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Abstract

Many researchers around the world show interest in forest ecosystems. Because the growth of forest 
stands depends on many environmental factors, forest stands can serve as study objects in research 
on climatic conditions and their role in forest architecture regulation. This study seeks to determine 
taxation indices of different tree stands to establish the possibility of forecasting the further course  
of forest development. The study sample includes forest stands with trees of different bonitet classes 
in the Leningrad region. The results show that climatic and other factors affect trees in different ways, 
depending on their species, age and location. The estimated height of pine in bonitet class II-IV is 
lower than the tabular one. The estimated diameter is higher than the tabular one in all cases except for 
one where stands consist of pine in bonitet class I. The biomass increment was smaller than expected  
in spruce trees of class III bonitet, pine trees of class II bonitet, and birch trees of class I bonitet. 
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Introduction

Climate change, greenhouse gases and other factors 
affect the growth dynamics of a forest ecosystem. This 
connection sparks huge interest among scientists, and 
the long-term observation of test plots enables them 
to investigate in those directions. Natural forest stands 
grow without human intervention that could change 
their natural composition [1]. Their growth dynamics 
depend on the ecological and biological properties 
of tree species in a stand. Therefore, knowing these 
properties, one can forecast the growth dynamics of a 
stand of trees and estimate the economic value it will 
have in the future [2]. 

Oddly enough, stand dynamics represent an area 
of knowledge where many conclusions and judgments 
stem from fragmentary and not systematized data, 
rather than longitudinal and detailed studies on 
vegetation dynamics and drivers controlling it. Intense 
human efforts to expand infrastructure and settlements 
entail changes in forest biocenosis. To assess the 
impact, scholars tend to track changes in the diameter 
and height of individual trees [3, 4]. 

The quantitative and qualitative dynamics of 
the forest ecosystem reflect the interaction between 
tree growth and tree mortality rates [5]. Its structure 
is influenced by many factors: wildfires, winds, 
zoocenosis, soil type, and more [6]. For example, 
the dynamics of forests with waterlogged soils are 
predominantly endogenous. Yet, water-saturated soils 
exacerbate the growth of the subterranean and aerial 
parts of the plant thanks to the slow gas exchange. 
Acceleration of the forest succession process is 
associated with, among other factors, the presence of 
peat in the soil, which encourages the growth of roots 
[7].

Compacted soils negatively affect the development 
of the root system of plants, which is associated with  
a limited supply of oxygen and water with nutrients 
[8]. This effect is mainly achieved by operating logging 
equipment (skidders, harvesters, etc.) of different 
capacities in the forest areas [9]. Another anthropogenic 
factor is tourism. In addition to direct compaction  
of soils by laying tourist routes, there is also an impact 
on the forest ecosystem during the construction  
of tourist recreation centers or other necessary 
structures [10]. Limiting organic carbon can be acting 
wind farms, which increase the erosion of the upper 
layers of the soil, especially in the proximity areas  
[11]. 

In other habitats, stand dynamics are associated 
largely with moderate-level and strong windfalls 
forming even-aged forest stands. The conventionally 
same-age stands of timber were seen to emerge 
simultaneously within relatively uneven-aged ones [7, 
12]. Natural disturbances (such as root-rot and steam 
diseases, the influence of microbes, etc.) support  
a variable stand mosaic, including all stages of the 
regeneration cycle in which over-mature climax stands 

occupy the extensive area compared to other types of 
tree communities [13, 14].

The observations at natural park stations combined 
with data from silvicultural research lay ground for 
solving many theoretical, methodological and practical 
problems in natural resource management. The common 
challenges concern the drivers and directions of natural 
and artificial forest dynamics, the stages of dynamic 
forests, and the characteristics of the land allocated to 
preserve valuable ecosystems. Scholars seek, among 
other things, to redefine the methodology for forest 
dynamics accounting, to compare forests of different 
origins with respect to their values of sustainability and 
productivity, to establish ways of forest management 
for stands of varying origin, structure and dynamic 
state, and to develop a regional system for ecological 
regulation and rational resource management. The 
present study aims to estimate forest dynamics based 
on data from long-term observations and establish the 
possibility of forecasting the stand age dynamics.

A well-functioning forest ecosystem is characterized 
by a sufficient diversity of tree species. The composition 
of thereof depends on climatic, biotic and other 
conditions [15].

