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ABSTRACT

The issue of accelerated forestry plantation with high-quality wood using the best soils in terms of productivity,
fertilizers, and intensive treatment has become quite relevant due to increased demand for forestry products and
higher requirements for environmentally friendly use of forest resources. This paper presents the results of a study
on the impact of various techniques for treating coniferous plantations, including thinning, fertilization, and her-
bicide processing, on wood quality key indicators. The paper examined the wood density, correlation of early and
late wood zones, and the cell wall thickness for 38-year-old pine trees grown on the sample plots of Siversky les-
khoz (Leningrad region, Gatchinskiy district) at different treatment and density control techniques. It has been
established that the highest basis density of wood corresponds to the samples grown at the density variant of
1 t/ha and double herbicides treatment, and the lowest basis density value was recorded at the option of
4 t/ha with combined treatment. It has been shown that the increase of width index for early wood is influenced
by the lower density of 1 t/ha and one-time herbicide treatment, for late wood – by the lower density of 1 t/ha and
repeated treatment with herbicides. The increase in average cell wall thickness for early and late wood is observed
when the density increases up to 4 t/ha and double herbicides treatment. The results obtained provide a valuable
scientific contribution to general forestry knowledge and have practical value in plantation forestry.
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1 Introduction

The modern forest management pattern does not fully meet the requirement of environmentally safe use
of forest resources. The balance between wood harvesting and forest regeneration is broken. The allowable
volume of logging defined for the territory of the wood production site as a whole is felled down in the area
with limited transport access, thus, creating an ecologically stressful situation [1]. The solution may be an
intensification of forest resources reproduction, namely, plantation forestry using the best land in terms of
productivity, fertilizers, and intensive treatment that, among others, include certified chemicals [2].

Plantation forestry is one of the silviculture areas aimed at accelerated production of higher wood
volumes on specially established crop plantations. Accelerated growth of coniferous wood at plantations
is currently of great interest for both the forestry practices and the needs of wood consumers [3]. Getting
the necessary volume of wood in a shorter time compared to natural stands and the possibility of placing
plantations near the wood consumers makes them a profitable forestry activity. Also, the pulp and paper
production sphere is undoubtedly interested that the increase in the volume of wood is accompanied by
an increase in weight [4].

The need for timber of certain species on the territory of North-West Russia determines the necessity to
create target forest plantations [5]. At the same time, forest crops are grown in places where full natural
regeneration is impossible or when it is necessary to receive wood in a shorter time.

Plantation forestry may become the principal way of forest resource production in regions with intensive
forestry and developed infrastructure, including wood industry enterprises. Experiments with thinning
treatment of pine and deciduous spruce stands planted more than 50 years ago, new experiments with
thinning treatment and simultaneous fertilization, and the experiments with Pskov Local Treatment
Facilities with intensive treatment of pine and spruce young growths allowed specifying the
recommendations for sustainable forest management and direct them to the modern problem solution
using newly developed techniques [6,7]. These studies have shown that trees of different sizes react
differently to fertilizers. According to the data obtained, thin trees in a 100-year-old stand were the most
responsive to fertilizers. Their growth increment rate increased by 2…3 years after application, and the
duration of the fertilization effect on diameter growth was 12…13 years. The middle-class trees reacted
positively to the growth increment. Large trees reacted very poorly to fertilizers. Thin and medium-sized
trees showed an additional growth increment of 130–135% compared to growth increment on control plots.

Following the experimental data in the works of Miller [8] and Zeller et al. [9], positive changes in the
structure of annual rings was observed in coniferous wood, which led to its improved physical and
mechanical properties. In general, the basis density of the wood at the experimental plots is above the
average for the area under study. Thus, in the mixed treated stands, the basis wood density of both spruce
and pine trees tends to increase. In the growing stands after mixed treatment, the basis wood density of
spruce increases, and that of pine trees slightly decreases. Complex maintenance allows receiving sawing
assortments of higher quality and pulpwood, which are different in terms of an end product output and
allow saving time and technological process consumables on the manufacture of various types of paper
[10,11]. By the age of logging the mature trees after complex maintenance, highly productive tree stands
with the reserve exceeding the control sections were formed at the investigated plots. After the complex
treatment, the share of large wood in the commodity structure of growing stock increased.

