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A b s t r a c t  
 

In modern arable farming, beneficial properties of silicon-containing natural materials are 
of interest, including zeolites which have a structuring and moisture-retaining effect on soil, can 
optimize conditions for development of agronomically valuable microorganisms, replenish soil solu-
tion with available forms of potassium, phosphorus and trace elements, and show activity towards 
excessive acidity of soils. The provision of silicon makes it possible to increase adaptation of crops to 
stresses caused by agroecotope factors, leading to an increase in productivity and yield quality char-
acteristics. For the first time, in the conditions of sod-podzolic soils of the Nizhny Novgorod region, 
we established the beneficial influence of various doses of zeolite rock of the Khotynets deposit on 
the main properties of effective fertility of sod-podzolic light loamy soil and content of biologically 
active silicon in it. The impact of the rock on accumulation of various silicon compounds in above-
ground biomass of crops is evaluated. Increase of their yield due to zeolite action was revealed and 
optimization of quality indices of the main part of the crop was established. The purpose of the work 
was to determine mobility of silicon in sod-podzolic light loamy soil, to evaluate its physicochemical 
and agrochemical properties, and to identify patterns of bioaccumulation of various silicon com-
pounds by above-ground parts of plants depending on the dose of zeolite rock as a high-silicon rec-
lamation material. Studies carried out in 2015-2017 involved crop varieties zoned in the Volga-
Vyatka region, the winter wheat (Triticum aestivum L.) cv. Moscovskaya 39 and spring wheat cv. 
Kurskaya 2038, winter rye (Secale cereale L.) cv. Valdai, barley (Hordeum vulgare L.) cv. Veles, peas 
sown (Pisum sativum L.) cv. Chishminsky 95 and potato (Solarium tuberosum L.) cv. Red Scarlet. 
The design of the experiment included control (no treatment) and incorporation of 3, 6, and 12 t/ha 
zeolite of the Khotynetsky deposit (ООО Alsiko-Resurs, Russia) into the soil. The rock was intro-
duced into soil once, manually, in the summer period of 2014. The soil of the field is a sod-podzolic 
medium-sod shallow-depressed ungelled light-ugly, formed on a cover loam. Plants were harvested 
upon complete ripeness (grain crops), the beginning (peas) and the end (potatoes) of drying of the 
tops. In above-ground plant biomass of all crops, the contents of organic, soluble mineral, insoluble 
polymer and general silicon compounds were determined. Soil was samples on harvest day from five 
points of each plot by envelope method and the content of mobile silicon compounds was evaluated. 
Also, in soil samples, the actual, exchange acidity, hydrolytic acidity, the content of exchange com-
pounds of calcium and magnesium, the amount of exchange forms of potassium, the content of mo-
bile phosphorus compounds according to Kirsanov and humus according to Tyurin were measures. It 
was shown that the use of 12 t/ha zeolite rock contributes to an increase in the content of water-
soluble forms of silicon in the soil by 143 % (p < 0.05), acid-soluble forms by 2 times. The use of 
reclamation doses of zeolite for three years contributed to a reliable (p < 0.05) decrease of exchange 
soil acidity by 0.5 pH, hydrolytic acidity by 0.33 mg-eqv/100 g, significant increase of content of 
exchange compounds of calcium and magnesium (by 4.4 and 10.8 mg-eqv/100 g, respectively). In 
addition, there was a statistically significant (p < 0.05) increase in the amount of mobile phosphorus 
compounds (by 43 %) and potassium (by 46 %) vs. the control values. The accumulation of silicon 
in plant biomass depended on a crop, and in all tested cereals, it was higher in by-products than in 
the main yield. The use of zeolite led to an increase in absorption of silicon from soil, especially in 
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silicon accumulators. Under the action of material, in grain of spring wheat, barley and peas accu-
mulation of total silicon exceeded control values 1.8-, 2.3-, and 3.6-fold, respectively (p < 0.05). The 
use of zeolite activated generation of organic and mineral soluble forms of element in the grain part 
of crop, but did not contribute to the accumulation of insoluble silicon compounds in the plant 
biomass. The main yield of winter wheat increased by 0.19 t/ha, of barley by 0.98 t/ha, of sown 
peas by 0.24 t/ha, of potatoes by 8.6 t/ha, of spring wheat by 0.92 t/ha, and of winter rye by 
0.39 t/ha (p < 0.05). Doses of 6 and 12 t/ha of zeolite had best effect on all crops, while the ratio of 
main and by-products narrowed towards grain (tuberous) part of crop. Optimization of silicon nutri-
tion of cultivated plants and mobility of element in soil due to application of high doses of zeolite 
had a positive effect on quality of the main yield. The accumulation of raw gluten in grain of winter 
and spring wheat reached 35.3 and 31.1 %, respectively, and the grain levels of protein in barley and 
peas was 12.7 and 20.6 %, respectively. Improved quality of potato tubers under the influence of the 
zeolite was expressed in enrichment with vitamin C (up to 22.2 mg%) and higher accumulation of 
starch (up to 16.3 %). Consequently, use of zeolite as a fertilizer and reclamation material was agro-
nomically feasible and necessary under conditions of sod-podzolic soils. 

 

Keywords: silicon, zeolite, crops, efficiency and quality of harvest, bioaccumulation of sili-
con in biomass, contents and mobility of silicon in soil 

 

The crop yields largely depends on the availability of mobile forms of 
macro and microelements, the agrophysical properties of the arable horizon, as 
well as on the acid-base state of the soil solution [1, 2]. In addition, there are 
some external dynamic factors of the agroecotope that potentially affect the real-
ization of the agrobiological potential of any crop. These include the dynamics 
of free water content in the root layer of the soil, the presence of easily soluble 
salts, aluminum compounds, and other phytotoxicants, the phytosanitary back-
ground, and the temperature conditions of the area [3, 4]. Increasing the adap-
tive potential of crops to such environmental parameters is one of the priority 
tasks in optimizing the functioning of agroecosystems [5, 6]. 

In the conditions of modern agriculture, it is necessary to search for ef-
fective and environmentally acceptable ways to increase the productivity of culti-
vated plants, which will ensure the maintenance of effective soil fertility, its 
acid-base regime, harmonious activation of saprotrophic and nitrogen-fixing 
associations of microorganisms, and also have a prolonged effect. Such meth-
ods include the use of natural high-silicon rocks of various genesis as fertilizers 
and ameliorants [7-9]. These materials contain a significant amount of nutri-
ents and reclamation components available for plants, including phosphorus, 
potassium, and silicon compounds, as well as a calcium-magnesium ion ex-
change complex [10-12]. 

Silicon is one of the main elements assimilated by the plant organism 
but its participation in biochemical and physiological processes remains poorly 
understood [13-15]. It has now been established that silicon compounds are in-
volved in the thickening of epidermal tissue cells, stimulate above-ground growth 
and root system activity, and increase the overall resistance of the plant organ-
ism to abiotic stresses (environmental and salt factors, loss of turgor from drying 
out and overheating), disease and pest damage [16-18]. 

Plants absorb silicon from the soil solution in the form of ions (SiO32– 
and SiO44–) and monosilicon acids (H2SiO3 and H4SiO4), after which these 
compounds are converted to silica gel (SiO2•nH2O) in the cell fluid. Then, a 
biochemical binding to the polymer components of the cell (polypeptides, pro-
teins, and complex carbohydrates), accumulation in the cell walls and the 
round tissues (the epidermis of leaves and roots), as well as accumulation in 
phytoliths, occur. It was revealed that the double cuticular layer, which is a 
silicon cellulose membrane, was formed during the formation of the ground 
tissues of the plant [19, 20]. 

