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Abstract: As objects for reforestation, the least studied are carbonate substrates, which have a number
of specific features in terms of mineral composition, the exchange of nutrients, and biological activity.
The use of biological preparations of a consortium of bacteria of the genus Bacillus and mycorrhizal
fungi of the genus Glomus in growing seedlings of Scots pine (Pinus sylvestris L.) on carbonate
substrates provides the metabolic products; soluble and microelement salts function as catalysts
for chemical reactions of exudates and soil products; and a greater amount of plant heavy metals
(HM) Cu, Zn, Cd, and Pb accumulate in the soil. Among HMs, the random factors most strongly
determined an accumulation of Cd (the influence rate of random factors h2

x = 34.6%) and Pb (the
influence rate of random factors h2

x = 21.7%) in the plants. A trend of all studied HMs higher uptake
by the Cretaceous pine (Pinus sylvestris var. cretacea (Kalen.) Kom.) in comparison with the P. sylvestris
ecotype is revealed. Against the biological preparation background of Biogor KM and MycoCrop®, a
greater value of the HM’s biological absorption in comparison with the option without biological
preparations is noted. This process occurs against a background of a significant increase in the
nitrification capacity in the chalk fine-grained substrate (soil aggregates < 1 mm in size), which is
an indirect indicator of an increased intensity of microbiological processes. Spearman’s correlation
was noted between the coefficient of accumulation of Cu, Zn, Cd, and Pb in the dry matter of Scots
pine (P. sylvestris) seedlings and the nitrification capacity of substrate (rs = 0.610–0.744, p < 0.05),
as well as the relationship between the nitrification capacity index of substrate and the coefficient
of biological absorption of copper, zinc, and cadmium (rs = 0.543–0.765, p < 0.05). No relationship
was found between the coefficient of biological absorption of lead and other soil chemical property
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indicators. HM absorption by plants was random. No correlations have been established between an
accumulation of HMs and a content of total nitrogen, an absolute value of nitrate nitrogen, a humus
content, or a pH. The significance of the work is the possibility of providing reliable reforestation
with Scots pine (P. sylvestris) and Cretaceous pine (P. sylvestris var. cretacea) on the chalk outcrops
using the biological preparations Biogor KM, MycoCrop®, and BGT* methodology and ensuring soil
phytoremediation from HMs.

Keywords: Pinus sylvestris L.; Pinus sylvestris var. cretacea (Kalen.) Kom.; degraded soil on chalk
outcrops; heavy metals; biological product Biogor KM; Biogeosystem Technique

1. Introduction

The basis of economic, environmental, and political activity in various regions of the
world is low-productive lands unsuitable for intensive agriculture and forestry develop-
ment [1–5]. The need for both forest reclamation measures and projects for reforestation
and reintroduction of forest plantations in areas of growth in the past is being actively
discussed [6–9]. The natural mechanisms of absorption, biotransformation, and bioaccu-
mulation of pollutants in plants are to be accounted for.

The creation of forest plantations on degraded lands is considered a reserve for sustain-
able development and an effective mechanism for increasing biodiversity, stabilizing soil
fertility, sequestering CO2, and reducing the harmful chemicals and heavy metals (HMs)
rate of transfer in ecosystems [10–14].

For a comprehensive assessment of the degraded soils of the world and the devel-
opment of reforestation techniques, research is needed in regions with the most severe
forest growth conditions. A soil substrate is of great importance as the basis of reforestation
measures. In this regard, providing forest plants with minerals in conditions of soil fertility
deficiency is of particular importance.

With insufficient nutrition, characteristic of soils with low fertility, some elements,
even at a minimal amount, can have a toxic effect. It is important to study the processes
of absorption of HMs on specific substrates: saline soils, various kinds of outcrops of
soil-forming rocks, and dumps of industrial developments with low agrochemical and
biological activity. Of particular interest are the questions of the interaction of the woody
plants with the soil microflora under these conditions.

As objects for reforestation, the least studied are carbonate substrates, which have a
number of specific features in terms of mineral composition, the exchange of nutrients, and
biological activity [15,16].

The south of the Central Russian Upland has a number of features associated with a
wide distribution of ravine-gully complexes formed on the carbonate soil-forming rocks.
The landscape has a low level of projective cover. It is distinguished by a high level of
vertical and lateral mobility of substrates associated with a cryogenic process, a constant
exposure to water runoff, and an intense process of geological weathering. The features are
significant annual and average daily temperature fluctuations and a high albedo of the soil
surface [15–18].

Of particular importance is the rockiness of chalk substrates with a high propor-
tion of “skeletal” part (soil particles > 1 mm) compared to “fine grained aggregates”
(soil particles < 1 mm). In this regard, previous studies have shown that local soil formation
occurs on these substrates. A biological process does not occur in the entire volume of the
substrate but in cracks between large soil units in which small particles < 1 mm in size
are located. In these cracks, the accumulation and decomposition of plant residues, the
accumulation of various forms of nitrogen, and humidification run [19–22].

Figure 1 shows the profile of soddy-calcareous soil on the eluvium-chalk parent rock
in the ravine-gully complex.
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Figure 1. Soddy-calcareous soil profile on the eluvium chalk parent rock. Example of a soil profile
for ravine-gully complexes with chalk outcrops (Vatutino village, Valuysky district, Belgorod region.
Photo by V.I. Chernyavskih).

The specificity of the substrate determines the endemism and specificity of plants
capable of growing under poor development conditions [23–25]. In this regard, the forest
reclamation measures require a special approach in the choice of forest crops, cultivation
technologies, and approaches to the study of factors affecting the growth and development
of forest crops, especially in the early stages of development.

Pine is an obligate mycotroph capable of entering into symbiosis with 200–300 species
of ectomycorrhizal fungi. A host plant, providing fungi with photosynthesis products,
is able to assimilate water and mineral nutrients due to ectomycorrhiza, and mycorrhiza
increases plant resistance to adverse environmental factors.

The most valuable forest culture is P. sylvestris—Scots pine, which has the widest
ecological amplitude and a large number of ecotypes [26–28]. Scots pine is of great im-
portance for degraded landscapes due to a number of features and properties, such as
high polymorphism and high ecological amplitude. P. sylvestris is successfully growing in
various conditions. The pine culture is unique.

Of particular interest is the Cretaceous pine culture (P. sylvestris var. cretacea), an
ecotype formed on Cretaceous outcrops, which is a tertiary relic of the south of the Cen-
tral Russian Upland, preserved in the non-glacial zone during the last glaciation [29–33].
Previously, the effectiveness of pine cultures in the creation of forest plantations on chalk
outcrops was shown [34–36]. However, the issue of the seed reproduction of Scots pine
(P. sylvestris) ecotypes in culture and during self-recovery on chalk outcrops has not been
sufficiently studied [37–39]. Particular attention should be paid to the regulation of tree
growth and development processes at the initial stages of ontogenesis, starting from seed
germination in connection with the nitrogen regime and humus state, closely related to the
aggregation and microelement composition of the substrate.

The accumulation of toxic HMs in ecosystems and in the soil and their transport
by watercourses are considered serious environmental problems that can have severe
negative consequences for plants, animals, and humans. A number of microelements,
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known as HMs, can have an extremely negative impact on plants and associated consortia
of microorganisms, contributing to the deterioration of a soil’s nutrient regime [40–42].

