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Abstract 

The aim of the study was the silvicultural assessment of the species composition, structure, sanitary 
condition, productivity, and carbon content of three modal 120-140-year-old Scots pine forests in the 
East European forest-steppe of the Russian Plain. Silvicultural, forest inventory and mensuration 
methods were used to analyze the characteristics of these stands. The distribution models of trees by 
diameter and growth were analyzed, and the reserves of aboveground and underground phytomass 
for each forest stand were assessed. All surveyed forest stands are highly productive and in excellent 
sanitary condition. The forest stand on moist moderately fertile soils was characterized by higher 
forest mensuration characteristics on average. Allometric relationships between the diameter of forest 
stands and their height have been established, which will allow mathematical modeling and 
forecasting of the dynamics of forest stand characteristics in forestry practice. The surveyed forest 
stands on moderately moist moderately fertile soils store 112.9-122.6 tons of carbon per hectare 
(tC/ha) in their phytomass, on moist moderately fertile soils - 182.8 tC/ha. About 73% of carbon 
reserves are concentrated in the above-ground phytomass, and about 27% in the underground 
phytomass, respectively. Trunk wood accumulates the main part (58-60%) of the aboveground 
phytomass of the studied pine stands. 
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1. Introduction 

In today's changing environmental and climatic conditions, an urgent task is to monitor the 
general condition of woody plants, preserve their intraspecific diversity, and study the mechanisms 
of their adaptation and sustainability. Regular observations of the development of forest 
communities in test sites or sample plots (SPs) allow us to assess the dynamics of their functioning 
and determine production of phytocenoses in a changing climate. A phytocenosis is a plant 
community that forms a stable system with the environment in a homogeneous area. This 
information is important for understanding the processes that determine the dynamics of 
phytocenoses, changes in their habitat and biological diversity, as well as modeling the ecosystem 
processes occurring in them [1–3]. 

Trees in any even aged stand, regardless of their location, usually differ significantly among 
themselves in a number of forest mensurations: diameter, height, trunk volume, etc. [4]. The 
structural diversity of tree stands is one of the most interesting phenomena studied by forest 
ecologists [5]. The study of the structure of the forest cenopopulations is important for understanding 
the various ecological and biological aspects of their formation. It is also worth noting that the 
structure of phytocenoses largely determines their productivity and stability [6]. In addition to 
preserving biodiversity, the young growth and undergrowth can also play an important functional 
role, regulating natural processes in the ecosystem, for example, by influencing the forest formation 
process [7], the hydrological regime [8], as well as the cycling of nutrients and carbon [9]. However, 
at present, the number of studies aimed at the quantitative and qualitative assessment of the 
understory in pine phytocenoses in the East European forest-steppe is very limited. 

A significant number of publications by various researchers have been devoted to the study of 
pine forests in the East European Forest-Steppe. The sanitary condition and resistance to climate 
dynamics of natural pine forests in protected areas and in suburban recreational zones have been 
studied, for instance, in [10–12], as well as the growth characteristics, structure, and condition of 
artificial pine forests, including geographical pine cultures [13,14]. Based on the results of the above-
mentioned and other studies, the optimal and most common forest growth conditions in the East 
European forest-steppe are considered to be moderately moist and moderately fertile soil. In recent 
years, research has begun on the carbon sequestration function of pine stands [15,16]. Our research 
continues and deepens knowledge about the structure of natural old-growth pine forests in the 
region, as well as their carbon sequestration capacity. One of the goals of forest management is to 
increase forest productivity and resilience, especially in the context of carbon sequestration. 
Improving the accuracy of modeling and forecasting growth and productivity for a specific ecoregion 
facilitates effective forest management in a changing climate. 

Distribution of trees by forest mensuration indicators - a simple but effective tool for describing 
the structure of tree populations and stands, which is used to assess wood resources, plan logging 
operations, and predict forest growth and productivity [17–19]. Tree size distribution can also be used 
to study factors that lead to disturbances in forest ecosystems, as well as to assess aboveground 
phytomass (live biomass) reserves [20]. The structure of forest stands in forest ecosystems is 
understood as the regular distribution of trees by forest mensuration indicators that change both in 
space and time, which is the result of a complex interaction of forest growth conditions, the stage of 
phytocenosis development, and the history of the influence of exogenous factors. 

Traditionally, tree sizes are described by their diameter at a height of 1.3 m or diameter at breast 
height (DBH), and their frequency distribution is described using probability distribution models. 
One of the first studies of tree size distribution was conducted by De Liocourt in 1898 [21]. He noted 
that when representing the distribution of trees in uneven-aged stands by diameter ranges as a 
frequency histogram it resembles an inverse J-shaped curve. Diameter distribution models are 
usually based on theoretical distribution functions, such as normal [22], generalized normal, 
lognormal, beta, Weibull, Johnson’s SB distribution (or “special bounded” distribution), etc. 
Distribution estimation approaches based on non-parametric methods are also used [23–26]. 
Measured stand parameters have a hierarchical structure, and traditional regression models can 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 November 2025 doi:10.20944/preprints202511.2190.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.2190.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 25 

 

produce biased results when estimating their parameters and predicting height. Therefore, nonlinear 
regressions are becoming in-creasingly popular in the development of regional H-D models for pine 
[27]. 

Dubenok et al. [28] and Demakova et al. [29] noted that the distribution of trees in even-aged 
stands by diameter is described by a symmetrical curve, close in shape to a normal distribution. 
However, since the 1950s, forest scientists have begun to explore models for describing tree diameter 
distributions (e.g., Meyer [30]), which typically have a right-sided asymmetry. A universal model 
that can reliably describe all possible tree diameter and height distributions probably does not exist, 
and there is no consensus on the degree of flexibility a model needs to properly describe the data. 

About half of the conifer forests in Russia are classified as mature and over-mature (Box 5.2 in 
[31]). It was previously believed that mature stands are either carbon emission neutral or release 
substantial amounts of carbon dioxide (CO2) to the atmosphere [32]. According to [33], the share of 
carbon in the aboveground and underground phytomass is the highest in mature and overmature 
pine forests of the Voronezh region, reaching 62% and amounts to 132.8 tC/ha on average. However, 
according to [34], mature stands continue to actively absorb CO2 from the atmosphere. Therefore, 
obtaining information characterizing the carbon cycle of old-growth stands growing in various forest 
growth conditions is still relevant. 

The aim of our study was a silvicultural assessment of the species composition of phytocenoses, 
the structure of tree stands (tree distribution by diameters and heights), the viability (sanitary 
condition) of tree stands, productivity, and carbon content in modal (most common) 120-140-year-
old pine forests of the East European forest-steppe of the Russian Plain.  