It was found [21, 22] that silicon in the plant cell was represented by or-
thosilicic esters of proteins, lipids, and phospholipids, simple amino acids, hy-
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droxy-amino acids, polysaccharides, and lignin. The amount of silicon bound in 
organic structures is at least 40% of its total content. As a rule, the predominant 
form of organically bound silicon is polymer, its amount reaches 80-85%. In 
particular, in grain crops, up to 60% of silicon is associated with polypeptides 
and proteins, more than 11% with lipids and phospholipids, about 9% with fiber 
and hemicellulose, no more than 5% with pectin, less than 3% with lignin. 

It is assumed that the essential compounds of silicon, which form bonds 
in the cell walls of plants with polysaccharides (pectin and fiber), as well as with 
proteins and lignin, form thermally insulating structures and, as a result, deter-
mine the frost resistance of plants, optimize overwintering, and accelerate the 
spring acclimatization of winter and perennial crops [23-25]. In the structure of 
fiber and hemicellulose, silicon acts as a crosslinking agent, by forming siloxane 
bonds (linkages) between sugar residues [26, 27]. Due to the formation of such 
bonds, the strength of the straw of cereal crops increases, as well as the re-
sistance of grain crops to lodging and arid conditions of the area [28-29]. Some 
authors explain this phenomenon by an increase in the content of total and or-
ganically bound silicon in plant phytomass during vegetation [21, 30, 31]. 

Polymer substances containing silicon serve as components of the coro-
nary cells of the root cap and mucus secreted by the root fibrils. Recent studies 
confirm that the external optimization of plant silicon nutrition contributes to an 
increase in the accumulation of root biomass, their branching, total and adsorb-
ing working surface, and also improves root respiration of plants [32-34]. The 
use of silicon-containing fertilizers and silatrane growth stimulators in agroceno-
ses increases the overall adaptive potential of crops with increased content of 
phytotoxic substances in the soil reduces susceptibility to drought and increases 
resistance to oxidative and salt stress [35-37]. In addition, the deficiency-free 
balance of mobile silicon in soils normalizes the production of cytokinins and 
activates the formation of phytoalexins in plant cells [17, 18], which contributes 
to their natural resistance to eelworms, hyphae of phytopathogenic fungi, phys-
iological secretions of bacteria, and the action of other root pests [38-40]. These 
facts can determine a more effective implementation of the agrobiological poten-
tial of the crop and its cultivar in specific soil and climatic conditions under the 
influence of the factors under consideration. 

In general, it should be noted that other authors [41-43] note the multi-
ple positive effects of silicon and its compounds in the soil-plant system. How-
ever, there is insufficient information in the scientific literature about the re-
serves of mobile silicon in soils, the reclamation effect of high-silicon rocks con-
cerning excessive soil acidity, as well as about the features of the bioaccumula-
tion of silicon in cultivated plants [44, 45]. In particular, there is very little data 
on the influence of reclamation high-silicon materials on the acid-base balance 
of soils, which is considered an acute and urgent problem in the conditions of 
agriculture in Russia. 

Currently, acidification of arable lands in Russia has become almost 
ubiquitous [46], and this phenomenon applies not only to genetically leached 
and depleted soils, in particular, the soils of the podzolic series of the Non-
Chernozem belt of the country [47]. One of the reasons for this situation is the 
irrational or extremely insufficient use of chemical ameliorants and organic ferti-
lizers, which contribute to the optimization of soil acidity [48]. Some researchers 
emphasize the relevance of studying highly silicon rocks as an alternative to tra-
ditional ameliorants [36, 37, 45]. In addition, the fractional composition of sili-
con compounds in agricultural plants is one of the least affected aspects of phys-
iology, which is important for the development of ideas about the distribution of 
these substances in the plant cell and the formation of physiological mechanisms 
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of adaptation to adverse conditions of the agroecotope. The solution of the 
above questions is necessary for understanding the mechanisms of silicon 
participation in the soil-plant system and, as a result, determines the interest 
in further studying the effects of the use of silicon-containing substances in 
agroecosystems. 

For the first time in the conditions of sod-podzolic soils of the Nizhny 
Novgorod Region, the authors established the positive effect of various doses of 
zeolite rock from the Khotynets deposit on the effective fertility of sod-
podzolic light-loamy soil and the content of biologically active silicon in it. 
The influence of the rock on the accumulation of various silicon compounds in 
the aboveground biomass of crops was characterized. The increase in their 
yield due to the action of zeolite was shown and the optimization of the quali-
ty indicators of the main part of the crop was established. 

The work objective is to determine the mobility of silicon in sod-
podzolic light-loamy soil, to evaluate its physicochemical and agrochemical 
properties, as well as to identify the features of bioaccumulation of various sili-
con compounds by above-ground phytomass of crops, depending on the dose of 
zeolite rock as a highly silicon reclamation material. 

Materials and methods. The research was carried out in 2015-2017 on 
cultivars of crops zoned across the Volga-Vyatka region [49]: winter wheat (Triti-
cum aestivum L.) of the Moskovskaya variety 39 and spring wheat Kurskaya 
2038, winter rye (Secale cereale L.) Valdai, barley (Hordeum vulgare L.) Veles, 
peas sown (Pisum sativum L.) Chishminsky 95, and potatoes (Solar tuberosum L.) 
Red Scarlet. Each year, the results of the study were taken into account for two 
crops: in 2015, it was winter wheat and potatoes, in 2016, barley and spring 
wheat, in 2017, peas and winter rye. 

Microplot trials with crops were laid in 2014 according to the rules gen-
erally accepted in agronomic practice [50] in the field conditions of the enter-
prise OOO Elitkhoz (Filippovskoye village, Bor municipal district, Nizhny Nov-
gorod Region, 5631'13.00" N 4406'57.37"E). Plot (1 m2) allocation in the ex-
periments was randomized (4-fold replication). The experimental design includ-
ed group without the use of fertilizers and ameliorants (control), as well as the 
incorporation of zeolite into the soil (3, 6, and 12 t/ha, Z1, Z2, and Z3, respec-
tively). The rock was introduced into the soil once, manually, in the summer of 
2014, when the section was divided into working plots. 

The zeolite used in the work at the Khotynets deposit (OOO Alsiko-
Resurs, Russia) was represented by clinoptilolite for more than 37% of the com-
position, and also contained more than 15% of opal-cristobalite, about 11% of 
hydrous micas, 10% of fine-grained quartz, and 8-10% of montmorillonite [51]. 
The total composition of the zeolite rock contained SiO2 (56.6%), CaO (13.3%), 
MgO (1.90%), P2O5 (0.23%), K2O (1.82%), Na2O (0.23%), SO3 (0.13%), Al2O3 
(10.41%), FeO + Fe2O3 (3.87%), and other elements. 

The soil of the field was a sod-podzolic medium-sod shallow-depressed 
ungelled light-ugly, formed on a cover loam. At the time of the experiment, the 
soil was characterized by a medium acid reaction (pHKCl 4.8), hydrolytic acidity 
(Hg) of 2.83 mg-eq/100 g, an average content of exchange compounds of calci-
um (5.10 mg-eq/100 g) and magnesium (1.17 mg-eq/100 g), an average degree 
of saturation with bases (VS 69%), low content of humus (1.21%), an average 
supply of mobile compounds of phosphorus (86 mg/kg) and potassium 
(110 mg/kg) according to Kirsanov, as well as the average deficit in the balance 
of actual (16 mg/kg) and potential (213 mg/kg) silicon compounds according to 
Matychenkov. 

