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ABSTRACT

Background: Western Siberia has great potential for crop and livestock production; it is limited by degradation of soil fertility due to
depletion of biophilic elements, including Mg. Intensification of agricultural production requires monitoring and optimization of magnesium
nutrition of field crops. This study aimed at investigating changes in content of magnesium forms Gleyic Chernozems and Luvic
Greyzemic Phaeozem in the Western Siberia during their long-term agricultural use.

Methods: Soil samples were taken from the fields of long-term experiments in 1978, 1988 and 2019. Three cores were taken from
a soil layer 0-20, 20-40 cm thick and combined into composite samples. Composite samples were kept in the archives of the institute.
Chemical analysis of composite soil samples was carried out in 2020. Chemical analyzes of soil and plants were carried out by
conventional methods. Magnesium forms were extracted: easily exchangeable with 0.0025 M CaCl, solution, exchangeable with 1
M CH,COONH,, non-exchangeable with 1 M HNO, and determined on an atomic absorption spectrometer.

Result: Systematic use of the ammonia form of nitrogen fertilizers (60-120 kg a.m./ha per year) led to a decrease in mobile forms
of magnesium in the most root-inhabited soil layer. The removal of magnesium by potatoes was small (8-10 kg/ha, 80 % falls on the
tops). Consequently, a significant decrease in the reserves of magnesium available to plants in soils is associated not so much with
the alienation of the element with yield, but with leaching processes due to the displacement of magnesium from the soil-absorbing

complex by ammonium ions introduced with fertilizers and also, probably, potassium.
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INTRODUCTION

The biogeochemical problem of deficiency of Ca, Mg, K,
Co, Cu, Mo, Zn for agricultural crops leads to decrease in
yield and deterioration in the quality of plant products and
then to a deficiency of these elements in the food chain
and the resulting diseases of animals and humans
(Rosanoff, 2013; Jayalaxmi et al., 2015; Cazzola et al., 2020;
Yakimenko et al., 2020). Magnesium’s main physiological
role is to participate in the process of photosynthesis and
nitrogen metabolism (Voevodina and Voevodin, 2015;
Nechaeva et al., 2019; Abbas et al., 2024).

The essential role of magnesium in the formation of
the physical and physicochemical properties of the sail is
also well known. Its gross content in the soils of the
agricultural zone of the temperate zone is on average 0.5-
1.5%, depending on the mineralogical and granulometric
composition, as well as the type of soil formation (Maguire
and Cowan, 2002; Sheudzhen, 2003; Shoba and
Chudnenko, 2019). Magnesium is important for plant
nutrition, which is in the soil absorbing complex (mobile,
available, exchangeable) and in the soil solution (water-
soluble, easily exchangeable). The richest in mobile
magnesium are chernozems, chestnuts soils and others.
Magnesium ions are highly hydrated and therefore very
poorly absorbed by the soil (Jakovljevia et al., 2003;
Sheudzhen et al., 2015).

For a long time, the scientific press reported on the
growing depletion of the magnesium fund in agricultural
soils of not only light but also heavier granulometric
composition (Afanas’ev, 2005; Bogdevich and Lomonos,
2009; shilnikov et al., 2008; Chaudhry et al., 2021). This is
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due to the leaching of magnesium from the upper soil
layers, the increased migration ability of this cation and to
the uncompensated removal of the element by crops and
other anthropogenic influences (Godunova et al., 2013;
Gransee and Fuhrs, 2013; Litvinovich et al., 2020;
Marschner, 2012; Nechaeva et al., 2019). Intensification of
agricultural production requires monitoring and
optimization of magnesium nutrition in field crops,
especially for plants consuming large quantities of it (Frau
et al., 2020; Guo et al., 2015).

Nutrient imbalance is one of the main factors limiting
the yield and quality of crops (Wacal et al., 2019). World
experience shows that mineral fertilizers contribute to the
sustainable cultivation of crops, influence the abundance,
activity and diversity of soil microflora by increasing the
productivity of the system, the return of plant residues and
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the content of organic matter in the soil (Hamidi et al., 2023;
Shuliko et al., 2024). Magnesium in mineral fertilizers led
to significant changes in the population of rhizobia and
free-living nitrogen-fixing bacteria in the soil, increased
seed germination, increased plant height and crop yield
(Rani Shobha Pujari and Latha, 2017; Prasanthli Golive et al.,
2018; Singh et al., 2020; Soniya and Bhindhu, 2023).