At the initial stages of stand establishment, trees 
encounter minimum competition and grow freely, 
forming larger niches. As the mixed stand reaches later 
stages, the competition increases strongly influencing 
its growth dynamics. The interspecific relations of 
tree species mediate the competition for resources 
among plants growing within restricted spaces. The 
growth architecture of woody plants defines the growth 
potential and size of adult species. This connection 
allows controlling the growth of the stand to obtain 
maximum financial return possible [16]. Changes 
in abiotic parameters affect the stand structure and 
distribution of woody plants, increasing competition 
between individual plants and expanding the area under 
large trees, making them more stress-tolerant. Such 
manipulation allows the population to survive even in 
unfavorable conditions [17].

Interpopulation relations indicate the dependence 
of plant species on the environment. Plant replacement 
during stand development results in more complex 
and stable forests. Competition is at the heart of the 
succession process [18]. The character of the coexistence 
at the level of cenosis leads to the emergence of other 
forest indicators (average taxation values and tree 
distribution by stem thickness) [16, 17].

Competition may be either interspecific or 
intraspecific. Both have similarities. For instance, they 
depend on the competitive vigor of the plants, which, 
in turn, is influenced by their growth strategy and 
environmental conditions. While some plants exhibit 
strong competitive ability, others are weak competitors 
that cannot withstand interspecific competition [19, 20]. 
There are also cases where species have a positive effect 
on each other. For example, a nurse plant increases the 
productivity of another species, resulting in a greater 
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number of target species around it [19]. When growing 
together, some tree associations develop much better 
than in pure stands. In this case, the intraspecific 
competition is more intense than the interspecific one 
[21]. 

Korotkov et al. [22] examined the natural forest 
dynamics in the Moscow region. The authors show 
that reasoned judgments about the reasons, nature, 
mechanisms and directions of forest dynamics require 
re-inventory work on diverse permanent sample plots. 

The growth dynamics of woody plants can serve as 
a marker of climatic changes in the area. An increase 
in the average air temperature entailed an increase in 
the number of closed forests and deciduous plants [23]. 
Chernogaeva and Kuhta [24] described the dynamics of 
boreal forests, where significant disturbances (wildfires, 
windfalls, and insect damage) destroy all or most 
of the trees at irregular intervals, resulting in plant 
community re-establishment. In the 1990s, the boreal 
forest dynamics was determined by a combination of 
natural and anthropogenic factors. Because natural 
factors play a more significant role in forest dynamics, 
it is vital to pay more attention to uneven-aged growth 
trends in this region.

Experimental  

Methodology

Experiments were carried out on permanent sample 
plots (PSPs). The comparative analysis was to process 
data obtained from different experiments.

Estimation of the current increment 
in growing-stock volume 

The study duration was 5 years. The volume of 
the growing stock was determined using the complete 
enumeration procedure. Tree diameter measurements 
were taken using a metal pachymeter at a height of 1.3 m 
above root collar with an accuracy of 1 mm. The height 
of individual trees was measured using a pendulum 
altimeter (this procedure involved at least five trees in 
each diameter class). Data were arranged graphically 
to determine height classes of trees with different 
diameter. The stand inventory of the Arkhangelsk, 
Vologda and Leningrad regions was calculated using 
growth tables with an accuracy of about 3%. In cases of 
equal baseline stocks, the increment was calculated by 
the following formula:

                       (1)

where: Vp denotes the volume of the stand after natural 
thinning; Vc denotes the total volume of the control plots. 

A formula for the total stand productivity is given 
below:

                            (2)

where: Vo is the volume of the stand with respect to self-
thinning mortality. 

The volume of growing-stock trees that died due 
to competition (self-thinning process) was calculated 
similarly to that of the stand. 

Study objects

Experiments were carried out on pine stands 
comprising different bonitet classes (Table 1). Pine 
plantations are located within the territory of the 
Siversky Les forest agency (Leningrad region), 
established in 1929 by the Silviculture Laboratory 
staff working at the St. Petersburg Scientific Research 
Institute of Forestry at the time.

Results

According to Tretyakov’s growth tables, stand 
volume and growth increments began to decline in 
the 60s. PSPs demonstrated a different trend: volume 
increments, decreasing in the 80 and 90s, began to 
grow again in the late 90s. Fig. 1 depicts changes in the 
diameter, height, and volume of growing-stock trees in 
pine plantations with class II of bonitet.

As can be seen, pine stand 1-1 exhibits the dynamics 
of height, diameter and volume growth similar to 
tabular estimates. The current increment curves, 
however, differ. When pine reaches an age of 53 years, 
its growth slows down substantially. The growth begins 
to gradually increase again at the age of 58. The only 
reason behind this effect can be climate change, cyclical 
or induced by the greenhouse effect. 

The pine stand 2-1 represents a similar case (Fig. 2). 
The dynamics of height, diameter and volume growth 
is similar to tabular estimates, but the increment curves 
are different. The difference is a sharp increase of the 
growth curves for the study plot, followed by a decline.

