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Abstract. The relevance of the study lies in the need to maintain optimal levels of mobile phosphorus 
in carbonate soils to support healthy plant growth and development, as it can be converted into 
less mobile forms in such soils. The purpose of the study was to assess the impact of various long-
term fertilisation strategies on the content of various forms of phosphorus in the soil to improve 
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INTRODUCTION
Soils by genetic types are characterised by a dif-
ferent composition of mineral forms of phos-
phates. Thus, di- and octacalcium phosphates 
predominate in carbonate soils, and calcium 
phosphates and fluorooxides (hydroxyl-, fluo-
rapatite, variscite, etc.) predominate in slightly 
acidic soils, and aluminium and iron phosphates 
(variscite, strangite, barrandite, etc.) predomi-
nate in acidic soils. The stability of mineral com-
pounds depends on different soil conditions. 
First of all, it depends on the size of the reaction 
of the soil environment, the activity of various 
cations (especially Ca, Mg, Al, Fe), and on fertil-
isers applied, liming, plastering, irrigation. Thus, 
A.O. Khristenko (2020) found that the systematic 
use of organo-mineral fertilisers creates condi-
tions for increasing the mobility of phosphates 
even in conditions when the phosphorus bal-
ance was negative. Thus, they suggest that the 
use of even small fertiliser rates will create con-
ditions for simple restoration of soil fertility. Ac-
cording to O. Litvinova et al. (2019; 2020), plants 

can use all those phosphorus fractions that are 
converted to phosphate ions in the soil. Phos-
phorus is the macronutrient of plant nutrition, 
without which their growth and development 
are impossible, which is why organic and miner-
al fertilisers are used to cover the removal of this 
element, and preserve and increase it in soils. 
S.L. Bauke et al. (2018) state that phosphorus lev-
els in deep soil vary significantly depending on 
the specific feeding strategy used in long-term 
agricultural experiments. Long-term agricultur-
al experiments show that the fertilisation meth-
ods used can significantly affect the availability 
of phosphorus in deep soil layers.

W.W.  Zhang  et al.  (2019) proved that wa-
ter-soluble fractions of P, the content of which 
in soils is only 0.8-8.0  mg kg-1, are closely re-
lated to crop yields. In addition, plants absorb 
mobile, namely metabolically sorbed phospho-
rus compounds, which easily and quickly enter 
the soil solution. The content of mobile phos-
phates in non-fertilised soils varies significantly  

this availability. The research was conducted in 2019-2022 as a stationary experiment in a separate 
division of the National University of Life and Environmental Sciences of Ukraine “Agronomic 
Experimental Station” in Kyiv Oblast on meadow chernozem carbonate low-humus coarse-sawn 
light loamy soil in a five-field crop rotation, where the influence of different levels of fertiliser 
saturation (no fertiliser, minimum, average, and optimal) on soil phosphate status and yield of 
Etana winter wheat variety and Sumiko sunflower hybrid was investigated. Soil samples were taken 
from the 0-20 and 20-40 cm layers, and the group and fractional composition of phosphates was 
determined using the Chang-Jackson method and the content of mobile phosphates using the 
Chirikov and Machigin methods. According to the analysis of the group and fractional composition 
of soil phosphates, it was found that in meadow chernozem carbonate low-humus coarse-sawn 
light loamy soil, the content of iron phosphates prevails among all fractions during long-term 
fertilisation. The results showed an increase in the content of aluminium phosphates in the 0-20 cm 
surface layer of the soil of two variants with long-term fertilisation, and an increase in the content of 
the second fraction of soluble calcium phosphates (Ca-PII), with the minimum saturation (N27P18K20) 
with the highest available phosphate fraction for plants (Ca-PI) is observed. The content of mobile 
phosphates was maximal at optimal fertiliser saturation (N81P54K62) and was 4.8 and 8.5 mg/100 g of 
soil, the aftereffect of organic fertilisers positively affected the accumulation of mobile phosphates 
in the soil. The highest yield of winter wheat (7.55 t/ha) and sunflower (4.28 t/ha) was obtained with 
optimal fertiliser saturation, the lowest – without the use of fertilisers, where it was 4.45 t/ha for 
winter wheat and 2.23  t/ha for sunflower. The results of the study can be used to develop more 
sustainable and effective strategies for using phosphorus in soils, which can help preserve soil 
resources and prevent possible contamination of water sources due to excessive phosphorus intake

Keywords: group and fractional composition; mobile phosphates; soil medium reaction; 
phosphate mobilisation; available phosphorus
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(10-100  mg kg-1). F.J.  van der Bom  et al.  (2019) 
found that fertiliser application methods and 
their forms are an important factor affecting 
P fractions in the soil. They described that the 
practice of long-term application of phospho-
rous fertilisers has a significant impact on the 
soil’s ability to supply and retain phosphorus, 
changing its chemical characteristics over time. 
Understanding the impact of long-term appli-
cation of phosphorous fertilisers is important 
for optimising soil management and ensuring 
sustainable phosphorus resources for growing 
crops. The study by Y.P. Wang et al. (2022) aims to 
create a global model for understanding the dy-
namics of inorganic phosphorus in soil, in par-
ticular, to investigate the relationship between 
the kinetics of metabolism and the bioavailabil-
ity of phosphorus in soil, which affects various 
physical and chemical properties of soil. The pa-
per examines how various soil characteristics, 
such as pH, texture, organic matter content, and 
mineral composition, affect the kinetics of inor-
ganic phosphorus metabolism. This exchange 
process plays an important role in determining 
the availability of phosphorus for plants and its 
potential for release into the environment.

