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ABSTRACT

The study of changes in the structure of the phosphate fund of retisol after two rotations of a 4-field field crop
rotation under the influence of the introduction of dolomite (CaMg(CO,),) and limestone (CaCO,) flour in different
doses before the start of the first rotation was carried out in the stationary experiment of the Institute of Agriculture
of the Western Polissia of Ukraine. The dose of limestone materials is calculated on the basis of hydrolytic acidity
(Hh) 2.80-2.97 mol/kg: for dolomite flour 0.5 Hh — 2.2 t/ha; 1.0 Hh — 4.7; 1.5 Hh — 6.7 t/ha; for limestone flour 1.0
Hh — 4.9 t/ha. The saturation of crop rotation with mineral fertilizers was N P_K, .. The general background of
the experiment was the annual application of the non-marketable part of the crop at a dose of 6.0 t/ha of biomass.
The purpose of the work is to investigate the directionality of the transformation of the forms and different
fractions of retisol phosphorus under the influence of liming against the background of systematic fertilization
after the completion of the second crop rotation rotation. Research has established that under the influence of the
introduction of meliorants, the share of mineral phosphorus compounds (P inorganic) fluctuated widely according
to the experiment options (47.0 —67.4% of P total), and organic — in the range of 28.5-37.5% P total. Liming against
the background of fertilizer application also caused certain changes in the proportions between different forms of
phosphorus. The main part (55.5-70.7%) of inorganic P is aluminum phosphates (Al-P) and iron phosphates
(Fe-P). Liming with increasing doses of meliorants significantly (p = 0.05) affected the reduction of the total
share of Al-P and Fe-P compared to the control and application of only mineral fertilizers, and also contributed
to a significant increase in the share of Ca-P calcium phosphates (p = 0.01). At pH,, 4.0-6.0, the content of P
inorganic fractions was distributed in the order from maximum to minimum indicators: Al-P > Fe-P > P soluble
> Ca-P. Neutralization of the acidity of the soil solution also contributed to a significant increase in the content
of the soluble fraction of phosphorus (P soluble) to 4.9-5.4% of total P (p = 0.05), and the level of availability of
labile phosphorus compounds of the studied soil increased and was noted as high. The established features of the
transformation of the phosphate pool in retisol under the influence of the introduction of chemical ameliorants
indicate an increase in the share of bioavailable phosphorus compounds, significant changes in the conditions of
phosphorus nutrition of crop rotation crops and a change in the functional stability of the agroecosystem in general.

Keywords: total phosphorus, forms and fractions of phosphorus, dolomite and limestone flour, fertilizer, acidity.

INTRODUCTION

Agricultural production significantly affects
the nutrient regime of anthropogenically modified
soil, in particular, the content and transformation
of phosphorus compounds. The use of fertilizers
and the implementation of soil improvement
measures contribute to soil cultivation with the
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formation of a characteristic phosphate regime
in it, different from natural analogues [Lun et
al, 2017]. As a result of strong adsorption, rapid
deposition and immobilization of phosphorus in
inaccessible forms, accumulation of phosphorus-
containing compounds in the soil is possible
[Menezes-Blackburn et al., 2018]. Therefore,
rational management of plant phosphorus
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nutrition conditions requires an understanding
of the chemical interaction of different forms
of phosphorus in the soil, as this information
is important for diagnosing and predicting its
lability and bioavailability [Wierzbowska, 2020;
Li Cuilan et al., 2021].

A significant part of the research on the
phosphorus fund of the soils of Ukraine is devoted
to the analysis of the state of the soil cover, mainly
of the sod type of soil formation [Nosko 2017a,
2018; Khristenko et al., 2020; Miroshnychenko et
al., 2021; Lopushniak, 2014].

However, issues related to the transformation
of the phosphorus pool in retisols, which are
characterized by certain features associated with
increased acidity of the soil environment and the
use of chemical amelioration, have been studied
to a lesser extent, which led to our research.

It is known that the content of bioavailable
phosphorus compounds largely reflects the general
level of cultivation of retisols. The main source of
replenishing the soil solution with mobile forms
of phosphorus is its gross reserves, which are
concentrated in the parent rock and phosphorus-
containing organic compounds of the soil.
Together with them, water-soluble compounds
of phosphorus, which enter the soil with mineral
fertilizers, play a significant role [Vasbieva et al.,
2021; Lopushniak et al., 2022].