Silvicultural assessments allow us to determine which forest stands in the study region are the 
most productive and viable, taking into account observed climate change. Our research also allows 
us to assess whether silvicultural interventions are required to preserve the studied valuable forest 
stands, increase their productivity, and enhance their carbon sequestration capacity. 

2. Materials and Methods 

We studied three SPs (SP1, SP2, and SP3) of Scots pine (Pinus sylvestris L.) in the Voronezh and 
Lipetsk Regions of the East European forest-steppe of the Russian Plain (Figure 1). 

The East European forest-steppe belongs to the zone of highly productive pine forests. It is 
located on a vast area of the Russian Plain and is heterogeneous in terms of physical, geographical 
and climatic conditions. Scots pine is the main, indigenous forest-forming species, characterized by 
high productivity and biodiversity, performing the most important ecological, protective, 
recreational and other functions, including in the conditions of the East European forest-steppe. 
When selecting sites for SPs, the ecosystem and intraspecific diversity of natural tree stands in various 
types of forest growth conditions most common in the East European forest-steppe (on moderately 
moist and moist gray forest soils) were taken into account. Climate change affects the level of 
biodiversity in forest ecosystems, but it is biodiversity that underlies the mechanisms by which 
forests adapt to these changes. 

SP1 was established in a natural pine stand with an admixture of oak and birch of less than 5% 
located in block 60, section 11 of the Left Bank forestry district of the Prigorodnoye forestry district 
of the Voronezh region (50°84′73″ N, 40°54′27″ E). The relief is flat, the groundwater level is 1-3 m. 
The average age of the tree stand was 140 years. The size of SP1 is 0.25 ha (50 m × 50 m). The number 
of trees on SP1 was 60 trees. Forest site type is moderately moist and moderately fertile soil. 
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Figure 1. Location of the sample plots SP1, SP2, and SP3 of Scots pine (Pinus sylvestris L.). 

SP2 was established in a natural pine stand with an admixture of oak, located in block 65, section 
5 of the Left Bank forestry district of the Prigorodnoye forestry district of the Voronezh region 
(51°81′47″ N, 39°32′59″ E). The relief is flat, the groundwater level is 1-3 m. The average age of the 
tree stand was 130 years. The size of SP2 is 0.25 ha (50 m × 50 m). The number of trees on SP2 is 78 
trees. Forest site type is moist and moderately fertile soil. 

SP3 was established in a natural pine stand located in block 124, section 9 of the Balashovsky 
district forestry of the Gryazinsky forestry of the Lipetsk region (52°30′87″ N, 39°56′42″ E). The relief 
is flat, the groundwater level is 1-2 m. The size of SP3 is 0.25 ha (25 m × 100 m). The average age of 
the stand was 120 years. The number of trees in SP3 is 67 trees. Forest site type is moderately moist 
and moderately fertile soil. Characteristics of SPs are also briefly summarized in Table 1. 

The sampling sites in our study represented very well the entire stands, which were very 
homogeneous regarding topographic conditions, age, site quality, and management regimes. The 
Central Forest-Steppe stands in Voronezh and Lipetsk regions are located on the Russian Plain (Oka-
Don Lowland) with a flat topography. All sample plots are located in protective forests, represent 
mature stands, have similar forest growth conditions (wet mixed conifer forest), and are of 
approximately the same age. The sample plots surveyed are representative. Therefore, we believe 
that the patterns that we identified using relatively limited sample sizes are reliable for such stands. 

No forest management activities have been conducted in these stands. Thinning operations end 
at 60-year-old stands. There is no need for selective sanitary logging in these stands, as they are 
considered healthy. 

Table 1. Forest mensuration characteristics of Scots pine stands on the sample plots SP1, SP2, and SP3. 

Sample 
plot Size, ha Tree species 

composition 
Tree age, 

years 
DBH, 

cm 
Height, 

m 
Tree 

density 
Volume 

stock, m3 ha-1 
Forest site type 

SP1 0.25 100% Scots pine 140 42.2 28.5 0.6 450 
moderately moist and 
moderately fertile soil 
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SP2 0.25 
100% Scots pine + 
English oak with 

less than 5% 
130 48.5 29.0 0.7 490 

moist and moderately 
fertile soil 

SP3 0.25 100% Scots pine 120 41 27.5 0.6 420 
moderately moist and 
moderately fertile soil 

A complete count of tree diameters and condition categories was conducted on each SP. The 
count resulted in the total number of trees on each SP and their distribution by diameters. The 
diameter was measured at breast height (DBH, ~1.3 m) using a measuring fork. For each diameter 
category, the height of each tree was measured using an altimeter. 

The growing stock was determined using volumetric tables for Scots pine depending on the 
diameter and height of the trees ([35], pp. 29-30). The composition of the forest stand was determined 
depending on the share of the stock of each tree species in the total forest stand, which was taken as 
100%. If the share of the species in the stock is less than 5%, the presence of the species in the 
composition is marked with a “+” sign. 

The tree density of a forest stand was calculated as the ratio of the sum of the cross-sectional 
areas of the tree trunks in a forest stand to the sum of the cross-sectional areas of the tree trunks in a 
normal (standard) forest stand with the same forest mensuration characteristics at a standard density 
of 1.0 [36]. 

The trees were categorised and distributed according to the following condition categories: С1 - 
no signs of weakening, С2 - weakened, С3 - severely weakened, С4 - drying out, С5 - dead [37]. The 
degree of weakening (condition) of the tree stand on each SP was calculated as the weighted average 
value of the condition of the tree species (Cm) based on the estimates of the distribution of the trees 
of different condition categories according to the formula: 
Cm = (Р1 × C1 + Р2 × C2 + Р3 × C3 + Р4 × C4 + Р5 × C5)/100, where Р1, P2, P3, P4, and P5 are the 
percentages of trees of each condition category (C1, C2, C3, C4, and C5) in a SP. 

The classification of P.S. Pogrebnyak [38] was used to determine the type of forest growing 
conditions, taking into account the species composition of the forest stand, ground cover, 
undergrowth species, as well as indicators of soil moisture and productivity. To monitor natural 
regeneration under the canopy of the forest stand, 10 test sites in size of 2 × 2 m (4 m2) were laid out 
diagonally at a certain interval in each SP. The test sites were located at the corners of the SPs, where 
the natural regeneration of each tree species was recorded, with an analysis of the distribution of trees 
by age and height, and the subsequent transfer of the obtained results to 1 ha. The uccess of natural 
forest regeneration was assessed according to the scale of V.G. Nesterov (Table 15 in [39], p. 53). 