HMs can carry an environmental hazard [43,44]. HMs transformation, absorption by
plants of various ecotypes, species, and families, and the influence of nitrification inhibitors,
mineral fertilizers, soil microorganisms, ectomycorrhizal fungi, etc. are studied on various
soil types [45–49].

As a geographic region, the south of the Central Russian Upland has a number of
features that require special solutions to environmental problems associated with the
presence of harmful substances and HMs in the ecosystem. A close occurrence of iron ore
seams, agriculture, a spread of linear erosion, and a high dissection of the territory can lead
to the danger of HM accumulation in agricultural landscapes and their transfer through the
hydrographic network to water bodies and further along food chains. In this regard, the
formation of biological barriers is necessary to block the accumulation of HM in vegetation
in degraded areas with ongoing active erosion processes. Despite the fact that the carbonate
substrate is a powerful solid-phase barrier for HM [40], the described local soil evolution
features and a high level of local biochemical processes can somewhat change the known
laws of HM uptake by plants. A well-known mycotrophy of Pinus species significantly
enhances the ability of plants to absorb hard-to-reach elements from substrate [50–52].

In this regard, the use of biological preparations based on fungi and bacteria, as
well as their consortiums and associations with biologically active substances, makes it
possible to create technologies for the effective development of both herbaceous and woody
vegetation on low-productive lands [53–55]. It has been shown that biopreparations based
on a consortium of fungi from the order Glomales can increase the germination rate of seeds
of various Pinus species [56,57], as well as the survival rate of young plants [58–61].

However, an issue of HM uptake by P. sylvestris plants raises concern [62–64]. It has
been shown that HMs have a variety of negative effects on cytogenetic and biochemical
features and seed germination of P. sylvestris [65–67]. Some researchers consider P. sylvestris
a model plant for studying a coniferous plant’s adaptation to the action of HMs [68].

The reforestation of the Scots pine (P. sylvestris) and Cretaceous pine (P. sylvestris var.
cretacea) on the chalk outcrops using the biological preparations Biogor KM and MycoCrop®

is promising for soil phytoremediation from HMs.
The aim of the research was to assess HMs accumulation and biological absorption

in the seedlings of two ecotypes of P. sylvestris depending on the application of bioprepa-
rations based on a consortium of fungi from the order Glomales and bacteria of the genus
Bacillus. Biologically active substances, their metabolic products, and microelements were
studied during reforestation on the chalk outcrops. Reforestation with Scots pine and Cre-
taceous pine on the chalk outcrops can ensure soil phytoremediation from HMs. Prospects
for improvement of soil environment services via the Biogeosystem Technique (BGT*)
methodology have been taken into account [69].

2. Materials and Methods
2.1. Research Area

The studies were carried out in the conditions of erosional landscapes in the south
of the Central Russian Upland, in ravine-gully complexes with chalk outcrops. Field
experiments were carried out on the territory of the Belgorod region (Russia). The region
is largely subject to water erosion, the spread of ravines, and gullies, with a territory
dissection coefficient of 1.4–1.7 km km−2. A feature of the region is the spread of the
iron ore and steel industries, with the extraction of iron ore by open and closed methods,
intensive agricultural production, and transport. The region is characterized by a temperate
continental climate with an average annual air temperature of 5.4 ◦C to 6.7 ◦C and an
average annual rainfall of 465–550 mm, including 60–75 mm of precipitation during the
growing season.

Two ecotypes of a Scots pine were taken for the study: Scots pine (P. sylvestris),
the standard ecotype, and Cretaceous pine (Pinus sylvestris var. cretacea), a tertiary relic,
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which is considered a separate species and referred to as the ecotype Pinus sylvestris var.
cretacea [29,30,32]. Seeds for the experiment were selected from typical habitats in the
Belgorod region.

2.2. Object Conditions and Experiment Layout

Field studies were carried out on a chalk outcrop (50.452995◦ N; 37.736746◦ E) near
the Verkhniye Lubyanki village in the Volokonovsky district of Belgorod oblast on a
southwestern slope. The experimental plot was chosen on the left bank of the Oskol River
tributary. A soil substrate is an outcrop of eluvium chalk (Figure 2).
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Weather conditions during the research period in 2018–2020 were characterized by
different amounts of precipitation (429–693 mm, 77.5–125.3% of the average annual norm)
and elevated average annual temperatures (9.2–10.4 ◦C, 2.9–4.1 ◦C above the average annual
norm). A value of Selyaninov hydrothermal moisture coefficient (HTC) K = R × 10/Σt
(where R is the sum of precipitation, mm, for the period with temperatures above +10 ◦C,
Σt is the sum of temperatures above +10 ◦C) ranged from 0.59 to 1.22 for the same period.

In a two-factor field experiment, we studied the accumulation of HMs in the vegetative
mass of seedlings of two Scots pine ecotypes: P. sylvestris and P. sylvestris var. cretacea,
depending on the seeds treatment with a biological product based on a consortium of
microorganisms and biologically active substances during sowing.

The general scheme of experiment is shown in Table 1.

Table 1. Research design (2018–2020).

Pine Ecotype
(Factor A)

Biological Product
(Factor B)

A1 Pinus sylvestris L.

B1 distilled water (c)

B2 Biogor KM

B3 MycoCrop®

A2 Pinus sylvestris var. cretacea (Kalen.) Kom.

B1 distilled water (c)

B2 Biogor KM

B3 MycoCrop®
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The experiment was performed in triplicate.
In each replicate plot of the experiment, seeds were sown at a rate of 100 pcs. viable

seeds per 1 m2. Thus, 200 seeds were sown per registration plot (2 m2), and 500 seeds were
sown per total plot (5 m2). In the spring of 2019, the number of seedlings, depending on
the options for the experiment, varied from 41.5 to 55.8 pcs per 1 m2 [70].

An accounting plot area of 2 m2 (1 m × 2 m) has been chosen as optimal for laboratory
and field experiments with coniferous crop seedlings based on previous studies [69]. The
total area of the replicate plot was 5 m2 (2.5 m × 2 m). The total area of the gross experiment
was 100 m2. The total area of the experimental plots was 90 m2. The total net accounting
area of the plots was 36 m2.

By the autumn of 2020, depending on the variant of the experiment, the number of
seedlings in each study plot ranged from 11.3 to 27.8 pcs m−2.

A mixed sample for determining HM content was formed from 20 biennial seedlings
for each repetition of the experiment in triplicate.

The studied biopreparations, Biogor KM (Russia) and MycoCrop®, are available on
the market.

Biogor KM (Russia) is a biological preparation on a liquid carrier based on a consortium
of bacteria of the genus Bacillus and mycorrhizal fungi of the genus Glomus. Metabolic
products, soluble salts, and salts of microelements act as catalysts for chemical reactions
in exudates and products. The composition includes six strains of microorganisms. The
method of application is a finely dispersed spraying of seeds before sowing.

MycoCrop® (Germany) is a preparation based on the fungi Glomus proliferum,
G. intraradice, G. etunicatum, and G. mosseae. A carrier is clay microgranules. The method of
application is an introduction into the soil together with the seeds during sowing.

