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Abstract

In an experiment carried out on Soddy-podzolic soil, limed with conversion 
chalk in a wide range of doses, the rate of dissolution of strontium-containing 
chalk and its effect on soil and plant were studied. Here we show that the com-
plete decomposition of chalk applied to soil is achieved in the 3-4 years after 
its application. Increase in the concentration of plant available strontium in soil 
lasts until the chalk is completely dissolved. The dose of applied chalk deter-
mined the assimilation of strontium by rapeseed plants. We have found differ-
ences in accumulation of strontium by rapeseed in the year of application of 
chalk and in the third and fourth year of its aftereffect. We conclude that chalk-
meliorated soil will generate strontium streams into plants for a longer period. 
We further propose empirical models that adequately describe: a) the process-
es of chalk dissolution in the soil; b) the dynamics of the content of strontium 
compounds accessible to plants in the process of interaction between chalk 
and soil; c) strontium accumulation in vegetative mass of rapeseed at different 
stages of chalk dissolution.
Keywords: strontium, conversion chalk, empirical models, soil, rapeseed.

Introduction 

Strontium (Sr) is an alkaline earth metal widely distributed in nature and most-
ly found in intermediate magmatic rocks and in carbonate sediments (Kabata-
Pendias and Pendias, 2001). In as early as 1939, Vinogradov found that exces-
sive accumulation of Sr in osteoarticular and cartilaginous tissues of animals and 
humans leads to brittleness of bones and deforming osteoporosis (Vinogradov, 
1939); children are especially susceptible to the effects of stable strontium (Public 
Health Statement, 2004.)

Strontium is usually grouped with elements of the third hazard class. It is 
believed that, in its chemical properties, it is closest to calcium and can replace the 
latter in biochemical reactions (Kabata-Pendias and Pendias, 2001).

To date, extensive experimental material has been collected in the literature 
on the Sr content in the soils of the main climatic regions of the former USSR 
(Litvinovich, 2004). Research has shown that the long-term use of phosphoric 
fertilizers (Ivanov and Ermohin, 1990; Karpova and Potatuyeva, 2004), stron-
tium-containing ameliorants and industrial wastes in agricultural production can 
lead to contamination of soils and plants with this element (Semendyaeva and 
Dobrotvorskaya, 1992; Litvinovich, Pavlova, Lavrishchev, and Vitkovskaya, 2005; 
Yusan and Erenturk, 2011; Lavrishchev, 2016).
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The ability of agricultural crops to accumulate stron-
tium in their tissues has been established in a number of 
papers (Khrustaleva, 2000; Lavrishchev, 2016; Myrvang 
et al., 2017). The transport of strontium in plants has 
been described in detail (Seregin and Kozhevnikova, 
2004; Qi et al., 2015). Information on the concentration 
of strontium in plants of different biological families has 
also been published (Litvinovich, Pavlova, Maslova, and 
Lavrishchev, 2000; Litvinovich, Lavrishchev, and Pav-
lova, 2013).

Nevertheless, there is no literature on the dynamics 
of the content of strontium available for plants in soils 
during the dissolution of strontium-containing amelio-
rants introduced over a wide range of doses. There is no 
data on the level of accumulation of stable strontium by 
the same species of plants at different stages of dissolu-
tion of the calcareous material.

The objectives of the present study included:
—	 to establish the particle-size distribution of amelio-

rant — conversion chalk (CC);
—	 to determine the rate of dissolution of CC in soil 

treated by increasing doses of ameliorant and to de-
velop empirical models of the process of chalk dis-
solution;

—	 to study the dynamics of the plant-available content 
of strontium in the soil as the CC dissolves over a 
wide range of doses and to develop empirical mod-
els of the dynamics of changes in the Sr content in 
the soil in a long aftereffect;

—	 to determine the parameters of Sr accumulation by 
rapeseed grown on CC meliorated soil at different 
stages of ameliorant dissolution and to develop em-
pirical models of Sr intake by plants.