To assess underbrush species, five survey sites in size of 5 × 5 m (25 m2) were laid out on each 
SP. The total number of trunks (bushes) of underbrush species was counted in each site. The type of 
underbrush distribution across the plots was determined as group or uneven. Then, the number of 
trunks was recalculated per 1 ha. 

To characterize the ground cover, 10 survey sites in size of 1 × 1 m (1 m2) were laid out on each 
SP, and the species composition and their percentage were determined on each site. All found ground 
cover species were grouped according to ecological-cenotic types: forest, forest-meadow, meadow, 
weed. 

To analyze the structure of the surveyed stands by diameter, a normal distribution, Weibull, 
lognormal and gamma models were used. When processing the forest mensuration characteristics, 
the following statistical indicators were determined: the arithmetic mean of tree diameter and height, 
the standard deviation, the error of the arithmetic mean, the variation coefficient, asymmetry, and 
excess [40]. 

As a criterion for the statistical significance of differences between the actual observed (ni) and 
theoretical (𝑛𝑛�𝑖𝑖) number of trees in the ith thickness (diameter) rank, the χ2-square test was used with 
d.f. = m – 1, where m is the number of thickness ranks: 
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𝜒𝜒2 = ∑ (𝑛𝑛𝑖𝑖−𝑛𝑛�𝑖𝑖)2

𝑛𝑛𝚤𝚤�
𝑚𝑚
𝑖𝑖=1   [40]. 

When comparing the empirical and theoretical distribution curves of heights and diameters, 
indicators such as distribution asymmetry and kurtosis – the steepness of the distribution compared 
to the normal one – were analyzed. 

Asymmetry was measured using Pearson's skewness coefficient and calculated using the 

formula𝐴𝐴𝐴𝐴 =  𝑥̅𝑥−𝑀𝑀𝑀𝑀
𝜎𝜎

; 𝑥̅𝑥 > 𝑀𝑀𝑀𝑀 indicates right-sided asymmetry, if 𝑥𝑥 � < 𝑀𝑀𝑀𝑀, then, the distribution 

is leptokurtic. The excess (steepness of the distribution) was calculated using the normalized moment 

of the 4th order according to the formula 𝐸𝐸𝑥𝑥 =  𝑀𝑀4
𝜎𝜎4 
− 3; 𝐸𝐸𝑥𝑥 > 0 indicates platykurtic distribution, if 

𝐸𝐸𝑥𝑥 <0, then, the distribution is leptokurtic [40]. The fitdistrplus program in the R package [41] was 
used to generate density graphs (distribution of diameters and heights) displaying the density 
functions of the fitted distribution (Weibull, lognormal and gamma) and the histogram of the 
empirical distribution. 

Cluster analysis following the Ward's method was used to identify clusters based on diameters 
and heights. 

To assess the quality of the models, the following quality metrics were calculated: the square 
root of the root mean square error (RMSE), the mean absolute percentage error (MAPE), the mean 
absolute error (MAE), the mean bias error (MBE), and the coefficient of determination (R2). To 
calculate the parameters of the Naslund equation when modeling the relationship be-tween tree 
heights and diameters, the builtin nls (nonlinear least squares) function of the R package was used 
[42]. Two-parameter nonlinear Näslund model function is given by: 

ℎ = 1.3 + ( 𝐷𝐷𝐷𝐷𝐷𝐷
𝑏𝑏1+ 𝑏𝑏2𝐷𝐷𝐷𝐷𝐷𝐷

)2 [43]. 

The theoretical distribution of trees according to natural thickness (diameter) grades was 
calculated using the tables of V.V. Zagreev presented for the Scots pine forest stands in Table 1.1. in 
[44]. All distributions were tested for correspondence to the observed distributions of empirical data 
using the Kolmogorov-Smirnov test and χ2 [45]. 

Regression analysis was used to analyze the relationship between independent variables 
(predictors, such as stem diameter) and dependent variables (such as tree height). To assess the 
quantitative relationship between forestry and forest mensuration indicators, the Pearson linear 
correlation coefficients were calculated [46]. According to M. Dvoretsky (see Table 5.2 in [46]) and to 
R.E. Chaddock [47], relationships with statistically significant correlation coefficient values up to 0.30 
were considered weak, in the range of 0.31-0.50 - moderate, 0.51-0.70 – substantial, 0.71-0.90 - high 
(tigth), and more than 0.91 - very high (very tigth). The regression model was also assessed using the 
determination coefficient R2. 

To assess the effect of the sanitary condition category on trunk diameter, a one-way analysis of 
variance (ANOVA) was used, using the F-statistic to assess the significance of differences. 

In this study, we considered belowground and aboveground phytomass in the context of carbon 
storage. The assessment of the aboveground phytomass and its fractions (trunk, branches, and leaves) 
and belowground phytomass (tree roots) for each tree stand was based on the data on the average 
trunk diameter at a height of 1.3 m (DBH, cm) and the average tree height (H, m) using the following 
allometric equation [48]: lnPi = a0 + a1×lnH + a2×lnDBH, where Pi is the dry phytomass in kg of the 
aboveground parts (trunk, branches, and needles) and roots (respectively Pa, Pst, Pbr, Pf, and Pr); a0, a1, 
and a2 are species-specific constants of the allometric equation for the tree species and tree parts. 

The calculated stocks of aboveground and belowground phytomass (by fractions) were 
converted into sequestered carbon [48], using the conversion factor of 0.5 recommended by the 
Intergovernmental Panel on Climate Change (IPCC) for temperate coniferous forests [49]. It was 0.45 
for pine needles and 0.5 for other tree parts. 

Different conversion coefficients are used for each type of parts, which depends on the forest 
growth zone. For example, for pine stands, the coefficients depend on the average age, quality and 
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relative density of the stand. To convert phytomass and its parts into carbon reserves, the conversion 
factors recommended by the IPCC for temperate forests were used: 0.48 for deciduous trees and 0.51 
for conifers. 

3. Results 

3.1. Sanitary Conditions 

The assessment of the sanitary condition showed that only trees of the 1st (healthy) and 2nd 
(weakened) sanitary category were observed in all the SPs. In SP1, the proportion of trees of the 1st 
sanitary category was 65%, of the 2nd sanitary category – 35%, the average weighted condition 
category was 1.4. In SP2, the proportion of trees of the 1st sanitary category (healthy) was 90%, of the 
2nd sanitary category – 10%, the average weighted condition category was 1.1. In SP3, the proportion 
of trees of the 1st and 2nd sanitary categories was 50%, the average weighted condition category was 
1.5 (tends to be weakened). In all three SPs, there were no trees of the 3rd (very weakened), 4th 
(drying out) and 5th (dead) sanitary categories. The data are summarized in Table 2. 