A feature of the transformation of phosphorus
compounds in retisols is the chelation of iron
(Fe), manganese (Mn) and aluminum (Al) and
their subsequent fixation with the formation of
insoluble compounds [Ikhajiagbe et al., 2020].
Solving the problem of phosphorus binding in
retisols is possible by neutralizing the acidity
of the soil solution through the application of
chemical ameliorants that contain lime, which
can significantly affect the bioavailability of
nutrients in the soil, the growth and development
of plants and, in general, the functional stability
of the agroecosystem.

Applying lime is considered one of the most
effective strategies for optimizing soil acidity,
which can increase the availability of phosphorus
in it [Qaswar et al., 2020]. During liming, the
introduction of carbonate (CO,*) increases the
pH of the soil environment, reduces the activity
of aluminum oxides and the ability of their
surfaces to hold phosphorus and, as a result,
contributes to the increase in the bioavailability
of phosphorus in the soil [Kisinyo et al., 2013].
However, Hinsinger (2001) points out that as the

pH of the soil increases, the solubility of Al and
Fe phosphates increases, and the solubility of Ca
phosphates decreases, with the exception of pH
values above 8.0 units.

Therefore, phosphorus compounds in the
soil are subject to dynamic transformations, the
direction of which is partially determined by
the change in physicochemical properties, in
particular, the reaction of the soil environment
caused by anthropogenic influence.

The presented study is devoted to the
quantitative assessment of changes in different
fractions of phosphorus in the retisols of the
Western Polissia of Ukraine due to the application
of mineral fertilizers and chemical meliorants in
different rates.

METHODOLOGY

The research was conducted in the stationary
field experiment of the Institute of Agriculture of
the Western Polissia of the Academy Agrarian of
Sciences of Ukraine (50°70°81”°N; 26°54°55”E)
during two rotations of a four-field crop rotation
(2012-2019) on a typical soil for this soil and
climate zone — Retisol (Albic Retisol (Arenic,
Aric) [WRB, 2021]. The area of the sowing plot is
99 m?, the accounting plot is 50 m?, the repetition
is three times, the placement is consecutive.

Crop rotation involved the following rotation
of crops: winter wheat, corn for grain, spring
barley, winter rapeseed. The general background
inall variants of the experiment was the production
of air-dry biomass of the non-marketable part of
the crop: wheat and barley straw, corn and rape
stalks and leaves, in an amount that averaged 6.0
t/ha per crop rotation. In all variants, except for
the control, mineral fertilizers were applied in the
form of ammonium nitrate, amphos, potassium
chloride in appropriate doses: winter wheat —
NP K,y corn for grain — N, P K, . spring
barley — N, P, K, , winter rapeseed - N, P, K .
The dose of mineral fertilizers was N, P, K, . per
hectare of crop rotation area.

Doses of chemical meliorants (D) were deter-
mined by the hydrolytic acidity of the soil (Hh)
according to the formula:

D (t/ha) = 1.5 x Hh 1)

For the calculation, the initial indicators of
hydrolytic acidity of the soil of 2.80-2.97 mol/kg
of soil were used in all the studied options.
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Chemical ameliorants were introduced before
the establishment of a stationary experiment in
2011, namely dolomite (CaMg(CO,),) and lime-
stone (CaCO,) class A flour with the sum of Ca
and Mg carbonates at least 90%. According to
the level of hydrolytic acidity of the soil and the
neutralizing capacity of the meliorant (carbonate
content, %), the following amounts of dolomite
flour were used in the experiment: 2.2 t/ha cor-
responded to 0.5 Hh of CaMg(CO,),; 4.7 t/ha
— 1.0 Hh of CaMg(CO,),; 6.7 t/ha — 1.5 Hh of
CaMg(CO,),; a dose of 1.0 Hh of CaCO, corre-
sponded to 4.9 t/ha of limestone flour.

Thus, the scheme of the experiment included
the following options: 1. Control (without fertiliz-
ers); 2. N, P K - (NPK); 3. NPK + CaMg(CO,),
(0.5 Hh); 4. NPK + CaMg(CO,), (1.0 Hh); 5. NPK
+ CaMg(CO,), (1.5 Hh); 6. NPK + CaCO, (1.0 Hh).