The plants were harvested in the phase of complete ripeness (grain 
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crops), as well as in the phase of the beginning (in peas) and the end (in pota-
toes) of the drying of the tops. The yield (biomass) of the above-ground part of 
grain crops, tops, and potato tubers was determined in the field on the day of 
harvest, and the yield (biomass) of grain was determined in the laboratory. In 
the aboveground phytomass of all cultures, the content of organic, soluble min-
eral, insoluble polymer, and general silicon compounds was determined; their 
extraction was carried out according to the method of Kolesnikov [21] with 
spectrophotometric termination according to the method of Barsukova [52] (PE-
5400 VI spectrophotometer, OOO Ekroskhim, Russia). In winter and spring 
wheat grains, the content of raw gluten was also evaluated by washing according 
to GOST R 54478-2011 (Moscow, 2012); in barley and pea grains, the amount 
of protein was determined by wet digestion of the plant mass and protein nitro-
gen evaporation in the form of ammonia according to the micro-Kjeldahl meth-
od followed by conversion to the protein content [52]; in potato tubers, the 
starch content was determined by polarimetry [52] and the amount of vitamin C 
was determined fluorimetrically using a FLUORAT-02-5M analyzer (group of 
companies Lumex, Russia) following FR.1.31.2011.09380 [53]. 

The soil was selected on the day of harvesting from five points of the 
plot by the envelope method, prepared for analysis, and the content of mobile 
silicon compounds (soluble in distilled water and 0.1 n. HCl solution) was de-
termined by spectrophotometric methods of Matychenkov et al. [54] (spectro-
photometer PE-5400 VI, OO Ekroskhim, Russia). The actual, exchange acidity 
was also determined in the soil samples with the potentiometric method (pH 
meter-millivoltmeter MARK-903, OOO VZOR, Russia), hydrolytic acidity by 
titrimetry (GOST 26212-91. Moscow, 1992), the content of exchange com-
pounds of calcium and magnesium by trilonometry (GOST 26487-85. Moscow, 
1985), the amount of exchange forms of potassium by spectrophotometry 
(GOST R 54650-2011. Moscow, 2019), the content of mobile phosphorus com-
pounds according to Kirsanov (GOST R 54650-2011), and humus according to 
Tyurin (GOST 26213-91. Moscow, 1992) by spectrophotometric methods (spec-
trophotometer PE-5400 VI) [55]. 

Chemical analyses of soil and plants were performed in 2015-2017. The 
obtained data were processed by the methods of variance and dispersion analysis 
[50] in the software package Microsoft Office Excel 2007. The arithmetic means 
and standard deviations (M±SD), the coefficient of variation (Cv, %), the error 
of the sample mean (SXmean, %), the least significant difference (LSD05), and 
Fischer’s test (Ff) were calculated at a statistical significance level of p < 0.05 
(the theoretical Fischer’s criterion Ft at nl = 3 and p < 0.05 is 3.86). 

Results. The base-exchange complex of the used rock included a signifi-
cant amount of exchange silicon compounds (900 mg-eq/100 g SiO32–), calcium 
(480 Ca2+ mg-eq/100 g), and magnesium (Mg2+ 160 mg-eq/100 g), as well as 
exchange compounds of phosphorus (up to 26 mg-eq/100 g) and potassium (up 
to 25 mg-eq/100 g), which determined the nutritional value of the material for 
agrophytocenoses. The relatively high solubility and content of the exchange 
forms of the major cations, as well as biogenic elements in the zeolite, determined 
its compliance with the gradual chemical decomposition in the soil and biochemi-
cal destruction by soil-inhabiting microorganisms, which can have a positive effect 
on the agrochemical and agrophysical properties of the arable layer. 

The positive effect of zeolite on the content of mobile silicon com-
pounds in the soil was established in experiments (Table 1). In particular, the 
accumulation of water-soluble silicon substances (monosilicon acids and silicate 
anions) significantly (p < 0.05) reached a maximum in 2016 (up to 40 mg/kg of 
soil), and the effectiveness of the use of zeolite in 2017, when the increase in the 



188 

rate of excess removal of the element by crops varied from 82 to 209%, depend-
ing on the dose of the rock. 

1. Mobile silicon compounds in sod-podzolic light-loamy soil upon treatment with 
zeolite from the Khotynets deposit (OOO Elitkhoz, Filippovskoye village, Bor 
municipal district, Nizhny Novgorod Province) 

Treatment 
Mobile silicon compounds, mg/kg soil 

On average 
for 3 years 

2015  2016  2017  
M±SD Сv, % M±SD Сv, % M±SD Сv, % 

W a t e r - s o l u b l e  f o r m s  o f  s i l i c o n  
Control 16±2 22 14±1 18 11±1 12 14 
Z1, 3 t/ha 22±1 8 25±2 14 20±1 12 22 
Z2, 6 t/ha 24±1 2 33±1 7 29±2 12 29 
Z3, 12 t/ha 29±1 6 40±1 7 34±2 13 34 

Ff 24.68  363.98  41.92   
A c i d - s o l u b l e  f o r m s  o f  s i l i c o n  

Control 213±9 8 201±4 4 206±5 5 207 
Z1, 3 t/ha 281±12 8 306±3 2 292±5 4 293 
Z2, 6 t/ha 330±21 13 399±7 4 376±7 4 368 
Z3, 12 t/ha 409±26 13 429±4 2 402±6 3 413 

Ff 15.56  371.65  330.94   
N o t е. Ff — Fischer’s test. 
 

In 2015 and 2016, the use of the minimum dose of zeolite (3 t/ha) 
statistically significantly (p < 0.05) contributed to an increase in the content 
of easily mobile silicon substances in the soil by 38 and 79%, respectively, rela-
tive to the control values, and on average for 3 years, the indicator increased by 
57-143%, depending on the dose. The introduction of different doses of the ma-
terial also had a significant but less expressed effect on acid-soluble forms of sili-
con. For example, increasing the dose of zeolite by 2 times additionally in-
creased (p < 0.05) the content of silicon substances in the soil by 23-47%, de-
pending on the year of the study. In general, the most expressed statistically jus-
tified effect was found in 2016, when the indicator increased (p < 0.05) by 52-
113% from the control value. On average, over the years, the introduction of 
12 t/ha of rock into the soil contributed to almost a 2-fold increase (p < 0.05) in 
the content of acid-soluble forms of silicon. 

Such regularities were caused by the introduction of a significant amount 
of water-soluble silicon compounds into the soil in the form of silicates and 
monomers of silicic acids [56], which was facilitated by a sufficient amount of 
precipitation actively involved in the dissolution of the rock substance. The 
weather conditions of 2015 were characterized by an insignificant amount of 
precipitation, the year itself was generally hotter than the average climatic norms 
of the region (the hydrothermal coefficient of the HTI in the summer months 
varied in the range of 0.9-1.0). In 2016, on the contrary, no lack of precipitation 
was observed, the air temperature fluctuated within the normal range with its 
slight excess in August (HTI = 1.0-1.1). Weather conditions in 2017 were char-
acterized by abundant precipitation in the spring and the first half of summer, 
the air temperature was within the average annual norms during the summer 
season (HTI = 1.1-1.2). 