C.M.  Nobile  et al.  (2020) investigated the 
sorption and availability of phosphorus in an-
dosol after a decade of applying organic or 
mineral fertilisers, highlighting the importance 
of changes in soil pH and organic carbon com-
pared to phosphorus accumulation. The study 
highlights how changes in soil pH and the pres-
ence of organic carbon that affect different fer-
tilisation practices can affect the sorption and 
availability of phosphorus, affecting its availa-
bility for plant uptake. Understanding the inter-

action between soil pH, organic carbon content, 
and phosphorus accumulation is essential for 
optimising fertiliser nutrition strategies and 
managing phosphorus availability in agriculture 
and environmental systems, with important im-
plications for sustainable nutrient management 
and environmental protection practices.

The results of the investigation of Ukrainian 
and foreign studies indicate that the process-
es of phosphate conversion in soil are complex 
and are associated with a number of phenom-
ena: dissolution and precipitation, adsorption 
and desorption, mineralisation and biological 
absorption, and other processes of phosphorus 
conversion occurring in different soil, and cli-
matic conditions with different intensity. Fertil-
iser application affects the available phosphorus 
concentrations in the soil in the long run. There-
fore, the purpose of the study is to investigate 
the impact of various long-term fertilisation 
strategies on the availability of phosphorus in 
the soil to improve this availability.

MATERIALS AND METHODS
The research was conducted on the territory of 
a Separate Division of the National University 
of Life and Environmental Sciences of Ukraine 
(SD NUBiP of Ukraine) “Agronomic experimen-
tal station” (coordinates of the research site lat-
itude: 50° 4’25.30”N, longitude: 30°13’18.14”E) 
in a stationary experiment in a five-field crop 
rotation with the following alternation of crops: 
clover – sunflower – winter wheat – grain corn – 
barley + clover in 2019-2022 PP. Table  1 shows 
various crop rotations and fertiliser composi-
tions for growing sunflower and winter wheat in 
experimental plots used for research.

Crop rotation Fertilisers for sunflower (NPK) Fertilisers for winter wheat (NPK)
1. No fertilisers (control) - -

2. Minimal N27P18K20 N25P25K35

3. Aftereffect of organic fertilisers N55P36K41 N55P55K80

4. Average N55P36K41 N90P45K45

5. Optimal N81P54K62 N140P70K70

Table 1. Saturation of crop rotation with fertilisers in experimental plots

Source: compiled by the authors

The soil of the experimental site is meadow 
chernozem carbonate low-humus coarse-sawn 

light loamy, which has a slightly alkaline re-
action of the soil solution in a layer of 0-20 cm  
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(pH was 7.8) and a high absorption capacity of 
31.2 meq/100 g of soil. Studies on the determi-
nation of the group and fractional composition 
of soil mineral phosphates by the Chang-Jack-
son method in the Ginzburg-Lebedeva mod-
ification in 0-20 and 20-40  cm layers (DSTU 
7854:2015, 2015). This method is based on se-
quential tillage with various solvents, each of 
which extracts certain fractions of soil phos-
phates: the phosphorus fraction Ca-PI, Ca-PII, 
Ca-PIII, Al-P, and Fe-P. First, the fraction of the 
most soluble forms of phosphates of alkaline 
and alkaline earth elements (Ca-PI fraction) 
was isolated using an ammonium-molybdate 
extract (pH 4.8): alkali metal and ammonium 
phosphates, acidic and freshly deposited Ca and 
Mg phosphates, and partially F2+ (like vivianite) 
phosphates pass into the extract. The second 
fraction of less soluble forms of phosphates 
(Ca-PII) was determined in an acetate-molyb-
date extract (pH 4.3), where di-base and Mg 
phosphates (mainly secondary-formed di-, 
tri-, octacalcium phosphates) and a significant 
amount of F2+ (like vivianite) phosphates pass. 
The third fraction of phosphates (Al-P) was de-
termined in a fluoramonic extract (pH 8.5), into 
which aluminium phosphates (such as var-
iscite, wawelite, etc.) and part of organic phos-
phorus pass. The fourth fraction of iron-bound 
phosphates (Fe-P) was determined in the alka-
line extract of the washed soil residue after pre-
liminary extraction. Determination of the last 
fraction in the sequential isolation of mineral 
forms of phosphorus (Ca-PIII) was carried out 
in an acid extract (0.5 rate H2SO4), where highly 

basic calcium phosphates such as apatite (nat-
ural and secondary formed) pass. The content 
of mobile phosphates in non–carbonate soil 
samples was determined by Chirikov methods 
(DSTU 4115-2002, 2002), and in carbonate sam-
ples  – by Machigin method (DSTU 4114-2002, 
2002). Soil samples at the experimental sites 
were taken in 0-20 and 20-40  cm layers. The 
content of mobile phosphates was determined 
by Chirikov (DSTU 4115-2002, 2002) and Machi-
gin (DSTU 4114-2002, 2002) methods. The study 
complied with the provisions of the Convention 
on the Trade in Endangered Species of Wild 
Fauna and Flora (1973) and Convention on Bio-
logical Diversity (1992).

RESULTS AND DISCUSSION
Phosphorus, unlike nitrogen and potassium, 
does not disappear from the soil due to its inert-
ness and accumulates in large quantities. This 
leads to a change in the phosphate regime of the 
soil: the ratio between different groups of phos-
phorous compounds, the degree of their mobil-
ity, and the redistribution of phosphorus forms 
along the soil profile.

It is important to note that most of the re-
serves of available phosphorus compounds are 
located in the arable soil layer and naturally in 
deeper soil layers they decrease. According to 
the analysis of forms of mineral phosphorus 
compounds in meadow chernozem carbonate 
low-humus coarse-sawn light loamy soil with 
the annual application of various fertiliser op-
tions, the predominant fraction in all variants of 
the experiment is iron phosphates (Table 2).