Materials and methods

The rate of conversion chalk (CC) dissolution in the 
soil, the dynamics of plant-available Sr content, and the 
parameters of Sr intake in spring rape tissues from soil 
treated with increasing chalk doses were studied in a 
24-variants vegetative precision experiment.

One of the features of precision experiments is a 
significant increase in the number of variants due to the 
elimination of replications (Lauk, Lauk, and Lauk, 2004). 
In our experiment this allowed us to obtain enough data 
to determine the precise amount of Sr accumulation in 
spring rape grown on soil meliorated by chalk over a 
wide range of doses at various stages of its dissolution, 
and to develop empirical models that adequately de-
scribe the process of Sr absorption by this culture.

In the experiment we chose an acid Soddy-podzol-
ic sandy loamy soil (Umbric Albeluvisols Abruptic) from 
a natural perennial meadow; the soil had the following 
physicochemical parameters: pH (KCl) 4.1; hydrolytic 
acidity (Ha) ― 5.4 mmol (eq)/100 g of soil; content of 

organic carbon ― 1.75 %; content of particles less than 
0.01  mm  ― 18.6 %; total content of Sr  ― 135  mg/kg 
of air−dry soil mass; concentration of mobile forms of 
strontium ― 5 mg/kg of soil mass.

In the experiment, the plants were sown in pots 
containing 5 kg soil. We used a crop alternation of spring 
rape ― vetch ― barley ― spring rape ― spring rape. 
The crops were fertilized with 0.2  g NPK per 1  kg of 
soil in the form of NH4H2PO4+NH4NO3+KCL (NPK: 
16:16:16). Rapeseed and vetch were harvested at the 
flowering phase, and barley was harvested in the phase 
of full ripeness.

As an ameliorant in the experiment, a conversion 
chalk (CC) was used as a by-product of the nitrate treat-
ment of phosphate raw materials in the production of 
complex mineral fertilizers. The neutralizing capacity of 
the chalk (CaCO3 content) was 90 %, the content of sta-
ble Sr was 1.5 %.

The amount of unreacted carbonates in the soil 
was established annually after harvesting the plants us-
ing a portable calcimeter (PAK-1, Alekseyev,Subbotin, 
Hnalkov, and Kravchenko, 1991), where the amount of 
carbonates is calculated from the flux of CO2 emitted af-
ter reaction of soil CaCO3 with HCl. The mobile forms 
of Sr from the soil were recovered by acetate-ammoni-
um buffer (AAB) with pH 4.8, which corresponds to the 
pH of the root exudates and therefore is considered the 
available form of Sr compound closest to the plant. Hy-
drolytic acidity was determined after treatment of soil 
with 1N CH3COONa solution, where the newly formed 
acetic acid was titrated with base.

Plant digestion was carried out in a mixture of hy-
drochloric and nitric acid at a ratio of 3:1. Concentra-
tion of Sr in the extracts was determined on an atom-
ic absorption spectrophotometer in the acetylene-air 
flame after introduction of the LaCl3 solution into the 
prepared samples. The data of the study were statistically 
processed (Yakushev and Bure, 2003; Bure, 2007).

Results and Discussion

CHARACTERISTICS, DISSOLUTION AND DYNAMICS OF 
CONVERSION CHALK

Because the rate of dissolution of calcareous fertilizers 
depends on its particle size (Litvinovich and Nebolsina, 
2012), the chalk was passed through a column of sieves 
with different hole diameters to establish its particle-size 
distribution (Table 1).

The study has shown that the chalk is characterized 
by a finely dispersed composition and almost entirely 
passes through a sieve with a hole diameter of 0.25 mm. 
The fractions less than 0.05 mm accounted for 27.2 %. 
The finely dispersed composition of chalk predeter-
mined the high rate of its dissolution in the soil.
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The results indicated that chalk has high chemical ac-
tivity (Table 2). By the end of the first year of study, in the 
pots chalked with 0.1−1.5 Ha, 84.5 to 92.7 % of the amelio-
rant was dissolved. At doses exceeding 1.5 Ha, the amount 
of unreacted carbonates ranged from 14.8 to 58.8 %.

