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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.europa.eu), 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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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-

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–1), 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 

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.
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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 (Matějková 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 21st 
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 (NO3) 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−1 · year−1 in 1850 to about 2.48  
(±0.97) kg · ha−1 · year−1 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 (Psurplus), which may remain in soil, get 
leached into soil waters, or flow into surface waters, 
was calculated using equation 1 (OECD, 2007):

Psurplus = Psoil surface balance ÷ AUAA × 100,� (1)

where: Psurplus — gross surplus/deficit of phosphorus 
in the soil while cultivating crops, kg of P/ha/year; 
Psoil surface balance — gross balance of phosphorus in the 
soil while cultivating crops, t P/year; AUAA — har-
vested area of crop yield, ha.

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 = SPinputs – SPoutputs,� (2)

where: Pinputs — incoming flows of phosphorus in 
crop production (mineral fertilizers, organic ferti
lizers, seeds, and atmospheric precipitation), t P/year; 
Poutputs — 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(cr)) was 
calculated based on the method of F.I. Levin, using 
equation 3 (MEPR, 2023):

P(cr) = Si{[(ai × Pi + bi) + 

+ (ci × Pi + di) × fai}Si,� (3)
where: i — index of the crop species; Pi — yield of 
the i-th crop, kg/ha; Si — harvested area under the 
i-th crop, ha; ai and bi — regression coefficients for 
the straw of the i-th crop; ci and di — regression 
coefficients for the stubble of the i-th crop (MEPR, 
2023); fai — 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 ÷ CcTi) × 100,� (4)

where: PUE — phosphorus use efficiency in the crop 
production subsystem (Cc), %; CcTPO — total in-
coming phosphorus inflows in the crop production 
subsystem (Сс) (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 (Сс),  
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

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

Poultry manure, average 0.88

Voitenko L. et al., 2009
Sludge and sapropel, average 0.28
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 P2O5 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 atmospheric 

precipitation
P of after-harvest 

residues Total
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198.4 6.9 23.0 0.8 14.07 0.5 1.54 0.05 175.9 6.2 412.8 14.2

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 
between the 

main and  
by-products

thousand 
tons/year

kg P/ha thousand 
tons/year

kg P/ha thousand 
tons/year

kg P/ha thousand 
tons/year

kg P/ha

463.0 17.2 20.0 9.4 243.4 8.4 726.5 25.0 2.0
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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.

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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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.

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 %, 

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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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 P2O5, we studied the dynamics of P balance in 
1990–2021 in Ukraine and in comparison with the 
EU indices (Fig. 7).

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  

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.
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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-

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.

Fig. 7. � The dynamics of the gross balance of P for the harvested area of crops in Ukraine (present study) and the EU 
(the index was calculated by the data of Eurostat from 30 countries, 1990–2019), 1990–2021

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
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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–1. The critical 
range of phosphorus application, estimated on the 
basis of the phosphorus balance, is 95.7–101 kg P2O5 
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 (Kopiński  
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 P2O5 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 P2O5/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 2016–2020, 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 

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)
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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–1) and available P stocks (mean:  
83 kg·ha–1). 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–1·yr–1. Total P losses to river basins and 
sea outlets were estimated to be around 100,000 t  
P yr–1 (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−1 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 

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 P2O5 per year, and for 
the Forest-Steppe zone — 110 thousand tons of P2O5 
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–1 year–1 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–1 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).

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.

References
Balemi T, Negisho K. Management of soil phosphorus 

and plant adaptation mechanisms to phosphorus stress 
for sustainable crop production: a review. Journal of 
Soil Science and Plant Nutrition. 2012. Vol. 12. No. 3.  
P. 547–561. doi:http://dx.doi.org/10.4067/S0718-9516 
2012005000015.

Batool M, Sarrazin FJ, Kumar R. Century Long Recon-
struction of Gridded Phosphorus Surplus Across Europe 
(1850–2019). Earth Syst. Sci. Data Discuss. 2024. [pre-
print]. DOI: https://doi.org/10.5194/essd-2024-294.

