little re-
cycling with the exception of manure, and (5) low
use efficiencies, because of aforementioned issues,
providing ample opportunities for improvement (van
Dijk et al., 2025).

However, given the current socio-economic con-
ditions and the consequences of military operations
in Ukraine, it is still relevant to use economically
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affordable ways to restore the phosphorus potential
of soils and reproduce their fertility at the expense
of internal reserves. First of all, this applies to ex-
isting phosphorite deposits, which, according to the
Ukrainian State Institute of Mineral Resources, have
reserves of about 360 million tons. However, due
to their low phosphorus concentration, they are not
currently processed into superphosphate and other
water-soluble phosphate fertilizers. However, their
use after primary processing, mainly grinding, can
be an important factor in reducing phosphorus defi-
ciency and improving its balance in agroecosystems
with acidic and slightly acidic soils in the Polissia
and Forest-Steppe regions. The total required annual
amount of phosphate rock flour for the Polissia zone
is at least 90 thousand tons of P,0O5 per year, and for
the Forest-Steppe zone — 110 thousand tons of P,05
per year. However, the use of existing phosphorite
deposits requires further study and scientific substan-
tiation (Khrystenko et al., 2016).

The issue of improving the balance of phosphorus
and its content in soils is relevant to enhancing its
recycling in agroecosystems. Currently, models of
agricultural production are being developed around
the world to put into practice the latest scientific ad-
vances and identify strategies for farmers to increase
the efficiency of using the nutrients of fertilizers in
order to reduce costs and environmental risks. These
are such models: The EPIC model was developed
primarily to investigate the effects of soil erosion by
wind and water on crop production and crop growth
in the USA; The DSSAT model includes a sub model
to simulate P dynamics and crop uptake in a range of
P deficient soils including highly weathered and cal-
careous soils in Colombia, Syria and Tanzania, Kenya
and Ghana; The APSIM model is based on simulate
the effects of N and P in low input maize systems in
Kenya where the nutrient sources are often not com-
mercial fertilizers but rather manures and biomass
etc. (Das et al., 2019). From this point of view, the
formation of mixed specialization agroecosystems
with maximum recycling of biogenic elements, in-
cluding phosphorus, seems to be quite effective. The
most efficient way is to use this strategy in mixed
specialization agroecosystems where non-commodity
biomass from crop production can be used as or-
ganic fertilizers, and livestock waste after methane
fermentation and energy production can be used as
highly effective organic fertilizers (Tarariko, 2012).
As a result, a high level of phosphorus recycling is
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achieved, which creates conditions for reducing the
use of industrial phosphate fertilizers. The selection
and rotation of crops in crop rotations with green
manure and cover legumes is also important in this
regard, especially with no-till, which also creates
conditions for reducing the need for external sources
of phosphorus (Lukowiak et al., 2016; Steiner et al,
2012; Williams et al, 2017).

Long-term field studies of phosphorus changes in
the soil during the “Static Fertilization Experiment”
in 1902-2012 on black soil in Germany, demonstrated
that the application of organic and mineral phospho-
rus fertilizers at rates of 22 to 55 t ha ! year! led
to a significant increase in the content of available
phosphorus in the soil. The accumulation of total
phosphorus amounted to 1.3-3.1 t ha™! depending on
the fertilization system. P reserves increased up to the
depth of 60 cm of soil (Medinski et al., 2018)

Process-based biogeochemical models are valuable
tools to monitor the phosphorus cycle and predicting
the impact of agricultural management policies. For
example, agricultural management scenarios have
identified a range of potential changes in the phos-
phorus budget to 2030 and 2050, influenced by the
interaction of phosphorus with the biogeochemical
cycles of carbon and nitrogen in European agricultural
soils. Areas of phosphorus surplus or deficit identify
where agricultural management changes will be most
urgent to achieve policy objectives on pollution, food
security and the efficiency of critical raw material
use (Muntwyler et al., 2024).