2.3. Sampling and Research

Soil samples were taken before sowing at a depth of 20 cm with a drill using the
envelope method in five places in each plot, and a mixed sample in each plot was formed
for analysis. After preparing the mixed sample, the soil was brought to an air-dry state. By
sieving with a round cell d = 1 mm, the substrate was mechanically separated to the size
fraction less than 1 mm and to the skeletal part with a size of more than 1 mm, not affected
by the soil-forming process.

For the analysis, only the fine aggregate fraction of less than 1 mm, which accumu-
lates in cracks between large soil units and plays a fundamental role in the growth and
development of plants on carbonate outcrops, was used. A fine aggregate fraction of less
than 1 mm was ground and used for further analysis.

The humus content in the soil was determined according to the Tyurin method in the
modification of TsINAO (Soils. Methods for determination of organic matter). For oxidation,
a solution of potassium dichromate in sulfuric acid was used. The trivalent chromium
equivalent to the content of organic matter was determined on a photoelectric colorimeter.
The photometry of the solutions was carried out in a cuvette with a transillumination
thickness of 2 cm relative to the reference solution, wavelength 590 nm [71].

The determination of the pH of the dense residue and aqueous extract was carried out
by the electrical conductivity method (Soils. Methods for determination of specific electrical
conductivity, pH, and solid residue of water extract). The extraction of water-soluble salts
from the soil was carried out with distilled water at a ratio of soil to water of 1:5, and the pH
was measured using a pH meter. The pH meter was adjusted using three buffer solutions
with pH 4.01, 6.86, and 9.18 prepared from standard titers [72].

The content of total nitrogen in the soil substrate was determined by photoelectrocol-
orimetry (Soils. Methods for determination of total nitrogen). An optical density of the
solution was measured at a wavelength of 655 nm relative to a zero solution in a cuvette
with an absorbing layer thickness of 1 cm. Based on the results, a calibration graph was
built [73].
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The content of the nitrate nitrogen was measured by the ionometric method (Soils.
Determination of nitrates by the ionometric method). Nitrates were extracted with a
solution of potassium alum with a mass fraction of 1% at a ratio of 1:2.5 between the mass
of the soil sample and the volume of the solution. The content of nitrates in the extract was
determined using an ion-selective electrode [74].

The nitrification ability of the substrate was determined by the Koravkov method. The
content of nitrates in the soil was measured by the ionometric method according to the
methodology described above. Then, the soil substrate was composted in a thermostat at a
temperature of 28 ◦C and a humidity of 60% for 7 days. The content of the nitrates was
determined again. A difference between the initial content of nitrates in the substrate and
the content after composting is an indicator of nitrification ability. That is, an ability of the
substrate to accumulate nitrates under the influence of microbiological processes [75].

The content of HMs in soil and plant samples was determined in accordance with the
guidelines for the determination of HMs in soils of agricultural lands and products [76].

The Cu, Zn, Cd, and Pb extractable (mobile) forms in the soil were determined by
atomic absorption spectroscopy with flame atomization. An extraction was carried out
from the separate samples in two repetitions. An ammonium acetate buffer solution (AAB)
with pH 4.8 was used as an extractant. A single soil sample mass was 10 g. The ratio
of soil to solution was 1:10. Used analytical lines: for Zn—213.8 nm, for Cu—324.7 nm,
Pb—217.0 nm, and for Cd—228.8 nm. The gas mixture was acetylene–air [76].

Biennial seedlings were used to determine HMs in plants. Plants were uprooted,
brought to an air-dry state, transferred to laboratory conditions, and analyzed in accordance
with the methods.

The HMs, Cu, Zn, Cd, and Pb content in plant samples was determined in an ash
solution on an atomic absorption spectrophotometer. The plant samples were mineralized
via dry ashing [77]. An acid extraction of a metal from the ash was carried out with diluted
nitric acid (1:1). The extract was kept in a boiling water bath for 30 min. The settled filtrate
was used for analysis. The determination of a metal in the ash solution was carried out on
an atomic absorption spectrophotometer with flame atomization according to the method
described above for the soil.

The biological absorption coefficient (BAC) was calculated as a ratio of a mobile form
of metal in the soil to its accumulation in the dry matter (DM) of plants. The whole batch of
two-year-old plant seedlings was used for analysis.

2.4. Data Processing and Statistical Analysis

The experimental data were statistically processed. An assessment of the reliability of
the results was fulfilled. A strength in the influence of organized factors was identified. The
method of analysis of two-factor complex variance (ANOVA) was used. The average values
(M), standard errors (m), and coefficients of variation (Cv, %) were calculated. Spearman’s
rank correlation (rs) was used to identify the closeness of a relationship between the studied
traits. Calculations were carried out using Microsoft Excel 10.

3. Results
Accumulation of HMs in the Dry Mass of Seedlings of Two P. sylvestris Ecotypes

It should be noted that there is a slight variation in the indicators of the chemical
composition of the soil substrate. The coefficient of variation ranged from 1.43 to 9.85%,
which indicates the evenness of the area where the test was carried out.

Studies have not established a significant difference in the content of humus, various
forms of nitrogen, pH, or mobile forms of HMs in particles of soil substrate < 1 mm over
the period of study in different variants of the experiment. Data on the analysis of soil
substrate on average for 2019–2020 are shown in Table 2.
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Table 2. Chemical composition (mean ± error) of mechanical substratum particles less than 1 mm in
size in the chalk outcrop (2019–2020).

Parameter M ± m Cv lim

Mobile form Cu, mg kg−1 8.12 ± 0.54 7.56 7.00–9.10

Mobile form Zn, mg kg−1 4.28 ± 0.27 7.90 3.73–4.90

Mobile form Cd, mg kg−1 0.11 ± 0.01 8.25 0.09–0.12

Mobile form Pb, mg kg−1 1.28 ± 0.10 9.85 1.11–1.50

Ntotal content, % 0.16 ± 0.01 7.82 0.15–0.18

N-NO3 Ccontent, mg kg−1 14.46 ± 0.91 7.44 12.90–16.30

Nitrification capacity, mg kg−1 17.92 ± 1.11 7.44 12.90–16.30

Humus content, % 2.13 ± 0.12 7.28 1.90–2.43

pH value 7.84 ± 0.09 1.43 7.66–8.03
Note: M is the average value; m is the mean error; Cv is the coefficient of variation; lim are limiting values of
variation; n = 3.

HMs accumulation in the dry mass of seedlings against nutrition backgrounds is
shown in Table 3. It was found that the differences in the absolute values of HM content
were insignificant in the different ecotypes of P. sylvestris. The use of biological preparations
provides a significant increase in the content of HM in the dry mass of seedlings in both
pine ecotypes by 1.2–1.5 times. The value depended on the origin of the chemical element.
The absolute content of Cu increased most significantly.

Table 3. Accumulation of HMs in the dry mass of seedlings of two ecotypes of P. sylvestris L. using
biological preparations Biogor KM and MycoCrop® (mean ± error).

Pine Ecotype Biological
Preparation

Accumulation of HMs, mg kg−1

Cu Zn Cd Pb

Pinus sylvestris L.