Bhat S, Kaushal P, Kaur M, Sharma HK. Coriander (Cori-
andrum sativum L.): Processing, nutritional and func-
tional aspects. African Journal of Plant Science. 2014. 



AGRICULTURAL SCIENCE AND PRACTICE   Vol. 12   No. 1   2025

Tarariko Yu. et al.

18

Vol. 8. Iss. 1. P. 25–33. doi:https://doi.org/10.5897/
AJPS2013.1118.

Chowdhury RB, Zhang X. Phosphorus use efficiency 
in agricultural systems: A comprehensive assess-
ment through the review of national scale substance 
flow analyses. Ecological Indicators. 2021. Vol. 121.  
P. 107172. doi:https://doi.org/10.1016/j.ecolind.2020. 
107172.

Das B, Huth N, Probert M, Condron L, Schmidt S. Soil 
Phosphorus Modeling for Modern Agriculture Requires 
Balance of Science and Practicality: A Perspective. 
Journal of Environmental Quality. 2019. Vol. 48. Iss. 5.  
P. 1281–1294. doi:https://doi.org/10.2134/jeq2019. 
05.0201.

Ecotoxicological status of fertilization systems for grain 
Androw crop rotation: a monograph / S.H. Korsun,  
I.I. Klymenko. Vinnytsia: TVORY LLC, 2018. 212 p. 
URL: https://zemlerobstvo.com/wp-content/uploads/ 
2021/04/monografiya_korsun-klimenko-do-druku_ 
ostatochna.pdf. [in Ukrainian].

FAO, 2022. FAOSTAT and IFA Cropland Nutrient Budget 
database. URL: https://files-faostat.fao.org/production/
ESB/CNB %20methodology_2022.pdf.

Gaj R, Bellaloui N. Evaluation of phosphorus and nitrogen 
balances as an indicator for the impact of agriculture on 
environment: A comparison of a case study from Poland 
and Mississippi US. Agricultural Sciences. 2012. Vol. 3.  
No. 2. P. 317–329. doi:http://dx.doi.org/10.4236/as. 
2012.32036.

Gelderman R. Estimating Nutrient Loss from Crop Residue 
Fires. Extension Extra. 2009. № 8164. P. 366. http://
openprairie.sdstate.edu/extension_extra/366.

Gong H, Yin Y, Chen Z et al. A dynamic optimization of 
soil phosphorus status approach could reduce phos-
phorus fertilizer use by half in China. Nature Com-
munication. 2025. 16, 976. doi:https://doi.org/10.1038/
s41467-025-56178-1.

Gross phosphorus balances. Handbook / OECD & Eurostat, 
2007. 18 p. URL: https://www.oecd.org/greengrowth/
sustainable-agriculture/40820243.pdf.

Hospodarenko HM. Agrochemistry: a textbook. K.: SIK 
GROUP Ukraine LLC. 2018. 560 p. URL: https://pc03.
twirpx.net/2574/2574581_41182F45/gospodarenko_
gm_agrokhimiia.djvu. [in Ukrainian]

Johnston AE, Poulton PR. Phosphorus in Agriculture: A Re-
view of Results from 175 Years of Research at Rotham-
sted, UK. Journal of Environmental Quality. 2019. Vol. 
48. Iss. 5. P. 1133–1144. doi:https://doi.org/10.2134/ 
jeq2019.02.0078.

Kalpakchiev T, Fraundorfer M, Jacobs B, Martin-Ortega 
J and Cordell D (2023) Transforming the European 
Union’s phosphorus governance through holistic and 
intersectoral framings. Front. Sustain. Resour. Manag. 
2:1273271. doi:https://doi.org/10.3389/fsrma.2023. 
1273271.

Kalpakchiev T, Jacobs B, Fraundorfer M, Martin-Ortega J,  
Cordell D. Creating an Alternative Governance for 
Phosphorus Circularity Through Framings That 
Strengthen Intersectoral Policy Coherence in the EU: 
Constraints and Implementation Possibilities. Sustain-
ability. 2025. Vol. 17. Iss. 4. 1478. doi:https://doi.org/ 
10.3390/su17041478.