Fertiliser saturation
Mineral phosphate fractions, mg/100 g of soil

Ca-PI Ca-PII Ca-PIII Al-P Fe-P

Without fertilisers (control) 4.42 6.63 13.9 7.70 31.8

Minimum (N27P18K20) 13.8 12.5 16.2 14.6 35.4

Aftereffect of organic 
fertilisers + N55P36K41

8.71 9.65 13.5 9.90 45.5

Average (N55P36K41) 4.42 7.24 12.3 7.42 33.0

Optimal (N81P54K62) 9.12 13.1 19.7 15.1 51.2

Table 2. Group and fractional composition of soil mineral phosphates according  
to the Chang-Jackson method in the Ginzburg-Lebedeva modification (2019-2022)

Source: compiled by the authors

http://cites.org/eng
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A high amount of iron phosphates is also 
observed in the variant without fertilisation 
(control)  – 31.80  mg/100  g of soil. The greatest 
changes in this phosphate fraction occurred 
at the optimal saturation of fertilisers with the 
application of mineral fertilisers at the rate 
N81P54K62 and amounted to 51.2 mg/100 g of soil, 
which is 19.4 mg higher than the amount of Fe-P 
in the control variant. In addition, a fairly sig-
nificant increase in iron phosphates compared 
to the control was observed in the variant with 
the aftereffect of organic fertilisers + N55P36K41 – 
45.5  mg/100  g of soil, or 13.7  mg more than the 
control variant. Changes in the content of iron 
phosphates in variants with the introduction of 
lower rates of mineral fertilisers (N27P18K20) and 
N55P36K41 without the aftereffect of organic fer-
tilisers were not so significant and exceeded the 
amount of Fe-P in the control variant by 3.63 and 
1.21 mg/100 g of soil, respectively.

Soils contain from amorphous to crystalline 
forms of Fe oxides, such as goethite, whose effect 
on the retention of inositol phosphates is well 
known. Contribution of other common crystal-
line Fe oxides, such as hematite, magnetite, and 
maggemite. These oxides exhibit different abili-
ty to retain and release phosphorus due to their 
specific surface properties and resistance to 
protons, organic acids, and complexing agents. 
Thus, the four crystalline iron oxides showed 
different ability to retain organic phosphorus 
in the form of myoinositol hexaphosphate de-
pending on the surface properties and stability 
of complexes, affecting the degree of release, ac-
cumulation, and turnover in soils.

With long-term application of mineral fer-
tilisers, the content of aluminium phosphates 
in the surface layer of the soil of 0-20 cm of two 
variants increased especially. Option with the 
application of N27P18K20 was distinguished by an 
increase in the Al-P fraction by 6.87 mg/100  g 
of soil compared to the control variant. In the 
variant with the introduction of mineral fertil-
isers at the rate N81P54K62, the changes in alu-
minium phosphate content were even greater – 
15.1 mg/100 g of soil versus 7.70 mg/100 g of soil 
in the control. Minor changes in the content of 
aluminium phosphates occurred in the variant 
with the aftereffect of organic fertilisers and the 
introduction of N55P36K41 – 9.90 mg/100 g of soil, 

that is, only 2.2 mg/100 g of soil is higher relative 
to the Al-P content in the non-fertilised option.

In the variant with the introduction of 
only mineral fertilisers (N55P36K41) conditions 
were created that contributed to minor chang-
es in the amount of aluminium phosphates 
(7.42 mg/100 g of soil versus 7.70 mg/100 g of soil 
in the control). Under the influence of miner-
al fertilisers, the soil was enriched with active 
phosphorus mineral compounds. The amount 
of the second fraction of soluble calcium phos-
phates (Ca-PII) increased most significantly in 
comparison with the control in variants with 
the rates of mineral fertilisers N27P18K20 and 
N81P54K62. Thus, the content of active phospho-
rus compounds in the control variant was at the 
level of 6.63 mg/100 g, while in the above-men-
tioned variants, this indicator increased, respec-
tively, to 12.45 and 13.08 mg/100 g of soil. In the 
soil on variants with an aftereffect of organics + 
N55P36K41 and by applying only mineral fertilisers 
(N55P36K41), the increase in active mineral phos-
phorus compounds compared to the control was 
significantly less – by 3.02 and 0.61 mg/100 g of 
soil, respectively.

Content of the most accessible phospho-
rus fraction for plants (Ca-PI) is observed in 
the variant with the introduction of N27P18K20  – 
13.8 mg/100 g of soil, and the least (4.42 mg/100 g 
of soil) – in the control variant and in the option 
with the application of mineral fertilisers at the 
rate N55P36K41. By the content of strongly bound 
calcium phosphates (Ca-PIII fraction) com-
pared to the control variant, the options with 
the introduction of mineral fertilisers at the 
rate N27P18K41 and N81P54K62 are very different. 
In the 0-20 cm soil layer of the control variant, 
the amount of strongly bound phosphates was 
13.92  mg/100  g of soil. In the variant with the 
addition of N27P18K41, the content of this frac-
tion increased to 16.19  mg/100  g of soil, which 
is 2.27  mg/100  g more than in the control. The 
use of a higher rate of mineral fertilisers con-
tributed to an increase in the Ca-PIII fraction to 
19.72  mg/100  g of soil, which is 5.80  mg/100  g 
more than in the control version. Application of 
only mineral fertilisers at the rate N55P36K41 and 
their application against the background of the 
aftereffect of organic fertilisers did not contrib-
ute to such a significant increase in the content 
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of strongly bound calcium phosphates relative 
to the control variant. On the contrary, the con-
tent of the Ca-PIII fraction in the soil, these var-
iants were lower compared to the control and 
amounted to 13.50 mg/100 g of soil in the vari-
ant with an aftereffect of organic fertilisers and 
12.16 mg/100 g of soil in the version with the in-
troduction of only mineral fertilisers.