Water (c) 3.11 ± 0.03 A a 9.38 ± 0.28 B a 0.11 ± 0.01 C a 0.95 ± 0.05 B a

Biogor KM 4.58 ± 0.10 A b 12.27 ± 0.78 B b 0.17 ± 0.03 C b 1.13 ± 0.03 D b

MycoCrop® 4.67 ± 0.10 A b 12.55 ± 0.31 B b 0.14 ± 0.01 C b 1.14 ± 0.04 D b

Pinus sylvestris var.
cretacea (Kalen.)

Kom.

Water (c) 3.24 ± 0.06 A a 10.11 ± 0.14 B a 0.12 ± 0.01 C a 0.99 ± 0.01 D a

Biogor KM 4.79 ± 0.11 A b 13.57 ± 0.11 B b 0.17 ± 0.03 C b 1.07 ± 0.05 D a

MycoCrop® 4.54 ± 0.14 A b 13.31 ± 0.12 B b 0.16 ± 0.01 C b 1.07 ± 0.06 D a

Note: In every cell of the table are presented the average value (first digit) and mean error (second digit).
Different capital letters describe statistically significant differences between HMs (in rows). Different lowercase
letters describe statistically significant differences between biological preparations Biogor KM and MycoCrop®

(in column). Tukey HSD test, p < 0.05; n = 3.

A two-factor analysis of variance (ANOVA) was used to assess the influence of the
studied factors “pine ecotype” and “biological product” on the resulting trait “accumulation
of HMs in plants”. The results are shown in Table 4. The biological preparations Biogor
KM and MycoCrop® most strongly affect the content of HMs in the dry mass of pine
seedlings. A significant difference between the ecotypes of P. sylvestris was established
only in the content of Zn in the dry mass. Among the HMs, the most strongly random
factors determined the accumulation of Cd (the strength of influence of random factors
h2

x = 34.6%) and Pb (the strength of influence of random factors h2
x = 21.7%) in plants.
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Table 4. Results of two-way analysis of variance (ANOVA) of the influence of various factors on the
accumulation of HMs in seedlings of two ecotypes of P. sylvestris L. on chalk outcrops.

Resulting Trait Source of
Variation D n − 1 s2 Ff F0.05 h2

x

Accumulation of Cu in
plants, mg kg−1 DM

Total 8.98 17 100.0

Reps 0.03 2 0.4

Random 0.19 10 0.02 2.1

A 0.02 1 0.02 1.2 5 0.3

B 8.63 2 4.32 224.0 * 4.1 96.1

A × B 0.10 2 0.05 2.5 4.1 1.1

Accumulation of Zn in
plants, mg kg−1 DM

Total 48.20 17 100.0

Reps 1.34 2 2.8

Random 2.25 10 0.22 4.7

A 3.88 1 3.88 17.3 * 5 8.1

B 40.43 2 20.21 89.9 * 4.1 83.9

A × B 0.30 2 0.15 0. 7 8.8 0.6

Accumulation of Cd in
plants, mg kg−1 DM

Total 0.019 17 100.0

Reps 0.001 2 7.0

Random 0.007 10 0.001 34.6

A 0.001 1 0.001 0.9 8.8 3.2

B 0.010 2 0.005 7.8 * 4.1 54.2

A × B 0.000 2 0.000 0.1 8.8 0.9

Accumulation of Pb in
plants, mg kg−1 DM

Total 0.129 17 100.0

Reps 0.010 2 7.9

Random 0.028 10 0.003 21.7

A 0.004 1 0.004 1.6 5 3.4

B 0.074 2 0.037 13.2 * 4.1 57.2

A × B 0.013 2 0.006 2.3 4.1 9.8
Note. Factor A—“pine ecotype”; factor B—“biological product”; D is the sum of squared deviations (deviant);
s2—dispersion; n − 1 is the number of degrees of freedom; h2

x—the strength of influence on the effective attribute;
*—statistically significant differences; n = 3.

Table 5 shows the biological absorption coefficient (BAC) for TMs. It was found
that BAC increased against the background of the biological preparations Biogor KM and
MycoCrop® in both studied ecotypes of P. sylvestris.

A significant increase in BAC was found for Cu in the ecotype P. sylvestris against
the background of biological preparations Biogor KM and MycoCrop® by 1.29–1.30 times,
in the ecotype P. sylvestris var. cretacea by 1.49–1.55 times; BAC Zn increased in the dry
matter of P. sylvestris against the background of biological preparations Biogor KM and
MycoCrop® by 1.3 times, and in P. sylvestris var. cretacea by 1.39–1.41 times.

The trend of higher uptake of all studied HMs by the P. sylvestris var. cretacea ecotype
compared to the P. sylvestris ecotype was established against the background of the use
of biological preparations Biogor KM and MycoCrop®. Under comparable conditions of
a field experiment, when using biological preparations Biogor KM and MycoCrop®, a
significant excess of BAC in P. sylvestris var. cretacea plants compared to P. sylvestris was
found only for Cu.

The results of a two-factor analysis of variance for HMs and an assessment of the
strength of the influence of factors are shown in Table 6.
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Table 5. BAC of HMs uptake by seedlings of two P. sylvestris L. ecotypes under different biological
preparations, Biogor KM and MycoCrop®, in the chalk substrate (mean ± error).

Pine Ecotype Biological
Preparation

HM

Cu Zn Cd Pb

Pinus sylvestris L.

Water (c) 0.41 ± 0.03 A a 2.26 ± 0.07 B a 1.02 ± 0.13 C a 0.80 ± 0.12 C a

Biogor KM 0.54 ± 0.02 A b 2.95 ± 0.26 B b 1.56 ± 0.22 C b 0.93 ± 0.04 D b

MycoCrop® 0.53 ± 0.02 A b 3.02 ± 0.19 B b 1.26 ± 0.06 C b 0.81 ± 0.05 D a

Pinus sylvestris var.
cretacea (Kalen.)

Kom.

Water (c) 0.40 ± 0.01 A a 2.23 ± 0.05 B a 0.99 ± 0.07 C a 0.73 ± 0.02 D a

Biogor KM 0.62 ± 0.02 A b 3.11 ± 0.20 B b 1.60 ± 0.16 C b 0.85 ± 0.08 D b

MycoCrop® 0.57 ± 0.03 A b 3.14 ± 0.16 B b 1.53 ± 0.16 C b 0.88 ± 0.09 D b

Note: In every cell of the table are presented the average value (first digit) and mean error (second digit). Different
capital letters describe statistically significant differences between HMs (in rows). Different lowercase letters
describe statistically significant differences between biological preparations Biogor KM and MycoCrop® (in the
column). Tukey HSD test, p < 0.05; n = 3.

It has been established that the BAC of Cu, Zn, and Cd values are most strongly
influenced by the studied factor “biological preparation”, with the strength of influence,
respectively, h2

x(Cu) = 82.9%; h2
x(Zn) = 78.7%; h2

x(Cd) = 63.9%. There was no significant
effect of organized factors on the BAC Pb, which has depended to a greater extent on
random factors. A significant effect of the ecotype on the BAC was revealed only for Cu.

Table 6. ANOVA two-way analysis of variance of HMs uptake by seedlings of P. sylvestris L. on
chalk outcrops.