Khan F, Siddique AB, Shabala S, Zhou M, Zhao C. Phos-
phorus Plays Key Roles in Regulating Plants’ Physio
logical Responses to Abiotic Stresses. Plants. 2023, 
Vol. 12. Iss. 15. P. 2861. doi:https://doi.org/10.3390/
plants12152861.

Khrystenko AO, Kucher AV, Miroshnychenko MM, Ka-
zakova IV. Business project of extraction and appli-
cation of ground phosphorites of the Izium group of 
resources in agriculture. Kharkiv: Smuhasta typohra-
fia, 2016. 26 p. URL: https://www.researchgate.net/
publication/314208018_Biznes-proekt_vidobutku_j_
zastosuvanna_melenih_fosforitiv_Izumskoi_grupi_
rodovis_u_zemlerobstvi [in Ukrainian].

Kopiński J, Jurga B. Managing Phosphorus in Polish Agri-
culture — Production and Environmental Aspects. Pol. 
J. Environ. Stud. 2016. Vol. 25. No. 6. P. 2461–2468. 
doi:https://doi.org/10.15244/pjoes/64159.

Kramariov SM, Khrystenko AO, Tokmakova LM, Zhu
chenko SI, Syrovatko VA, Tsiova YuA, Syrovatko KV. 
A change in the content of mobile phosphorus in genetic 
horizons of typical chornozem. Visnyk of Poltava State 
Agrarian Academy. No. 3. 2015. P. 13–28. doi:https://
doi.org/10.31210/visnyk2015.03.01. [in Ukrainian]

Lu C, Tian H. Global nitrogen and phosphorus fertilizer 
use for agriculture production in the past half century: 
shifted hot spots and nutrient imbalance. Earth Syst. 
Sci. Data. 2017. Vol. 9. Iss. 1. P. 181–192. doi:https://
doi.org/10.5194/essd-9-181-2017.

Ludemann CI, Wanner N, Chivenge P, Dobermann A, 
Einarsson R, Grassini P, Gruere A, Jackson K, Lassalet
ta L, Maggi F, Obli-Laryea G, van Ittersum MK, Vish-
wakarma S, Zhang X, Tubiello FN. A global FAOSTAT 
reference database of cropland nutrient budgets and 
nutrient use efficiency (1961–2020): nitrogen, phos-
phorus and potassium. Earth Syst. Sci. Data. Vol. 16. 
Iss. 1. P. 525–541. doi:https://doi.org/10.5194/essd-
16-525-2024.

Łukowiak R, Grzebisz W, Sassenrath GF. New insights into 
phosphorus management in agriculture — A crop rota-
tion approach. Science of the Total Environment. 2016. 
Vol. 542. P. 1062–1077. doi:https://doi.org/10.1016/j.
scitotenv.2015.09.009.

MacDonald GK, Bennett EM, Potter PA, Ramankuttyd N. 
Agronomic phosphorus imbalances across the world’s 
croplands. PNAS. 2011. Vol. 108. No. 7. P. 3086–3091. 
doi:https://doi.org/10.1073/pnas.1010808108.

Magaya S, Magid J, Hermann L, Schulp CJE. Phospho-
rus removal and use in organic crop farming in the 



AGRICULTURAL SCIENCE AND PRACTICE   Vol. 12   No. 1   2025

Assessment of natural resource potential of the agroecosystems of Ukraine

19

EU. Nutrient Cycling in Agroecosystems. 2025. Vol. 
130. P. 91–110. doi:https://doi.org/10.1007/s10705-
024-10379-0.

Matějková Š, Mayerová M, Odstrčilová L, Kumhálová J.  
Nutrient Balance of Phosphorus in Long-Term Field 
Experiment. Acta Universitatis Agriculturae et Silvi-
culturae Mendelianae Brunensis. 2021. Vol. 69. No. 6. 
P. 677–683. doi:https://doi.org/10.11118/actaun.2021. 
060.

McDowell RW, Pletnyakov P, Haygarth PM. Phosphorus 
applications adjusted to optimal crop yields can help 
sustain global phosphorus reserves. Nature Food. 2024. 
Vol. 5. P. 332–339. doi:https://doi.org/10.1038/s43016-
024-00952-9.