An analysis of literature data showed that the study of
the magnesium state of soils was often carried out in
vegetation or short-term field experiments. Studies of
changes in the content of its forms in soils of agrocenoses
are few. Studying changes in the content of various forms
of magnesium in the soils of agrocenoses, taking into
account the regional specifics of soil and climatic
conditions, seems relevant.

The purpose of our research is to study the change in
the content of magnesium forms in the soils of the forest-
steppe of Western Siberia during long-term agricultural
use in long-term stationary field experiments. The objects
of research are soils of the forest-steppe zone of Western
Siberia: Gleyic Chernozems in the southern forest-steppe
and Luvic Greyzemic Phaeozem in the northern forest-
steppe, according to the World Reference Base for Saoil
Resources (IlUSS Working Group, 2015).

MATERIALS AND METHODS

A field experiment on Gleyic Chernozems heavy loamy (46%
physical clay) soil was conducted in 1978-2019 at Omsk
Agrarian Scientific Center (Omsk Region, Omsk District).
On one plot of soil in the crop rotation, mainly perennial
and annual grasses (hereinafter - Perennial and annual
grasses) were grown, in parallel on the other - grain crops
and grass mixtures (Cereals and fodder crops). In the
experiments, methods were developed for increasing the
productivity of crops under irrigation (Shuliko et al., 2022)
and NP; due to the very high potassium content in the
studied soil (exchangeable - 60 mg/100 g), potassium
fertilizers were not used. A by-product of grain and
leguminous crops- straw, was scattered over the field during
harvesting and embedded in the topsoil.

Another field experiment on Luvic Greyzemic
Phaeozem medium loamy (31% physical clay) soil was
laid in 1988-2019 at Institute of Soil Science and
Agrochemistry, Russian Academy of Science (Novosibirsk
region, Iskitimsky district). Vegetable crops were grown in
a crop rotation until 2000 and then potatoes were grown in
monoculture. In experiments, the influence of the intensity
of the potassium balance on the ecological and
agrochemical state of agrocenoses was studied
(Yakimenko, 2003). In this report, the most contrasting
variants of this experiment are considered: without
fertilizers, NP and NPK. In the experiments, both the main
and by-products of the crops grown were taken into account
and alienated from the plots.

Fertilizers were applied in the form of ammonium
nitrate, double superphosphate and potassium chloride

annually, taking into account the planned yield of a particular
cultivated crop. The laying and carrying out of experiments
were carried out according to the standard package of
practices.

Soil samples were taken from the fields of long-term
experiments in 1978, 1988 and 2019. Three cores were
taken from a soil layer 0-20, 20-40 cm thick and combined
into composite samples. Composite samples were kept
in the archives of the institute. Chemical analysis of
composite soil samples was carried out in 2020 by
standard methods (Mineev et al., 2001; Spirina and
Solov'yova, 2014). Soil forms of magnesium were extracted:
easy-exchange - with a 0.0025 M CaCl, solution, exchange
-1 M CH,COONH,, non-exchange - 1 M HNO, and
determined on an atomic absorption spectrometer “Kvant-
2A” (LLC “Kortek”, Russia). The same extracts are usually
used in the determination of the corresponding forms of
potassium. Taking into account the fundamental similarity
of the behavior of potassium and magnesium cations in
the soil absorbing complex and the similarity of their
relationship with the mineral base of soils (Yakimenko,
2003), the same approaches can probably be applied to
the study of the magnesium soil fund.

RESULTS AND DISCUSSION

On Gleyic Chernozems soll, initially rather highly fertile, the
average crop yield during the experiments in the control
variants (without fertilizers) of fodder and grain-grass crop
rotations was 3.39-3.86 ton of fodder units per hectare
(t f.u. hat), whereas when making the calculated doses of
NP fertilizers -5.20-5.24 t f.u. ha* (Table 1).