The obtained data are consistent with other reports. In particular, it was 
reported that when 3 t/ha of amorphous silica was introduced into the soil, the 
content of water-soluble forms of silicon increased by 7.3 mg/kg (36%) in ordi-
nary chernozem and by 11.9 mg/kg (73%) in chestnut soil [19, 51]. However, 
the content of acid-soluble silicon compounds in these soils increased less sig-
nificantly, by 15.5 mg/kg (22%) and 19.7 mg/kg (66%), respectively. The rea-
son for a more significant increase in the content of mobile forms of silicon in 
sod-podzolic soil could be, on the one hand, low soil buffering, which does 
not prevent the release of dissolved compounds into the liquid phase, on the 
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other hand, the average acidity of the topsoil, which actively contributes to the 
chemical mineralization of the substance of ameliorants and the release of their 
soluble components into the soil solution [1, 11]. 

The use of zeolite in reclamation doses led not only to the replenishment 
of the soil solution with mobile silicon compounds but also to a decrease in soil 
acidity, as well as to the accumulation of the most important biogenic elements — 
calcium and magnesium (Table 2). 

2. Fertility indicators of the of sod-podzolic light loamy soil upon treatment with ze-
olite from the Khotynets deposit (OOO Elitkhoz, Filippovskoye village, Bor mu-
nicipal district, Nizhny Novgorod Province) 

Treatment 
Soil fertility  

On average  2015  2016  2017  
M±SD Сv, % M±SD Сv, % M±SD Сv, % 

A c t u a l  a c i d i t y  (рНН2О), units 
Control 5.88±0.13 4 5.96±0.07 2 5.92±0.07 2 5.92 
Z1, 3 t/ha 6.54±0.10 3 6.66±0.12 4 6.71±0.09 3 6.64 
Z2, 6 t/ha 6.97±0.16 4 7.03±0.07 2 7.09±0.02 1 7.03 
Z3, 12 t/ha 6.93±0.05 1 6.99±0.12 3 7.04±0.06 2 6.99 

Ff 27.81  21.69  128.45   
E x c h a n g e  a c i d i t y  (рНKCl), units 

Control 4.81±0.04 2 4.90±0.05 2 4.86±0.09 4 4.86 
Z1, 3 t/ha 5.04±0.07 3 5.17±0.01 1 5.27±0.05 2 5.16 
Z2, 6 t/ha 5.21±0.14 5 5.31±0.02 1 5.49±0.11 4 5.34 
Z3, 12 t/ha 5.16±0.13 5 5.28±0.03 1 5.36±0.08 3 5.27 

Ff 2.65  43.76  10.18   
H y d r o l y t i c  a c i d i t y  (Нh), mg-eq/100 g 

Control 2.84±0.02 1 2.75±0.02 2 2.82±0.02 2 2.80 
Z1, 3 t/ha 2.76±0.02 2 2.61±0.02 2 2.67±0.03 2 2.68 
Z2, 6 t/ha 2.60±0.03 2 2.49±0.03 3 2.55±0.02 2 2.55 
Z3, 12 t/ha 2.52±0.01 1 2.41±0.03 3 2.49±0.04 3 2.47 

Ff 55.16  24.43  27.51   
C a l c i u m  e x c h a n g e  c o m p o u n d s  (Ca++), mg-eq/100 g 

Control 5.12±0.04 2 5.23±0.05 2 5.19±0.11 4 5.18 
Z1, 3 t/ha 6.43±0.05 1 8.56±0.05 1 9.11±0.12 2 8.03 
Z2, 6 t/ha 10.30±0.02 2 13.67±0.07 1 15.83±0.28 4 13.27 
Z3, 12 t/ha 18.04±0.03 1 23.89±0.13 2 26.60±0.14 1 22.84 

Ff 298.80  341.86  614.74   
M a g n e s i u m  e x c h a n g e  c o m p o u n d s  (Mg++), mg-eq/100 g 

Control 1.19±0.02 3 1.26±0.02 4 1.22±0.01 2 1.22 
Z1, 3 t/ha 3.18±0.02 1 4.49±0.05 2 3.20±0.04 3 3.62 
Z2, 6 t/ha 5.76±0.02 2 8.11±0.05 1 6.85±0.14 4 6.91 
Z3, 12 t/ha 10.92±0.08 2 15.33±0.10 1 13.31±0.05 1 13.18 

Ff 950.83  432.97  450.47   
O r g a n i c  c a r b o n  c o n t e n t  (h u m u s), % 

Control 1.21±0.01 2 1.24±0.01 2 1.22±0.01 2 1.22 
Z1, 3 t/ha 1.21±0.02 2 1.25±0.01 2 1.23±0.03 5 1.23 
Z2, 6 t/ha 1.22±0.01 1 1.26±0.02 3 1.24±0.02 4 1.24 
Z3, 12 t/ha 1.22±0.01 2 1.26±0.01 1 1.23±0.02 3 1.24 

Ff 0.44  0.96  0.11   
M o b i l e  p h o s p h o r u s  c o m p o u n d s  (Р2О5), mg/kg 

Control 90±2 5 86±1 3 81±2 6 86 
Z1, 3 t/ha 99±4 7 103±3 5 114±4 6 105 
Z2, 6 t/ha 117±2 3 122±3 4 131±3 4 123 
Z3, 12 t/ha 112±5 9 119±3 5 125±4 6 119 

Ff 19.20  41.91  194.91   
P o t a s s i u m  e x c h a n g e  c o m p o u n d s  (К2О), mg/kg 

Control 107±4 7 92±2 3 89±3 6 96 
Z1, 3 t/ha 118±5 8 121±2 3 126±2 4 122 
Z2, 6 t/ha 132±4 6 139±2 5 149±2 3 140 
Z3, 12 t/ha 130±6 9 133±2 4 143±2 4 135 

Ff 6.04  114.04  97.19   
N o t е. Ff — Fischer’s test. 

 

For 3 years of zeolite application, the actual soil acidity decreased statis-
tically significantly (p < 0.05) by more than 1 unit, and the exchange acidity by 
almost 0.5 units. This acid-base state of the soil solution was due to a significant 
(p < 0.05) decrease in hydrolytic acidity (by 0.33 mg-eq/100 g) due to a signifi-
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cant (p < 0.05) increase in the content of exchange forms of calcium (4.4-fold) 
and magnesium (10.8-fold) in the soil, as well as a significant narrowing of 
Ca/Mg ratio towards the latter [46, 48]. These facts, certainly, have a positive sig-
nificance not only for the acid regime of the soil but also for its granulometric 
composition, since the interaction of magnesium with organic matter more active-
ly contributes to the formation of Mg-humate microaggregates in the soil [1, 7]. 

Amid maintaining the content of humus substances, the use of zeolite 
caused an increase in the amount of mobile phosphorus compounds in the soil 
by 22-43% and potassium exchange compounds by 27-46%, depending on the 
dose of ameliorant (p < 0.05). 

According to modern studies, silicon compounds are necessary for culti-
vated plants both in nutrition [16-18] and in providing physiological protection 
against stress factors of the agroecotope [15, 30, 36]. In this regard, the content 
of silicon and its various fractions in the biomass is an important criterion for 
assessing the realization of the biological potential of agrophytocenosis and the 
adaptation formation [38, 44, 56]. 