Two years after liming, the residual amount of unre-
acted carbonates in the pots covering the range of chalk 
doses from 0.2−2.0 Ha ranged from 1.2 to 9.9 % of the 

applied amount. In the treatments with chalk doses cor-
responding to 2.2 and 3.0 Ha, the content of unreacted 
ameliorant was 10.3 and 32.8 %.

By the end of the third year, the reaction had ceased 
in almost all the treatments, except for the pots treated 
with double and triple doses of chalk, where the complete 
dissolution of high doses of ameliorant was achieved in 
the fourth year after application.

Table 1. Particle — size distribution of conversion chalk, %

> 2 mm 2−1 mm 1−0.25 mm 0.25−0.16 mm 0.16−0.09 mm 0.0−0.063mm < 0.63mm

ND 0.3 0.16 4.3 24.3 41.3 21.6

ND ― not determined

Table 2. Dependence of the content of unreacted carbonates on the dose of CC, mg/pot

Treatment Dose of CaCO3

Content of carbonates by the years of the research*

1st year 2nd year 3rd year

control (NPK) 0 — — —

control+ CC 0.1 Ha 1350 108 (8.0 %) Traces traces

control + CC 0.2 Ha 2700 360 (13.3 %) 198 (7.3 %) traces

control + CC 0.3 Ha 4050 535 (13.2 %) 378 (9.3 %) traces

control + CC 0.4 Ha 5400 630 (11.7 %) 533 (9.9 %) traces

control + CC 0.5 Ha 6750 675 (10.0 %) 486 (7.2 %) traces

control + CC 0.6 Ha 8100 853 (10.5 %) 345 (4.3 %) traces

control + CC 0.7 Ha 9450 756 (8.0 %) 302 (3.2 %) traces

control + CC 0.8 Ha 10800 864 (8.0 %) 432 (4.0 %) traces

control + CC 0.9 Ha 12150 891 (7.3 %) 518 (4.3 %) traces

control + CC 1.0 Ha 13500 1116 (8.3 %) 630 (4.7 %) traces

control + CC 1.1 Ha 14850 1309(8.8 %) 515 (3.5 %) traces

control + CC 1.2 Ha 16200 ND ND ND

control + CC 1.3 Ha 17550 ND ND ND

control + CC 1.4 Ha 18900 1850 (9.8 %) 226 (1.2 %) traces

control + CC 1.5 Ha 20250 3132 (15.5 %) 351 (1.7 %) traces

control + CC 1.6 Ha 21600 4953 (22.9 %) 576 (2.7 %) traces

control + CC 1.7 Ha 22950 6120 (26.7 %) 275 (1.2 %) traces

control + CC 1.8 Ha 24300 3596 (14.8 %) 324 (1.3 %) traces

control + CC 1.9 Ha 25650 4890 (19.0 %) 752 (2.9 %) traces

control + CC 2.0 Ha 27000 7308 (27.0 %) 864 (3.2 %) 576 (2.1 %)

control + CC 2.2 Ha 29700 11325 (38.1 %) 3061 (10.3 %) 712 (2.4 %)

control + CC 2.5 Ha 33750 10845 (32.1 %) 1201 (3.6 %) 225 (0.7 %)

control + CC 3.0 Ha 40500 23814 (58.8 %) 13284 (32.8 %) 648 (1.6 %)

* in parentheses ― % from applied amount. In the fourth and the fifth year the presence of unreacted carbonates was not established.
CC ― conversion chalk; NPK ― nitrogen, phosphorus, potassium fertilizer; Ha ― hydrolytic acidity; ND ― not determined
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EMPIRICAL MODELS OF CHALK DISSOLUTION IN SOIL

Based on the obtained data, mathematical models of 
ameliorant dissolution in soil were developed. For the 
calculations, we chose the treatments with doses of CC 
corresponding to 0.9 Ha by hydrolytic acidity and a de-
liberately overestimated dose corresponding to 2.5 Ha.