The growth dynamics of the pine stand 11A (Fig. 3) 
are also consistent with the tabular estimates. The same 
is true for the plot 5-1 (Fig. 4). The increment curves 
for pine stands 3-1 and 11-A differ from the one based 
on tabular data and show a sharp decrease in growth, 
followed by an upward trend. 

Due to the influence of climatic parameters, such as 
temperature and precipitation, pine trees grow by leaps 
and bounds. 

Because some of the examined plantations were 
mixed, the change in taxation characteristics was also 
studied on spruce (Figs. 5-7) and birch stands (Fig. 8).

The dynamics of height and diameter growth within 
spruce stands 8A and 9A are consistent with the tabular 
values. The volume and current increment curves, 
on the other hand, differ. As can be seen, the volume 
growth of the stand 8A slowed gradually at the age  
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Taxation indices at the time of plantation Year of 
plantation

Stand age at the 
time of plantation

Bonitet class at the 
time of plantationHavg, m Hs, m Davg, cm N, u/ha G m2/ha V, m3/ha

Study plot 1-1; Pure stand: pine (10)

12.5 16.8 11.3 2992 30.3 218 1966 48 II

Study plot 2-1; Pure stand: pine (10)

9.0 14.1 7.0 5832 28.6 164 1973 50 IV

Study plot 3-1; Pure stand: pine (10)

8.0 11.8 6.4 6805 22.0 122 1969 30 III

Study plot 4-1; Pure stand: spruce (10); Forest type: blueberry spruce forest

4.1 9.1 3.6 55063 13.7 48 1971 22 II

Study plot 5-1; Pure stand: pine (10); Forest type: blueberry spruce forest

15.5 17.1 13.9 1555 23.8 190 1971 43 I

Study plot 6A; Mixed stand: spruce (7) + birch (3) + pine + aspen

10.2 16.0 8.6 3260 19.6 123 1930 43 III

Study plot 7А; Mixed stand: spruce (7) + birch (3) + pine + aspen

9 14.5 7.9 32456 16.9 91 1930 43 IV

Study plot 8А; Mixed stand: spruce (8.7) + birch (1) + pine (0.3)

14.6 20.2 11.0 3714 35.6 306 1930 48 II

Study plot 9А; Mixed stand: spruce (10); Forest type: sorrel spruce forest

10.6 17.3 8 6236 31.7 213 1929 44 III

Study plot 11А; Pure stand: spruce (10)

14.9 23.3 12.2 2984 35.2 322 1931 65 IV

Study plot 12А; Mixed stand: spruce (10) + pine; Forest type: blueberry spruce forest

12.9 22.6 10.7 2620 23.8 201 1931 45 III

Study plot 24А; Pure stand: spruce (10); Forest type: blueberry spruce forest

4.1 3.9 16663 13.2 48 1937 18 IV

Note: Havg − the average height of the individual trees; Hs − stand height; Davg − the average diameter of the individual trees; 
N − number of standing trees; G − total basal area; V − stand volume.

Table 1. Brief description of studied stands.

Fig. 1. Changes over time in taxation characteristics of standing pine (II class bonitet).
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Fig. 4. Changes over time in taxation characteristics of standing pine (I class bonitet).

Fig. 2. Changes over time in taxation characteristics of standing pine (IV class bonitet).

Fig. 3. Changes over time in taxation characteristics of standing pine (III class bonitet).
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of 55 years. The likely reason for this is windfalls. As 
regards growth increments, they became much smaller 
with time but then became slightly larger again. At the 
age of 98 years, trees grew in much larger increments. 
According to the volume growth curve for the study 
plot 9A, the first 60 years, growth was very similar to 
that after the age of 95 years. Volume growth between 
the ages of 60 and 95 exceeds the tabular values. The 
spruce stand 9A grew with leaps and bounds, while 
the growth table suggests a gradual and insignificant 
slowdown in growth. This difference is likely the result 
of weather impacts.

The dynamics of volume growth within spruce 
stands of II class bonitet (Fig. 6) are similar to tabular 
estimates. The stand 24A is the only exception 
displaying a gradual slowdown in volume growth after 
64 years. Spruce stands 4-1 and 12A grew with varying 

increments that did not coincide with the tabular values. 
The spruce stand 24A, on the other hand, exhibited 
increments similar to those in the table. The current 
increment of the standing volume of the spruce stand 
1-1 also differs from the tabular one. Spruce growth on 
the study plot 1-1 slowed gradually after 53 years and 
slowly sped up after 63 years.