3. Silicon bioaccumulation (MP/BP) in cultivars of various crops upon treatment 
with zeolite from the Khotynets deposit (OOO Elitkhoz, Filippovskoye village, 
Bor municipal district, Nizhny Novgorod Province) 

Treatment 

Crop 
2015  2016  2017  

winter wheat 
(Moscovskaya 39) 

potato (Red 
Scarlet) 

barley 
(Veles) 

spring wheat 
(Kurskaya 2038) 

peas  
(Chishminsky 95) 

winter rye 
(Valdai) 

T o t a l  s i l i c o n  c o m p o u n d s  ( S i  tot) ,  % per ab s .  d r y  w e i g h t  
T o t a l  s i l i c o n  c o m p o u n d s  (Sitot.), % per abs. dry weight 

Control 0.23/1.18 3.16/1.67 0.41/1.53 0.19/1.03 0.08/0.90 0.29/1.42 
Z1, 3 t/ha 0.26/1.22 3.20/1.78 0.68/1.69 0.21/1.08 0.19/1.11 0.35/1.50 
Z2, 6 t/ha 0.29/1.30 3.29/1.81 0.89/1.75 0.29/1.20 0.26/1.17 0.41/1.58 
Z3, 12 t/ha 0.34/1.44 3.37/1.85 0.95/1.79 0.34/1.26 0.29/1.19 0.48/1.66 

O r g a n i c  s i l i c o n  c o m p o u n d s  (Siorg.), % per abs. dry weight 
Control 0.09/0.50 0.70/0.50 0.21/0.92 0.09/0.52 0.01/0.23 0.15/0.78 
Z1, 3 t/ha 0.11/0.59 0.74/0.59 0.41/1.28 0.11/0.59 0.04/0.32 0.20/1.02 
Z2, 6 t/ha 0.13/0.68 0.82/0.65 0.61/1.38 0.17/0.71 0.06/0.37 0.24/1.14 
Z3, 12 t/ha 0.16/0.84 0.88/0.72 0.66/1.47 0.20/0.81 0.07/0.42 0.32/1.31 

S o l u b l e  m i n e r a l  c o m p o u n d s  o f  s i l i c o n  (Simin.), % per abs. dry weight 
Control 0.06/0.20 1.30/0.32 0.13/0.26 0.04/0.11 0.05/0.19 0.05/0.16 
Z1, 3 t/ha 0.10/0.22 1.42/0.36 0.16/0.29 0.05/0.14 0.08/0.23 0.08/0.19 
Z2, 6 t/ha 0.11/0.24 1.48/0.37 0.20/0.30 0.05/0.14 0.15/0.25 0.13/0.20 
Z3, 12 t/ha 0.11/0.25 1.53/0.38 0.26/0.30 0.06/0.15 0.21/0.27 0.14/0.22 

I n s o l u b l e  p o l y m e r  c o m p o u n d s  o f  s i l i c o n  (Sipolym.), % per abs. dry weight 
Control 0.08/0.48 1.16/0.85 0.07/0.35 0.06/0.40 0.02/0.48 0.10/0.48 
Z1, 3 t/ha 0.05/0.41 1.04/0.83 0.11/0.12 0.05/0.35 0.07/0.56 0.07/0.29 
Z2, 6 t/ha 0.05/0.38 0.99/0.79 0.08/0.07 0.07/0.35 0.05/0.55 0.04/0.24 
Z3, 12 t/ha 0.07/0.35 0.96/0.75 0.03/0.02 0.08/0.30 0.01/0.50 0.02/0.13 
N o t е. MP/BP — the content of silicon in the main (grain, tubers) and bypass (straw, tops) parts of the crop 
yield. SXmean (%) by Sitot. (MP and BP): winter wheat vs. potato — 2 and 4 (MP and BP) vs. 3 and 2 (2015); 
barley vs. spring wheat — 4 and 6 vs. 3 and 3 (2016); peas vs. winter rye — 4 and 4 vs. 6 and 8 (2017). SXmean (%) 
by Siorg. (MP and BP): winter wheat vs. potato — 3 and 5 vs. 6 and 7 (2015); barley vs. spring wheat — 8 and 5 
vs. 4 and 8 (2016); peas vs. winter rye — 3 and 4 vs. 6 and 4 (2017). SXmean (%) by Simin. (MP and BP): winter 
wheat vs. potato — 3 and 4 vs. 4 and 5 (2015); barley vs. spring wheat — 3 and 4 vs. 3 and 3 (2016); peas vs. 
winter rye — 3 and 4 vs. 3 and 4 (2017). SXmean (%) by Sipolym. (MP and BP): winter wheat vs. potatoes — 4 and 
6 vs. 8 and 9 (2015); barley vs. spring wheat — 6 and 5 vs. 5 and 7 (2016); peas vs. winter rye — 5 and 8 vs. 6 and 
8 (2017). 

 

First, it should be noted that in the plant bypass of all types, as a whole, 
more silicon compounds (Sitot.) accumulated than in the main part of the crop, 
except for potato: in this crop, the element content in the tubers was higher than 
in the tops (Table 3). However, the use of zeolite to the least extent contributed 
to an increase in the silicon content in potato phytomass, statistically significant-
ly (p < 0.05) increasing the accumulation of Sitot. in tubers by 4-7% and in tops 
by 8-11%, organically bound forms (Sitot.) by 17-26 and 30-44%, respectively, 
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and soluble mineral forms (Simin.) by 14-18 and 16-19%, depending on the dose 
of the rock. 

For the remaining crops, increased efficiency in the silicon absorption 
was revealed when zeolite was added. In particular, in the grain part of the win-
ter and spring wheat crop, the content of Siorg. increased by 22-78 and 122%, 
respectively, in winter rye by 33-113%, in barley by 95-214% compared to the con-
trol values. In the pea seeds, the amount of Siorg. increased 4-7 times (p < 0.05) 
amid the introduction of rock into the soil, which is probably due to its physio-
logical characteristics. i.e., along with all grain crops, barley, as well as peas and 
potatoes are classified as silicophilic plants [19, 21, 25]. 

The content of mineral soluble forms of silicon in plant phytomass, which 
are orthosilicic acid monomers and metasilicates, also increased when the soil was 
fertilized with zeolite, and to a greater extent in the straw part of the crop than in 
the grain. The grain of winter rye and winter wheat, barley, and peas was charac-
terized by the best and statistically justified responsiveness in the accumulation of 
silicon mineral compounds: amid the introduction of 12 t/ha of rock, the content 
of Simin. increased by 180, 83, 100, and 320%, respectively (p < 0.05). 

The accumulation of organic and mineral forms of silicon in the bypass 
part of the crop also increased under the influence of high doses of zeolite. 
The greatest increase in the amount of Siorg. increased in the straw of winter 
crops (by 68%) and peas (by 83%), and the content of Simin. in straw of spring 
wheat (by 36%), winter rye (by 38%), and peas (by 42%) (p < 0.05). 

The content in plant phytomass of the insoluble fraction of silicon com-
pounds (Sipolym.), represented by polysilicon acids, amorphous silica, and opal 
microaggregates in phytoliths, in the options with the use of zeolite rock, as a 
rule, corresponded to the control values or decreased statistically significantly 
(p < 0.05). This phenomenon undoubtedly deserves a separate study and is of 
value both from the point of view of plant physiology and agronomic quality of 
the crop. Only in the grain of barley, spring wheat, and peas, as well as in its 
straw, a certain excess of the insoluble forms of silicon was detected, regardless 
of the zeolite dose. 

By assessing the overall ratio of the accumulation of organic and mineral 
forms of silicon in plant phytomass, it should be emphasized that the use of zeo-
lite contributed to a greater increase in the proportion of organically bound sili-
con in the straw of grain crops and potato tops than in grain and tubers (except 
for pea crop). The proportion of mineral soluble silicon compounds under the 
influence of zeolite increased in the grain (tuberous) part of the crop, except for 
barley. At the same time, depending on the dose of the rock, the increase in the 
proportion of Siorg. from the total amount of silicon in the phytomass was more 
expressed and was traced, as a rule, in all options, and the accumulation of Si-
min. turned out to be less active and manifested only in the C1 option. These pat-
terns indicate the gradual binding of silicate ions by organic substances of the 
cell during the plant vegetation [18, 21]. 