Models of dissolution of conversion chalk at a dose 
of 0.9  Ha are shown in Fig. 1. In the dynamics of the 
studied indicator, i.e. the content of “free” carbonates, 
two stages were identified. In the first stage there was 
a sharp drop in the content of unreacted carbonates in 
the period from the application of lime to the end of the 
first year; in the second stage (first to third years), the 
decrease in this index occurred relatively slowly.

Individual models were developed for each stage. 
For the treatment with application of CC in a dose of 
0.9 Ha, the model (1.1) corresponds to stage 1, and the 
model (1.2) to stage 2. At point t = 1, the numerical val-
ues of the models coincide. Thus, the combined model 
(1.1)  + (1.2)  is a continuous function defined on the 
time interval from the application point to the end of 
the third year.

When constructing the model, the numerical val-
ues of added amount of carbonates were logarithmized 
in the treatment using 0.9 Ha dose of CC, and the loga-
rithm of the numerical value of the model (1.2)  was 
found at t = 1. Further, a polynomial of the first degree 
was constructed from two points by linear regression 
analysis (least squares), followed by the inverse transfor-
mation. The model (1.1) has the form:
	 y(t) = exp(8.08 – 2.87 × t),	 (1.1)
where y(t) residual carbonate content in soil, mg/kg; t — 
duration of dissolution of CC, years.

The model (1.2) was constructed by the method of 
pairwise linear regression (least squares method):
	 y(t) = 272 – 89 × t.	 (1.2)

The choice of a pairwise linear regression (without 
a logarithm) for constructing the model was determined 
by the zero value of the exponent at t = 3. The coefficient 
of determination and the value of F-statistics testify to 
the statistical significance of the constructed model at a 
significance level of 7 % and a very good quality of ap-
proximation (R2 = 0.99, F = 105.6) (Fig. 1).

The dynamics of the content of “free” carbonates in 
the 2.5 Ha treatment in two stages were also outstand-
ing. In the first stage, a sharp drop in the content of 
“free” carbonates occurred in the interval from the ap-
plication to the end of the first year. In stage two (first 
to third years) there was a relatively slow decrease in 
this index. For each stage, individual models were con-
structed: model (2.1) corresponds to stage 1 and model 
(2.2) corresponds to stage 2.

The numerical values of the added amount of car-
bonates in the treatment using 2.5 Ha CC were logarith-
mized, and the logarithm of the numerical value of the 
model (2.2) at t = 1 was found. Then a polynomial of the 
first degree was constructed on two points by the meth-
od of linear regression analysis (least squares method), 
after which the inverse transformation was applied. As a 
result, the model (2.1) has the form:
	 y(t) = exp(9.12 – 1.51 × t),	 (2.1)
where y(t) — residual carbonate content in soil, mg/kg, 
t — duration of dissolution of CC, years.

For the construction of model 2.2, a logarithm of 
the numerical data of the content of “free” carbonates 
in the time interval from the first to the third years was 

Fig. 1. Model of conversion chalk (CC) dissolution, applied in a dose of 0.9 hydrolytic acidity (Ha)
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calculated, and using the linear regression analysis, a 
pairwise linear regression was constructed, and then 
the inverse transformation was applied. As a result, the 
model (2.2) has the form:
	 y(t) = exp(9.52 – 1.94 × t),	 (2.2)
where y(t) — residual carbonate content in soil, mg/kg, 
t — duration of dissolution of CC, years.

The regression well describes the data after the loga-
rithm (R2 = 0.99, F = 164 at 5 %) (Fig. 2). Both models 
correctly characterize the dynamics of the residual car-
bonate content in the soil over the entire period of dis-
solution of the ameliorant and are consistent with the 
experimental data obtained.

The results indicate that dissolution of conversion 
chalk in soil is a long-lasting process that can be divid-
ed into two stages. In the first stage, intensive interac-
tion with the soil occurs; in the second stage a smooth 
decrease in the amount of unreacted carbonates is ob-
served. Complete dissolution of high chalk doses is 
achieved at four years after its application.