One of the conditions for obtaining high 
stable crop yields and preventing phosphorus 
losses from soils is rational management of 
phosphorus nutrition. The study by Q.  Wang  et 
al.  (2022), which covered a period of more than 
29 years, found that the application of mineral 
fertiliser in the amount of 36 t/ha on chernozem 
provided higher yields of agricultural crops, and 
the level of phosphorus compounds compared 
to non-fertilised variants. However, there was 
practically no difference in crop yields when 
using nitrogen-potash and nitrogen-phos-
phorus-potash fertilisers. A possible reason 
for this is that adding nitrogen and potassium 
can increase plant phosphorus uptake and root  

biomass. L.P. Yuan et al.  (2020) suggest that an-
other reason for the lack of changes in crop 
yields is the rather high phosphorus content in 
soils. Most crops, especially grain crops, use only 
mobile forms of phosphorus. It is such crops as 
rye, wheat, barley and corn that have a very low 
degree of assimilation of hard-to-dissolve soil 
phosphorus compounds. This is the reason for 
a good response to the application of available 
forms of phosphorous fertilisers. Under these 
conditions, phosphorus is absorbed more vig-
orously and calcium is absorbed significantly 
less.  If an excessive amount of calcium cations 
is formed, they bind phosphorus and transfer it 
to hard-to-reach forms.  It is precisely because 
of the low availability of phosphorus available to 
plants in the soil that the payback of phospho-
rous fertilisers is quite high. The availability of 
phosphorus compounds in the soil is closely re-
lated to the reaction of the soil environment. The 
studies, conducted on meadow chernozem soil, 
found that the response of the soil environment 
varied depending on fertiliser (Fig. 1).

Figure 1. Reaction of the soil medium and the content of mobile phosphates  
according to the Machigin method in meadow chernozem carbonate soil (2019-2022)

Source: compiled by the authors
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The control showed the lowest pH values  – 
6.5 in the 0-20  cm layer of soil and 6.6 in the 
20-40 cm layer. Therefore, in these samples, the 
content of mobile phosphates was determined 
according to the Chirikov method and it was 15.9 
and 17.6 mg/100 g of soil, respectively, according 

to the soil layers, which corresponds to a high 
content (15.1-20.0  mg/100  g of soil). Other soil 
samples contained carbonates, so the content of 
mobile phosphates was determined according 
to the Machigin method. Fertilisation options 
differed in pH values, which was 6.9-7.3 pH units 
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in a 0-20 cm layer and 6.8-7.0 in a 20-40 cm layer 
of meadow chernozem soil. The highest pH val-
ue, which corresponds to a slightly alkaline re-
action of the soil medium, was 7.3 in the variant 
with N27P18K20.

The content of mobile phosphates on fer-
tilised variants was 2.2-4.8  mg/100  g of soil in 
the upper 0-20 cm layer and 2.5-8.5 mg/100 g of 
soil in a 20-40  cm layer. Naturally, the highest 
content of mobile phosphates in the arable and 
sub-arable layers was on the variant with the 
highest rate of mineral fertilisers N81P54K62 and 
rated as high in 0-20 cm layer and very high in 
20-40  cm layer. On the variant with an afteref-
fect of organic fertilisers + N55P36K41, the content 
of mobile phosphates according to Machigin was 
2.8-3.0 mg/100 g of soil, respectively. Such values 
indicate an average degree of soil availability.  

Based on the research, the effectiveness of or-
ganic fertilisers on the phosphorus regime of 
the soil was proved, as the content of mobile 
phosphates was slightly lower in the variant with 
N55P36K41 and amounted to 2.2-30 mg/100 g of soil.

G.N.  Hospodarenko  et al.  (2015) based on 
mathematical analysis of spring barley yield 
data, show that with low fertilisation rates 
(N45P45K45), it is not possible to maintain it at a 
constant level, although it was higher compared 
to areas without fertilisers. In the variants of 
the experiment with high doses of fertilisers, a 
decrease in the average annual yield increase 
was noted over time. The researchers conclude 
that the nutrient regime of the soil is no longer a 
limiting factor in the development of the spring 
barley crop, and its increase is possible due to 
such factor as the variety (Table 3).

Fertiliser saturation
Grain yield, t/ha-1

winter wheat sunflower
Without fertilisers (control) 4.45 e 2.23 e

Minimum (N27P18K20) 5.30 d 2.83 d
Aftereffect of organic fertilisers + N55P36K41 6.15 c 3.42 b

Average (N55P36K41) 6.67 b 3.17 c
Optimal (N81P54K62) 7.55 a 4.28 a

Table 3. Influence of fertiliser application on the yield of the Ethana winter wheat variety  
and the Sumiko sunflower hybrid on meadow chernozem carbonate soil

Note: means in columns with the different letter are highly significantly different according to the Fisher’s test 
(P ≤ 0.05)
Source: compiled by the authors

Analysing the data in Table 3, it should be 
noted that the use of fertilisers on meadow 
chernozem carbonate soil had a significant ef-
fect on the yield of both winter wheat and sun-
flower. The yield increase was 0.85-3.1 (winter 
wheat); 0.60-2.05 t/ha-1 (sunflower). The highest 
yield of winter wheat is obtained with optimal 
fertiliser saturation – 7.55 t/ha-1, and the small-
est – without fertiliser application – 4.45 t/ha-1. 
The difference between the minimum and aver-
age saturation was significant and the increase 
in yield for the latter was 1.37 t/ha-1. When grow-
ing sunflower seeds, the average fertiliser sat-
uration also had a greater impact on the yield 
compared to the minimum, the difference was 
+0.34  t/ha-1. The highest yield of sunflower is 
obtained with optimal fertiliser saturation  – 

4.28 t/ha-1, and the smallest – without fertiliser 
application – 2.23 t/ha-1.