Resulting
Trait

Source of
Variation D n − 1 s2 Ff F0.05 h2

x

BAC Cu

Total 0.127 17 100.0

Reps 0.001 2 0.6

Random 0.010 10 0.001 7.8

A 0.005 1 0.005 4.9 5 3.8

B 0.106 2 0.053 53.0 * 4.1 82.9

A × B 0.006 2 0.003 3.1 4.1 4.9

BAC Zn

Total 3.335 17 100.0

Reps 0.000 2 0.0

Random 0.654 10 0.065 19.6

A 0.027 1 0.027 0.4 8.8 0.8

B 2.623 2 1.312 20.1 * 4.1 78.7

A × B 0.031 2 0.015 0.2 8.8 0.9

BAC Cd

Total 1.634 17 100.0

Reps 0.056 2 3.4

Random 0.424 10 0.042 25.9

A 0.036 1 0.036 0.9 8.8 2.2

B 1.044 2 0.522 12.3 * 4.1 63.9

A × B 0.075 2 0.037 0.9 8.8 4.6
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Table 6. Cont.

Resulting Trait Source of
Variation D n − 1 s2 Ff F0.05 h2

x

BAC Pb

Total 0.198 17 100.0

Reps 0.045 2 22.6

Random 0.085 10 0.009 43.0

A 0.003 1 0.003 0.3 8.8 1.4

B 0.046 2 0.023 2.7 4.1 23.4

A × B 0.019 2 0.010 1.1 4.1 9.7

Note. Factor A—“pine ecotype”; factor B—“sowing time”; D is the sum of squared deviations (deviant);
s2—dispersion; n − 1 is the number of degrees of freedom; h2

x is the strength of influence on the effective
attribute; *—statistically significant differences; n = 3.

Table 7 shows a strong and medium-positive relationship between the accumulation
of HMs and the corresponding BAC and nitrification capacity of the soil substrate. De-
pending on the HM, Spearman’s correlation coefficients fluctuated in the absolute values
(rs = 0.610–0.744, p < 0.05) and in the value of the BAC (rs = 0.427–0.765, p < 0.05).

Table 7. Relationship between the accumulation of HMs, corresponding BAC, and nitrification
capacity of the soil substrate.

Soil Chemical and
Biological Indicators

HM Accumulation, mg kg−1 BAC

Cu Zn Cd Pb Cu Zn Cd Pb

Nitrification capacity, mg kg−1 0.744 * 0.662 * 0.787 * 0.610 * 0.543 * 0.549 * 0.765 * 0.227

N–NO3 content, mg kg−1 0.132 0.006 0.067 −0.222 −0.031 -0.109 −0.087 −0.293

Ntotal content. % 0.065 0.083 −0.045 −0.327 −0.251 −0.024 0.013 0.017

Humus content, % −0.041 −0.178 −0.057 −0.103 −0.117 0.070 0.069 0.098

pH 0.090 0.050 0.025 0.220 −0.146 −0.079 −0.126 −0.044

*—statistically significant correlation; n = 3.

4. Discussion

It is necessary to develop methods that provide an understanding of the trends in
the genotype-environmental interactions of plant organisms with the environment and,
especially, the highly toxic chemicals in the environment. The genetic features of coniferous
plants and their diversity make it possible to take into account a wide range of negative
factors that limit the favorable growth of forest crops in various environmental conditions.

At present, phytoremediation, i.e., the fixation and neutralization of HMs in plants,
is considered to be an environmentally and economically efficient method [78]. In this
regard, our approach is consistent with a general global trend in research on the interaction
of plants and HMs, which is especially relevant in a hydrographic network of erosion
landscapes. The use of various pine ecotypes allows for choosing the right directions in the
study of the soil–microorganism–plant system.

In the study, we developed environmentally and economically efficient afforesta-
tion measures based on the natural mechanisms of absorption, biotransformation, and
bioaccumulation of pollutants in plants [79].

The studies showed that the Scots pine (P. sylvestris), including the Cretaceous
(P. sylvestris var. cretacea) one, can become more important for degraded landscapes using
the biological preparations Biogor KM and MycoCrop®. This helps to utilize the use-
ful properties of P. sylvestris—high polymorphism and high ecological amplitude—for
successfully growing in the conditions of the chalk outcrops.

Even though the Scots pine (P. sylvestris), as an obligate mycotroph, enters into sym-
biosis with many ectomycorrhizal fungi species [80,81], the biological preparations Biogor
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KM and MycoCrop® improve this capability. The preparations provide fungi with more
photosynthesis products, and a host plant mycorrhiza improves plant resistance to poor
environments [52,61,82,83].

Reliable data have been obtained showing that mycorrhiza protects pine seedlings from
soil pathogens and nematodes, starting from the first stages of plant ontogenesis [84,85]. In
this regard, treatment of pine seedlings with spores of ectomycorrhizal fungi increases the
survival rate of plants, especially during the first years of life [86,87].

The formation of an ectomycorrhiza and the symbiotic relationships with beneficial
microflora are necessary conditions for a pine seedling’s survival at the early stages of
ontogenesis [81]. In this regard, our data agree with other authors on the need to treat
the seeds of P. sylvestris with the biological preparations Biogor KM and MycoCrop®

based on mycorrhizal fungi. This should become an obligatory method for increasing
reforestation’s efficiency.

With the use of biological preparations Biogor KM and MycoCrop® based on a
consortium of microorganisms during sowing, a greater amount of HMs (Cu, Zn, Cd,
and Pb) is accumulated in the Scots pine (P. sylvestris) seedlings. This process occurs
against a background of a significant increase in the nitrification capacity of the fine ag-
gregate chalk substrate (soil aggregates < 1 mm). Cretaceous pine culture (P. sylvestris var.
cretacea) accumulates a larger amount of HMs compared to P. sylvestris, indicating a greater
symbiotrophy of P. sylvestris var. cretacea on carbonate outcrops.

In previous studies conducted on deciduous and coniferous species, it was suggested
that a ramified ectotrophic mycorrhiza formation in the soil prevents the entry of HMs
into plants [88]. A strong negative correlation was established between the abundance of
arbuscular mycorrhizal fungi in the rhizosphere and the HM content in the plants.

However, studies conducted with various coniferous crops have shown that ectomyc-
orrhiza does not have selectivity for trace elements. Simultaneously with the absorption
of the necessary amount of mineral substances, the transport and absorption of HMs ions
increase [48]. A simultaneous treatment with arbuscular mycorrhiza and microorganisms
enhances the effect of HMs absorption and their accumulation in biomass. This increases
the stress resistance of host plants to the toxic effects of HMs [89]. These data are consistent
with ours: when plants of both P. sylvestris and P. sylvestris var. cretacea ecotypes were
treated with the biopreparations Biogor KM and MycoCrop® based on a consortium of
microorganisms, along with an increase in the content of HMs in the vegetative mass,
survival increased.

An increase in the nitrifying ability of substrates when using biological preparations
Biogor KM and MycoCrop®, as well as a high positive relationship between the accumula-
tion of HMs in seedlings and the nitrifying ability of the fine aggregate substrate, confirms
the fact of an increase in biological activity in the rhizosphere on a carbonate substrate.
Previously, this process has been repeatedly observed in other species—Galega orientalis
Lam. and Medicago varia Mart. [90,91].