UPTAKE OF STRONTIUM BY PLANTS

Liming with CC led to an accumulation of plant-avail-
able Sr in the soil (Table 3). The higher the dose of ap-
plied chalk, the more strontium was contained in the 
soil. However, this pattern was not always observed, 
especially in the first year of the experiment, when the 
concentration of Sr in the treatment with 1 Ha of chalk 
was 43 mg/kg of air−dry soil, and in the treatment with 
1.1 Ha ― 35 mg/kg. This requires a special explanation. 
As reported in an earlier paper, during pH determina-
tion an ingress of unreacted calcium and magnesium 
carbonates into the soil resulted in their dissolution in 

1N KCl (Litvinovich and Pavlova, 2010), which resulted 
in the overestimated results. The more unreacted car-
bonates enter the flask, the higher the pH value deter-
mined in the salt suspension.

A similar phenomenon happened in this case. 
Upon entering the flask, part of the non-dissolved chalk 
decomposed when treated with AAB (pH 4.8), resulting 
in overestimated values. Thus, judging the true concen-
tration of calcium and strontium in the soil is possible 
only after complete dissolution of the chalk.

The increase in the concentration of stable Sr in the 
soil of most treatments continued until complete dissolu-
tion of chalk (third year). In the third year after liming, its 
concentration in the soil increased by 1.1−3.0  times, de-
pending on the treatment. It should, however, be borne in 
mind that an additional source of soil contamination was 
applied fertilizer, which contained 125 mg/kg of strontium.

In the fourth and fifth years, the concentration of Sr 
in the soil is somewhat reduced. Judging by the amount 
of Sr available for plants at the end of the experiment, 
limed soil in most treatments will continue to generate 
Sr fluxes into plants. This is confirmed by the data of the 
migration capacity of Sr. Previous research (Litvinov-
ich, Pavlova, Yuzmukhametov, and Lavrishchev, 2008) 
showed that in repeated washing of soil, where every 
wash was modelled for the annual volume of moisture 
percolating the arable layer, only 25 % of Sr applied with 
lime was washed out.

EMPIRICAL MODELS OF THE DYNAMICS OF MOBILE SR

Mathematical models were constructed based on the 
data of dynamics of mobile Sr concentration. The treat-
ments limed with 0.9 and 2.5 Ha CC were selected for 
the calculations (Table 3).

Fig. 2. Model of conversion chalk (CC) dissolution, applied in a dose of 2.5 hydrolytic acidity (Ha)
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The model (3.1) is a linear trend of the dynamics of 
Sr concentration in limed soil (0.9 Ha):

	 y3.1 = 19 + 9.8 × t,	 (3.1)

where t — time (period).The average rate of dynamics 
of the index change in the soil limed with a 0.9 Ha dose 
is v1 = 9.8 mg/kg of soil mass.

The model (3.1)  is statistically significant at the 
5 % level: the value of F = 14.589 at the critical value 
of F (0.95; 1, 4) = 7.7 and, therefore, the average speed 
v1 = 9.8 mg/kg soil mass is also statistically significant 
(Fig. 3). 

The model (3.2) is a polynomial of the third degree:

	 y3.2 = 5.48 + 37.57 × t – 9.43 × t2 + 0.82 × t3,	 (3.2)

where t — time (period).The model (3.2) is statistically 
significant at the 5 % level, the value of F = 240 at the 

critical value of F (0.95; 3; 2) = 19.16 and very closely 
approximates the observational data (R2 = 0.99) (Fig. 3). 

Thus, in the treatment using a conversion chalk at 
a dose of 0.9 Ha, there was a statistically significant pos-
itive dynamic of the studied indicator (a constant in-
crease), with average speed: v1 = 9.8 mg/kg of soil mass. 
The model (3.2)  well describes the experimental data 
and has a high statistical significance.