The application of only NP fertilizers on Luvic Greyzemic
Phaeozem soil for vegetables and potatoes was ineffective
(the average annual yield in control and NP, respectively,
6,5 and 7,6 t f.u. ha'), apparently due to the limited
potassium nutrition of plants. The balanced application of
mineral fertilizers in the NPK variant contributed to a
significant increase in the yield of vegetable crops and
potatoes (average annual - 11,4 t f.u. ha?).

Long-term agricultural use of the soil, both intensive
and extensive, inevitably affects, to one degree or another,
the physicochemical properties of the soil, which can affect
the transformation processes of the fund of macro- and
microelements contained in it, including magnesium
(Zav'yalova, 2015; Mohamad et al., 2016; Dornbush and
Von Haden, 2017; Dubovik and Dubovik, 2019; Yang et al.,
2019). The different intensity of the use of mineral fertilizers
in the variants of the experiments carried out, the specificity
of individual crops and the technologies of their cultivation
led to changes in the effective fertility of the studied soils
(Table 2).

The humus content (determined by Tyurin’s method)
in the Gleyic Chernozems soil changed insignificantly as a
result of long-term cultivation. This is associated with a
significant proportion of perennial grasses in crop rotations
and, accordingly, a large amount of root and crop residues
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entering the soil (WeiBhuhn et al., 2017; Boiko, 2019; Levin
et al., 2021). The pH value of the soil under study increased
slightly during the experiment - by 0.2-0.3 units. To the
greatest extent, changes in soil properties affected the fund
of ash elements - phosphorus and potassium: the content
of mobile phosphorus (according to Chirikov) in variants
with its introduction increased 2 times in comparison with
the original soil and the content of exchangeable
potassium (according to Maslova) with a permanent deficit
of its balance similarly decreased (Table 2).

In the variants of the experiment on Luvic Greyzemic
Phaeozem soil, the humus content sharply decreased in
comparison with virgin soil (Table 2), which is probably
due to the permanent mineralization of soil organic matter
with a small input of plant material. In the NPK variant, the
humus content was higher than in the control and NP. This
associated with a much higher yield with optimized crop
nutrition and a corresponding input of plant residues into
the soil (Voronkova et al, 2019; Matvienko et al., 2023) .

The reaction of the soil environment of the control
variant during the experiment changed little, relative to virgin

lands and in the variants, with the introduction of nitrogen
fertilizers, it significantly decreased. The additional use of
potash fertilizers did not affect the acidity of the soil in
comparison with the NP option. The level of mobile
phosphorus in the soil of the control variant decreased
significantly in comparison with virgin soil and as a result
of systematic long-term use of phosphorus fertilizers, it
increased significantly; a similar situation was observed
with the potassium state of the soil with or without
potassium (Table 2). It should be noted that all changes in
the indicated soil agrochemical properties in all variants of
the experiments occurred mainly in the 0-20 cm soils layer.
The absorption capacity of the studied soils in the upper
layer of various variants of long-term experiments slightly
differed from the virgin (initial) values.

The level of easily exchangeable magnesium gives
an idea of the degree of depletion of the soil, its ability to
desorb the ions of the element into the soil solution. These
cations make up the most mobile fraction of exchangeable
magnesium, which is dislocated on the outer (planar) faces
of crystallites and in the organic matter (Xie et al., 2020;

Table 1: The total yield of crops and the intake of macronutrients in long-term field experiments in the forest-steppe of Western Siberia.