Other researchers have also conduct-
ed similar studies. For example, M.  Chen & 
T.E.  Graedel  (2016) found that the introduction 
of superphosphate for 65 years caused a signif-
icant increase in the proportion of all mineral 
phosphate fractions in the soil, except for the 
calcium-bound fraction. However, no signifi-
cant effect of superphosphate on the content of 
organic phosphorus compounds was observed. 
In the experiment, where manure was used as a 
fertiliser containing phosphorus in an equiva-
lent amount to superphosphate, the proportion 
of easily accessible phosphorus mineral com-
pounds in the soil increased compared to the 
use of mineral fertilisers.
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Some long-term studies by J.  Ahlgren  et.
al.  (2013) showed that the combination of min-
eral fertilisers with organic fertilisers primarily 
affected the concentration of P in the soil. Phos-
phorous fertilisers can directly affect the concen-
tration of phosphorus in the soil by ingesting both 
orthophosphates and organic phosphorus com-
pounds (Abdala  et al.,  2015; Barrow  et al.,  2015).

According to the conclusions of the research 
team, the application of organic fertilisers in-
creased the concentration of organic matter 
in the soil. This led to an increase in the deso-
rption of mineral phosphorus compounds due 
to changes in the soil reaction, which led to an 
increase in the availability of phosphates in soils 
(Sharpley  et al.,  2004). C.M.  Nobile  et al.  (2020) 
found that with an increase in the pH value of the 
acidic soil environment, phosphorus desorption 
Fe2O3 s Al2O3 (or Fe(OH)3 and Al(OH)3 occurs, in-
stead, phosphorus desorption in carbonate soils 
occurred with a decrease in the pH value of the 
soil medium.

J.K.  Whalen & C.  Chang  (2001) considered 
the accumulation of phosphorus in treated soils 
due to constant annual applications of mount-
ed manure from a large feeding cowshed over a 
long period. The study aims to understand how 
the long-term practice of adding manure from a 
feeding cowshed to agricultural soils affects the 
accumulation of phosphorus, which is impor-
tant for crop growth but can also cause prob-
lems in the environment when it accumulates 
in excessive amounts. The availability of phos-
phate fractions in the soil also depends on the 
processes of interaction of soil organic matter 
with metal oxides.  As a result of such process-
es, some of the phosphorus compounds bind 
and become less accessible to plants (Fink  et 
al., 2016; Kramer & Chadwick, 2018). Other stud-
ies have shown that changes in the composition 
of phosphate fractions are important for deter-
mining the effectiveness of various mineral fer-
tilisers and help to better reveal the availability 
of phosphorus in soils (Mundus et al., 2017). Only 
a few comprehensive quantitative studies have 
covered such research Another important factor 
affecting the mobilisation of nutrients is soil mi-
croorganisms. Due to the fact that available P is 
constantly supplied due to insufficient dissolu-
tion, desorption, and mineralisation of organic  

phosphorus, the level of available compounds 
depends on the specific soil and climatic condi-
tions, the crop grown, and the date of soil sam-
pling (Tiessen & Moir, 1993).

M.B.  McGechan & D.R.  Lewis  (2002) found 
that studying the availability of phosphorus 
compounds is challenging because some of the 
phosphorus in fertilisers can be fixed by the soil. 
In those areas where phosphorous fertilisers 
were applied, the presence of mobile phos-
phates in the composition of soil colloids and/
or bound to soil particles was noted. When ap-
plying phosphorous fertilisers, the content of 
mobile phosphates in the soil increases, the de-
gree of their mobility and availability for plants 
increases. M.  Kulhánek  et al.  (2007) showed a 
gradual increase in phosphorus concentrations 
when applying organic and mineral fertilisers. 
The absorption of phosphorus by barley plants 
ranged from 9 to 14.5 kg/ha, and an increase in 
the use of phosphorus led to an increase in the 
concentration of phosphorus in plants. The clos-
est relationship was found for aqueous extracts 
and phosphorus uptake by plants when the co-
efficient of determination was 65%.

Thus, the issue of phosphorus in soils is ex-
tremely relevant and complex at the same time. 
There is no doubt about the role of phosphorus 
in shaping crop productivity, but in soils, a sig-
nificant part of the phosphorus reserves cannot 
be used by plants, since they are in hard-to-
reach forms. The conducted research revealed 
the impact of different levels of fertilisation on 
phosphate composition and yields.

CONCLUSIONS
Based on the conducted studies, the influence 
of long-term fertilisation on the indicators of 
the phosphorous regime of meadow chernozem 
soil was established. The group and fractional 
composition of mineral phosphates accord-
ing to the Chang-Jackson method in the Ginz-
burg-Lebedeva modification showed that the 
largest proportion is occupied by phosphorus 
compounds that are bound to iron: their content 
was 31.8–51.19  mg/100  g of soil. An increase in 
mineral fertilisation rates led to an increase in 
Al-phosphates. Fraction content (Ca-PI), which 
is most accessible to plants, is noted in variant 
N27P18K20. Naturally, the highest content of mobile  
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phosphates in the arable and sub-arable layers 
was at optimal fertiliser saturation (option with 
the highest rate of mineral fertilisers N81P54K62) 
and rated as high and very high respectively. It 
was 4.8 and 8.5 mg/100 g of soil, respectively. The 
content of mobile phosphates and the fractional 
composition of phosphorus compounds depend 
on the reaction of the soil medium.  The lowest 
pH values (6.5) of meadow chernozem soil were 
found in the control, where a high content of 
mobile phosphates was detected; on fertiliser 
variants, the values were 6.9–7.3 pH units in the 
arable layer. At the same time, it is difficult to dis-
tinguish the effect of the soil reaction from the 
action of fertilisers, so studies on the depend-
ence of the phosphate regime on pH in differ-
ent soil conditions with similar fertilisation op-
tions will be promising. The minimum, average, 
and optimal fertiliser saturation on meadow  

chernozem carbonate soil had a significant ef-
fect on the yield of both winter wheat (0.85-3.1 t/
ha-1), and sunflower (0.60-2.05 t/ha-1).