Medinski T, Freese D, Reitz T. Changes in soil phosphorus 
balance and phosphorus-use efficiency under long-term 
fertilization conducted on agriculturally used Cherno
zem in Germany. Can. J. Soil Sci. 2018. Vol. 98. No. 4.  
P. 650–662. doi:https://doi.org/10.1139/cjss-2018-
0061.

Mihailescu E, Murphy PNC, Ryan W, Casey IA, Humph
reys J. Phosphorus balance and use efficiency on 21 
intensive grass-based dairy farms in the South of Ire-
land. The Journal of Agricultural Science. 2015. Vol. 
153. Iss. 3. P. 520–537. doi:https://doi.org/10.1017/
S0021859614000641.

Muntwyler A, Panagos P, Pfister S, Lugato E. Assessing 
the phosphorus cycle in European agricultural soils: 
Looking beyond current national phosphorus budgets. 
Science of The Total Environment. 2024. Vol. 906.  
P. 167143. doi:https://doi.org/10.1016/j.scitotenv.2023. 
167143.

Moshenskyi S. Economic challenges and GDP dynamics in 
Ukraine from 1991 to 2023: Analysis of growth and re-
cessions. Scientific Bulletin of Mukachevo State Univer-
sity. Series “Economics”. 2024. Vol. 11. No. 2. P. 51– 
64. doi:https://doi.org/10.52566/msu-econ2.2024.51.

Nosko BS. Natural and anthropogenic evolution of the 
phosphate fund of Ukraine’s soils. Ahrokhimia i hrun-
toznavstvo. 2018. Iss. 87. P. 92–99. doi:https://doi.
org/10.31073/acss87-14. [in Ukrainian]

Panagos P, Köningner Ju, Ballabio C, Liakos L, Muntwy- 
ler A, Borrelli P, Lugato E. Improving the phosphorus 
budget of European agricultural soils. Science of The 
Total Environment. 2022. Vol. 853. P. 158706. doi: 
https://doi.org/10.1016/j.scitotenv.2022.158706.

Panagos P, Muntwyler A, Liakos L, Borrelli P, Biavetti I,  
Bogonos M, Lugato E. Phosphorus plant removal from 
European agricultural land. Journal of Consumer Pro-
tection and Food Safety. 2022. Vol. 17. P. 5–20. doi: 
https://doi.org/10.1007/s00003-022-01363-3.

Phosphorus in agriculture: global resources, trends and de-
velopments Report to the Steering Committee Techno
logy Assessment of the Ministry of Agriculture, Nature 
and Food Quality, The Netherlands, and in collaboration 

with the Nutrient Flow Task Group (NFTG), supported  
by DPRN (Development Policy Review Network).  
A.L. Smit, P.S. Bindraban1, J.J. Schröder, J.G. Conijn 
& H.G. van der Meer. Plant Research International 
B.V., Wageningen September 2009 Report 282. URL: 
https://edepot.wur.nl/12571.

Penuelas J, Coello F, Sardans J. A better use of fertilizers 
is needed for global food security and environmen-
tal sustainability. Agriculture & Food Security. 2023. 
Vol. 12. No. 5. doi:https://doi.org/10.1186/s40066-023- 
00409-5.

Practicum in feeding farm animals / I.I. Ibatullin, Yu.O. Pa-
nasenko, V.K. Kononenko et al. Kyiv: Vyshcha osvita, 
2003. 432 p. https://pc01.eruditor.net/0455/0455532_
DBD41961/ibatullin_ii_panasenko_iuo_kononenko_
vk_praktikum_z_godivli.pdf. [in Ukrainian]

Practicum in feeding farm animals: a textbook / I.I. Ibatul-
lin, Yu.F. Melnyk, V.V. Otchenashko et al.; edited by 
I.I. Ibatullin, the full member of the NASU. К.: 2015. 
422 с. URL: https://nubip.edu.ua/sites/default/files/
u104/ПРАКТИКУМ %20з %20годівлі %20с.-г. % 
20тварин %20Ібатуллін %20та %20ін_1_МОН %2B 
риба.pdf. [in Ukrainian]