Soil samples were taken from the 0-20 cm
layer of retisol. The average sample for analysis
was prepared from five soil samples taken diago-
nally from each experimental plot at approximate-
ly the same distance. For laboratory analysis, soil
samples were dried to an air-dry state and sifted
through a sieve with a diameter of 0.25 mm.

Soil samples were taken from the 0—20 cm
layer of retisol. The average sample for analysis
was prepared from five soil samples taken diago-
nally from each experimental plot at approximate-
ly the same distance. For laboratory analysis, soil
samples were dried to an air-dry state and sifted
through a sieve with a diameter of 0.25 mm.

Indicators of the exchangeable acidity of the soil
solution (pH, ) were measured using a pH meter
with a glass combined electrode in a suspension of
IM KCl at a ratio of soil: extractant of 1:2.5.

To determine available phosphorus com-
pounds, samples were taken annually at the end of
the growing season of field crops during two crop
rotations (winter wheat, spring barley, winter rape
— in July, corn for grain — in September). Deter-
mination of the content of phosphorus avail. was
carried out by the Kirsanov method in an extract
with 0.2 M HCl in the ratio of soil: extractant 1:5.
The concentration of phosphorus in the filtrate was
determined colorimetrically by the ascorbic meth-
od, using the red light filter of the photometer with
a transmission length of 660 nm [Horodnyi et al.,
2007; Murphy and Riley, 1962].

In order to analyze the change in the phos-
phate regime of the soil, samples were taken af-
ter the completion of the second rotation of crop
rotation (2019).
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The content of phosphorus in soil organic
compounds (P org.) to be the ignition method of
Saunders and Williams, which is based on the
parallel determination of phosphorus in calcined at
a temperature of 550 °C and uncalcined soil treated
with 0.2 M with a solution of H,SO, in the ratio soil:
extractant 1:50. The obtained suspensions were
shaken for 2 hours, settled for 16-18 hours and
filtered. In an aliquot of two solutions, phosphorus
content was determined colorimetrically by the
ascorbic method. The P org content was determined
by the difference in the phosphorus content of the
calcined (total content of phosphorus compounds
— P tot.) and non-roasted (content of mineral
phosphorus compounds — P in.) samples. in the soil
[Soon and Hendershot, 2006].

The Chang-Jackson method [Chang and
Jackson, 1957] was used to characterize the
fractional composition of mineral compounds of
phosphorus (P in.) in the soil, which is based on
the sequential treatment of a sample of soil with
different solvents, each of which extracts certain
fractions of mineral phosphates in the soil ratio:
solution 1:50.

Sequential phosphorus extraction schemes
can be used to separate P in. into different
fractions, including soluble phosphates (P sol.),
aluminum phosphates (Al-P), iron phosphates
(Fe-P) and calcium phosphates (Ca-P), according
to differences in the binding of basic cations to
orthophosphates [Yan et al., 2020].

Fractions P in. in soil samples was determined
in the following sequence:

1. P soluble (P sol.) — by adding 50 ml of 1.0 M
NH,Cl to 1.0 g of soil, shaking for 30 min, cen-
trifugation, filtering, measuring the content of
P in the filtrate;

2. Al-P by shaking the residue from (1) in 50 ml
of 0.5 M NH,F for 1 h, centrifugation and filtra-
tion, then measuring the P content of the filtrate;

3. Fe-P by shaking the residue of (2) in 50 mL of
0.1 M NaOH for 2 h, settling for 16 h, shak-
ing again for 2 h, centrifugation, and filtration.
The P content in the filtrate was measured after
acidification of the medium with 1.5 ml of con-
centrated H,SO, followed by filtration. After
that, saturated NaCl solution was poured into
the remaining soil, shaken for 15 min, centri-
fuged, the solution was deposited, and the soil
was used for further analysis.

4. Ca-P by shaking the washed soil residue (3) with
50 ml of 0.25 M H,SO, for 1 h, centrifugation,
filtration, measurement of P content in the filtrate.
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Determination of P content in filtrates was
carried out colorimetrically by the ascorbic
method [Soon and Hendershot, 2006]. The content
of residual fractions of phosphorus (P residual —
P res.) was calculated as the difference between
P tot. and the sum of the extracted phosphorus
fractions (P sol., Al-P, Fe-P, Ca-P, P org.).