Future studies may consider different types 
of fertilisers and their impact on the phospho-
rus regime and plant yield. Learning the optimal 
fertiliser combinations can be useful for max-
imising yields and efficient use of resources. 
Further studies may also focus on the investiga-
tion of various plant species that are grown on 
meadow chernozem carbonate soils. This will 
allow understanding how the effect of mineral 
fertilisers can differ for different crops.

ACKNOWLEDGEMENTS
None.

CONFLICT OF INTEREST
None.

REFERENCES
[1]	 Abdala, D.B., da Silva, I.R., Vergütz, L. & Sparks, D.L. (2015). Long-term manure application effects 

on phosphorus speciation, kinetics and distribution in highly weathered agricultural soils. 
Chemosphere, 119, 504-514. doi: 10.1016/j.chemosphere.2014.07.029.

[2]	 Ahlgren, J., Djodjic, F., Börjesson, G., & Mattsson, L. (2013). Identification and quantification of 
organic phosphorus forms in soils from fertility experiments. Soil Use and Management, 29, 24-
35. doi: 10.1111/sum.12014.

[3]	 Barrow, N.J., Feng, X.H., & Yan, Y.P. (2015). The specific adsorption of organic and inorganic 
phosphates by variable‐charge oxides. European Journal of Soil Science, 66(5), 859-866. 
doi: 10.1111/ejss.12280.

[4]	 Bauke, S.L., von Sperber, C., Tamburini, F., Gocke, M.I., Honermeier, B., Schweitzer, K., Baumecker, 
A., Don, A., Sandhage-Hofmann, A., & Amelung, W. (2018). Subsoil phosphorus is affected by 
fertilization regime in long‐term agricultural experimental trials. European Journal of Soil 
Science, 69(1), 103-112. doi: 10.1111/ejss.12516.

[5]	 Chen, M., & Graedel, T.E. (2016). A half-century of global phosphorus flows, stocks, production, 
consumption, recycling, and environmental impacts. Global Environmental Change, 36, 139-152. 
doi: 10.1016/j.gloenvcha.2015.12.005.

[6]	 Convention on Biological Diversity. (1992). Retrieved from https://zakon.rada.gov.ua/laws/
show/995_030#Text.

[7]	 Convention on the Trade in Endangered Species of Wild Fauna and Flora. (1973). Retrieved from 
https://cites.org/eng.

[8]	 DSTU 4114-2002. (2002). Soils. Determination of mobile compounds of phosphorus and potassium 
according to the modified Machigin method. Retrieved from https://online.budstandart.com/ua/
catalog/doc-page.html?id_doc=58928.

[9]	 DSTU 4115-2002. (2002). Soils. Determination of mobile phosphorus and potassium compounds 
by the modified Chirikov method. Retrieved from https://online.budstandart.com/ua/catalog/doc-
page.html?id_doc=58863.

[10]	 DSTU 7854:2015. (2015). Soil quality. Determination of the content of mineral forms of phosphorus 
by the Chang-Jackson method in the modification of the NSC IGA named after O.N. Sokolovsky. 
Retrieved from https://online.budstandart.com/ua/catalog/doc-page.html?id_doc=62736.

https://doi.org/10.1016/j.chemosphere.2014.07.029
https://doi.org/10.1111/sum.12014
https://doi.org/10.1111/ejss.12280
https://doi.org/10.1111/ejss.12516
https://doi.org/10.1016/j.gloenvcha.2015.12.005
https://cites.org/eng
https://online.budstandart.com/ua/catalog/doc-page.html?id_doc=58928
https://online.budstandart.com/ua/catalog/doc-page.html?id_doc=58928
https://online.budstandart.com/ua/catalog/doc-page.html?id_doc=58863
https://online.budstandart.com/ua/catalog/doc-page.html?id_doc=58863
https://online.budstandart.com/ua/catalog/doc-page.html?id_doc=62736


Assessment of the influence of mineral fertiliser...

Plant and Soil Science (15)172

[11]	 Fink, J.R., Inda, A.V., Bavaresco, J., Barrón, V., Torrent, J., & Bayer, C. (2016). Phosphorus adsorption 
and desorption in undisturbed samples from subtropical soils under conventional tillage or no‐
tillage. Journal of Plant Nutrition and Soil Science, 179(2), 198-205. doi: 10.1002/jpln.201500017.

[12]	 Hospodarenko, G.N., Stasinyevych, O.Y., & Prokopenko, E.V. (2015). Capacity of spring barley in 
long-term application of fertilizers in field crop rotation. Bulletin of the Uman National University 
of Horticulture, 1, 3-6.

[13]	 Khristenko, A.O. (2020). Theoretical problems of the methodology of balance assessment of the 
cycle of macroelements in the “fertilizer-soil-plant” system. Agrochemistry and Soil Science, 90, 
47-56. doi: 10.31073/acss90-05.