Phosphorus availability and pricing are crucial for
the entire food system. Transformative phosphorus
management is needed to reduce the vulnerability of
the European Union to fertilizers, which also depends
on Ukraine. Commodity prices have increased with
the war in Ukraine. Seen from Kingdon’s concep-
tual interpretation, the Ukraine crisis has acted as a
trigger for the moving of the fertiliser issue towards
a globally recognizable problem. Proposed are five
alternatives that apply powerful spillover framings to
implement phosphorus governance that is synchro-
nous with the European Commission’s sectoral priori-
ties. An extension of the EU’s current environmental
policy along these pathways can potentially contribute
to phosphorus sustainability: Recover Nutrients and
Energy, Regulatory pilots, Market Support and Risk
Approvals, Address resource leakage & Omnibus
targets (Kalpakchiev et al., 2025).

AGRICULTURAL SCIENCE AND PRACTICE Vol. 12 No. 1

CONCLUSIONS

Based on the balance studies over the past 26 years,
unbalanced use of soil P—up to —11.4 kg P/ha/year
and intensive soil load — PUE up to 256 % — have
been identified in Ukrainian crop production, which
is associated with a significant decrease in the use of
organic fertilizers — from 9.6 to 0.8 kg P/ha/year and
phosphate mineral fertilizers — from 17.9 to 6.9 kg P/
ha/year. This negative trend was found in all admin-
istrative regions and natural and agricultural zones of
Ukraine, which led to a critical level of phosphorus
decline in soil and a drop in soil fertility.

The EU agroecosystems have a minimal positive
gross P balance (0.6 P/ha/year), but this was only
in 2019, according to the data of Eurostat of P in-
puts/outputs from 20 countries. A negative P balance
was found in 8 of the 20 countries — from —0.03 to
—5.6 kg P/ha/year and an intensive load on the
soil — PUE=103...167 %, which is significantly lower
compared to Ukraine. Unlike Ukraine, according to
the data of Eurostat of P inputs from mineral & or-
ganic fertilizers from 30 countries, the EU agricultural
policy in recent years has seen a gradual decline in
the use of phosphate mineral fertilizers and prioritized
the use of organic phosphorus.