Complex care organically combines the benefits of thinning treatment and fertilization in the forest.
Interest in complex care has increased even more due to the development of accelerated targeted forest
regeneration systems. The developed logging and complex care programs, if properly applied, allow
achieving the economically necessary effect at minimum costs [12,13]. Fertilizers are considered
necessary element of the targeted forestation system as they provide the possibility to increase the
productivity of stands and the yield of valuable commodity products.
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The issue of the thinning effect on forest productivity, which is closely related to the formation of wood
and its quality, is still under discussion. The efficiency of thinning is mainly estimated by quantitative or total
stand productivity [14]. The existing approaches to establishing the parameters and regimes of thinning
treatment are mostly based on the assortment structure of growing stock but do not take into account the
quality of wood. Thus, the target forestation is out of consideration in this case. More suitable is the term
qualitative productivity of trees and stands as a whole, as thinning treatment contributes to the formation
of wood with thicker trachea walls, higher void content, and lower porosity [15]. There is a correlation
between tracheal length on density, i.e., the more intense the thinning, the longer the fibers. The increase
in cell wall thickness with constant cavity diameter contributes to the increase in dense wood mass.

The changes in the anatomic structure of wood are known to be determined by the age of planting under
treatment, as well as the intensity and time remoteness of the maintenance procedures [16]. Wood density
also depends on these factors. There is a general connection between the density of the growing wood
and the content of late wood. Density is not always closely related to the width of the annual layer. Wall
thickness and tracheal length, the porosity of the late zone, and surface and bulk porosity of the wood
have the strongest influence on density [16,17]. A significant influence of the diameter class of trees on
wood density has been noted [18]. The indices of strength and deformation properties are well correlated
with density, most closely with the ultimate compressive strength and static bending depending on the
age of plantings and density.

Due to the removal of secondary species trees that have lagged in growth and are defective, increasing
the size of each growing tree improves the commodity structure of wood. The question of the quality of
grown wood has not been studied appropriately yet. In some cases, the ratio between early and late parts
of a year’s layer of wood in pine stands changes little after thinning, but still for the better, i.e., in favor
of late wood. In the typical green pine stands, not only the width of the annual rings increases after a
density decrease but also the width of the late part to 0.6–1.25 mm, i.e., the optimal width at which the
wood has better physical and mechanical properties [19,20].

In the meantime, improving the quality of grown wood by the time of final felling significantly increases
its attractiveness for consumers, i.e., wood processing companies of various profiles [12,21]. Thus, adhering
to the specifics of macro- and microscopic anatomic wood elements and their relation with physical and
mechanical properties allows growing wood of the target quality. The purpose of this work was to study
the impact of various treatment options for coniferous plantations, including thinning, fertilization, and
herbicide treatment, on the basic indicators of wood quality. The work investigated wood density,
correlation of early and late wood zones, and the cell wall thickness for 38-year-old samples of pine trees
grown on experimental plots treated using different treatment and density control techniques. The results
obtained provide valuable scientific input to general knowledge in silviculture and are of practical interest
in plantation forestry.

2 Materials and Methods

The pinewood density was estimated based on the wood fragments sampling from model trees in the
form of disks along the length of the trunk and cores at a height of 1.3 m. The correlation of early
and late wood zones was examined on a microphotometer analyzer that was originally developed in
L.V. Kirensky Institute of Physics in Krasnoyarsk (Fig. 1). The layered structures were applied with
subsequent output of indicators on a diagram tape and further scaling using electronic caliper TOPEX
31C624 (Poland) with an accuracy of 0.01 mm. The data obtained were grouped into ten-year periods.
Microsoft Excel 2013 were used for subsequent data processing.
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Density measurements were performed in accordance with GOST 16483.1–84 [GOST 16483.1–
84 Wood. Method for determination of density] on samples of a square rectangular prism form with a
base of 20 mm � 20 mm and a height of 30 mm along the fiber, facets of which are smoothly sharpened.
Basis density was determined by measuring the maximum moisture value of density class wood samples
taken from selected sections in experimental plots according to formulas:

qbasis ¼
m0

Vwmax
(1)

where Vwmax is the volume of the sample extremely saturated with moisture (m3), m0 is a mass of an
absolutely dry sample (kg).

The images of growth increment were taken with the Leica DVM 5000 Digital Microscope (Leica
Microsystems, USA). Since some of the growth increments do not fit into a single picture but represent
several photos, it was necessary to combine them using the photo editor Adobe Photoshop CC.
Afterward, a thin one-pixel black line was drawn through the most distinguishable row of cells, and the
border between early and late growth wood was highlighted as well (Fig. 2). Then, the number of early
and late wood cells was estimated according to this image with the line. The cell size and wall thickness
specified the difference between the end of the early wood (lightly colored area) and the beginning of the
late wood (dark area). Late wood cells are darker and have a smaller size with thicker walls. The
thickness of the cell wall is measured in each 10 cells, that is 10% of the total number of cells.