Table 2. Sanitary conditions of Scots pine trees in the sample plots SP1, SP2, and SP3. 

Sample plot 
Sanitary category, % of trees Average weighted condition 

category 1st (healthy) 2nd (weakened) 
SP1 65 35 1.4 
SP2 90 10 1.1 
SP3 50 50 1.5 

A one-way analysis of variance (ANOVA) revealed a significant effect of the sanitary category 
on the trunk diameter in sample plots SP1 and SP3 (F-actual > F-critical). The obtained average trunk 
diameters for the first and fourth health categories were statistically different (F-actual 6.9 > F-critical 
3.8, P < 0.05). In sample plot SP2, no statistically significant differences were found (F-actual < F-
critical, P-value > 0.05). 

The impact of tree sanitary category on trunk diameter in the SP1 and SP3 sample plots is likely 
indirect, as severe weakening leading to trunk shrinkage (transition to health category 5) means a 
cessation of growth in diameter. Trees in sanitary category 1 continue to grow in diameter, while 
trees with deteriorating health (weakened, severely weakened) may slow their growth. 

3.2. Undergrowth 

Undergrowth is a young generation of woody plants capable of forming a forest stand in the 
future. Evaluation of the undergrowth on SP1 showed that it consists of English oak and Scots pine, 
medium density, up to 5 years old, in quantity of ~5000 pine trees per ha, demonstrating a satisfactory 
renewal. Oak undergrowth was also present (~200 pine trees per ha), but at SP1 it did not reach the 
canopy, remaining in a relatively small percentage ratio (~4%) in relation to Scots pine. 

On SP2, the undergrowth consists of Norway maple (Acer platanoides L.), oak, and Scots pine of 
medium density, up to 5 years old, demonstrating a satisfactory renewal for pine with ~6000 trees 
per ha, while Norway maple (~1000 trees per ha) and oak (~100 trees per ha) were present in a rather 
smaller amount, and Norway maple did not reach the canopy. 

On SP3, the undergrowth consists of pure Scots pine, sparse, up to 5 years old, in quantity of 
~4000 trees per ha, demonstrating a satisfactory renewal. On all SPs, pine undergrowth was 
predominantly small. On SP1, the proportion of small undergrowth trees up to 0.5 m high was more 
than 60%. The proportion of medium undergrowth by height on this SP1 was 31.5%, large - 8.5%. In 
SP2, the proportion of small undergrowth was small - only 10%. Medium-height pine undergrowth 
(up to 2 m) predominates - 85%. Large pine undergrowth was found singly in this SP. In SP3, large 
undergrowth of Norway maple, 2 m and more in height, predominates, but self-seeding of Scots pine 
was also found - about 20%. In the studied mature pine forests, the undergrowth of pine species was 
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insufficient to form young pine growth of the next generation. Analysis of the species composition 
and quantity of underbrush species in the studied sample areas are presented in Table 3. 

Table 3. Underbrush bush species in the sample plots SP1, SP2, and SP3, plants per ha. 

Species SP1 SP2 SP3 
Red raspberry (Rubus idaeus L.) 1120 800 - 

Red elderberry (Sambucus racemosa L.) 240 - 240 
Common rowan (Sorbus aucuparia L.) 240 1120 - 
Alder buckthorn (Frangula alnus L.) - 240 800 

Warty spindle (Euonymus verrucosus L.) - 600 240 
Common hazel (Corylus avellana L.) - - 80 
Common pear (Pýrus commúnis L) 80 - - 

Total 1680 2760 1360 

Red raspberry (Rubus idaeus L.), red elderberry (Sambucus racemosa L.), common rowan (Sorbus 
aucuparia L.), alder buckthorn (Frangula alnus L.), warty spindle (Euonymus verrucosus L.), common 
hazel (Corylus avellana L.), and common pear (Pýrus commúnis L) were found in the underbrush of the 
studied pine forests. The underbrush at SP1 and SP2 was sparse and gathered in clumps. Pine shoots 
and underbrush were practically absent inside and near the clumps. At SP3 the underbrush was more 
evenly distributed, its projective cover was about 60%. 

The number of understory species varies depending on the type of forest growing conditions, 
but not dramatically. The largest amount of understory was observed on SP2 (moist moderately 
fertile soil) with 2760 plants per ha. The species composition, such as common rowan (Sorbus 
aucuparia L.) and alder buckthorn (Frangula alnus L.) and the number of understory species indicate 
more humid soil conditions in this area, which is reflected in the larger sizes of pine trees in this area. 

3.3. Ground Cover 

The types of ground cover in the studied types of forest growth conditions were different. In the 
type of forest growth conditions with moderately moist moderately fertile soil on SP1 and SP3, the 
edificator plant was lily of the valley (Convallaria majalis L.), the projective cover of which was about 
40% on SP1 and SP3. In the type of forest growth conditions with moist moderately fertile soil on SP2, 
more moisture-loving plants predominated, such as bracken (Pterídium aquilínum L.), moneywort or 
creeping jenny (Lysimachia nummularia L.), and the bristly haircap (Polytrichum piliferum L.). The 
edificator in this area was bracken (Pterídium aquilínum L.), the projective cover of which was 30% 
(Table 4). 

Table 4. Projective cover (%) of ground cover species on the sample plots SP1, SP2, and SP3. 

Species SP1 SP2 SP3 
Lily of the valley (Convallaria majalis L.) 45 - 35 

Common haircap moss (Polytrichum commune L.) 5 10 - 
Bushgrass (Calamagrostis epigejos Roth.) 5 - - 
Cow-wheat (Melampýrum pratense L.) 5 - 5 

Common Solomon's seal (Polygonatum multiflorum L.) 5 - - 
Moneywort or creeping jenny (Lysimachia nummularia L.) - 15 - 

Bracken (Pterídium aquilínum L.) - 30 - 
Red-stemmed feathermoss or Schreber's big red stem moss (Pleurozium schreberi L.) 10 - 20 

Round-leaved wintergreen (Pyrola rotundifolia L.) - 10 - 
Narrow-leaved lungwort or blue cowslip (Pulmanaria angustifolia L.) 5 - - 

Wild strawberry (Fragaria vesca L.) 20 - 15 
Bloody cranesbill or bloodred geranium (Geranium sanguineum L.) - - 5 
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Yellow bedstraw or Lady's bedstraw (Galium verum L.) - - 5 
Corn speedwell (Veronica arvensis L.) - - 5 