There is a close Spearman correlation between the BAC of Cu, Zn, Cd, and Pb in
the dry matter of Scots pine (Pinus sylvestris L.) seedlings and the nitrification capacity of
substrate (rs = 0.610–0.744, p < 0.05), as well as the relationship between the nitrification
capacity and the value of the BAC of Cu, Zn, and Cd (rs = 0.543–0.765, p < 0.05). No
relationship was found between the BAC of Pb and other indicators.

Improved environmental services for Scots pine (P. sylvestris) growth can be achieved
using the Biogeosystem Technique (BGT*) methodology [68,92,93]. The BGT* application in
the form of intra-soil mechanical processing for soil structure and architecture improvement,
intra-soil pulse continuous-discrete watering, and intra-soil matter recycling is capable of
enhancing the soil nitrification ability [94], stabilizing and increasing the soil organic matter
content [95–97], ensuring the HM intra-soil passivation [98], and providing a long-term
efficient nutrition and stimulation function of nanomaterials, polymicrobial biofilms, and
humic substances [99–101].
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5. Conclusions

A result of the study is an improved development of the Scots pine (P. sylvestris),
including Cretaceous pine (P. sylvestris var. cretacea) seedlings, treated with the biological
preparations Biogor KM, created in Russia on the basis of a consortium of bacteria of
the genus Bacillus and mycorrhizal fungi of the genus Glomus, their metabolic products
and microelements, and MycoCrop®. These treatments provided a statistically significant
increase in the absorption of Cu, Zn, and Cd by Scots pine seedlings, a long-term HMs
concentration in the wood, and reliable HMs removal from the soil. We assess this as an
important phytoameliorative effect. Biogor KM and MycoCrop® increased the nitrification
capacity of the soil at a statistically significant level. The use of Biogor KM enhances Scots
pine growth and HMs transfer to a seedling at the same level as MycoCrop®, developed in
Germany, provides.

The significance of the work is the possibility of providing reliable reforestation with
Scots pine (P. sylvestris) and Cretaceous pine (P. sylvestris var. cretacea) on the chalk outcrops
using the biological preparations Biogor KM, MycoCrop®, and BGT* methodology and
ensuring soil phytoremediation from HMs.

Author Contributions: Conceptualization, V.M.K., A.A.Z., M.G.B. and V.P.K.; data curation, E.V.D.,
V.G.K., I.V.Z., S.S.M. and M.V.B.; formal analysis, B.B.K., I.V.Z., V.A.C. and S.S.M.; funding acquisition,
A.P.G., M.A.S. and L.V.P.; investigation, V.I.C., E.V.D., L.D.S. and V.G.K.; methodology, V.M.K. and
V.I.C.; project administration, A.P.G.; resources, A.P.G. and L.V.P.; software, L.D.S., B.B.K. and V.A.C.;
supervision, A.A.Z., S.S.M. and V.A.C.; validation, L.L.S., E.V.D., L.R.V. and M.V.B.; visualization,
V.I.C., I.V.Z. and M.V.B.; writing—original draft, V.G.K. and V.I.C.; writing—review and editing,
M.G.B., M.A.S., L.L.S., L.R.V. and V.P.K. All authors have read and agreed to the published version of
the manuscript.

Funding: The research was carried out within the framework of the State task on the topic “Immobi-
lization of trace elements by the products of interactions of layered silicates with soil organic matter
and microorganisms” (Additional Agreement No. № 073-03-2023-030/2 from 14 February 2023 to
Agreement № 073-00030-23-02 from 13 February 2023).

Data Availability Statement: Data are available on request to the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ota, L.; Herbohn, J.; Gregorio, N.; Harriso, S. Reforestation and smallholder livelihoods in the humid tropics. Land Use Policy

2020, 92, 104455. [CrossRef]
2. Tinya, F.; Kovács, B.; Aszalós, R.; Németh, C.; Ódor, P. Initial regeneration success of tree species after different forestry treatments

in a sessile oak-hornbeam forest. For. Ecol. Manag. 2020, 459, 117810. [CrossRef]
3. Dambrine, E.; Dupouey, J.L.; Laüt, L.; Humbert, L.; Thinon, M.; Beaufils, T.; Richard, H. Present forest biodiversity patterns in

France related to former Roman agriculture. Ecology 2007, 88, 1430–1439. [CrossRef]
4. Harmer, R.; Peterken, G.; Kerr, G.; Poulton, P. Vegetation changes during 100 years of development of two secondary woodlands

on abandoned arable land. Biol. Conserv. 2001, 101, 291–304. [CrossRef]
5. Cramer, V.; Hobbs, R.; Standish, R. What’s new about old fields? Land abandonment and ecosystem assembly. Trends Ecol. Evol.

2008, 23, 104–112. [CrossRef]
6. Belyaev, A.I.; Pugacheva, A.M.; Korneeva, E.A. Assessment of Ecosystem Services of Wetlands of the Volga-Akhtuba Floodplain.

Sustainability 2022, 14, 11240. [CrossRef]
7. Pan, Y.; Birdsey, R.A.; Phillips, O.L.; Jackson, R.B. The structure, distribution, and biomass of the world’s forests. Annu. Rev. Ecol.

Evol. Syst. 2013, 44, 593–622. [CrossRef]
8. Castle, S.E.; Miller, D.C.; Merten, N.; Ordonez, P.J.; Baylis, K. Evidence for the impacts of agroforestry on ecosystem services and

human well-being in high-income countries: A systematic map. Environ. Evid. 2022, 11, 10. [CrossRef]
9. Kosolapov, V.M.; Trofimov, I.A.; Trofimova, L.S.; Yakovleva, Y.P. Agrolandscapes Management for Raising the Productivity and

Sustainability of Agricultural Lands in Russia. Russ. Agric. Sci. 2010, 36, 115–118. Available online: https://www.elibrary.ru/
download/elibrary_13085111_31403787.pdf (accessed on 1 January 2020). (In Russian) [CrossRef]

10. Xie, J.; Guo, J.; Yang, Z.; Huang, Z.; Chen, G.; Yang, Y. Rapid accumulation of carbon on severely eroded red soils through
afforestation in subtropical China. For. Ecol. Manag. 2013, 300, 53–59. [CrossRef]

11. Post, W.; Kwon, K. Soil carbon sequestration and land-use change: Processes and potential. Glob. Chang. Biol. 2000, 6, 317–327.
[CrossRef]

https://doi.org/10.1016/j.landusepol.2019.104455
https://doi.org/10.1016/j.foreco.2019.117810
https://doi.org/10.1890/05-1314
https://doi.org/10.1016/S0006-3207(01)00072-6
https://doi.org/10.1016/j.tree.2007.10.005
https://doi.org/10.3390/su141811240
https://doi.org/10.1146/annurev-ecolsys-110512-135914
https://doi.org/10.1186/s13750-022-00260-4
https://www.elibrary.ru/download/elibrary_13085111_31403787.pdf
https://www.elibrary.ru/download/elibrary_13085111_31403787.pdf
https://doi.org/10.3103/S1068367410020114
https://doi.org/10.1016/j.foreco.2012.06.038
https://doi.org/10.1046/j.1365-2486.2000.00308.x