Production of organic fertilizers. Scientific and method-
ological recommendations / L. Voitenko et al., Kyiv: 
The publishing department of the NUBiP of Ukraine, 
2009. 45 p. URL: https://nubip.edu.ua/sites/default/
files/u158/virobnorgdobr_2009.pdf. [in Ukrainian]

Recena R, García-López AMЮ, Quintero JM, Skyttä A, 
Ylivainio K, Santner J, Buenemann E, Delgado A. As-
sessing the phosphorus demand in European agricultural 
soils based on the Olsen method. Journal of Cleaner 
Production. 2022. Vol. 379. P. 134749. doi:https://doi.
org/10.1016/j.jclepro.2022.134749.

Senchuk MM. Substantiating the method of determining 
the application norm for organic and mineral fertilizers 
for the organic agriculture system. Tekhnika I tekh-
nolohii APK. 2017. No. 1. P. 34–39. URL: https://rep.
btsau.edu.ua/bitstream/BNAU/1064/1/obgruntuvannja 
%20metodiki.pdf. [in Ukrainian]

Sharasia PL, Garg MR, Bhanderi BM. Pulses and their by-
products as animal feed / Edited by T. Calles & H.P.S. 
Makkar. FAO. Rome, 2017. 222 p. https://openknowledge. 
fao.org/handle/20.500.14283/i7779en.

Schuurmans OF, al Bouraoui F, Abbe C, Oenema O, van 
Dijk KC. Phosphorus management in Europe in a 
changing world. AMBIO. 2015. Vol. 44. P. 180–192. 
doi:https://doi.org/10.1007/s13280-014-0613-9.

Scientific research on monitoring and inspection agricul-
tural lands of Ukraine based on the results of the XI 
round (2016–2020) / S.A. Romanova et al. Kyiv: Vik 
prynt, 2023. 74 p. URL: https://www.iogu.gov.ua/link/
directions/edition.html. [in Ukrainian]

Steiner F, Pivetta LA, Castoldi G, Mendonça Costa MSS, 
Mendonça Costa LA. Phosphorus and potassium ba



AGRICULTURAL SCIENCE AND PRACTICE   Vol. 12   No. 1   2025

Tarariko Yu. et al.

20

lance in soil under crop rotation and fertilization. Semi-
na: Ciencias Agrarias. 2012. Vol. 33. No. 6. P. 2173– 
2186. doi:https://doi.org/10.5433/1679-0359.2012 
v33n6p2173.

Tarariko Yu.O. Formation of bioenergetic agroecosystems 
in the zone of Ukraine’s Polissia. (Recommendations). 
K.: DIA, 2012. 248 p. [in Ukrainian]

Timsina J. Can Organic Sources of Nutrients Increase Crop 
Yields to Meet Global Food Demand? Agronomy. 2018. 
Vol. 8. Iss. 10. P. 1–20. doi:https://doi.org/10.3390/
agronomy8100214.

Torma S, Vilček J, Lošák T, Kužel S, Martensson A. Re-
sidual plant nutrients in crop residues — an important 
resource. Acta Agriculturae Scandinavica, Section B —  
Soil & Plant Science. 2018. Vol. 68. No. 4, 358–366 
doi:https://doi.org/10.1080/09064710.2017.1406134.

Ukraine’s greenhouse gas inventory 1990–2021 / Ministry 
of Environmental Protection and Natural Resources 
of Ukraine (MEPR). Kyiv, 2023. 568 p. URL: https://
unfccc.int/documents/628276.

van Dijk KC, Lesschen JP, Oenema O. Phosphorus flows 
and balances of the European Union Member States. 
Sci Total Environ. 2016 Jan 15; 542 (Pt B):1078–93. 
doi:https://10.1016/j.scitotenv.2015.08.048.