By analyzing the yield of plants under the influence of high doses of zeo-
lite (Fig.), it should be noted that there is a very significant positive change in 
indicators for all crops, and, first of all, for barley, a silicophilous plant. The 
grain biomass of this crop increased by 32% when introducing 12 t/ha of rock 
into the soil, and with a minimum dose (3 t/ha), the indicator increased by 17% 
compared to the control (p < 0.05). Approximately the same responsiveness to 
the introduction of silicon-containing material into the soil was characterized by 
the yield of winter wheat grain in 2015 and peas in 2017. The indicator in-
creased by 4 and 6%, respectively, in the option with the minimum dose of the 
rock, and by 8 and 15% (p < 0.05) for the Z3. The biomass of the straw part of 
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the crop also increased amid the high-silicon material, but 1.5-2.0 times weaker 
than the main part, i.e., on average for all treatments by 6% in peas and by 19% 
in barley (p < 0.05) compared to the control. In winter wheat, the straw bio-
mass, on the contrary, responded more actively when zeolite was introduced into 
the soil, on average, by 20% (p < 0.05) for the treatments. 

 

 
Main (grain, tubers) (A) and bypass (straw, tops) (B) parts of the yield in winter wheat (Triticum 
aestivum L.) cv. Moskovskaya 39 (1), potato (Solarium tuberosum L.) cv. Red Scarlet (×10) (2), 
barley (Hordeum vulgare L.) cv. Veles (3), spring wheat cv. Kurskaya 2038 (4), peas (Pisum sativum L.) 
cv. Chishminsky 95 (5), and winter rye (Secale cereale L.) cv. Valdai (6) upon treatment with zeolite 
from the Khotynets deposit: a — control, b-d — zeolite (3 t/ha, 6 t/ha, and 12 t/ha, respectively) 
(OOO Elitkhoz, Filippovskoye village, Bor municipal district, Nizhny Novgorod Province). 
Ff (the main part MP and bypass part BP): winter wheat vs. potato — 0.97 and 35.50 vs. 11.50 
and 9.77 (2015); barley vs. spring wheat — 17.97 and 11.93 vs. 48.62 and 36.42 (2016); peas vs. 
winter rye — 12.35 and 3.10 vs. 11.73 and 3.19 (2017). Fischer’s theoretical criterion (Ft) = 3.86 
for nl = 3 and p < 0.05. 

 

In general, according to the experiments, it should be noted that the re-
sponsiveness of different parts of the crop when applying the rock partly depend-
ed on the particular crop. Thus, if in 2015 and 2016, the statistically justified 
effectiveness of the zeolite effect on the yield of potato tops and spring wheat 
straw was approximately the same (for potatoes, respectively, from 13 and 16% 
in Z1 to 35 and 40% in Z3, for wheat from 3 and 5% in Z1 to 31 and 34% in 
Z3), then in 2017, when growing winter rye, the effectiveness of the rock was 
more pronounced with the grain part of the crop (in Z3, 14% of the reliable in-
crease in grain weight vs. 6% increase in straw weight). In general, the best and 
most reliable (p < 0.05) efficiency was observed for grain crops when applying 
6 t/ha of zeolite to the soil (Z2), and for potatoes and spring wheat, 12 t/ha (Z3). 

The change in the quality indicators of the main products of cultivated 
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plants serves not only as a criterion for the agronomic efficiency of the use of 
fertilizers [1, 16] but also reflects the state of agrobiogeocenosis and allows as-
sessing the implementation of the agrobiological potential of a crop or a cultivar 
in specific soil and climatic conditions of cultivation [3, 5]. 

We found that the content of raw gluten significantly (p < 0.05) in-
creased in the Z3 in winter wheat grain by 5% and in Z1, Z2, and Z3 options in 
spring wheat grain by 9, 14, and 15%, respectively (Table 4). The greatest and 
statistically justified (p < 0.05) accumulation of protein in the main part of the 
crop of peas was revealed when 12 t/ha of rock was added to the soil (an in-
crease of 16%), and in barley grain – almost equally when 6 and 12 t/ha were 
added (by 15-20%). 

4. Quality indicators of the main part of the crop yields upon treatment with zeolite 
from the Khotynets deposit (M±SD; OOO Elitkhoz, Filippovskoye village, Bor 
municipal district, Nizhny Novgorod Province, 2015-2017) 

Treatment 
Gluten, % Protein, % Starch, % Vitamin C, mg% 

winter wheat 
(Mosovskaya 39) 

spring wheat 
(Kurskaya 2038) 

Barley 
(Veles) 

peas (Chish-
minsky 95) 

potato 
(Red Scalet) 

potato 
(Red Scalet) 

Control 33.7±0.3 27.1±0.4 10.6±0.1 17.8±0.2 14.7±0.2 17.0±0.1 
Z1, 3 t/ha 34.0±0.1 29.4±0.2 11.9±0.2 18.9±0.3 15.0±0.2 19.6±0.1 
Z2, 6 t/ha 34.9±0.3 30.8±0.3 12.2±0.2 19.4±0.5 15.5±0.1 20.3±0.3 
Z3, 12 t/ha 35.3±0.2 31.1±0.2 12.7±0.1 20.6±0.3 16.3±0.3 22.2±0.4 

LSD05 1.1 1.7 1.5 1.4 0.6 2.8 
 

A statistically significant (p < 0.05) increase in the starch content in po-
tato tubers and the accumulation of vitamin C in them was found in Z2 and Z3, 
by 5-11% for starch and by 19-31% for ascorbic acid, respectively. Amid the 
minimum dose of high-silicon material (3 t/ha), trends in optimizing the quality 
indicators of the commercial part of the crop yield were mainly observed. Ap-
parently, it is the high concentrations of mono and polysilicon acids in the soil 
solution, which may be due to the doses of ameliorant in 6-12 t/ha, that create 
the optimal background for nutrition and stability of the agrophytocenosis, 
which is expressed in the implementation of the cultivar (in improving quality 
indicators) [7, 28, 56]. 

In this work, the use of zeolite in high doses significantly (p < 0.05) 
contributed to the optimization of most of the considered indicators of the phys-
ical and chemical state of the soil and mineral nutrition of cultivated plants, in-
cluding by replenishing the soil absorbing complex with exchangeable calcium 
and magnesium compounds, and the mobile nutrient fund of the arable horizon 
with mobile phosphorus, potassium, and silicon compounds. In turn, it increased 
the resistance of the agrophytocenosis to environmental factors, since it was ex-
pressed not only in increasing the overall productivity of the crop, but also in 
improving the quality indicators of its main part. 

In many studies, the use of silicon-containing materials in a similar 
way contributed to an increase in crop productivity. In particular, in the work 
of Vasilieva [7], the use of zeolite-containing tripolite at a dose of 1.5 t/ha on 
sod-podzolic soil led to an increase in the yield of barley by 0.8-2.4 dt/ha, de-
pending on the year of the study, which was 6-12% of the control values. The 
effectiveness of the material influence on the productivity of potato reached 
27.5-53.8 dt/ha (35-39% relative to the control). In joint studies of Russian and 
Chinese scientists [56] in the conditions of Hunan province (China) on rice soils 
formed on alluvial loams, a significant (p < 0.05) increase in the yield of rice 
grain (Oryza sativa L.) from the use of silicon fertilizers ranged from 0.95 to 
14.9 t/ha. These fertilizers were amorphous fine-dispersed silicon dioxide, as 
well as organosilicon fertilizer with a high content of not only silicon available 
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for plants, but also organic matter. The obtained results confirm the positive 
effect of pure silicon preparations on the productivity of agrophytocenoses. 