Total yield, Introduced with fertilizers, kg of active ingredient hectare
Options ton of feed Nitrogen Phosphorus Potassium
units ha?
Gleyic chernozems (1978-2019)
Perennial and annual grasses
No fertilizers 158.3 - - -
NP 214.7 2739 3288 -
Cereals and fodder crops
No fertilizers 138.9 - - -
NP 213.2 3138 2796 -
Luvic greyzemic phaeozem (1988-2019)
Vegetable crops and potatoes
No fertilizers 199.0 - - -
NP 232.0 3820 2180 -
NPK 347.0 3820 2180 6060
Table 2: Changes in soil properties in experiments (soil layer 0-20 cm).
Options Humus W ater PO, K0 Absorption capacity, milligram-
content, % pH mg 100 g of soil? equivalent 100 g of soil*
Gleyic chernozems
Original content (1978) 6.5 6.8 13 60 36.3
No fertilizers (2019) 6.2 7.1 12 33 35.6
NP (2019) 6.6 7.0 25 32 36.2
F test of significance at 5% level 0.3 0.2 4 5
Luvic greyzemic phaeozem
QOriginal content (1988) 4.9 7.3 18 12 21.5
No fertilizers (2019) 3.0 7.1 10 7 21.2
NP (2019) 3.1 6.7 55 7 21.4
NPK (2019) 3.4 6.8 48 25 21.7
F test of significance at 5% level 0.3 0.3 5 3 1.2
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Buernor et al., 2024). The content of easily exchangeable
magnesium in the upper root layer of Gleyic Chernozems
soil during its long-term extensive (without fertilization)
agricultural use practically did not change (Table 3). This
was facilitated by the predominant cultivation of grasses, a
stable level of organic matter in the soil, which is the soiled
carrier of this fraction of magnesium, as well as an
increased, in general, the magnesium fund of the studied
soil (de Mello Prado, 2021; Chebotarev and Brovarova,
2023). On the contrary, in the control variant of the
experiment on Luvic Greyzemic Phaeozem soil, the content
of easily exchangeable magnesium significantly
decreased in comparison with virgin soil. The level of
humus in this soil during its agricultural use has
significantly decreased (Table 2) and the cultivation of row
crops contributed to a certain activation of the leaching
processes; it is known that magnesium ions have an
increased migratory ability (Senbayram et al., 2015;
Chernousenko et al., 2023) In addition, the removal of the
element with the alienated main and secondary plant
products could also have a certain effect (Yakimenko and
Naumova, 2021).

Long-term application of mineral fertilizers in the
variants of experiments on the studied soils caused a
significant decrease in the content of easily exchangeable

magnesium in the arable and subsoil layers (0-40 cm),
both relative to the control and virgin lands (Table 3). With
comparable crop yields in fertilized and non-fertilized
experiments (for example, control and NP on Luvic
Greyzemic Phaeozem soil, Table 1), it can be assumed
that the removal of magnesium by plants was not decisive
in the depletion of its soil reserves; the main influence was
probably provided by the leaching processes (Gransee
and Fuhrs, 2013; Lu et al., 2024). It is known that
monovalent cations (NH,, K, H) - are strong antagonists of
Mg, suppressing the processes of its fixation in the soil
and absorption by plants (Xie et al., 2020). In our
experiments, the long-term application of ammonium
nitrate caused the loss of the most mobile part of the
magnesium fund of the upper soil layer (0-40 cm).
Additional application of potassium chloride (Luvic
Greyzemic Phaeozem soil) and a concomitant significant
increase in the yield of cultivated crops did not
fundamentally affect this process, nevertheless, the
tendency for a further decrease was obvious. Earlier, the
scientific press reported on the intensification of the
processes of magnesium leaching from the soil with the
intensive use of mineral fertilizers (Shil'nikov et al., 2008;
Bogdevich and Lomonos, 2009; Tikhomirova, 2011;
Marschner, 2012; Senbayram et al., 2015 ).

Table 3: Changes in the content of magnesium forms in the soil of long-term field experiments.