Sidebells wintergreen (Orthilia secunda L.) - - 10 
Scotch heather or ling (Calluna vulgaris L.) - 10 - 
Bristly haircap (Polytrichum piliferum L.) - 10 - 

False lily of the valley or May lily (Maianthemum bifolium L.) - 5 - 
Pipsissewa or umbellate wintergreen (Chimáphila umbelláta L.) - 5 - 

Common clubmoss or running clubmoss (Lycopodium clavatum L.) - 5 - 

On SP1, about 75% were forest eco-coenotic group plants, including lily of the valley (Convallaria 
majalis L.), common haircap moss (Polytrichum commune L.), red-stemmed feathermoss or Schreber's 
big red stem moss (Pleurozium schreberi L.), wild strawberry (Fragaria vesca L.), common Solomon's 
seal (Polygonatum multiflorum L.), and narrow-leaved lungwort or blue cowslip (Pulmanaria 
angustifolia L.), 25% were meadow eco-coenotic group plants, including bushgrass (Calamagrostis 
epigejos Roth.) and cow-wheat (Melampýrum pratense L.) (Table 5). 

Table 5. Projective cover of ground cover by ecological-cenotic groups on the sample plots SP1, SP2, and SP3, 
%. 

Ecological-cenotic group SP1 SP2 SP3 
Forest 75 67 38 

Fotest-meadow - 11 12 
Meadow 25 22 50 

On SP2, the forest eco-coenotic group includes common haircap moss (Polytrichum commune L.), 
bracken (Pterídium aquilínum L.), bristly haircap (Polytrichum piliferum L.), false lily of the valley or 
May lily (Maianthemum bifolium L.), pipsissewa or umbellate wintergreen (Chimáphila umbelláta L.), 
and common clubmoss or running clubmoss (Lycopodium clavatum L.), making up 67% of the total 
ground cover. The forest-meadow ground cover on this site includes round-leaved wintergreen 
(Pyrola rotundifolia L.), and the meadow ground cover includes bushgrass (Calamagrostis epigejos 
Roth.) and moneywort or creeping jenny (Lysimachia nummularia L.). On SP3, the forest eco-coenotic 
group of plants makes up about 40% and includes lily-of-the-valley (Convallaria majalis L.), red-
stemmed feathermoss or Schreber's big red stem moss (Pleurozium schreberi L.), and wild strawberry 
(Fragaria vesca L.). The forest-meadow eco-coenotic group on this SP was also represented by Sidebells 
wintergreen (Orthilia secunda L.). The meadow eco-coenotic group of plants makes up about 50%, 
including cow-wheat (Melampýrum pratense L.), Bloody cranesbill or bloodred geranium (Geranium 
sanguineum L.), yellow bedstraw or Lady's bedstraw (Galium verum L.), and corn speedwell (Veronica 
arvensis L.). Comparison of eco-coenotic groups showed that the forest group was dominant, 
regardless of the type of forest growth conditions. A greater number of plant species in the living 
ground cover was observed on SP2 with moist moderately fertile soil. 

According to numerous studies [10-14, etc.], forest growth conditions with moderately moist 
and moderately fertile soil were considered optimal for pine growth in the East European forest-
steppe. However, under the observed climate change conditions, we see that stands with moist and 
moderately fertile soil exhibit the best characteristics of condition, productivity, and carbon 
sequestration. 

3.4. Diameters and Heights 

To identify the cenotic structure and allometric dependencies of tree height from diameter in the 
surveyed stands, we analyzed the main characteristics of the stand – distribution of trees by diameters 
and heights. Individual height and diameter values for each tree and sample plot are presented in 
Table S1. The data were calculated on the basis of regional tables developed by V.V. Zagreev and 
presented for the Scots pine forest stands in Table 1.1. in [46]. 
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The diameters of pine trees at different SPs varied from 22 ± 0.15 cm at SP3 to 64 ± 0.5 cm at SP2. 
At SP2, there was a large variability in the diameters of individual trees, which was due to the 
presence of small-sized trees, although their number was small. Statistical parameters of the tree 
diameters and heights at the SPs are presented in Table 6. 

Table 6. Statistical parameters of the tree diameters and heights at the sample plots SP1, SP2, and SP3. 

Sample 
plot 

Diameter Height 
Average, cm ± s.e. CV, % Asymmetry Kurtosis Average, m ± s.e. CV, % Asymmetry Kurtosis 

SP1 42.2 ± 0.1 27 0.21 -0.18 28.5 ± 0,2 15 -0.13 -0.42 
SP2 48.5 ± 0.2 36 -0.45 0.45 29.0 ± 0,1 24 -0.36 -0.79 
SP3 41.0 ± 0.3 33 -0.03 -0.13 27.5 ± 0,1 22 -0.26 -0.80 

On SP2, the average diameter of pines was higher than on SP1 and SP3, but the average 
diameters of all the SPs surveyed were within two adjacent thickness ranks. 

The coefficient of variation (CV) of height ranged from 15 to 24% among the SPs. Height 
asymmetry was insignificant – from -0.13 to -0.36, indicating a normal distribution of trees by height. 
Negative values of height asymmetry indicate an excess of tall trees. The histogram of tree height 
distribution, and Weibull, lognormal, and gamma distributions for sample plots SP1, SP2, and SP3 
are shown in Figure 2. 

   

 
(a) (b) 
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Figure 2. Histogram of tree height distribution, and Weibull, lognormal, and gamma distributions for sample 
plots SP1 (a), SP2 (b), and SP3 (c). 

According to χ2 and λ, the observed distributions of tree heights in the SP1, SP2, and SP3 did 
not differ significantly from the expected normal distribution. 

One of the main indicators of the forest stand structure is the distribution of trees by diameter. 
The average trunk diameter was 42.2 ± 0.1 cm in SP1 and 41.0 ± 0.3 in SP3, but the largest - 48.5 ± 0.2 
cm - was in the overmature pine forest at SP2 (Table 6). Histogram of tree diameter distribution, and 
Weibull, lognormal, and gamma distribu-tions for sample plots SP1, SP2, and SP3 are presented in 
Figure 3. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 November 2025 doi:10.20944/preprints202511.2190.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.2190.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 25 

 

  

 
(a) (b) 

 
(c) 

Figure 3. Histogram of tree diameter distribution, and Weibull, lognormal, and gamma distributions for sample 
plots SP1 (a), SP2 (b), and SP3 (c). 