[14]	 Kramer, M.G., & Chadwick, O.A. (2018). Climate-driven thresholds in reactive mineral retention 
of soil carbon at the global scale. Nature Climate Change, 8(12), 1104-1108. doi: 10.1038/s41558-
018-0341-4.

[15]	 Kulhánek, M., Balík, J., Černý, J., Nedvěd, V., & Kotková, B. (2007). The influence of different 
intensities of phosphorus fertilizing on available phosphorus contents in soils and uptake by 
plants. Plant Soil and Environment. 53(9), article number 382. doi: 10.17221/2292-PSE.

[16]	 Litvinova, O., Litvinov, D., Degodyuk, S., Romanova, S., & Rasevich, V. (2020). Effect of fertilizers 
systems on accumulation of heavy metals in gray forest soil. International Journal of Ecosystems 
& Ecology Sciences, 10(4), 603-608. doi: 10.31407/ijees10.404.

[17]	 Litvinova, O., Litvinov, D., Romanova, S., & Kovalyova, S. (2019). Soil biological activity under the 
human-induced impact in the farmed ecosystem. International Journal of Ecosystems & Ecology 
Sciences, 9(3), 529-536. doi: 10.31407/ijees9316.

[18]	 McGechan, M.B., & Lewis, D.R. (2002). SW-soil and water: sorption of phosphorus by soil, part 1: 
principles, equations and models. Biosystems Engineering, 82(1), 1-24. doi: 10.1006/bioe.2002.0054.

[19]	 Mundus, S., Carstensen, A., & Husted, S. (2017). Predicting phosphorus availability to spring 
barley (Hordeum vulgare) in agricultural soils of Scandinavia. Field Crops Research, 212, 1-10. 
doi: 10.1016/j.fcr.2017.06.026.

[20]	 Nobile, C.M., Bravin, M.N., Becquer, T., & Paillat, J.M. (2020). Phosphorus sorption and availability 
in an andosol after a decade of organic or mineral fertilizer applications: Importance of pH and 
organic carbon modifications in soil as compared to phosphorus accumulation. Chemosphere, 
239, article number 124709. doi: 10.1016/j.chemosphere.2019.124709.

[21]	 Sharpley, A.N., McDowell, R.W., & Kleinman, P.J. (2004). Amounts, forms, and solubility of 
phosphorus in soils receiving manure. Soil Science Society of America Journal, 68(6), 2048-2057. 
doi: 10.2136/sssaj2004.2048.

[22]	 Spriazhka, R.O., Zhemoida, V.L., Makarchuk, O.S., Dmytrenko, Y.M., & Bahatchenko,  V.V.  (2022). 
Selection value of initial material according to the main biochemical parameters of grain in new 
maize hybrids creation. Agronomy Research, 20(S1), 1151-1162. doi: 10.15159/AR.22.037.

[23]	 Tiessen, H., & Moir, J.O. (1993). Characterization of available P by sequential extraction. In 
M.R. Carter (Ed.), Soil sampling and methods of analysis (pp. 75-87). Boca Raton: Lewis Publishers.

[24]	 Van der Bom, F.J., McLaren, T.I., Doolette, A.L., Magid, J., Frossard, E., Oberson,  A., & 
Jensen,  L.S.  (2019). Influence of long-term phosphorus fertilisation history on the availability 
and chemical nature of soil phosphorus. Geoderma, 355, article number 113909. doi:  10.1016/j.
geoderma.2019.113909.

[25]	 Wang, Q., Qin, Z., Zhang, W., Chen, Y., Zhu, P., Peng, C., Wang, L., Zhang, S., & Colinet, G. (2022). 
Effect of long-term fertilization on phosphorus fractions in different soil layers and their 
quantitative relationships with soil properties. Journal of Integrative Agriculture, 21(9), 2720-
2733. doi: 10.1016/j.jia.2022.07.018.

[26]	 Wang, Y.P., Huang, Y., Augusto, L., Goll, D.S., Helfenstein, J., & Hou, E. (2022). Toward a global 
model for soil inorganic phosphorus dynamics: Dependence of exchange kinetics and soil 
bioavailability on soil physicochemical properties. Global Biogeochemical Cycles, 36(3), article 
number e2021GB007061. doi: 10.1029/2021GB007061.

https://doi.org/10.1002/jpln.201500017
https://cyberleninka.ru/article/n/vrozhaynist-zerna-yachmenyu-yarogo-za-trivalogo-zastosuvannya-dobriv-u-poloviy-sivozmini
https://cyberleninka.ru/article/n/vrozhaynist-zerna-yachmenyu-yarogo-za-trivalogo-zastosuvannya-dobriv-u-poloviy-sivozmini
https://doi.org/10.31073/acss90-05
https://doi.org/10.1038/s41558-018-0341-4
https://doi.org/10.1038/s41558-018-0341-4
https://doi.org/10.17221/2292-PSE
https://doi.org/10.31407/ijees10.404
https://doi.org/10.31407/ijees9316
https://doi.org/10.1006/bioe.2002.0054
https://doi.org/10.1016/j.fcr.2017.06.026
https://doi.org/10.1016/j.chemosphere.2019.124709
https://doi.org/10.2136/sssaj2004.2048
https://doi.org/10.15159/AR.22.037
https://www.scirp.org/reference/ReferencesPapers?ReferenceID=966324
https://doi.org/10.1016/j.geoderma.2019.113909
https://doi.org/10.1016/j.geoderma.2019.113909
https://doi.org/10.1016/j.jia.2022.07.018
https://doi.org/10.1029/2021GB007061


Tonkha et al.