The model (4.1) represents a linear trend of the dy-
namics of Sr concentration in soil limed with 2.5 Ha of CC:

	 y4.1 = 64.14 + 20.94 × t,	 (4.1)

where t — time (period).The average rate of the dynam-
ics of the indicator in the treatment with a 2.5 Ha dose 
is: v2 = 20.94 mg/kg of soil mass. The model (4.1) is sta-
tistically significant at 22 % (F = 2.19 at the critical value 
of F (0.78; 1, 4) = 2.11) (Fig. 4).

Table 3. The dynamic of Sr concentration depending on the dose of conversion chalk, mg/kg of air−dry soil

Treatment 1st year 2nd year 3rd year 4th year 5th year

control (NPK) 5 8 13 13 18

control + CC 0.1 Ha 6 12 19 18 22

control + CC 0.2 Ha 9 14 22 18 22

control + CC 0.3 Ha 13 19 28 27 28

control + CC 0.4 Ha 17 26 32 27 33

control + CC 0.5 Ha 24 36 33 28 38

control + CC 0.6 Ha 26 30 44 36 39

control + CC 0.7 Ha 31 37 50 36 45

control + CC 0.8 Ha 24 40 51 41 45

control + CC 0.9 Ha 36 48 55 58 54

control + CC 1.0 Ha 43 55 65 54 57

control + CC 1.1 Ha 35 64 70 60 65

control + CC 1.2 Ha 41 79 73 58 69

control + CC 1.3 Ha 49 68 79 63 74

control + CC 1.4 Ha н/о 84 84 52 78

control + CC 1.5 Ha 54 87 89 77 68

control + CC 1.6 Ha 53 101 97 81 81

control + CC 1.7 Ha 60 98 99 82 86

control + CC 1.8 Ha 53 87 106 83 95

control + CC 1.9 Ha 54 98 116 94 106

control + CC 2.0 Ha 52 124 122 93 95

control + CC 2.2 Ha 83 169 147 100 121

control + CC 2.5 Ha 84 191 164.7 119 136

control + CC 3.0 Ha 104 179 187 149 162

CC ― conversion chalk; NPK ― nitrogen, phosphorus, potassium fertilizer; Ha ― hydrolytic acidity
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The model (4.2) is a fourth-degree polynomial:

	 y4.2 = 3.75 + 24.57 × t + 102 × 	
	 × t2 – 45.6 × t3 + 5.04 × t4,	 (4.2)

where t — time (period). The model (4.2) is statistically 
significant at the 21 % level (F = 13.6 at the critical value 
F (0.79; 4, 1) = 12.34) and very closely approximates the 
observational data (R2 = 0.98) (Fig. 4). 

In the treatment limed with 2.5 Ha of CC, there were 
generally positive dynamics of the indicator (a tendency 
of erratic increase and positive angular coefficient of the 

linear trend). Average speed was: v2 = 20.9 mg/kg of soil 
mass. At the same time, the dynamics of Sr concentration 
itself are very complex; at certain periods of time both 
increase and decrease of Sr concentration was observed. 
The obtained pattern of the model can be explained by 
the complexity of the dynamics of exchangeable Sr in the 
soil. This requires a special explanation. The solubility of 
CaCO3 is 1.5 times higher than that of SrCO3 (Spravoch-
nik himika…, 1964). In the second and third years after 
liming, despite a sharp decrease in the content of “free” 
carbonates in soil, and up to the fourth year of study, a 

Fig. 3. Dynamic of Sr concentration in soil limed with 0.9 hydrolytic acidity (Ha) conversion chalk (CC)

Fig. 4. Dynamic of Sr concentration in soil limed with 2.5 hydrolytic acidity (Ha) conversion chalk (CC)
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certain amount of unreacted strontium carbonate re-
mained. During extraction from soil under the action of 
AAB, an accelerated dissolution of remaining strontium 
carbonate occurred, which resulted in an overestimation 
of the results. In the fourth year, after the complete disso-
lution of chalk in the soil, a decrease in the concentration 
of exchangeable Sr in the soil was recorded. The model 
(4.2) well describes the data of the experiment, but it does 
not have a high statistical significance due to the insuffi-
cient number of observations and the very complex na-
ture of the dynamics of the studied index.