The combined use of high-silicon materials and full mineral fertilizer can 
have a more significant impact on plant productivity. Loboda et al. [41] studied 
the effect of zeolite from the Khotynets deposit and NPK fertilizers on the yield of 
various potato cultivars under similar soil conditions. In the option with the max-
imum of the studied doses of zeolite (1.2 t/ha) amid the complete mineral fertiliz-
er (N90P60K120), the efficiency of the combined action of fertilizers varied from 
14.3 t/ha (47%) to 22.9 t/ha (68%) concerning the control, depending on the crop 
cultivar and weather conditions of the growing year. Despite the relatively low 
dose of zeolite, its combination with macro fertilizers contributed to a more signif-
icant increase in the yield of tubers of the crop. 

Thus, when applying high doses of zeolite rock, silicon compounds are 
more actively (p < 0.05) absorbed by plants from the soil. This physiological 
process is activated by replenishing the soil solution with easily mobile forms of 
not only silicon but also calcium, magnesium, and other elements necessary for 
the growth and development of plants. Under the conditions of the microfield 
experiment based on sod-podzolic light loamy soil, the use of zeolite contributed 
to the increase in the implementation of the agrobiological potential of the 
zoned varieties of winter and spring wheat, winter rye, barley, seed sown, and 
potato, statistically significantly (p < 0.05) increasing their yield and improving 
the most significant quality characteristics. The interaction of the zeolite rock 
with the soil led to a significant and reliable decrease in its acidity, an increase 
in the content of exchange compounds of calcium and magnesium, as well as 
the main biogenic elements. The use of zeolite activated the plant uptake of sili-
con from the soil and its accumulation in the phytomass in the form of mineral 
soluble substances and organosilicon components. The established regularities 
allow considering zeolite as an alternative multi-component reclamation material 
that has a positive prolonged effect on the soil-plant system and recommending 
it for research in production conditions on soils of the podzolic series. 

 
R E F E R E N C E S  

 
1. Sokolov O.A., Chernikov V.A., Shmyreva N.Ya. Izvestiya TSKHA, 2016, 3: 5-17 (in Russ.). 
2. Baldock J.A., Skjemstad J.O. Role of the soil matrix and minerals in protecting natural organic 

materials against biological attack. Organic Geochemistry, 2000, 31(7-8): 697-710 (doi: 
10.1016/S0146-6380(00)00049-8). 

3. Uskov I.B., Yakushev V.P., Chesnokov Yu.V. Actual physical, agronomic, genetical and breed-
ing aspects in agrobiological management (towards 85 anniversary of Agrophysical Research In-
stitute, Russia). Sel'skokhozyaistvennaya biologiya [Agricultural Biology], 2017, 52(3): 429-436 
(doi: 10.15389/agrobiology.2017.3.429eng). 

4. Arshad M.A., Martin S. Identifying critical limits for soil indicators in agroecosystems. Agricul-
ture, Ecosystems and Environment, 2002, 88(2): 153-160 (doi: 10.1016/S0167-8809(01)00252-3). 

5. Mikhailenko I.M. Agrofizika, 2011, 1(1): 44-53 (in Russ.). 
6. Rybas' I.A. Breeding grain crops to increase adaptability (review). Sel'skokhozyaistvennaya bi-

ologiya [Agricultural Biology], 2016, 51(5): 617-626 (doi: 10.15389/agrobiology.2016.5.617eng). 
7. Vasil'eva N.G. Problemy agrokhimii i ekologii, 2017, 3: 24-30 (in Russ.). 
8. Harley A.D., Gilkes R.J. Factors influencing the release of plant nutrient elements from silicate 

rock powders: a geochemical overview. Nutrient Cycling in Agroecosystems, 2000, 56(1): 11-36 
(doi: 10.1023/A:1009859309453). 

9. Matichenkov V.V., Wei X., Liu D., Bocharnikova E.A. Theory, practice and prospection of Si 
fertilizer. Agricultural Science Technology, 2013, 14(3): 498-502. 

10. Samsonova N.E. Agrokhimiya, 2005, 8: 11-18 (in Russ.). 
11. Agafonov E.V., Khovanskii M.V. Effect of bentonite on the fertility of an ordinary chernozem. 

Eurasian Soil Science, 2014, 47(5): 478-482 (doi: 10.1134/S1064229314050020). 
12. Cornelis J.T., Delvaux B., Georg R.B., Lucas Y., Ranger J., Opfergelt S. Tracing the origin of 

dissolved silicon transferred from various soil—plant systems towards rivers: a review. Biogeosci-
ences, 2011, 8(1): 89-112 (doi: 10.5194/bg-8-89-2011). 



 

195 

13. Medvedev S.S. Fiziologiya rastenii. SPb, 2015. 
14. Epstein E. Silicon: its manifold roles in plants. Annals of Applied Biology, 2009, 155(2): 155-160 

(doi: 10.1111/j.1744-7348.2009.00343.x). 
15. Liang Y., Sun W., Zhu Y-G., Christie P. Mechanisms of silicon-mediated alleviation of abiotic 

stresses in higher plants: a review. Environmental Pollution, 2007, 147(2): 422-428 (doi: 
10.1016/j.envpol.2006.06.008). 

16. Samsonova N.E. Agrokhimiya, 2019, 1: 86-96 (doi: 10.1134/S0002188119010071) (in Russ.). 
17. Artyszak A. Effect of silicon fertilization on crop yield quantity and quality — a literature review 

in Europe. Plants, 2018, 7(54): 1-17 (doi: 10.3390/plants7030054). 
18. Tubana B.S., Babu T., Datnoff L.E. A review of silicon in soils and plants and its role in US 

agriculture: history and future perspectives. Soil Science, 2016, 181(9/10): 393-411 (doi: 
10.1097/SS.0000000000000179). 

19. Matychenkov V.V. Rol' podvizhnykh soedinenii kremniya v rasteniyakh i v sisteme pochva-rastenie. 
Doktorskaya dissertatsiya [Role of mobile silicon compounds in plants and in soil—plant system. 
DSc Thesis]. Pushchino, 2008 (in Russ.). 

20. Hodson M.J., White P.J., Mead A., Broadley M.R. Phylogenetic variation in the silicon com-
position of plants. Annals of Botany, 2005, 96: 1027-1046 (doi: 10.1093/aob/mci255). 

21. Kolesnikov M.P. Uspekhi biologicheskoi khimii, 2001, 41: 301-322 (in Russ.). 
22. Ma J.F., Yamaji N. Silicon uptake and accumulation in higher plants. Trends in Plant Science, 

2006, 11(8): 392-397 (doi: 10.1016/j.tplants.2006.06.007). 
23. Kozlov Yu.V. Effektivnost' soedinenii kremniya pri vozdelyvanii zernovykh kul'tur v usloviyakh 

Smolenskoi oblasti. Avtoreferat kandidatskoi dissertatsii [Efficiency of silicon compounds in culti-
vation of grain crops in the conditions of Smolensk region. PhD Thesis]. Moscow, 2010 (in 
Russ.). 