Statistical analysis

The significance of experimental data was
assessed on the basis of one-way analysis of
variance (ANOVA) and Fisher’s test (F-test)
at p = 0.05. Regression analysis was used to
determine changes in the exchangeable acidity
of the soil solution (pH, ) and different fractions
of mineral phosphorus. Pearson’s correlation
analysis at the significance level p = 0.05 and
0.01 was performed to determine the relationship
between different fractions of phosphorus and
pH, . The analysis of indicators of availability
of phosphorus compounds was carried out by the
method of descriptive statistics at p = 0.05 in the
program Statistika 10.0.

RESULT AND DISCUSSION

Retisols are distinguished by a significantly
lower total amount of phosphorus compounds
(P tot.) compared to other types of soils
common in Ukraine. In the upper layer of the
studied soil, accumulation of P tot. can be
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traced in the options where liming was carried
out. Under such conditions, the effect on the
P tot. content is more significant. Had 1.0 and
1.5 Hh doses of CaMg(CO,),, although no
significant difference between the introduction
of such doses was established. Compared with
these options, the indicators of P tot. in the
control variant (without fertilizers and liming)
decreased by 28.8-30.7%. Dynamics of P tot.
content associated with the transformation of
phosphorus compounds in the soil.

Phosphorus in the soil is in the composition of
mineral and organic compounds, the ratio between
which changes significantly during the systematic
application of fertilizers to the cultivated crops
during two rotations of crop rotation and liming,
carried out before starting the experiment. This
caused the differentiation of the content of various
phosphorus compounds in the soil (Fig. 2).

Phosphorus total represented to a greater
extent by mineral compounds: P in. (47.0-67.4%
P tot.) > P org. (28.5-37.5% P tot.). The lowest
content of P org. fixed in the control version —
the ratio P in. : P org. is 2.36 : 1. Liming had a
positive effect on the accumulation of P org. in
the 0-20 cm soil layer. The use of 1.5 Hh dose
of CaMg(CO,), contributed to the reduction of
the P in ratio. : P org. up to 1.25 : 1. However,
the difference in the content of P org. for the
introduction of limestone flour at a dose of 1.0 Hh
(option 6) compared to dolomite flour at a dose
of 0.5 and 1.0 Hh (options 3, 4) was statistically
unreliable at p = 0.05.

Hi

Control (W|thout

fertilizers) (0.5Hh)

NPK+CaMg(CO3)2 NPK+CaMg(C03)2 NPK+CaMg(C03)2

NPK+CaCO3

(1.0Hh) (1.5Hh) (1.0Hh)

Figure 1. Change in the total content of phosphorus compounds due to the application of fertilizers and chemical
meliorants after the completion of the second rotation of crop rotation (2019). Values with the same letters have

no statistical difference by p = 0.05
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Figure 2. Change in the ratio of phosphorus compounds (P) in different forms (P org., P in., P res.)
due to the application of fertilizers and chemical meliorants, in % of phosphorus total

The conditions of phosphorus nutrition of
agricultural crops are evaluated mainly by the
content of its mineral compounds in the soil.
The largest share of P in. from Phosphorus total
— (67.4%) installed in the control variant. The
introduction of mineral fertilizers contributed to
a slight decrease of this indicator to 59.0%, but
a significant decrease in the share of phosphorus
mineral compounds from its total content relative
to the control in the experimental conditions was
established due to the effects of ameliorants.
During liming of 0.5 Hh CaMg(CO,), and 1.0
Hh CaCO,, the proportion of Phosphor in.
decreased according to the level of 50.5-47.3% of
Phosphorus total. The smallest share of Phosphor
in. recorded after 1.5 Hh dose of CaMg(CO,), -
47.0% of Phosphorus total.

It should be noted that although liming did
not provide a significant difference between

indicators of the content of Phosphor in.
depending on the doses and types of meliorants
at p = 0.05, in the conditions of the experiment, a
significant dynamic of the content of phosphorus
compounds associated with its various fractions
was established, which affected the formation of
the phosphorus regime of the soil.

