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ABSTRACT

The change in the carbon stock in the soil cover during the uplift of fallow areas on leached black soils is
considered. The aim of the study is to compare dynamics of carbon stock on fallow lands of black soils. Two
objects of the study are in the central part of the Russian Federation in Penza region, which belongs to forest and
forest-steppe climatic zones. Studies were carried out on two sites typical for the study area, differing in mesorelief
and water regime. Object one is a fallow land of floodplain 30-year-old deposits with meadow vegetation
characteristic of the region on meadow-black soil and leached black soil humus heavy loamy hydromorphic soils.
The second fallow land is located on the territory of 30-year-old deposits overgrown under birch tree plantation
with leached medium-humus heavy loamy black soils. Four control sites were laid on each field, differing in the
period of cultivation. The carbon stock in the soil in the thickness of the arable horizon was estimated in the course
of the conducted studies. Greenhouse gas emissions were estimated using chambers that do not violate soil flows
with further analysis of the selected gases on a chromatograph. The research results demonstrate the
spatiotemporal dynamics of carbon dioxide emissions, the maximum values were tracked on a 30-year-old forest
fallow site, and the minimum values on a meadow fallow ecosystem. The dependence of soil flows is associated
with the warming of the soil cover, the density of soil horizons and the fallowness of the territory, since the amount
of available carbon dioxide is elevating due to a large increase in vegetation biomass and litter. Carbon stocks in
the arable horizon varied depending on the location of key sites in the relief, soil type, seasonality and mechanized
intervention of agricultural machinery. Siberian stone pine is a valuable introduced species in the taiga zone of
the East European Plain. In general, this type of pine is cultivated to produce pine nuts. Seed productivity is an
important feature of breeding for Siberian stone pine. It also serves as an indicator of adaptive potential for
introduced species. The research was conducted to assess the variability of the Siberian stone pine cones yield
under conditions of introduction to the taiga zone of the East European Plain. Observations of seed-bearing
Siberian stone pine were carried out in one of the oldest plantations of this tree species in the taiga zone of the
East European Plain: Chagrino cedar grove, located in the Gryazovets municipal district of the Vologda region.
In 2013-2024, the number of cones in the crowns of selected model trees was calculated in this cedar plantation,
which made it possible to identify their individual variability on this basis, as well as the plantations overall
reproductive capacity. The research results allow us to conclude that the seed production rate of Siberian stone
pine in the new soil and climatic conditions corresponds to its biological characteristics, since no years with a
complete lack of harvest were detected during the study period. On average, the yield of one tree is 131 + 17
cones. In addition, correlative features have been identified that allow for the selection of high-yielding
individuals. Research data indicate that relatively short individuals with a narrow but extended crown should be
selected as maternal producers for further breeding.
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INTRODUCTION