In general, the treatments with the application of 
CC in doses of 0.9 and 2.5 Ha strongly differ from each 
other both in the values and the dynamics of Sr, since 
the average rates of dynamics of Sr concentration also 
differ significantly.

The Sr concentrations in rapeseed plants at different 
stages of chalk dissolution are summarized in Table  4. 

In the year of chalk application, the concentration of Sr 
in rapeseed tissues increased from 22  (in the control) 
to 234 mg/kg in the treatment using chalk at a dose of 
2.5 Ha. An increase in the concentration of exchangeable 
Sr in the soil in the third and fourth years of aftereffect re-
sulted in an increase in its concentration in the vegetative 
mass of rapeseed. In the third year of aftereffect, the con-
centration of Sr in rapeseed varied from 110 to 1650 mg/
kg, depending on the treatment. In the fourth year of 
aftereffect, the range of variation was 487  −  1690  mg/
kg. The increased absorption of Sr by rapeseed from the 
soil of the control variant (without adding chalk) to the 
fourth and fifth years of the experiment is explained by 
the calcium deficiency in the soil.

Thus, the effect of Sr entering the soil from CC on 
the chemical composition of rapeseed is much more pro-
nounced in the fourth and fifth years of the experiment. 
Differences in absorption are explained by incomplete 
dissolution of SrCO3 of chalk in the year of liming, which 
affected the accumulation of this element in different 
years of rapeseed growth. Consequently, the saturation 
of plant tissues in different years of study differed, which 
points out the ecological plasticity of rapeseed.

REGRESSION MODELS OF SR CONCENTRATION IN 
PLANTS

According to Sr concentration in rapeseed plants, three 
pairs of linear regression models were constructed in 
different years of the study. As the studied indicator (y) 
the Sr concentration in rape (mg/kg) was considered, 
and as the factor (x) influencing the value of the indica-
tor, the amount of Sr deposited into the soil in individual 
treatments (kg/ha) was considered.

The empirical model (5), corresponding to the data 
of the first year, has the form:
	 y5 = 79.05 + 0.37 × x,		  (5)
where x — amount of Sr applied to soil at a time, kg/ha.

The angular coefficient of the model (5): 
a5 = 0.37 mg/kg corresponds to the mean value of Sr 
increase in rapeseed tissues in an experiment in liming 
year with an increase in the dose of chalk application 
by 12 mg/ha.

The statistical properties of the model (5) are very 
good: F = 62.55 at the critical value of 5 % significance 
F (0.95; 1, 21) = 4.3; at the critical value corresponding 
to 1 % significance F (0.99; 1, 21) = 8.01. The value of 
F is many times higher than both critical levels, which 
indicates a very high statistical significance of the de-
veloped empirical model (5) (R2 = 0.75) (Fig. 5).

The empirical model (6), corresponding to the 
data of the fourth year of the experiment, has the form:

	 y6 = 292 + 4.25 × x,		  (6)

where x — amount of Sr applied to soil at a time, kg/ha.

Table 4. Effect of increasing doses of stable Sr on its 
concentration in rapeseed, mg/kg of air−dry plant

Applied Sr in soil,  
kg/ha

Content of Sr in rapeseed plants, mg/kg

1st year 4th year 5th year

12 48 173 701

24 62 170 750

36 100 203 800

48 115 230 570

60 110 240 560

72 126 763 847

84 125 840 843

96 114 930 610

108 120 1053 1040

120 136 990 850

132 145 1150 770

144 122 990 760

156 139 1110 860

168 110 1080 970

180 150 1110 1180

192 170 1070 1073

204 154 1100 1240

216 145 1160 1580

228 154 1370 1340

240 144 1200 1330

264 188 1310 1670

300 234 1440 1520

360 185 1650 1690
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The angular coefficient of the model (6): 
a6 = 4.25 mg/kg of dry plant mass.The statistics of the 
model (6) turned out to be better than those of the 
model (5). The F = 92.8 at a critical value at 5 % sig-
nificance level was F (0.95; 1, 21) = 4.3; and at critical 
value corresponding to a 1 % significance level it was F 
(0.99; 1, 21) = 8.01. The F-statistics were much greater 
than both critical levels indicating a very high statisti-

cal significance of the developed empirical model (6) 
(R2 = 0.82) (Fig. 6).