Analysis of the content of different
phosphorus fractions revealed a predominance
of aluminum (Al-P) and iron (Fe-P) compounds
in retisols (Table 1). Their total share in the
variant without fertilizers was 94.0% of P in.
Systematic application of mineral fertilizers after
the completion of two rotations of crop rotation
caused a quantitative predominance of Al-P
fractions in the soil — 240.8 mg/kg of soil (46.6%
of P total).

Liming with increasing doses of dolomite
flour helped to reduce the total share of Al-P

Table 1. Fractional composition of mineral compounds of retisol phosphates after the completion of the second

crop rotation (2019), mg/kg of soil

Fractions of mineral phosphates
Variants Al-P/Fe-P

P sol. Al-P Fe-P Ca-P
Control (without fertilizers) 11.4f 222.9° 104.6° 9.2¢ 2.1
NPK 19.2¢ 240.82 124.0% 10.2f 1.9
NPK + CaMg(CO,), (0.5 Hh) 21.9¢ 232.1° 89.1¢ 16.4 2.6
NPK + CaMg(CO,), (1.0 Hh) 25.4° 210.7¢ 92.6° 25.7° 23
NPK + CaMg(CO,), (1.5 Hh) 27.92 201.3¢ 85.3¢ 38.92 24
NPK + CaCO, (1.0 Hh) 20.5¢ 216.6° 80.9f 23.5° 2.7
LSD,, 1.30 9.22 1.39 0.97

Note: values with the same letters are not statistically different at p = 0.05.

104




Ecological Engineering & Environmental Technology 2023, 24(5), 100-110

and Fe-P in the total phosphorus pool to 55.5—
58.8% of P total. With an increase in the dose of
CaMg(CO,), from 0.5 to 1.5 Hh, the content of
Al-P compounds decreased by 30.8 mg/kg of soil,
Fe-P — by 3.8 mg/kg of soil.

At the same time, an increase in the amount
of the fraction (Ca-P) due to the introduction
of limestone materials into the soil was noted.
In the options where liming was not performed
(options 1 and 2), the share of Ca-P was at the
level of 1.8-2.0% of P tot. and had no significant
difference at p = 0.05. The use of 1.0 Nh doses
of CaMg(CO,), and CaCO,, although it did not
provide a significant difference between the
indicators (p = 0.05), but at the same time it
contributed to an increase in the Ca-P content by
2.6-2.9 times compared to the control. The most
significant effect on increasing the amount of
Ca-P up to 7.5% of P tot. small dose of 1.5 Hh
CaMg(CO,), (option 5).

The transformation of the precipitated
forms of phosphorus had a positive effect on the
amount of the P sol. fraction. Neutralization of
soil acidity after the completion of the second
rotation of crop rotation to a pH level of 5.6-6.0
due to the introduction of 1.0 and 1.5 Hh doses
of CaMg(CO,), contributed to an increase in the
proportion of the soluble fraction of phosphorus
to 4.9-5.4% from P total.

In options for the introduction of limestone
materials (options 3—6), the accumulation of not
only soluble phosphorus compounds (P sol.), but
also residual insoluble fractions of phosphorus
(P res.) was noted, especially in option 6, where
a 1.0 Hh dose of CaCO, was introduced. In this

version, the content of P res. was 18.4% of P tot.,
which was the highest indicator among all studied
options. The lowest indicators of the content of
this fraction — 20.9 mg/kg of soil (4.1% of P
tot.) were noted in the control. Increasing the
amount of P res. with the introduction of chemical
meliorants may be associated with the reaction of
phosphate ions with both the organic and mineral
components of the soil with the formation of
complexes inaccessible to plants [Ducousso-
Détrez et al., 2022].

The introduction of limestone materials led
to a statistically significant (p < 0,05) increase in
exchangeable acidity (pH, ) of the studied soil
compared to the control option and the option where
only mineral fertilizers were applied (Fig. 3).

At the application dose of 1.5 Hh of
CaMg(CO,),, the pH,, index increased from
4.0 to 4.1 to 6.0 units. There was no significant
difference in the effect of dolomite CaMg(CO,),
and limestone CaCO, flour on the dynamics
of pH, ., (p = 0.05). The relationship between
indicators of exchange acidity and fractions of
mineral phosphorus (P in.) in the soil is reflected
in the regression equation (Fig. 4), where x
determines the indicator of pH, ., of the soil, and y
— the change in the content of fractions of mineral
phosphorus in the soil of the studied options. The
slope of the regression equation shows the change
in the concentration of the phosphorus fraction
(mg/kg of soil) per unit increase or decrease in
the reaction of the soil solution (pH).