The coefficient of variation (СV) of diameter varied from 27 to 36% in the studied SPs, which 
indicates a large stretch of the tree distribution curve for this trait. A small asymmetry in diameter, 
close to zero (-0.03), was noted on SP3, which indicates a close to normal distribution of trees for this 
trait, while moderate asymmetry was observed on SP1 (0.21) and SP2 (-0.45). 
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According to χ2 and λ, the observed distributions of tree heights in the SP1, SP2, and SP3 did 
not differ significantly from the expected normal distribution. 

We calculated the theoretical distribution of tree diameters and compared it with the observed 
one for each SP using the Pearson χ2 and Kolmogorov–Smirnov (D) tests. It turned out that by both 
tests the theoretical distribution was significantly different from the observed one in SP2 (χ2 = 12.8, 
P < 0.05; D = 0.45 > Dcritical = 0.20 for a=0.05), but did not differ in SP1 (χ2 = 6.0, P > 0.05; D = 
0.13 < Dcritical = 0.17 for a=0.05) and SP3 (χ2 = 3.8, P > 0.05; D = 0.11 < Dcritical = 0.16 for a=0.05). 

For the empirical and theoretical distribution functions, the calculated RMSE, MAE, MBE 
metrics show that the Weibull distribution demonstrates the best alignment result (Table 7). 

Table 7. Statistics of goodness of fit of simple models to experimental data. 

Distribution 
Kolmogorov–Smirnov (D) 

test χ2-test 
RMSE MAE MBE 

D P χ2 P 
SP1 

gamma 0.135 0.002 35.5 0.004 0.044 0.037 0.024 
lognormal 0.119 0.0003 28.1 0.0005 0.053 0.042 0.033 

Weibull 0.112 0.001 30.1 0.001 0.043 0.035 0.029 
SP2 

gamma 0.124 0.001 28.1 0.0004 0.054 0.043 0.033 
lognormal 0.121 0.003 29.3 0.0006 0.055 0.041 0.035 

Weibull 0.110 0.0001 26.6 0.002 0.035 0.024 0.069 
SP3 

gamma 0.121 0.0002 26.4 0.003 0.055 0.013 0.088 
lognormal 0.103 0.003 25.5 0.0003 0.065 0.089 0.074 

Weibull 0.136 0.0005 35.5 0.0006 0.023 0.051 0.089 

Based on the accumulated ranks for the quality metrics under consideration, the smallest 
discrepancies between the actual and model-calculated root-mean-square diameter values were 
obtained for the normal and Weibull distributions. The normal and Weibull distributions are 
characterized by slightly underestimated values (MBE > 0), while the lognormal distribution is 
characterized by overestimated root-mean-square diameter (MBE < 0). 

Cluster analysis by diameters and heights (single linkage method, complete linkage method, 
Ward's method, etc.) did not reveal any significant clusters among the surveyed stands, despite 
differences in the types of forest growing conditions (moderately moist moderately fertile soil and 
moist moderately fertile soil), thus confirming the significant similarity and comparability of the 
studied stands according to silvicultural and forest mensuration characteristics. 

The relationship (correlation) between the height and diameter of trees was also analyzed. As 
the tree height increased, its diameter and the CV of diameter increased, but the CV of height 
decreased. The CV of height directly depended positively on the number of trees per a ha and 
negatively on the tree diameter in all SPs (Table 8). 

Table 8. Correlation (r) of the CV of height with the number of trees per a ha and the tree diameter. 

Sample plot 
Number of trees per a ha Tree diameter 

r P r P 
SP1 0.83 < 0.05 -0.80 < 0.05 
SP2 0.78 < 0.05 -0.75 < 0.05 
SP3 0.88 < 0.05 -0.82 < 0.05 

A direct linear correlation was established between the trunk diameter and the tree height with 
high and significant correlation coefficients (r) equaled 0.81 in SP1, 0.86 in SP2 and 0.84 in SP3. The 
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two-parameter nonlinear Näslund model has the best predictive power, as it allows for the prediction 
of an individual height curve for each individual stand. Table 9 presents the Näslund equations with 
parameters b1 and b2 for SP1, SP2, and SP3. 

Table 9. Näslund equations of the relationship between the height (H) and the trunk diameter (D) at a height of 
1.3 m (DBH) for pine trees in the sample plots SP1, SP2, and SP3. 

Sample plot Equation RMSE MAPE MAE R2 
SP1 H = 1.3+(DBH/(1.460477+0.15601×DBH))2 2.24 0.15 2.49 0.93 
SP2 H = 1.3+(DBH/(1.843485+0.153097×DBH))2 1.87 0.16 1.90 0.96 
SP3 H = 1.3+(DBH/(2.393178 +0.177398×DBH))2 1.63 0.21 1.65 0.92 

The best model reflecting the dependence of tree height on trunk diameter at a height of 1.3 m 
from the ground surface for Scots pine stands is the two-parameter Näslund function. It was found 
that the regression value (R2) between tree height and diameter varied from 0.92 to 0.96. The highest 
R2 value (0.96) was found for trees on SP2 (Table 9). 

All parameter estimates and model variance components are highly statistically significant (p < 
0.001; Figure 4). The Näslund model more accurately predicts the relationship between tree height 
and trunk diameter compared to the linear allometric relationship. 

   
(a) (b) 

 
(c) 

Figure 4. The relationship between trunk diameter and height in sample plots SP1 (a), SP2 (b), and SP3 (c) using 
the two-parameter nonlinear Näslund model. 

3.4. Aboveground and Underground Phytomass Reserves 

Using allometric equations (based on data on average tree diameters (D) and heights (H)), we 
calculated the reserves of aboveground and underground phytomass (in kg of fresh weight) per 
average tree in the surveyed stands: lnPst = -3.2484 + 2.3927×lnH + 0.7586×lnD, R2 = 0.981; lnPbr = -
3.5496 + 1.3197×lnH + 1.7788×lnD, R2 = 0.942; lnPf = -2.6645 + 0.8007×lnH + 1.748×lnD, R2 = 0.910; lnPa = 
-2.3633 + 2.042×lnH + 1.0193×lnD, R2 = 0.968; lnPr = -3.9142 + 1.9909×lnH + 0.9533×lnD, R2 = 0.951; where 
Pst, is phytomass of trunks, Pbr - phytomass of branches, Pf - phytomass of needles, Pa - phytomass of 
the aboveground part, and Pr phytomass of roots. 
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Then the obtained data on phytomass in kilograms per average tree were converted into tons 
with subsequent multiplication by the total number of trees in the surveyed stand (based on the 
measurement data on the sample plot). The phytomass reserves in the three surveyed sample plots 
are presented in Table 10. 

Table 10. Phytomass reserves (t/ha / %) in the sample plots SP1, SP2, and SP3. 