The empirical model (7), corresponding to the 
data of the fifth year, has the form:

	 y7 = 507 + 3.45 × x,		  (7)

where x — amount of Sr applied to soil at a time, kg/ha.

Fig. 5. Variability in Sr concentration in the first year of the experiment

Fig. 6. Variability in Sr concentration in the fourth year of the experiment
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The angular coefficient of the model (7): 
a7 = 3.45 mg/kg of dry plant mass. The statistics of the 
model (7) are also good. The F = 86.6 at a critical value 
at 5 % was F (0.95; 1, 21) = 4.3; and at 1 % significance 
level it was F (0.99; 1, 21) = 8.01. The F-statistics were 
much greater than both critical levels indicating a very 
high statistical significance of the constructed empiri-
cal model (7) (R2 = 0.8) (Fig. 7).

All three empirical models have a high statistical 
significance and correctly reflect the nature of the de-
pendence of the studied indicator on the explanatory 
factor. The angular coefficient characterizes the effect 
of increasing doses of the Sr applied with chalk on the 
concentration of Sr in plants. In other words, an in-
crease in the amount of Sr added to the soil of 12 kg/
ha (the step difference between the treatments) leads 
to an increase in the concentration of Sr in vegetative 
mass of rapeseed, on average in the year of liming by 
0.37 mg/kg; in the third year of aftereffect of chalk — by 
4.25 mg/kg; in the fourth year — by 3.45 mg/kg.

The angular coefficients in models (6) and (7) are 
much larger than in model (5), therefore, the effect of 
the amount of Sr applied to soil for fourth and fifth years 
is much more pronounced than in the year of liming. In 
the fourth year the angular coefficient is greater than in 
the fifth year. The differences between the fourth and 
fifth years are significant.

In general, the developed linear models have very 
good statistical properties and correctly reflect the var-

iability of the studied indicators depending on the ap-
plied dose of CC. The quality of linear models turned 
out to be so high that the developing of some other em-
pirical models seemed inappropriate.

Conclusions

Conversion chalk has a finely dispersed composition, 
and 99.7 % of its quantity passed through a sieve with 
a hole size of 0.25 mm. The fraction less than 0.05 mm 
accounted for 27.2 %. Under the controlled conditions 
of a pot experiment, most of the chalk, applied over a 
wide range of doses, dissolved in the year of application, 
while complete decomposition of high chalk doses was 
achieved in the third to fourth years after liming.

Application of chalk resulted in an accumulation 
of plant-available Sr in the soil, where the higher dose 
resulted in higher Sr concentration in the soil. The in-
crease in Sr concentration in the soil of most treat-
ments continued until the complete dissolution of the 
chalk. The soil reclaimed with chalk generates streams of 
plant−available strontium with a long aftereffect.

Rapeseed was characterized by considerable eco-
logical plasticity, and the dose of applied chalk had a de-
cisive influence on the concentration of Sr in rapeseed 
tissues. An increase of Sr concentration applied to soil 
with chalk resulted in an increase in the concentration 
of Sr in rapeseed tissues. In the year of liming, concen-
tration of Sr in rapeseed varied from 22  to 245; in the 

Fig. 7. Variability in Sr concentration in the fifth year of the experiment
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third year it varied from 110 to 1650, and in the fourth 
year — from 487 to 1690 mg/kg of air−dry plant mass 
depending on the treatment.

Presented empirical models correctly described the 
processes of chalk dissolution in soil, the dynamics of 
plant−available Sr in the process of interaction between 
ameliorant and soil, and accumulation of Sr in vegetative 
mass of rape at different stages of chalk dissolution.
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