Regression analysis of the content of different
fractions of phosphorus mineral compounds
and the level of exchangeable acidity of the soil

a
> 5] b
5.6
4]
C
de e
m
t t t t t |
Control (without NPK NPK+CaMg(CO3)2 NPK+CaMg(CO3)2 NPK+CaMg(CO3)2 NPK+CaCO3
fertilizers) (0.5Hh) (1.0Hh) (1.5Hh) (1.0Hh)

Figure 3. Change in the pHKCI indicator of retisol at the end of the second rotation of the field
crop rotation. Values with the same letters have no statistical difference by p = 0.05
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Figure 4. Change in the fractional composition of phosphorus compounds depending on the pH

solution showed that the change in the reaction of
pH,, in the range of 4.0 — 6.0 units. accordingly,
the doses of limestone materials had a strong
direct relationship with the Ca-P content (R? =
0.90), P res. (R’ = 0.79), P sol. (R? = 0.69) and
inversely with the content of Al-P (R’ = 0.73)
Fe-P (R?=0.71) in the 0 — 20 c¢m soil layer. From
the presented multiple regression equations, it
becomes obvious that an increase in the content of
calcium phosphates and a decrease in the content
of aluminum and iron phosphates contributes to
an increase in the pH indicator, that is, a decrease
in the content of H* ions in the soil solution.

In the studied soil, mobile phosphorus
compounds (P avail.)) were determined by
the Kirsanov method, which is widely used
in agrochemical practice of Ukraine and

R?=0.7927

y =-16.144x + 177.07
R? =0.7094

y =12.801x - 43.567
R? =0.8987

y=5.7273x - 7.6818
R? =0.6882

<l index of retisol

is recommended for determining available
phosphorus compounds in the arable (0-20
cm) layer of sod-podzolic soils [Khristenko,
2020; Nosko, 2017b]. According to the scale of
availability of soil phosphorus compounds (P
avail.), established for the Kirsanov method, the
phosphorus content in the soil was characterized
by a high level of availability (Table 2).

Doses of 0.5 and 1.0 Hh of CaMg(CO,), and
1.0 Hh of CaCO, on the effect on the content
of P avail. in the arable (0 — 20 cm) soil layer,
there was no statistical difference (p = 0.05). The
highest content of P avail. on average, for the
studied period, the dose of CaMg(CO,), was set
for 1.5 Hh.

To assess the relationship between pH
indicators, the content of phosphorus fractions

Table 2. The content of labile phosphorus compounds (P avail.) in retisols depending on the application of
fertilizers and chemical meliorants, mg/kg of soil (average for 2012-2019)

Variants M+m Min. Max. SD V, % S, %
Control (without fertilizers) 169.69+6.01 163.6 175.9 4.85 2.86 1.01
NPK 187.9°+3.87 1731 198.9 10.9 5.80 2.06
NPK + CaMg(CO,), (0.5 Hh) 196.5>+5.18 175.2 217.0 14.7 7.48 2.64
NPK + CaMg(CO,), (1.0 Hh) 201.3°+5.21 181.5 223.4 14.8 7.35 2.59
NPK + CaMg(CO,), (1.5 Hh) 216.82+6.04 184.8 237.5 171 7.89 2.79
NPK + CaCO, (1.0 Hh) 200.9°+5.11 177.4 220.5 14.5 7.22 2.54
LSD,, 13.4

Note: values with the same letters do not have a statistical difference at p = 0.05; M+m — arithmetic mean +
deviation from the mean, Min. — minimum value, Max. — maximum value, SD — standard deviation, V — coefficient

of variation, S — relative error.
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Table 3. Pearson’s correlation between pH,

and fractions of phosphorus compounds over the years of research

Parameter pH P organic P soluble Al-P Fe-P Ca-P P residual
P organic 0.82*
P soluble 0.83* 0.97**
Al-P -0.85* -0..46 -0.54
Fe-P -0.84* -0.53 -0.49 0.71
Ca-P 0.95** 0.81* 0.85* -0.87* -0.7
P residual 0.89* 0.88* 0.82* -0.54 -0.79 0.75
P available 0.89* 0.98** 0.96** -0.61 -0.62 0.91** 0.87*

Note: the correlation is significant at the probability levels *p = 0.05, **p = 0.01.

and the amount of its mobile compounds in the
arable layer of the soil, the Pearson correlation
coefficient was calculated (Table 3).