The dynamics of height and diameter growth within 
the stand 6A (III class bonitet) are similar to tabular 
values. Yet, the height, diameter and volume values 
were lower. The likely reason behind this is windfalls 
and, accordingly, increased tree mortality (Fig. 7).  
As can be seen, the volume curve for the study  
plot 6A stopped growing once the spruce stand 
reached the age of 63 years, while the increment curve  
showed a dramatic decline and continued to grow 
afterwards.

Fig. 5. Changes over time in taxation characteristics of standing spruce (I class bonitet).

Fig. 6. Changes over time in taxation characteristics of standing spruce (II class bonitet).
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Birch stand 7A exhibits the dynamics of height, 
diameter and volume growth similar to tabular estimates 
for standing birch and spruce of I class bonitet. Birch 
grew in varying increments. A sharp decrease in 
growth proceeded a dramatic increase. Meantime, the 
growth table shows a gradual slowdown of birch growth 
with age (Fig. 8).

Discussion

Estimating the height and diameter of young trees 
(pine, birch, beech, etc.), Van de Peer et al. found that 
birch trees were substantially taller than pine trees, 
although their trunk diameter was slightly smaller. 
This trend is true for adult plants as well, but there are 
age-related variations in the size of differences. For 
instance, the difference in height between tree species 
ranges between 5% for young trees and 50% for old 

trees, while the difference in diameter is 15 to 35%, 
respectively [16]. The present study shows that birch 
and spruce have similar height and diameter regardless 
of their age. 

Tudoran et al. [6] found that the proportion of trees 
(i.e., beech and fir) has a tendency to change when the 
trees grow older. Their diameter approximately doubles 
within more than 50 years of growth. The present work 
show that the trunk diameter of spruce and birch trees 
increases by 2-3 times depending on the bonitet class 
and location. For pine, the diameter increment ranges 
between 50 and 60%. Tudoran et al. [6] also show that 
the growth of biomass decreases with age. In this study, 
the growth occurred unevenly, sometimes by leaps and 
bounds. 

Russian scholars [25] examined the growth of 
tree height and found that birch were the tallest of 
the examined species and spruce were the shortest 
ones. The results of this study obtained for birch  

Fig. 7. Changes over time in taxation characteristics of standing spruce (III class bonitet).

Fig. 8. Changes over time in taxation characteristics of standing birch (I class bonitet).
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are consistent with those findings, but pine trees were 
appeared to be shorter than the spruce trees.

Shevelina et al. [26] report that the crown diameter 
of spruce increases 7-fold in 50 years of growth. 
They suggest that this is achieved due to favorable 
growth conditions, namely the distance between trees. 
Regarding the diameter of the trunk, the situation 
is similar in the case of young and mature stands. 
Dancheva [27] analyzed the effect of felling on the 
value of taxation indicators of pine stands. As shown, 
at the age of 60 years in natural stands the average 
height is 12.5-14.0 m, and trunk diameter 14.0-17.0 cm 
and all plantings belong to class IV bonitet. In the case 
of artificial stands with thinning, the height of stands 
reached 14.2 m, and the diameter up to 17.2 for trees 
45 years old, so these stands belong to the III class of 
bonitet. That is, thinning has a positive effect on the 
growth dynamics. It is possible that natural disasters, 
which mainly fell old dry trees of even large diameters 
and heights, may affect the average values, as indicated 
in the current work. Therefore, this indicator requires  
a more extensive study, taking into account the 
historical records of the region.

Conclusions

The authors studied the taxation indicators of forest 
stands, such as: plant height, trunk diameter, age of 
stands, timber stock, stand density, appraisal class, etc. 
The present study found a certain degree of similarity 
between taxation data collected from pine, spruce 
and birch plantations and data from the growth table.  
The growing stock volume of spruce in the pure spruce 
stands was the exception. It decreased, probably due 
to windfalls. The increment varied in all plantations. 
If the increment curves created based on tabular data 
depict steady dynamics, those based on experimental 
measurements display abrupt changes in growth, which 
can only be the result of climate change. 

The dynamics of natural forest stands is subject 
to the following laws. In the initial stages of growth, 
there is a significant increase in diameter. With mature 
plants, the situation is the opposite. If the forest system 
does not regenerate, then the number of trees within 
the stand will decrease. Tree decline may also be due 
to adverse weather conditions or thinning. This process 
is more intense in young plantations. The peak growth 
occurs between the ages of 30 and 50 and gradually 
decreases after. Older trees (about 100 years old) are 
characterized by higher growth of indicators. Changes 
of indicators for plants under the age of 60 years were 
observed similar to older ones. For higher accuracy 
of conclusions, further research should investigate the 
growth dynamics of other types of trees growing in 
other areas.
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