Sample 
plot 

Needles Branches Trunks Aboveground 
phytomass 

Underground 
phytomass 

Total 

SP1 8.0 / 6.0 20.9 / 8.5 148.7 / 60.5 177.6 / 75.0 67.9 / 25.0 245.5 / 100 
SP2 14.2 / 4.0 37.1 / 10.0 211.9 / 58.0 263.2 / 72.0 102.6 / 28.0 365.8 / 100 
SP3 8.2 / 7.6 20.5 / 8.4 135.7 / 58.0 182.4 / 74.0 62.5 / 26.0 244.9 / 100 

The timber volume was 450 m3/ha, and the total phytomass was 245.5 t/ha on SP1 (moderately 
moist and moderately fertile soil). The aboveground phytomass consisted mostly of wood in the 
studied pine forests with trunks accounting for 60.5% of the total phytomass (Table 10). With age, the 
share of this fraction in the total phytomass of the tree layer increases [50]. 

The timber volume was 420 m3/ha, and the total phytomass was 244.9 t/ha on SP3, growing on 
moderately moist, moderately fertile soils identical to the first trial plot. Trunks accounted for 58% of 
the total phytomass (Table 10). 

The highest timber volume (490 m3) and the total phytomass (365.8 t/ha) were on SP2, growing 
on moist, moderately fertile soils. 

Based on the aboveground and underground phytomass, the carbon stocks in the studied forest 
stands were calculated using the conversion coefficient 0.5 and presented in Table 11. 

Table 11. Carbon content (tC/ha) in the pool of aboveground and underground phytomass in the sample plots 
SP1, SP2, and SP3. 

Sample 
plot 

Needles Branches Trunks Aboveground 
phytomass 

Underground 
phytomass 

Total 

SP1 4.0 10.4 74.3 88.7 33.9 122.6 
SP2 7.1 18.5 105.9 131.5 51.3 182.8 
SP3 4.1 10.2 67.3 81.6 31.3 112.9 

The examined 120 and 140-year-old pine stands on moderately moist moderately fertile soils 
stored 112.9 and 122.6 tC/ha in their phytomass based on the SP3 and SP1 data. The 130-year-old 
stand on moist moderately fertile soils stored 182.8 tC/ha based on the SP2 data, with almost all the 
carbon accumulated in the pine trunks. About 73% of the carbon reserves were concentrated in the 
aboveground phytomass, and about 27% in the underground phytomass, respectively. 

4. Discussion 

The growth and productivity of forest stands are among the most important indicators of their 
condition. In the context of ongoing environmental changes, the increasing role of forest ecosystem 
functions, the need to increase the productivity of forest stands considering an increasing deficit of 
wood raw materials, the importance of assessing these indicators is constantly increasing. At the same 
time, the development of new and improvement of existing standards and models of forest stand 
dynamics is also of great importance for the successful solution of many forestry problems. 

The species composition of 120-140-year-old pine stands determines their viability, because they 
are the basis of these forest ecosystems. Pine stands as the main component are an indicator of the 
viability and productivity of the forest stand as a whole. 

According to [51], the living ground cover, understory, and young growth participate in the 
minor biocycle, maintain soil fertility, protect the soil from leaching and salinization, and, 
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accordingly, have a fundamental influence on the future formation of highly productive coniferous 
stands. According to [52], the average stand density has a significant impact on the species richness 
of the shrub and herb layers. The study [53] examined the relationships between the abundance of 
ponderosa pine, the canopy environment, and the species composition of the understory. It was 
found that the occupancy of ponderosa pine is inversely proportional to the abundance of perennial 
bunchgrasses in the under-story and species diversity. Many researchers have identified diversity, 
variation and changes in the amount of undergrowth and living ground cover, depending on the 
species and age of trees, stand density and forest types [54–56]. 

The developed generalized model of tree diameter distribution in pine stands, combined with 
models of tree height dependence on trunk diameter, can serve as a useful tool for forest 
management, making it possible to determine the structure of the growing stock. Early models of tree 
trunk diameter frequencies used the root-mean-square diameter for forecasting, which is one of the 
main indicators of forestry stands. In recent years, interest in the root-mean-square diameter as an 
indicator for forecasting tree diameter distribution has increased [57–59]. Some studies [60,61] 
emphasize that empirical models should not be complex, especially if their purpose is to be used in 
forestry practice rather than in scientific research. The generalized model we obtained meets this 
requirement. Maltamo et al. [62] note that there are no mathematical, and especially biological, 
grounds for assuming any theoretical distribution of tree trunk diameters. 

The trunk diameter at a height of 1.3 m (DBH) is the main predictor used to infer the height and 
size of trees [63,64]. The analysis of the values of heights and diameters and their distribution on the 
surveyed SPs allowed us to conclude that these easy-to-measure forest mensuration parameters can 
be used in the preliminary assessment of bioecological diversity for further genetic selection. The 
results of our study are consistent with domestic [65] and international [66] practices of applying 
regression models to predict height with known values of tree trunk diameter. The Näslund models 
of height-to-trunk diameter dependence derived by us can be included as a separate component in 
simulation models of forest stand growth and productivity, where they form the basis for 
determining the timber stock, its commercial structure, and biological productivity. Our data are also 
consistent with the data of [67,68]. Ou et al [69] used nonlinear modeling to model the height-to-
diameter-at-breast-height (DBH) dependence for Durango pine. Lin et al [70] compared the 
approximating ability of six models in their article while modeling height-to-diameter models for 
Mongolian pine (Pinus sylvestris var. mongolica). Generalized and basic nonlinear regression models 
performed best because random-effects calibration provided the lowest height prediction bias. 

The Näslund model serves as an alternative to the rank tables used in forest inventory, which 
show conventional relationships between height and tree trunk diameter. It allows for height 
calibration based on 3–5 measurements of tree height and trunk diameter in the studied stand. The 
Näslund computing processes are often more simple, stable, and efficient than those of the than other 
models [71,72]. Using the model increases the accuracy of timber stock determination in Scots pine 
stands of the East European Forest-Steppe. 

Of greatest interest to researchers are the models of the relationship between tree heights and 
their DBH [73]. 