A close correlation was established between
pH,, and Ca-P at p = 0.01 and other fractions of
the phosphate pool at p = 0.05. That is, increasing
doses of calcareous materials due to a change in
the exchangeable acidity of the soil contributed
to a decrease in the content of AI-P and Fe-P
fractions and led to an increase in the content of
other fractions, including P avail. Comparison of
indicators P org. showed a positive correlation
with P sol. and P avail. for p = 0.01.

According to the conducted research, together
with the content of P org. other soil fractions —
Ca-P (for p =0.01) also had a certain contribution
to the formation of available phosphorus
compounds determined by the Kirsanov method.

The phosphate fund of retisols is represented
by various forms of organic (P org.) and
inorganic (P in.) compounds that undergo
constant transformation depending on dynamic
changes in the physical, biological, and
chemical characteristics of the soil environment
[Bindraban et al., 2020]. Organic phosphorus can
be released during mineralization carried out by
soil organisms and plant roots in combination
with phosphatase secretion. These processes are
significantly influenced by humidity, temperature,
physicochemical properties of the soil and pH of
the soil environment, and the supply of organic
matter [Liu et al., 2013]. According to researchers
[Jokubauskaite et al., 2015; Chulo et al., 2022],
the content of P org. decreases with the use of
increasing doses of lime, provided there is no
additional source of organic matter entering the
soil. In the studies of Kiflu et al. (2017) decrease
in the amount of P org. occurs only when the pH
index increases to a neutral level in conditions
where the microbiological activity of the soil
increases. According to Guo Z. et al. (2018), the

return of straw to the soil by 37-43% contributed
to an increase in the P org content. compared to
the option of applying only mineral fertilizers.

In our research, the combination of annual soil
application of 6.0 t/ha of post-harvest residues,
application of mineral fertilizers at the saturation
of crop rotation N ,P._K - and liming led to an
increase in the P org. content compared to the
control variant. However, although significant
changes in the content of this indicator in the 0-20
cm soil layer were established only after liming
1.5 Hh CaMg(CO,),. At the same time, other
doses and types of limestone materials did not
provide a significant difference in the content of
P org. in the soil compared to the option without
fertilization.

Phosphorus in the soil, it can be represented
by mineral compounds of iron and aluminum
hydroxides, be included in the composition of
primary and secondary minerals of soil-form-
ing rocks. At a soil pH below 5.5, phosphorus
is precipitated by AI** and Fe*" ions, while at a
pH above 7, it is precipitated by C** ions [Penn
et al., 2019]. Researchers note that in an acidic
soil environment, the predominance of Al-P and
Fe-P in the composition of phosphorus mineral
compounds is associated with the presence of ox-
ides and hydroxides of aluminum and iron with
a large specific surface, capable of providing en-
hanced adsorption [Kiflu et al., 2017; Gupta et al.,
2020]. Such fractions of fixed phosphorus are not
available for plant nutrition [Patidar et al., 2019].
The specified regularity is also preserved in the
researched retisol: at pH, ., 4.0-6.0, the content of
fractions of phosphorus mineral compounds was
distributed from the maximum to the minimum
indicators in the following order: Al-P > Fe-P > P
soluble > Ca-P.

In our experiment, increasing the dose of
dolomite flour from 0.5 Hh (2.2 t/ha) to 1.5 Hh
(6.7 t/ha) contributed to a decrease in the content
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of Al-P + Fe-P by 8.7-39, 5 mg/kg of soil com-
pared to the option where only mineral fertilizers
were applied. According to Quiroga et al. (2017),
a similar pattern is possible due to the action of
limestone materials to reduce the content of ex-
changeable AI** by replacing it with Ca*", as well
as soluble AI** by precipitation with hydroxyl an-
ions, which are formed as a result of the hydro-
lysis of calcium carbonates in the soil solution.
According to the research results, the content of
the AI-P fraction had a significant inverse rela-
tionship with the content of the Ca-P fraction (R?
=-0.87, p = 0.05) according to the test options.