Plant and Soil Science (15)1 73

[27]	 Whalen, J.K., & Chang, C. (2001). Phosphorus accumulation in cultivated soils from long‐term 
annual applications of cattle feedlot manure. Journal of Environmental Quality, 30(1), 229-237. 
doi: 10.2134/jeq2001.301229x.

[28]	 Yuan, L.P., Wu, Z.Y., Jiang, W.J., Tang, T., Niu, S., & Hu, J.S. (2020). Phosphorus-doping activates 
carbon nanotubes for efficient electroreduction of nitrogen to ammonia. Nano Research, 13, 
1376-1382. doi: 10.1007/s12274-020-2637-8.

[29]	 Zhang, W.W., Zhan, X.Y., Zhang, S.X., Ibrahima, K.H M., & Xu, M.G. (2019). Response of soil Olsen-P 
to P budget under different long-term fertilization treatments in a fluvo-aquic soil. Journal of 
Integrative Agriculture, 18(3), 667-676. doi: 10.1016/S2095-3119(18)62070-2.

Оксана Леонідівна Тонха
Доктор сільськогосподарських наук, професор
Національний університет біоресурсів і природокористування України
03041, вул. Героїв Оборони, 15, м. Київ, Україна
https://orcid.org/0000-0002-0677-5494
Ольга Валеріївна Пак
Аспірант
Національний університет біоресурсів і природокористування України
03041, вул. Героїв Оборони, 15, м. Київ, Україна
https://orcid.org/0009-0005-1282-5311
Володимир Миколайович Козак
Кандидат сільськогосподарських наук, доцент
Національний університет біоресурсів і природокористування України
03041, вул. Героїв Оборони, 15, м. Київ, Україна
https://orcid.org/0009-0009-0635-9528
Олег Володимирович Грищенко
Кандидат сільськогосподарських наук, доцент
Національний університет біоресурсів і природокористування України
03041, вул. Героїв Оборони, 15, м. Київ, Україна
https://orcid.org/0009-0001-7450-4389
Олена Володимирівна Піковська
Кандидат сільськогосподарських наук, доцент
Національний університет біоресурсів і природокористування України
03041, вул. Героїв Оборони, 15, м. Київ, Україна
https://orcid.org/0000-0002-5052-9223

Оцінка впливу мінеральних добрив на фосфатний режим 
лучно-чорноземного карбонатного ґрунту  
та урожайність соняшнику  і пшениці озимої

Анотація. Актуальність дослідження полягає в необхідності збереження оптимального 
рівня рухомого фосфору у карбонатних ґрунтах для підтримки здорового росту та розвитку 
рослин, оскільки саме в таких ґрунтах він може переходити у менш рухомі форми. Метою 
дослідження було оцінити вплив різних довгострокових стратегій внесення добрив на вміст 
різних форм фосфору в ґрунті для покращення цієї доступності. Дослідження проводили 
у 2019-2022  рр. у стаціонарному досліді у Відокремленому підрозділі Національного 

https://doi.org/10.2134/jeq2001.301229x
https://doi.org/10.1007/s12274-020-2637-8
https://doi.org/10.1016/S2095-3119(18)62070-2
https://orcid.org/0000-0002-0677-5494
https://orcid.org/0009-0005-1282-5311
https://orcid.org/0009-0009-0635-9528
https://orcid.org/0009-0001-7450-4389
https://orcid.org/0000-0002-5052-9223


Assessment of the influence of mineral fertiliser...

Plant and Soil Science (15)174

університету біоресурсів і природокористування України «Агрономічна дослідна станція» 
Київської області на лучно-чорноземному карбонатному малогумусному грубопилувато-
легкосуглинковому ґрунті у п’ятипільній сівозміні, де вивчали вплив різних рівнів 
насиченості добривами (без добрив, мінімальний, середній і оптимальний) на показники 
фосфатного режиму ґрунту і урожайність пшениці озимої сорту Етана і соняшнику 
гібриду Суміко. Зразки ґрунту відбирали з шарів 0-20 і 20-40  см, у них визначали 
групово-фракційний склад фосфатів за методом Чанга-Джексона, вміст рухомих фосфатів 
за методами Чирикова та Мачигіна. Згідно з аналізом групово-фракційного складу 
фосфатів ґрунту встановлено, що у лучно-чорноземному карбонатному грубопилувато-
легкосуглинковому ґрунті серед усіх фракцій переважає вміст фосфатів заліза за 
довготривалого внесення добрив. Результати досліджень показали збільшення вмісту 
фосфатів алюмінію у поверхневому шарі ґрунту 0-20 см двох варіантів за довготривалого 
внесення добрив, а також підвищення вмісту другої фракції розчинних фосфатів кальцію 
(Са-РІІ), у мінімальної насиченості (N27P18K20) відмічено найбільше доступної фракції 
фосфатів для рослин (Са-PI). Уміст рухомих фосфатів був максимальним за оптимальної 
насиченості добривами (N81P54K62) і складав 4.8 і 8.5  мг/100  г ґрунту, післядія органічних 
добрив позитивно впивала на накопичення рухомих фосфатів у ґрунті. Найбільша 
урожайність пшениці озимої (7,55  т/га) і соняшнику (4,28  т/га) отримана за оптимальної 
насиченості добривами, найменша без застосування добрив, де вона склала 4,45 т/га для 
пшениці озимої та 2,23 т/га у соняшника. Результати дослідження можуть бути використані 
для розробки більш стійких та ефективних стратегій використання фосфору в ґрунтах, що 
може сприяти збереженню ґрунтових ресурсів та запобіганню можливому забрудненню 
водних джерел внаслідок надмірного внесення фосфору

Ключові слова: групово-фракційний склад; рухомі фосфати; реакція ґрунтового  
середовища; мобілізація фосфатів; доступний фосфор