Vovchenko Yu.V., Fursova HK. Chemical composition of 
seeds and vegetative mass of mustard depending on 
weather conditions of the vegetation period. Selektsia i 
nassinnytstvo. 2008. No. 95. P. 273–282. doi:https://doi.
org/10.30835/2413-7510.2008.84817. [in Ukrainian]

Wang Y, Cui Y, Wang K, He X, Dong Y, Li S, Wang Y, 
Yang H, Chen X, Zhang W. The agronomic and envi-
ronmental assessment of soil phosphorus levels for crop 
production: a meta‑analysis. Agronomy for Sustainable 
Development. 2023. Vol. 43. No. 35. doi:https://doi.org/ 
10.1007/s13593-023-00887-8.

Wesseler J. The EU's farm-to-fork strategy: Anassess-
ment from the perspective of agricultural economics. 
Applied Economic Perspectives and Policy. 2022. Vol. 
44. Iss. 4. P. 1826–1843. doi:https://doi.org/10.1002/
aepp.13239.

Williams M, Papp VA, Rees R. Nitrogen and phosphorus 
losses from legume supported cropping. Legumes in 
cropping systems / edited by D. Murphy-Bokern et al. 
Boston: CAB International, 2017. P. 37–54. doi:https://
doi.org/10.1079/9781780644981.0037.

Withers PJA., Sylvester-Bradley R, Jones DL, Healey JR,  
Talboys PJ. Feed the Crop Not the Soil: Rethinking 
Phosphorus Management in the Food Chain Gross 
Phosphorus Balances. Environmental Science & Tech-
nology. 2014. Vol. 48. Iss. 12. P. 6523–6530. doi:https://
doi.org/10.1021/es501670j.

Xiao L, Chen G, Wang H, Li Y, Li C, Cheng L, Wu W, 
Xiao X, Zhu Y. Improvement of P Use Efficiency and 
P Balance of Rice–Wheat Rotation System According 
to the Long-Term Field Experiments in the Taihu Lake 

Basin. Front. Environ. Sci. 2022. Vol. 10. P. 932833. 
doi:https://doi.org/10.3389/fenvs.2022.932833.

Xu M, Wang Y, Nie C, Song G, Xin S, Lu Y, Bai Y, Zhang Y,  
Wang L. Identifying the critical phosphorus balance for 
optimizing phosphorus input and regulating soil phos-
phorus effectiveness in a typical winter wheat–summer 
maize rotation system in North China. Journal of In-
tegrative Agriculture. 2023. Vol. 22. Iss. 12. P. 3769–
3782. doi:https://doi.org/10.1016/j.jia.2023.05.030.

УДК 631/635:631.4:631.8

ОЦІНКА ПРИРОДНО-РЕСУРСНОГО 
ПОТЕНЦІАЛУ АГРОЕКОСИСТЕМ УКРАЇНИ  

І КРАЇН ЄС ЗА БАЛАНСОМ ФОСФОРУ

Ю.О. Тараріко1, * В.О. Пінчук2, А.О. Христенко3,  
Ю.В. Подоба2, О.В. Тертична2, М.І. Воробель4

1 Інститут водних проблем і меліорації  
Національної академії аграрних наук України, 
вул. Васильківська, 37, м. Київ, Україна, 03022
2 Інститут агроекології і природокористування  
Національної академії аграрних наук України, 
вул. Метрологічна, 12, м. Київ, Україна, 03143

3 ННЦ “Інститут ґрунтознавства та агрохімії  
імені О.Н. Соколовського”,  

вул. Чайковська, 4, м. Харків, Україна, 61024
4 Інститут сільського господарства  

Карпатського регіону  
Національної академії аграрних наук України, 

вул. Грушевського, 5, с-ще Оброшине,  
Пустомитівський район, Львівська обл.,  

Україна, 81115

E-mail: urtar@bigmir.net, *pinchuk_vo@ukr.net,  
khristenko53@gmail.com, 2375797@gmail.com, 

olyater@ukr.net, vorobelmariia@gmail.com

ORCID: https://orcid.org/0000-0001-8475-240X,  
https://orcid.org/0000-0003-0646-1580,  
https://orcid.org/0000-0003-4389-9274,  
https://orcid.org/0000-0003-1000-7946,  
https://orcid.org/0000-0002-9514-2858,  
https://orcid.org/0000-0003-4387-4173