According to Lopushnyak (2014), the ratio
of the content of the aluminum phosphate frac-
tion to the iron phosphate fraction affects the
ability of the specified transition. Since in the
equilibrium system tightly bound compounds
(iron phosphates) prevail over less tightly bound
ones (aluminum phosphates), an increase in the
proportion of aluminum phosphates indicates a
higher availability of mineral phosphorus com-
pounds to plant root systems. For the studied
soil, where the content of Al-P prevails over
Fe-P more than twice, the indicators of the con-
tent of mobile phosphorus compounds are quite
stable at 5.0 < V.% (coefficient of variation) <
8.0, while in the control without fertilizers there
are with a high level of stability V,% = 2.86. Si-
monsson M. et al. (2018) in a plant phosphorus
uptake study showed that liming increases the
solubility of fertilizer-applied phosphorus de-
cades after liming.

According to Pavlichenko (2021), the annual
long-term application of some mineral fertilizers
replenishes the level of gross phosphorus com-
pounds, but the content of its mobile forms is
significantly inferior to their application against
the background of liming. The noted changes in
the content of available phosphorus compounds
(P avail.) in the arable layer of the soil due to
doses of limestone materials fully correspond to
the indicated trend. The difference between these
indicators according to the variants of the ex-
periment is confirmed by statistical calculations
(LSD,=13.4). At the same time, a decrease in
the content of P tot. and P avail. in the soil in the
absence of liming and systematic application of
fertilizers is consistent with the results of other
studies [Appelhans et al., 2020; Mahmood et al.,
2020; Cade-Menun, 2022].
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CONCLUSIONS

In the conditions of the Western Polissia
of Ukraine, the use of dolomite CaMg(CO,),
and limestone CaCO, flour on retisols before
the start of the first and second rotation of a
four-field field crop rotation with saturation
with mineral fertilizers N P K, . and annual
earnings of an average of 6.0 t/ha of by-product
biomass significantly affects the total content
of phosphorus, the fractional composition of its
compounds and the formation of the phosphate
regime of the soil.

An increase in the dose of one-time
application of dolomite flour from 2.2 to 6.7 t/
ha leads to an increase in the content of total
phosphorus in the arable layer of the soil by 5.4%.
However, equivalent amounts of CaMg(CO,),
and CaCO, (dose 1.0 Hh) do not provide a
statistically significant difference (p = 0.05) in
terms of the effect on increasing the content of
total phosphorus in the soil.

In the composition of the total phosphorus
fund of the soil, the share of mineral phosphorus
compounds (P in.) outweighs the share of organic
phosphorus compounds (P org.). However,
with the introduction of chemical meliorants,
the share of organic phosphorus compounds
increases.

The main part is 81.1-94.1% P in. represented
by phosphorus associated with aluminum (Al-
P) and iron (Fe-P) cations. The introduction of
limestone materials contributes to an increase in
the proportion of calcium phosphates (Ca-P) and a
decrease in aluminum phosphates (Al-P) and iron
phosphates (Fe-P) with a statistically significant
increase in pH, , from 4.0 to 6.0 (p = 0.05) after
completion of the second crop rotation. At pH,
4.0-6.0, the content of fractions of phosphorus
mineral compounds (P in.) is distributed in order
from maximum to minimum indicators: Al-P >
Fe-P > P soluble > Ca-P.

Neutralization of the acidity of the soil
solution also contributes to a significant increase
in the content of soluble phosphorus compounds
(P soluble) (p = 0.05). Research has established
a high correlation between pH, ., and Ca-P (p =
0.01) and other fractions of the phosphate pool
(» = 0.05). Compared to the control, an increase
in soluble P was also noted in the 0-20 cm soil
layer due to the application of meliorants, but this
effect is significant only at the highest doses of
lime application.
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The established regularities of changes in the
phosphate fund in retisols indicate the extremely
important role of lime application, in particular
in the form of dolomite flour (CaMg(CO,),),
for optimizing the distribution of forms and
fractions of phosphorus compounds in the soil
and improving the regime of phosphorus nutrition
of field crops.
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