Options Soail layer, Content of forms of magnesium, mg 100 g of soil*
cm Easily exchangeable Exchangeable Non-exchangeable
Gleyic chernozems
Original content (1978) 0-20 6.0 58 370
20-40 4.5 52 360
Perennial and annual grasses (2019)
No fertilizers 0-20 5.8 58 370
20-40 3.9 52 355
NP 0-20 3.3 53 340
20-40 2.6 50 335
Cereals and fodder crops (2019)
No fertilizers 0-20 5.3 58 365
20-40 4.2 51 340
NP 0-20 3.9 50 330
20-40 3.5 52 340
F test of significance at 5% level 1.4 5.0 41
Luvic greyzemic phaeozem
Original content (1988) 0-20 1.24 15 335
20-40 1.35 19 360
Vegetable crops and potatoes (2019)
No fertilizers 0-20 0.91 12 330
20-40 1.12 16 350
NP 0-20 0.72 11 320
20-40 0.69 10 340
NPK 0-20 0.63 8 315
20-40 0.64 8 340
F test of significance at 5% level 0.18 3.5 23
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Long-term extensive agricultural use of Gleyic
Chernozems soil did not affect the soil level of
exchangeable Mg (Table 3). Probably, the predominant
cultivation of grasses weakened the processes of
infiltration and leaching and the mineralization in the upper
soil layers of a large number of plant residues (Boiko, 2019)
contributed to the compensation of the removal of the
element with the harvest. However, judging by the slight
decrease in the content of the easily exchangeable fraction
of magnesium, it is obvious that, despite the external
invariability of the pool of intracellularly absorbed cations,
the soil's ability to desorb magnesium ions into the soil
solution to a certain extent decreased. Some equilibrium
between its forms, which existed in virgin soil, turned out to
be disturbed.

In the control variant of the experiment on Luvic
Greyzemic Phaeozem soil, the level of exchangeable
magnesium slightly decreased in comparison with virgin
soil (Table 3). This could be due to the long-term cultivation
of vegetables crops and potatoes with a small supply of
post-harvest plant residues to the soil, as well as infiltration
processes.

However, the main factor influencing the change in the
conditions of exchangeable magnesium in the soils of the
experiments was the use of mineral fertilizers.In Gleyic
Chernozems and Luvic Greyzemic Phaeozem the level of
exchangeable magnesium in NP variants decreased in
comparison with virgin lands and control variants not only
in the arable layer but also in the subsoil layer (Table 3).

Probably, the long-term use of ammonium nitrate, as
noted above, contributed to the displacement from the soil
complex not only of extramicellar easily exchanged
magnesium cations but also of its more strongly
intramicellar absorbed ions. With the additional application
of potash fertilizers and an increase in crop yields, there
was a tendency for a further decrease in the content of
exchangeable magnesium in the arable and sub-arable
soil horizons.

The scale of losses of soil magnesium in intensive
agrocenoses, as well as the nearest resources for
replenishing the level of its exchangeable form, can be
estimated by the content of non-exchangeable magnesium
in the soil. It is believed that non-exchangeable cations are
genetically related to three-layer clay minerals (Maguire
and Cowan, 2002; Hardter et al., 2005; Gransee and Fuhrs,
2013). The quantity and quality of these minerals in a
particular soil determine both the absolute content of the
exchangeable and non-exchangeable forms of soil
magnesium and the ratio between them. The content of
non-exchangeable magnesium in the soils of the variants
of our experiments, possibly due to the relatively high
absolute values, did not vary as clearly as in the case of the
more mobile forms of this cation (Table 3). Nevertheless, it
can be assumed that with long-term extensive agricultural
use of soils, the content of non-exchangeable magnesium
in them changes little. At the same time, with the long-term

use of mineral fertilizers and increased crop yields, there
is an obvious tendency to a decrease in the non-
exchangeable form of magnesium in the soil. This reflects
a weakening of the potential capacity of the soil due to a
decrease in the level of mobile forms of this element.

CONCLUSION

Studies carried out in long-term stationary field experiments
have shown that the systematic introduction of the
ammonium form of nitrogen fertilization into soils was
accompanied by a significant decrease in the content of
mobile forms of magnesium in the most root-inhabited
layer of all studied soils, under all crops grown, regardless
of their yield. With the additional application of potash
fertilizers, a tendency for a further decrease in the level of
mobile magnesium in the soil was observed. A significant
decrease in the reserves of the most mobile magnesium
fractions in soils of intensive agrocenoses with little change
in the content of non-exchangeable magnesium indicates
a decrease in the ability of these soils to maintain the
optimal level of this cation in the soil solution and the soil
absorbing complex.

To conclude, studying nutrients interaction, the content
of various forms of magnesium in the soil when growing
crops requires taking into account regional specifics - soil
type, climate, etc. Research of regional aspects of the
influence of long-term intensive agricultural use of soil on
crop yields and soil fertility indicators, including magnesium
content are still significant and are likely to remain because
of changes in climate and associated crop phenology.
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