To achieve a deficit-free balance of phosphorus,
restore its content in Ukrainian soils, minimize nega-
tive environmental impacts, and increase economic
benefits, it is necessary to compensate for the removal
of phosphorus with the main products not only by
applying industrial phosphate mineral and organic
fertilizers, but also by creating agroecosystems with
a high level of phosphorus recycling and using cur-
rent local phosphorite deposits.
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Mera. [TopiBHATBHE OIIHIOBAaHHS CyYacHOTO CTaHy i Ju-
HaMmiku OamaHcy ¢ocdopy B arpoekocucTeMax YKpaiHu
Ta €C i BCTaHOBICHHS CIOCOOIB YIpPaBIiHHS MTOTOKAMHU
¢docdopy Ta BigHOBICHHS ioro GpoHIy B IpyHTax. MeToau.
Bukopucrano meromoinoriro Opranizaiii eKOHOMIYHOTO
cniBpoOiTHHITBa Ta po3BUTKY (OECD, 2007) 3 ominku mo-
TOKIB 1 Oanancy gocdopy Ta epeKTUBHICTh HOTO BUKOPHUC-
tanus (PUE) y nigcucremax pocimununrsa (Chowdhury
et al., 2021). BuxiznHi 1aHi BUKOPUCTAHO 13 €JIEKTPOHHHUX
pecypciB [epxaBHoi ciyx0u craructuku Yipainu (http:/
www.ukrstat.gov.ua), Eurostat (https://ec.europa.cu) Ta
JAY “Iuctutyt oxoponu rpyHtiB Ykpaiuu” (https://www.
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i0gu.gov.) i3 00CTeKEHHS CLTBCHKOTOCIONIAPCHKUX YTi/1b
3a pesynpratamu X1 typy (2016-2020). IToOynoBa xap-
TOTpaM BHKOHYBaJIaCh y CEPEIOBHUIII NAKETy MPOTpaMu
MS Excel 2021. Pe3yabTaTu. BecranosieHno BanoBuii 6a-
naHc docdopy y arpoexocucremax Ykpainu Ta 30 kpain
€sponu Brpoaorxk 1990-2021 pp. BusiBieHo 3HMKEHHS
MOTEHI[iay IPYHTIB 3a BMicTOM (ocdopy, po3paxoBaHOTO
3a MOKa3HUKaMH MOTOKIB (ocdopy, sKi MaIOTh Micle Y
Cy4acHOMY CiTBCHKOTOCIIOAapChKOMY BHPOOHUITBI. [lo-
Ka3aHo, 110 Y CepeIHbOMY KUIBKICTh (hochopy, BHHECEHOTO
rOCIO/IaPChKO-1IHHOK YaCTHHOI BPOXKAIO 3HAYHO MEPEBU-
Iy€e HOTro HAaIXOMKCHHS y IPYHT 13 moOpuBamu. IlopiBHIHO
CTaH BUKOPHUCTAHHS MiHEpaJbHHUX 1 OpraHidyHUX J0OpHUB
y pocauHHUITBI Ykpainu Ta kpainax €C. BusBneno ne-
30aiaHcOBaHe BUKOPUCTaHHs P IpyHTy y arpoekocucTeMax
VYkpainu Briponosxk 1995-2021 pp. — Bix emMHUH OanaHc
¢dbocdopy BianosigHo 30unbIIYBaBCs Bix —5,6 1o —11,4 kr
P/ra/pik Ta iHTeHCHBHE HaBaHTakeHHsS Ha rpyHT — PUE
139-256 %, 1o HacamIiepes MoB’sI3aHO SK 31 SHIKCHHIM
BUKOPHUCTAaHHS OpraHigyHux nobpuB — Big 9,6 mo 0,8 kr
P/ra/pik, Tak i GpochopHUX MiHEpPAIBLHUX TOOPHUB — Bif
17,9 no 6,9 xr P/ra/pik. Ycranosnenuii B kpainax €C mi-
HiManbHUH BastoBuit 6ananc P (0.6 P/ra/pik) cocrepirascst
numre B 2019 p. Cepen kpaim €C y 2019 p. Banoswuii 6a-
nanc P cranoBuB Big —5.6 10 6.0 xr P/ra/pik. J{o kpaiH i3
HeraTuBHUM OanancoMm P (2019 p.) BinHOCATBCS PymyHis
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(-5,6 kr P/ra/pix), boarapis (—5,4), Himeuuuna (—4,8),
CnoBayuuna (—1,9), lIsemnis (-1,5), JIutea (—1,3), Yrop-
mruHa (—0,4) 1 Yexis (—0,03 kr P/ra/pik), HOKa3HUKH SIKUX
HIKY1 MOpiBHSAHO 3 YKpaiHoto. [Tokasauk PUE B kpainax
€C (2019 p.) ctanoBuB 62—-167 %. 3oxkpema PUE Bume
100 % BusBneno B Yropmuai — 103 %, JIutei — 111 %,
IIBewii — 113, Himeyunni — 126, CinoBayunni — 118,
Pymynii — 152 1 bonrapii — 167 %, mo Huxue HIX B
VYkpaini — 186 %. Huni B YkpaiHi KUIIBKICTh BHECCHHS
MiHepaJabpHOTO Gocdopy BiZHOCHO MOCIBHOI MO Ha-
OMMKArOThCS 10 cepeanboro 3HadeHHs €C, ane B 11 pa3
HIDKYa [I0JI0 BHECEHOTO Y IPYHT OpraHigyHOTO (ocdopy.
BucnoBku. Jlns nocsiraeHHs 6e31edinuTHOr0 6ajgaHcy
(bocdopy, BiTHOBICHHS HOr0 BMICTY Y IpYHTax, MiHiMi3aril
HEraTUBHMX €KOJOTIYHMX HACIIAKIB, a TAKOXK IT1ABHIICHHS
€KOHOMIYHOTO e(eKTy AOIITbHO KOMIIEHCYBAaTH BHHOC
¢dbochopy 3 OCHOBHOIO MPOAYKIIEI0 HE JIHIIE 32 PAXyHOK
YHECCHHS MPOMHUCIOBUX (OoCcHOPHUX MIHEPAIbHUX Ta
opraHiuHuX J00pHB, a it GopMyBaHHS arpoeKOCHCTEM 13
BHCOKHM piBHEM peuupKyssiiii pocdopy Ta BUKOpHCTAHHS
HassBHUX MicCIIeBUX pomoBuil GochopuTis.

Karwouosi caoBa: dpochop, rpyHT, moToku docdopy,
edexTuBHicTh BuKopucTaHHsA ¢hochopy (PUE), nobpusa,
BIJIXOJM TBAaPUHHHILTBA 1 POCIMHHUITBA, PELUPKYIALIs,
dbochoputu.
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