In the 2000s–2020s, there was increased interest in the use of regression models to study the 
processes of growth and increment of tree stands [74]. Generalized models are actively used to 
approximate the effect of the trunk diameter on tree height [75]. These models allowed us to obtain 
values of tree height in a stand based on diameter values. Measuring the DBH is simpler, more 
accurate and cheaper than measuring the height of a tree [76]. Studies [77] carried out for stands of 
Turkish or Calabrian pine (Pinus brutia Ten.), Austrian or black pine (Pinus nigra J. F. Arnold), and 
Lebanese cedar (Cedrus libani A. Rich.) in southern Turkey showed that the height-diameter models 
differed significantly for different ecological regions. The authors concluded that to improve the 
accuracy of forecasting, such models should be developed for individual ecoregions. The 
development of such models of forest growth and productivity is supported by data from long-term 
observations in sample plots and assessments of the effects of climate change, which also serve as the 
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basis for forest management [78,79]. Silvicultural models of different spatial resolutions (region, 
stand, individual-oriented) have been successfully used to assess various forest management regimes 
and make economic calculations [80]. Models based on tree height and diameter data are used to 
solve various forest management problems: forecasting stand growth, modeling thinning regimes, 
analyzing stand dynamics, or assessing forest productivity. Thus, the Forecast model [81] includes 
economic assessments and has a developed user interface. The MOTTI model [82] is included in the 
MELA decision support system in Finnish forestry [83]. However, many silvicultural models have 
limited applicability due to a lack of experimental data [84]. Most models do not take into account 
the influence of climate as a factor determining forest dynamics, so they are not used to analyze the 
consequences of climate change [85]. In Russia, the most widespread is the simulation model for 
forecasting the dynamics of mixed stands of different ages and the FORRUS-S (FORest of RUSsia – 
Stand) software suite developed on its basis, which is designed for simulation modeling and analysis 
of dynamic processes occurring in forest areas [86]. 

Previous studies of the viability and productivity of modal pine forests [15] also noted their high 
viability and productivity. A study of the allometric relationships between diameter and height in 
the Central Forest-Steppe has not previously been conducted. Ac-cording to data from [28], 28 simple 
regression relationships between tree height and trunk diameter at a height of 1.3 m were analyzed 
for pine forest plantations in the Moscow region (Russia), and it was found that the simplest and 
most universal of the models is the two-parameter Neslund model. We found that this model is also 
the best for the Central Forest-Steppe. 

The main characteristic of forest ecosystems is biological productivity [87]. In the current 
conditions of depletion of forest raw materials, the need for rational use of forest wood resources is 
most acute. This problem can be solved with high-quality and complete forest inventory information, 
up-to-date databases that can be supplemented and improved by using mathematical models that 
adequately describe the dependence of bioproductivity parameters on simple forest mensuration 
indicators. In this case, preference is given to simplified models that are accessible for analysis [88]. 
The regression method allows us to successfully predict the development of trees and the formation 
of trunks [89]. Most forest inventory standards mainly assess the resources of stem wood. However, 
new challenges, in particular from the perspective of the forest climate agenda, make it necessary to 
have models and data on the bioproductivity of forest stands that allow us to take into account the 
fractional assessment of the dynamics of accumulation of living organic matter, carbon deposition, 
and net primary production of forest stands [90]. Predictive assessment of the biomass of various 
parts (fractions) of trees allows economically justified and rational use of tree greenery, bark and 
wood itself, which, for example, determines the profitability of the first thinning techniques and 
clearing of burnt areas. The relevance of phytomass research is constantly increasing in our time [91–
94]. 

The study of the productivity of phytomass, the features of its formation in connection with 
microclimatic and hydrological conditions is of considerable importance, since the processes of soil 
formation, the stability of plantings and the preservation of their protective functions directly depend 
on the dynamics of phytomass accumulation. The essence of biogeocenotic processes and the 
specificity of the reproduction of organic mass in plant communities is manifested, first of all, in the 
structure of phytomass and its quantitative expression. It is the reserves of phytomass that reflect the 
features of the development of plantings [95]. Lukina et al. [96] attribute physical, chemical and 
biological events or actions that link organisms and their environment, such as biomass production, 
decomposition of litter, and cycles of nutrients, to ecosystem processes in the forest. In the forest 
phytocenosis, which is the most important component of the forest biogeocenosis, biological 
productivity characterizes the rate of formation and accumulation of organic matter in the form of 
phytomass. 

According to the data provided by Rock et al. [97], the decomposition constants of pine wood, 
depending on the region of growth, vary from 0.01 to 0.07 per year, with an average of 0.04 per year. 
The authors noted that the use of decomposition constants from public sources allows for a fairly 
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accurate description of carbon losses during the decomposition of large wood residues. For European 
boreal forests, Shorohova and Kapitsa [98] provided information that the decomposition rate of wood 
of different species varies on average from 0.014 (pine) to 0.071 (spruce) per year. 

5. Conclusions 

Of great importance is the analysis of the state of all components of the phytocenosis of old (120-
140 years) natural pine modal forest-steppe stands, since they form the ecological basis of the region 
and determine both carbon deposition and all the main environment-forming functions. In 
accordance with this, we assessed the viability and productivity of such stands, which, in turn, 
determines their carbon deposition function. 

Analysis of the species composition of the ground cover, undergrowth and young growth in the 
surveyed SPs showed a high similarity of tree stands growing on moderately moist and moderately 
fertile soils. The forest stand on moist moderately fertile soils (SP2) is characterized by higher average 
forest mensuration characteristics (trunk diameter - 48.5 cm, tree height - 29 m), as well as the 
presence of more moisture-demanding ground cover species, such as bracken (Pterídium aquilínum 
L.), moneywort or creeping jenny (Lysimachia nummularia L.), and bristly haircap (Polytrichum 
piliferum L.), and underbrush species, such as common rowan (Sorbus aucuparia L.) and alder 
buckthorn (Frangula alnus L.). All surveyed forest stands were highly productive an in excellent 
sanitary condition with the weighted average value of the condition category, varying from 1.1 for 
SP2 to 1.5 for SP3. Until now, moderately moist and moderately fertile soils were considered optimal 
for pine growth in the East European forest-steppe. However, we have found that under current 
climate change, stands with moist and moderately fertile soils exhibit the best health, productivity, 
and carbon sequestration characteristics. 

We have established allometric relationships between diameter and height for the surveyed 
stands, based on which mathematical modeling of height by diameter of the surveyed stands was 
carried out that will improve the accuracy of forecasting the growth and productivity of pine and the 
effectiveness of forest management in the East European forest-steppe. 

Old-growth forests are good repositories of carbon deposited from the atmosphere. In the 120-
140-year-old pine stands that we surveyed, the carbon content in the pool of aboveground and 
underground phytomass was highest in the stand growing on moist moderately fertile soils (SP2) - 
182.8 tC/ha. 

As our study has shown, additional forestry measures are not required to preserve the studied 
valuable forest stands and increase their productivity. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Table S1: Individual height and diameter values for each tree in sample plots SP1, 
SP2, and SP3. 
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