Forests 2023, 14, 1492 14 of 17

12. Guo, L.B.; Gifford, R.M. Soil carbon stocks and land use change: A meta-analysis. Glob. Chang. Biol. 2002, 8, 345–360. [CrossRef]
13. Jandl, R.; Lindner, M.; Vesterdal, L.; Bauwens, B.; Baritz, R.; Hagedorn, F.; Johnson, D.W.; Minkkinen, K.; Byrne, K.A. How

strongly can forest management influence soil carbon sequestration? Geoderma 2007, 137, 253–268. [CrossRef]
14. Vesterdal, L.; Rosenqvist, L.; van der Salm, C.; Hansen, K.; Groenenberg, B.J.; Johansson, M.B. Carbon sequestration in soil and

biomass following afforestation: Experiences from oak and Norway spruce chronosequences in Denmark, Sweden, and the
Netherlands. In Environmental Effects of Afforestation in North-Western Europe; Heil, G.W., Muys, B., Hansen, K., Eds.; Plant and
Vegetation; Springer: Dordrecht, The Netherlands, 2007; pp. 19–51. [CrossRef]

15. Kukharuk, N.S.; Smirnova, L.G.; Kalugina, S.V.; Polschina, M.A.; Chernyavsky, V.I. The state of gray forest soils, conditioned by
microclimatic variability, in the south of the forest-steppe of the Central Russian Upland. Int. J. Green Pharm. 2017, 11, 626–630.
[CrossRef]

16. Lisetsky, F.N.; Vladimirov, D.; Cherniavskih, V. Evaluation of Soil Biological Activity by a Vertical Profile and Erosion Catena.
Biosci. Biotechnol. Res. Commun. 2019, 12, 7–16. Available online: http://dspace.bsu.edu.ru/handle/123456789/27368 (accessed
on 1 January 2020).

17. Kozar, M.; Sabliy, L.; Korenchuk, M.; Karpenko, N.; Makeev, S.; Korshunov, A.; Kosolapov, V. The role of higher plants in
wastewater treatment (on the example of Lemma minor). IOP Conf. Ser. Earth Environ. Sci. 2019, 390, 012002. [CrossRef]

18. Kosolapov, V.M.; Trofimov, I.A. Reclamation is an Important Factor in the Development of Fodder Production. Achiev. Sci.
Technol. APK 2011, 1, 43–45. Available online: https://www.elibrary.ru/download/elibrary_16333617_27771432.pdf (accessed on
1 January 2020). (In Russian).

19. Malyshev, A.V.; Goleusov, P.V. Critical value of the relief factor and the erosion hazard of the agrolandscapes in the Belgorod
region. Sci. Bull. Belgorod State Univ. Ser. Nat. Sci. 2019, 43, 63–75. [CrossRef]

20. Gorbunov, A.S.; Mikhno, V.B.; Bikovskaya, O.P.; Sarychev, D.V. Approaches to the plane landscapes altitudinal organization study.
IOP Conf. Ser. Earth Environ. Sci. 2022, 949, 012097. [CrossRef]

21. Mikhno, V.B.; Gorbunov, A.S. Karst denudation as a factor of landscape genesis of the Central Chernozem region. Reg. Geosyst.
2021, 45, 155–167.

22. Mikhno, V.B.; Bykovskaya, O.P.; Gorbunov, A.S. Regional features litholandscape genesis of the Central Chernozem region. Reg.
Geosyst. 2020, 44, 29–40. [CrossRef]

23. Degtyar’, O.V.; Chernyavskikh, V.I. The environment-forming role of endemic species in calciphilous communities of the southern
Central Russian Upland. Russ. J. Ecol. 2006, 37, 143–145. [CrossRef]

24. Chernyavskikh, V.I.; Dumacheva, E.V.; Lisetsky, F.N.; Tsugkiev, B.G.; Gagieva, L.C. Floral Variety of FabaceaeLindl. Family in
Gully Ecosystems in the South-West of the Central Russian Upland. Biosci. Biotechnol. Res. Commun. 2019, 12, 203–210. Available
online: https://www.researchgate.net/publication/335397339 (accessed on 10 January 2020). [CrossRef]

25. Cherniavskih, V.I.; Dumacheva, E.V.; Borodaeva, Z.A.; Gorbacheva, A.A.; Horolskaya, E.N.; Kotsareva, N.V.; Korolkova, S.V.;
Gagieva, L.C. Features of Intra Population Variability of Medicago Varia Mart. With the Expressed Mf-Mutation on a Complex
Qualitative Characteristics. EurAsian J. BioSciences 2019, 13, 733–737. Available online: http://www.ejobios.org/download/
features-of-intra-population-variability-of-medicago-varia-mart-with-the-expressed-mf-mutation-on-a-7162.pdf (accessed on
10 January 2020).

26. Danilov, Y.I.; Smirnov, A.P.; Petrov, V.A. Growth of pine crops during recultivation of sand pits of the Karelian Isthmus. Proc. St.
Petersburg For. Acad. 2017, 219, 6–17. [CrossRef]

27. Danilov, D.A.; Bogdanova, L.S.; Mandrykin, S.S.; Yakovlev, A.A.; Sergeeva, A.S. The influence of soil fertility on the natural
renewal of forests on old-arable lands. Proc. St. Petersburg For. Acad. 2019, 229, 145–163. [CrossRef]

28. Shugalei, L.S. Organic Substances in the Artificial Forest Ecosystems Created on Overburden Dumps of Open’Cut Coal Mines in
Middle Siberia. Biol. Bull. 2010, 37, 423–431. [CrossRef]

29. Goncharenko, G.G.; Padutov, V.E.; Silin, A.E.; Chernodubov, A.I.; Isakov, Y.N.; Kamalova, I.I. Genetic structure of Pinussylvestris L.
and Pinuscretacea Kalen. and their taxonomic relationship. Proc. Acad. Sci. USSR 1991, 319, 1230–1234. (In Russian)

30. Goncharenko, G.G.; Silin, A.E.; Padutov, V.E. Intra- and interspecific genetic differentiation in closely related pines from Pinus
subsection Sylvestres (Pinaceae) in the former Soviet Union. Plant Syst. Evol. 1995, 194, 39–54. [CrossRef]

31. Chernodubov, A.I. Scotch Pine in the Island Forests of the East European Plain: (History-Genetics-Ecology-Geography); Voronezh State
Forestry Engineering University Named after G.F. Morozov: Voronezh, Russia, 2009; 156p, ISBN 978-5-7994-0321-8.

32. Butorina, A.K.; Mozgalina, I.G. Specific cytogenetic characteristics of Pinuscretaceae and Pinussylvestris. Russ. J. Ecol. 2004, 35,
156–160. [CrossRef]

33. Korshikov, I.I.; Bagdasarova, A.R. Heterozygosity of Pinussylvestris L. var. cretacea (Kalen.) Kom. Trees Differing by Their Stem
Radial Growth Rates. Ind. Bot. 2014, 14, 132–141. Available online: https://elibrary.ru/download/elibrary_37116271_62471749.
pdf (accessed on 21 January 2020). (In Russian).

34. Chernodubov, A.I.; Odnoralov, G.A.; Fedosova, T.V. Biological Productivity of Forest Cenoses on Sod-Carbonate Soils. For. J. 2012,
1, 42–47. Available online: https://elibrary.ru/download/elibrary_17691262_97759835.pdf (accessed on 21 January 2021).