Siberian stone pine in Russia grows naturally in the Urals, in the taiga zone of the West Siberian Plain, Altai and
Sayan Mountains. In the European part of the country, the range of Siberian stone pine covers the Middle Urals
and the eastern regions of the Komi Republic. This tree species, which are important forest-forming plants within
their range, are of interest for introducing into the forests in the European North of Russia. The ecological features
of this tree species, as a whole, do not hinder their growth and generative development in forests of the region.
The decorative qualities of the plant introduced allowed it to be used for landscaping in cities and towns as well
as for creating plantings around them (Sungurova et al. 2023; Chukina et al. 2024). One of the main valuable
properties of the Siberian stone pine that determines the feasibility of its introduction is related to its ability to
produce nuts. In natural conditions, large seeds of this species are distributed by spotted nutcracker (Nucifraga
caryocatactes Linnaeus) or rodents (Tantsyrev et al. 2023). The seeds of this woody plant have nutritional value,
are used in pharmacology and the chemical industry. Siberian stone pine plantations created near cities and towns
attract vacationers, who collect cones, thereby increasing the recreational value of suburban forests (Andriyanova
et al. 2019). Studies of the variability in the reproductive ability of Siberian stone pine were carried out within the
range of this species (Zhuk & Goroshkevich 2019; Novikova et al. 2024). The geographical conditionality of the
reproductive ability and the impact of climatic change on the yield of seeds and cones, as well as natural
reforestation processes, are noted (Zhuk & Goroshkevich 2019; Goroshkevich et al. 2022). The genetic
polymorphism of populations, and related mechanisms for cedar range expansion and migration in the past, are
being actively studied (Oreshkova et al. 2022; Novikova et al. 2024). To date, sufficient information has been
accumulated on individual variability and hereditary nature of yield (Goroshkevich et al. 2022). Significant
influence is given to the characteristics of the crop structure (the size of cones and seeds, the number of fertile
scales on cones; Velisevich 2022). Studies have shown that climatic changes contribute to the expansion of the
northern border of the Siberian stone pine range, due to improved conditions for the formation of a seed crop
(Velisevich 2022). It should be noted that, under the conditions of climate change, the range of some species of
five-coniferous pine trees is decreasing. For example, the whitebark pine in North America has significantly
narrowed its range in recent decades (Bower et al. 2007; Leirfallom et al. 2015; Liu et al. 2016; Amberson et al.
2018; Goeking & lzlar 2018; Pansing & Tomback 2019; Jenkins et al. 2022). The reduction in the range of this
species is largely due to the damage caused by the native mountain pine beetle, Dendroctonus ponderosae and
the invasion of blister rust (caused by the pathogen Cronatium ribicola; Perkins 2015; Leirfallom et al. 2015;
Goeking & Izlar 2018; Amberson et al. 2018; Pansing & Tomback 2019; Kichas et al. 2020; Jenkins et al. 2022;
Tomback et al. 2022). The ability to preserve the boundaries of the range and the tendency to expand them in
Siberian stone pine demonstrate the stability of this species in the face of environmental changes, indicating the
prospects for its introduction. A number of environmental factors have a significant impact on the yield of cones
and seeds, such as: geographical location, altitude above sea level, age and closeness of the plantation, weather
conditions of the period of formation and formation of generative organs, genotypic structure of populations (Zhuk
& Goroshkevich 2018). It is believed that in closed plantings, the number of cones formed on a tree is related to
the size of the crown (Retzlaff et al. 2018; Velisevich, & Popov 2022). To breed a species based on its reproductive
ability, it is recommended to select plus trees and their clones at forest seed production facilities with stable high
yields of cones (Matveeva et al. 2025). Reproductive ability is an indicator of the success of the introduction of a
species outside its range (Khamitov et al. 2018). In this regard, the assessment of the Siberian stone pine cones
yield in plantations created outside its range is an urgent task, which makes it possible to identify the species'
introduction potential and select high-yielding individuals for the subsequent cultivation of their seed offspring in
local conditions. The purpose of our study was to evaluate the variability in the Siberian stone pine cones yield in
the taiga region of the East European plain.

MATERIALS AND METHODS

The research was conducted in the Chagrino cedar grove, located in the Gryazovets municipal District of the
Vologda region. The cedar grove is a botanical nature monument of regional significance. This plantation was
created as a private garden in 1900-1904 by landowner N.A. Petrov on an estate located in the Chagrino village
(Fig. 1). The land area is 3.7 hectares. The planting was carried out by 5-10 summer seedlings of Siberian stone
pine with a root balls packed in baskets. The distance between the rows and in the row was assumed to be 10 x
10 m. In addition to Siberian stone pine, several specimens of Siberian larch (Larix sibirica Ledeb.), petiolate oak
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(Quercus robur L.) and Siberian fir (Abies sibirica Ledeb.) were planted in the grove. Alley plantings of heart-
leaved linden (Tilia cordata Mill.) were carried out along the perimeter of the plantings. With the exception of
linden and oak, all of these species are introduced in the territory under consideration.

,:Chagrino

> village™

U

Fig. 1. Location and configuration of the Chagino cedar grove.

To date, 133 specimens of Siberian cedar pine, two of Siberian larch and one of Siberian fir have been preserved
in the grove. In 1965-1966, the grove was supplemented with two-year-old seedlings grown from seeds collected
earlier in the grove. The soil on the site is sod—podzolic, quite common in the southern taiga subzone. The ground
cover consists of a variety of grasses from forest and meadow grasses, and in the curtainlike undergrowth there is
a May rose (Rosa majalis Herrm.), raspberry (Rubus idaeus L.) and black currant (Ribes nigrum L.). At the time
of the survey, the average height of Siberian stone pines preserved in the grove was 17.3 + 0.5 with a trunk
diameter of 64.4 + 4.3 cm. The sparse planting density allowed the trees growing here to form fairly wide crowns
(10.3 £ 0.4 m), with a length of 12.5 £ 1.1 m, accounting for 72% of the height of the trees. In accordance with
the representation of pines by thickness steps, model trees were selected for long-term observations of their seed
production. Only seed-bearing individuals (which formed at least 10 cones at the time of selection) were not
considered model trees. The assessment of reproductive ability was carried out by annual accounting of the cones
number formed in the crowns of trees. To do this, in the first ten days of July (during the period when the cones
reached their maximum size and were well developed in the crown, but had not yet begun to fall), the number of
cones was counted on both sides of the crown of each model plant, followed by averaging the data and doubling
the result obtained. Observations were not carried out in 2015 due to technical reasons.