Мета. Порівняльне оцінювання сучасного стану і ди-
наміки балансу фосфору в агроекосистемах України 
та ЄС й встановлення способів управління потоками 
фосфору та відновлення його фонду в ґрунтах. Методи. 
Використано методологію Організації економічного 
співробітництва та розвитку (OECD, 2007) з оцінки по-
токів і балансу фосфору та ефективність його викорис-
тання (PUE) у підсистемах рослинництва (Chowdhury 
et al., 2021). Вихідні дані використано із електронних 
ресурсів Державної служби статистики України (http://
www.ukrstat.gov.ua), Eurostat (https://ec.europa.eu) та 
ДУ “Інститут охорони ґрунтів України” (https://www.
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iogu.gov.) із обстеження сільськогосподарських угідь 
за результатами ХІ туру (2016–2020). Побудова кар-
тограм виконувалась у середовищі пакету програми 
MS Excel 2021. Результати. Встановлено валовий ба-
ланс фосфору у агроекосистемах України та 30 країн 
Європи впродовж 1990–2021 рр. Виявлено зниження 
потенціалу ґрунтів за вмістом фосфору, розрахованого 
за показниками потоків фосфору, які мають місце у 
сучасному сільськогосподарському виробництві. По-
казано, що у середньому кількість фосфору, винесеного 
господарсько-цінною частиною врожаю значно переви-
щує його надходження у ґрунт із добривами. Порівняно 
стан використання мінеральних і органічних добрив 
у рослинництві України та країнах ЄС. Виявлено не-
збалансоване використання P ґрунту у агроекосистемах 
України впродовж 1995–2021 рр. — від’ємний баланс 
фосфору відповідно збільшувався від –5,6 до –11,4 кг 
P/га/рік та інтенсивне навантаження на ґрунт — PUE 
139–256 %, що насамперед пов’язано як зі зниженням 
використання органічних добрив — від 9,6 до 0,8 кг 
P/га/рік, так і фосфорних мінеральних добрив — від 
17,9 до 6,9 кг P/га/рік. Установлений в країнах ЄС мі- 
німальний валовий баланс P (0.6 P/га/рік) спостерігався 
лише в 2019 р. Серед країн ЄС у 2019 р. валовий ба-
ланс P становив від –5.6 до 6.0 кг P/га/рік. До країн із 
негативним балансом P (2019 р.) відносяться Румунія 

(–5,6 кг P/га/рік), Болгарія (–5,4), Німеччина (–4,8), 
Словаччина (–1,9), Швеція (–1,5), Литва (–1,3), Угор-
щина (–0,4) і Чехія (–0,03 кг P/га/рік), показники яких 
нижчі порівняно з Україною. Показник PUE в країнах 
ЄС (2019 р.) становив 62–167 %. Зокрема PUE вище 
100 % виявлено в Угорщині — 103 %, Литві — 111 %, 
Швеції — 113, Німеччині — 126, Словаччині — 118, 
Румунії — 152 і Болгарії — 167 %, що нижче ніж в 
Україні — 186 %. Нині в Україні кількість внесення 
мінерального фосфору відносно посівної площі на-
ближаються до середнього значення ЄС, але в 11 раз 
нижча щодо внесеного у ґрунт органічного фосфору. 
Висновки. Для досягнення бездефіцитного балансу 
фосфору, відновлення його вмісту у ґрунтах, мінімізації 
негативних екологічних наслідків, а також підвищення 
економічного ефекту доцільно компенсувати винос 
фосфору з основною продукцією не лише за рахунок 
унесення промислових фосфорних мінеральних та 
органічних добрив, а й формування агроекосистем із 
високим рівнем рециркуляції фосфору та використання 
наявних місцевих родовищ фосфоритів.

Ключові слова: фосфор, ґрунт, потоки фосфору, 
ефективність використання фосфору (PUE), добрива, 
відходи тваринництва і рослинництва, рециркуляція, 
фосфорити.