35. Butorina, A.K.; Cherckashina, O.N.; Ermolaeva, O.V.; Chernodubov, A.I.; Avdeeva, I.A. Cytogenetic monitoring of the Usmansky
and Khrenovskoyautochtonic pine stands. Biol. Bull. 2007, 34, 423–426. [CrossRef]

36. Jansson, G.; Hansen, J.K.; Haapanen, M.; Kvaalen, H.; Steffenrem, A. The Genetic and Economic Gains from Forest Tree Breeding
Programmes in Scandinavia and Finland. Scand. J. For. Res. 2016, 32, 273–286. [CrossRef]

https://doi.org/10.1046/j.1354-1013.2002.00486.x
https://doi.org/10.1016/j.geoderma.2006.09.003
https://doi.org/10.1007/1-4020-4568-9_2
https://doi.org/10.22377/ijgp.v11i03.1185
http://dspace.bsu.edu.ru/handle/123456789/27368
https://doi.org/10.1088/1755-1315/390/1/012002
https://www.elibrary.ru/download/elibrary_16333617_27771432.pdf
https://doi.org/10.18413/2075-4671-2019-43-1-63-75
https://doi.org/10.1088/1755-1315/949/1/012097
https://doi.org/10.18413/2712-7443-2020-44-1-29-40
https://doi.org/10.1134/S1067413606020135
https://www.researchgate.net/publication/335397339
https://doi.org/10.21786/bbrc/12.2/1
http://www.ejobios.org/download/features-of-intra-population-variability-of-medicago-varia-mart-with-the-expressed-mf-mutation-on-a-7162.pdf
http://www.ejobios.org/download/features-of-intra-population-variability-of-medicago-varia-mart-with-the-expressed-mf-mutation-on-a-7162.pdf
https://doi.org/10.21266/2079-4304.2017.219.6-17
https://doi.org/10.21266/2079-4304.2019.229.145-163
https://doi.org/10.1134/S1062359010040138
https://doi.org/10.1007/BF00983215
https://doi.org/10.1023/B:RUSE.0000025965.49968.1f
https://elibrary.ru/download/elibrary_37116271_62471749.pdf
https://elibrary.ru/download/elibrary_37116271_62471749.pdf
https://elibrary.ru/download/elibrary_17691262_97759835.pdf
https://doi.org/10.1134/S1062359007040152
https://doi.org/10.1080/02827581.2016.1242770


Forests 2023, 14, 1492 15 of 17

37. Order of the Government of the Belgorod Region Dated 25 January 2010 No. 35-rp “On the Concept of the Regional Project
“Green Capital”. Available online: https://docs.cntd.ru/document/428670861 (accessed on 25 April 2022).

38. Cherniavskih, V.I.; Dumacheva, E.V.; Shchedrina, J.E.; Golovkov, A.V. Experience in Creating Artificial Forest Plants in the
Territory of Belgorod Region. IOP Conf. Ser. Earth Environ. Sci. 2021, 901, 012057. [CrossRef]

39. Cherniavskih, V.I.; Dumacheva, E.V.; Markova, E.I. Assessment of the state and restoration of biological resources of Scots pine
(Pinus silvestris L.) in the South of the Central Russian Upland. J. Phys. Conf. Ser. 2021, 1942, 012080. [CrossRef]

40. Vodyanitskii, Y.N. Contamination of soils with heavy metals and metalloids and its ecological hazard (analytic review). Eurasian
Soil Sci. 2013, 46, 793–801. [CrossRef]

41. Violante, A.; Cozzolino, V.; Perelomov, L.; Caporale, A.G.; Pigna, M. Mobility and bioavailability of heavy metals and metalloids
in soil environments. J. Soil Sci. Plant Nutr. 2010, 10, 268–292. [CrossRef]

42. Ivanov, Y.V.; Kartashov, A.V.; Ivanova, A.I.; Ivanov, V.; Marchenko, S.; Nartov, D.I.; Kuznetsov, V.V. Long-term impact of cement
plant emissions on the elemental composition of both soils and pine stands and on the formation of Scots pine seeds. Environ.
Pollut. 2018, 243, 1383–1393. [CrossRef]

43. Elango, D.; Devi, K.D.; Jeyabalakrishnan, H.K.; Rajendran, K.; Haridass, V.K.T.; Dharmaraj, D.; Charuchandran, C.V.; Wang, W.;
Fakude, M.; Mishra, R.; et al. Agronomic, breeding, and biotechnological interventions to mitigate heavy metal toxicity problems
in agriculture. J. Agric. Food Res. 2022, 10, 100374. [CrossRef]

44. Noor, I.; Sohail, H.; Sun, J.; Nawaz, M.A.; Li, G.; Hasanuzzaman, M.; Liu, J. Heavy metal and metalloid toxicity in horticultural
plants: Tolerance mechanism and remediation strategies. Chemosphere 2022, 303, 135196. [CrossRef] [PubMed]

45. Qiaogang, Y.; Junwei, M.; Wanchun, S.; Ping, Z.; Hui, L.; Changhuan, F.; Jianrong, F. Evaluations of the DMPP on organic and
inorganic nitrogen mineralization and plant heavy metals absorption. Geoderma 2018, 312, 45–51. [CrossRef]

46. Zhan, J.; Li, T.; Zhang, X.; Yu, H.; Zhao, L. Rhizosphere characteristics of phytostabilizer Athyriumwardii (Hook.) involved in Cd
and Pb accumulation. Ecotoxicol. Environ. Saf. 2018, 148, 892–900. [CrossRef]

47. Zeng, J.; Li, X.; Wang, X.; Zhang, K.; Wang, Y.; Kang, H.; Chen, G.; Lan, T.; Zhang, Z.; Yuan, S.; et al. Cadmium and lead mixtures
are less toxic to the Chinese medicinal plant Ligusticum chuanxiong Hort. Than either metal alone. Ecotoxicol. Environ. Saf. 2020,
193, 110342. [CrossRef]

48. Tang, Y.; Shi, L.; Zhong, K.; Shen, Z.; Chen, Y. Ectomycorrhizal fungi may not act as a barrier inhibiting host plant absorption of
heavy metals. Chemosphere 2019, 215, 115–123. [CrossRef]

49. Nanda, S.; Kumar, G.; Mishra, R.; Joshi, R.K. Microbe-Assisted Alleviation of Heavy Metal Toxicity in Plants: A Review.
Geomicrobiol. J. 2022, 39, 416–425. [CrossRef]

50. Van der Heijden, M.G.A.; Martin, F.M.; Selosse, M.-A.; Sanders, I.R. Mycorrhizal ecology and evolution: The past, the present,
and the future. New Phytol. 2015, 205, 1406–1423. [CrossRef] [PubMed]

51. Yurkov, A.P.; Kryukov, A.A.; Gorbunova, A.O.; Kozhemyakov, A.P.; Stepanova, G.V.; Machs, E.M.; Rodionov, A.V.; Shishova, M.F.
Molecular genetic identification of arbuscular mycorrhiza fungi. Ecol. Genet. 2018, 16, 211–223. [CrossRef]
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