RESULTS AND DISCUSSION

In the considered introduced plantation, calendar years with a complete absence of a harvest of cones were not
revealed. At the same time, the yield of Siberian stone pine at the studied site varies significantly over the years
of observation (Table 1). The year 2014 turned out to be the most productive year. On average, 207 = 30 cones
were formed in the crown of one tree this year. This value is 58% higher than the average yield over the years of
observation (64.0 = 2.6 units). At the same time, the yield range for trees in the plantation ranged from 30 to 400
cones. On average, over the years of observations, the maximum number of cones per tree was 320 + 29 cones.
The year 2019 was the least productive year. The average yield of cones was 66 + 27 cones, which is 50% lower
than the average. The average minimum yield of individual tree specimens over the years of observation was 23
+ 2 cones. The average fluctuation level of the yield index was very high on the scale of A.S. Mamaev, which was
64.0 + 2.6%. The lowest individual variability was recorded in 2022 (Cv = 53.1%), while the highest in 2019 and
2021 (Cv = 72.3% and 72.7%, respectively). Long-term observations of the model trees reproductive capacity
revealed chronographic variability (Table 2). Significant fluctuations in yield over the years of cone generation
are characteristic of all model trees. On average, for model trees, the minimum yield was 45 + 8 cones, and the
maximum was 254 + 32. Over the entire observation period, the smallest number of cones was observed in model
tree No. 118 in 2023 (14 pcs.), which is 69% lower than the average minimum. The largest number of cones (402
pcs.) was formed in the crown of tree No. 62 in 2021 and No. 115 (400 pcs.) in 2014, which is 58% and 57%
higher than the average maximum, respectively. On average, according to the years of observations, tree No. 77
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(252 £ 42 pieces) had the highest yield. Model tree No. 118 had the lowest average yield, producing 24 + 2 cones
per year.
Table 1. Variability of the cones yield by years of observation.

Year Minimum (pcs.) Maximum (pcs.) Medium (pcs.)  Variation coefficient (Cv,%)

2013 24 320 125+ 24 71.8
2014 30 400 207 £30 55.1
2016 22 292 12419 56.1
2017 32 484 172 £35 76.3
2018 22 360 14121 55.6
2019 16 186 66 + 27 72.3
2020 26 364 165 + 27 61.1
2021 24 402 156 + 30 72.7
2022 24 164 84 +12 53.1
2023 14 268 104 £ 17 61.3
2024 22 280 101+19 68.4
Medium 23%2 320+ 29 131+13 64.0+26

Table 2. Chronographic variability of model trees in the cones yield.

Number of cones on the tree (pcs.
Tree (pes) Variation coefficient (Cv,%)

number ~inimum  maximum  medium
62 92 402 208 + 27 42.4
66 116 322 161+ 17 355
68 30 116 72+7 33.1
77 38 378 252 + 42 54.8
106 48 229 105+ 19 55.8
110 76 180 124+ 9 24.9
111 46 298 171+28 53.6
112 20 376 187 £ 32 57.5
113 32 302 130+ 25 64.8
115 24 400 157 £ 32 66.8
118 14 42 24+2 321
119 24 180 83+ 17 69.2
165 32 105 59+7 39.1
170 38 226 105+ 16 49.5

Medium 4548 254432 131 £ 17 48.5+3.8

With a very high level of variability in the number of cones formed in the crowns of trees (according to the S.A.
Mamaev scale), characteristic of all tree species, individual specimens were distinguished, characterized by the
smallest fluctuation over the years of observations. To a greater extent, this is typical of low-yielding specimens.
The yield of tree No. 110 (Cv = 24.9%), as well as the lowest productive model tree No. 118 (Cv = 32.1%), was
characterized by the least variability. The average variability of one tree (Cv) in the number of cones produced is
48.5 + 3.8%. Two-factor analysis of variance without repetition allowed us to assess the severity of individual and
chronographic variability in the yield of cones. The yield of cones is determined by both individual and
chronographic variability (FO5 = 10.11> Fcr. = 1.80; F05 = 5.77 > Fcr. = 1.90, respectively). The effect of
individual variability is most evident in the overall variance of the trait. The influence strength (n2) of this source
of variation was 0.41. The correlation ratio (n), indicating the closeness of the relationship between the yield of
cones and the factor of individual variability, was 0.64, demonstrating their significant conjugacy on the Cheddock
scale. The dependence of the crop on the chronographic variability factor is statistically significant, but less
pronounced. Its influence was due to 18% of the total variance of the trait (n2 = 0.18). The value of the correlation
ratio (n = 0.43) indicates the presence of a moderate dependence of the yield of cones on the factors determining
its variability over the years of generation. It should be noted that, in our opinion, the factors contributing to
chronographic variability include the weather conditions of the generative organs formation period and the
adaptive ability of individuals to them. Considering that, as within the range, when introduced into the forests of
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the VVologda region, Siberian stone pine retains the biologically determined property of annual seed production,
as well as individual and chronographic variability in yield, maternal producers should be recommended for the
selection of high-yielding individuals, characterized not only by high yields of cones, but also by a lower variation
in the number of cones formed in the different years. Of all the trees under consideration, tree No. 62 was
distinguished by this quality, which was 17% lower in average yield than only the leading tree No. 77, but at the
same time had a noticeably lower coefficient of variability — 42.4%. Long-term observations are required to select
trees with high yields (Matveeva et al. 2025). This makes it difficult to breed this species. Long-term observations
of seed production are very difficult for practical breeding. In this regard, the issue of searching for correlative
traits that make it possible to select high-yielding individuals in a shorter time is relevant. The relationship between
yield and tree height, crown diameter, and height-to-trunk diameter ratio was insignificant. This is consistent with
V.A. Bryntsev's observations (Bryntsev 2025). To identify the dependence of the yield of cones on the biometric
characteristics of the maternal producers, such as the diameter of the trunk at a height of 1.3 m, the height of the
tree, the width of the crown, the length of the crown, the crown coefficient (the ratio of its width to length), we
performed a correlation analysis. The results of the correlation analysis allowed us to conclude that the reliable
dependence of the yield of cones is manifested only on the value of the crown shape coefficient. The value of the
correlation coefficient (r = -0.66 + 0.15) indicates a significant inverse dependence of the yield indicator on this
trait. This dependence can be expressed by the formula:

F(Nc) = —160.05D/Hcr + 280.75
where: Nc — the number of cones; D — the diameter of the crown; Hcr — the length of the crown.

The index of determination (R?) for this equation, which characterizes the proportion of factorially determined
variance, was 0.43. In practical breeding, this dependence indicates the expediency of selecting individuals with
a relatively narrow but extended crown. Due to the dependence of yield on the shape coefficient, in our opinion,
the number of cones per one meter of crown can serve as a fairly informative indicator of seed productivity. Using
this criterion as an additional feature will increase the effectiveness of selection. The number of cones per meter
of crown length on average over the period of observations in model trees varied from 3.3 + 0.3 t0 19.0 £ 3.1 pcs.
(Table 3).
Table 3. Model trees chronographic variability in terms of the cones number formed per meter of their crown

length.

Tree The cones number per meter of crown length (pcs.)
number Minimum Maximum Medium
62 6.1 26.6 13.8+1.8
66 31.9 115 16.0£1.7
68 115 319 12.5+1.2
77 2.9 36.4 19.0+3.1
106 4.8 231 10.5+1.8
110 3.9 9.2 6.3+0.4
111 47 30.7 17.6+2.8
112 1.2 224 11.1+1.9
113 2.0 19.1 8.2+1.6
115 16 27.0 10.6+2.1
118 1.9 5.8 3.3+0.3
119 2.8 20.9 9.71£2.0
165 43 14.2 8.0+0.9
170 24 14.2 6.6+1.0
Medium 5.8+2.1 20.9+2.4 10.9+1.2

In some years, for different model trees, the value of this indicator of reproductive ability ranged from 1.2 pcs.
(tree No. 112) up to 36.4 pcs. (tree No. 77). Model tree No. 77 had the highest performance over the entire
observation period for this indicator. The use of the cones number per meter of crown (Ncl) is also hampered by
the length of the observation period. Correlation analysis revealed the dependence of this indicator on the height
of the tree trunk. The correlation coefficient (r) was -0.56 + 0.18, which indicates the presence of moderate
feedback. This dependence can be expressed by the equation of a straight line:

F(Nc1) = —1.1955 x H + 31.87
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where: H= the height of the tree trunk.

The index of determination (R?) of the dependence equation is 0.31.
The presence of such a dependence makes it possible to avoid long-term crop monitoring. The largest number of
cones per meter of crown is typical for relatively low trees.

CONCLUSION

Raising fallow soils with their transfer to arable lands will lead to a significant decrease in carbon reserves as a
result of increased soil and vegetation emissions and requires the development of special measures to minimize
the negative impact on the environment. Carbon storage potential of soils contents can be increased via proper
land use and managements. Improvements in crop cultivation technologies can be considered as compensatory
measures based on the introduction of organic farming systems in combination with numerous existing systems
that reproduce and preserve the original soil fertility. The research results indicate that the reproductive ability of
the Siberian stone pine, as its biological feature, persists beyond its range in the taiga zone of the East European
Plain. Similarly to the areas of natural distribution, Siberian stone pine sows seed here annually. Considering that,
the alternation of seed years with non-shift years is characteristic of Siberian cedar pine exclusively in pessimistic
growing conditions, it can be concluded that the taiga zone of the East European Plain is a very favorable area for
the introduction of this species.
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