24. Panova G.G., Anikina L.M., Kanash E.V., Udalova O.R., Shibanov D.V. Agrofizika, 2012, 3(7): 
31-40 (in Russ.). 

25. Biel K.Y., Matichenkov V.V., Fomina I.R. Protective role of silicon in living systems. In: Func-
tional foods for chronic diseases. Advances in the development of functional foods. Vol. 3. D.M. 
Martirosyan (ed.). D&A lnc., Richardson, 2008: 208-231. 

26. Kapranov V.N. Agrokhimicheskii vestnik, 2008, 2: 32-34 (in Russ.). 
27. Mitani-Ueno N., Yamaji N., Ma J.F. Silicon efflux transporters isolated from two pump-

kin cultivars sontrasting in Si uptake. Plant Signaling & Behavior, 2011, 6(7): 991-994 (doi: 
10.4161/psb.6.7.15462). 

28. Kurnosova T.L., Osipova L.V., Vernichenko I.V., Bykovskaya I.A., Yakovlev P.A. Problemy 
agrokhimii i ekologii, 2017, 3: 13-23 (in Russ.). 

29. Gong H.J., Chen K.M., Zhao Z.G., Chen G.C., Zhou W.J. Effect of silicon on defense of 
wheat against oxidative stress under drought at different development stages. Biologia Plantarum, 
2008, 52(3): 592-596. 

30. Tale Ahmad S., Haddad R. Study of silicon effects on antioxidant enzyme activities and osmot-
ic adjustment of wheat under drought stress. Czech Journal of Genetics and Plant Breeding, 2011, 
47(1): 17-27. 

31. Ma J.F. Silicon transporters in higher plants. In: MIPs and their role in the exchange of metal-
loids. Advances in experimental medicine and biology, vol. 679. T.P. Jahn, G.P. Bienert (eds.). 
Springer, New York, NY, 2010: 99-109 (doi: 10.1007/978-1-4419-6315-4_8). 

32. Akimova S.V., Radzhabov A.K., Bukhtin D.A., Trofimova M.S. Izvestiya TSKHA, 2015, 4: 36-
48 (in Russ.). 

33. Zeisler N.A. Vliyanie silatranov na prorastanie semyan khlebnykh zlakov. Intellektual'nyi potentsial 
XXI: stupeni poznaniya, 2016, 31: 6-10 (in Russ.). 

34. Hernandez-Apaolaza L. Can silicon partially alleviate micronutrient deficiency in plants? A 
review. Planta, 2014, 240(3): 447-458 (doi: 10.1007/s00425-014-2119-x). 

35. Samsonova N.E., Kapustina M.V., Zaitseva Z.F. Agrokhimiya, 2013, 10: 66-74 (in Russ.). 
36. Pirzad A., Mohammadzadeh S. Zhurnal Sibirskogo federal'nogo universiteta. Seriya: Biologiya, 

2016, 9(3): 291-303 (doi: 10.17516/1997-1389-2016-9-3-291-303) (in Russ.). 
37. Wang X., Ou-yang C., Fan Z., Gao S., Chen F., Tang L. Effects of exogenous silicon on seed 

germination and antioxidant enzyme activities of Momordica charantia under salt stress. Journal 
of Animal & Plant Sciences, 2010, 6: 700-708. 

38. Pashkevich E.B., Kiryushin E.P. Problemy agrokhimii i ekologii, 2008, 2: 52-57 (in Russ.). 
39. Fauteux F., Rémus-Borel W., Menzies J.G., Bélanger R. Silicon and plant disease resistance 

against pathogenic fungi. FEMS Microbiology Letters, 2005, 249(1): 1-6 (doi: 
10.1016/j.femsle.2005.06.034). 

40. Mitani N., Yamaji N., Ma J.F. Identification of maize silicon influx transporters. Plant and Cell 
Physiology, 2009, 50: 5-12 (doi: 10.1093/pcp/pcn110). 

41. Loboda B.P., Bagdasarov V.R., Fitsuro D.D. Agrokhimiya, 2014, 3: 28-35 (in Russ.). 
42. Chimney M.J., Wan Y., Matichenkov V.V., Calvert D.V. Minimizing phosphorus release from 

newly flooded organic soils amended with calcium silicate slag: a pilot study. Wetlands Ecology 
and Management, 2007, 15(5): 385-390 (doi: 10.1007/s11273-007-9037-7). 



196 

43. Ma J., Tamai K., Yamaji N., Mitani N., Konishi S., Katsuhara M., Ishiguro M., Murata 
Y., Yano M. A silicon transporter in rice. Nature, 2006, 440: 688-691 (doi: 10.1038/nature04590).  

44. Perry C.C., Keeling-Tucker T. Biosilicification: the role of the organic matrix in structure con-
trol. J. Biol. Inorg. Chem., 2000, 5: 537-550 (doi: 10.1007/s007750000130). 

45. Bocharnikova E.A., Matichenkov V.V. Influence of plant association on the silicon cycle in the 
soil-plant system. Applied Ecology and Environmental Research, 2012, 10(4): 547-560 (doi: 
10.15666/aeer/1004_547560). 

46. Sychev V.G., Akanova N.A. Plodorodie, 2019, 1(106): 3-7 (doi: 10.25680/S19948603.2019.106.01) 
(in Russ.). 

47. Kuz'menko N.N. Agrokhimiya, 2019, 10: 35-38 (doi: 10.1134/S0002188119100090) (in Russ.). 
48. Okorkov V.V. Agrokhimiya, 2019, 9: 3-17 (doi: 10.1134/S0002188119090096) (in Russ.). 
49. Shabina I.S., Vilkov V.S., Kuznetsova L.P. Kharakteristiki osnovnykh sortov sel'skokhozyaistven-

nykh kul'tur, rekomendovannykh dlya vozdelyvaniya v Volgo-Vyatskom regione [Characteristics of 
main agricultural crop varieties recommended for cultivation in the Volga-Vyatka region]. 
Nizhnii Novgorod, 2010 (in Russ.). 

50. Dospekhov B.A. Metodika polevogo opyta (s osnovami statisticheskoi obrabotki rezul'tatov issledo-
vanii) [Methods of field trials]. Moscow, 2011 (in Russ.). 

51. Kusova N.V., Stepanova L.P. Kipyashchie kamni (tseolity) [“Boiling stones” (zeolites)]. Orel, 
2005 (in Russ.). 

52. Mineev V.G. Praktikum po agrokhimii [Workshop on agrochemistry]. Moscow, 2001 (in Russ.). 
53. FR.1.31.2011.09380. Produkty pishchevye i syr'e prodovol'stvennoe. Metodika izmerenii massovoi 

doli vitamina S fluorimetricheskim metodom na analizatore zhidkosti «Flyuorat-02» (M 04-07-
2010) [FR. 1. 31. 2011. 09380. Food products and food raw materials. Method of measuring the 
mass fraction of vitamin C by the fluorimetric method on fluid analyzer Fluorat-02 (M 04-07-
2010)]. St. Petersburg, 2010 (in Russ.). 

54. Matychenkov I.V., Khomyakov D.M., Pakhnenko E.P., Bocharnikova E.A., Matychenkov V.V. 
Vestnik Moskovskogo universiteta. Seriya 17: Pochvovedenie, 2016, 3: 37-46 (in Russ.). 

55. Mamontov V.G., Gladkov A.A. Praktikum po khimii pochv [Workshop on soil chemistry]. Mos-
cow, 2015 (in Russ.). 

56. Dan-dan Z., Peng-bo Z., Bocharnikova E.A., Matychenkov V.V., Khomyakov D.M., Pakhnen-
ko E.P. Vestnik Moskovskogo universiteta. Seriya 17: Pochvovedenie, 2019, 3: 17-22 (in Russ.). 