Figure 1: Microphotometric analyzer for studying the structure of wood and anatomical features of tree
growth

Figure 2: Example of a drawn line through the most distinguishable row of cells
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Cell wall thickness was calculated using the DG Analyzer v1.5 software with an image size of 135.47 ×
101.6. All images were taken at 300 dpi, where the length of a cells’ row was measured with a curve line tool.
The curve line has points in its bending nodes that may interfere with an orderly set of numbers. Therefore,
this point should be deleted when approaching a bend node, and then the line will bend from the last left
point. Separate lines are used to highlight late and early cells. The measurement is performed on every
tenth but not less than on three cells. The outermost cells are not measured as they may be jammed. That
is, depart from the edge by 2–3 cells, two dots are put on the left cell wall (the cells adjoin resulting in
the thickness of two neighboring cell walls, i.e., this number should be divided in two in the future.
Afterward, two dots are placed on the right cell wall with the subsequent measurement. Depart from it to
the right for as many cells as necessary (every tenth cell, and at least three cells), the dots are put again in
the same way as described above.

The result is a column of digits, which corresponds to the following numbers:

(1) the distance from the leftmost point of the line passing through all cells to the first cell wall;
(2) the width of the left wall of the first measured cell;
(3) intracellular space;
(4) the width of the right wall of this cell;
(5) the distance to the next cell on which the measurements are made and further similarly.

After the calculations on all images are made, the values obtained should be converted to the desired
scale. The size of one image was 135.47 × 101.6 mm. All images were taken at 300 dpi. In other words,
300 dpi and 1000 scale are always used at rastering. The scale of 1000 is specified at plan creation. Thus,
the side of the image on the plan is measured, amounting to 135.47 m. All the images contained the
following values: zoom, the size of the image width H, the microscope resolution, and the scale for
checking at the bottom.

The sample plot is located on the territory of Siverskiy leskhoz: Leningrad region, Gatchinskiy district,
Orlinskiy forestry, in the north-western part of square 93, bordering with sample pine crops of
Druzhnoselskiy forestry in the north and sample plot planted in 1980 in the east. The total area of the
experimental site amounts to 11 hectares and consists of 30 permanent sample plots (PSP) with an area of
0.32–0.80 hectares each. Such a large area allowed growing crops with different densities (Fig. 3).

Figure 3: Scheme of the sample plot
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The site is relatively flat, intensively drained (former bush hayfiled of poor quality). Forestry conditions
are from different herbs to herbaceous. Ditches are overgrown with willow and alder gray. In the increased
(western) part, the soil area is fresh, sod medium podzolic sub sand loamy in the middle part of the soil, wet
humus and peaty, medium podzolic, in some places gleyd on loams or sand (humus horizon of 0.2–0.3 m). In
the lower terrain (eastern) part of the soil area, moist humus and peat on loams (organogenic horizon capacity
of 0.3–0.5 m).

Preparatory work was carried out in the summer of 1975, crops planting–in May 1976. After hanging the
passage axles of the tillage tool (PLO-400 plow), the soil was mechanically treated every 6 m with the
formation of layers 30–35 cm high and furrows 35–40 cm deep; layers were rolled out with a chain track
tractor T-130. The planting was carried out under the cord by leveled seedlings, grown from local seeds,
with an open root system at a height of 24 ± 0.6 cm and the diameter of the root neck of 4.3 ± 0.2 mm.
The plots under study are marked with color on Fig. 2. The growth and density rates of young trees and
presented in Tab. 1.

In the control subvariant, only willow, alder, and birch were removed from weed plants using the
motorized Secor unit. On the herbicide subvariants, belts 1 m wide were treated along the rows with a
mixture of propazine (5 kg/ha) and gardoprim (2 kg/ha) from Solo sprayer in May 1978 (3rd year of
planting). In spring 1979, the treatment was repeated with increasing the dose of propazine to 7 kg/ha
and that of gardoprim to 3 kg/ha. Solution consumption was 500 l/ha. In autumn 1979 and August 1982,
the belt was treated with glyphosate in a dose of 3 kg/ha (solution consumption 300 l/ha), which resulted
in a suppression of all herbaceous plantings. In winter 2000–2001, 26-year-old pine crops were thinned to
different density values at the PSP with an introduction of herbicides (Tab. 1).

Plantation growing requires minimizing costs and getting the maximum output from 1 hectare of forest-
covered area. The object of the study (pine crops) reached 38 years of age. These plantations are of interest
for the analysis of volume and mass indices when growing crops for pulpwood with a felling turnover of
40 years.

3 Results

3.1 Basis Density of Wood
Tab. 2 shows the results of basis density measurements depending on the diameter class in all

investigated PSPs.

Table 1: Characteristics of the studied PSPs and treatment options performed in winter 2000–2001

PSP No. Area, ha Density, t/ha Treatment type Repeat counts Thinning density, thousand pcs/ha

13 0.22 1 herbicides 1 -

14 0.44 1 herbicides 2 -

20 0.2 2 herbicides 2 2

23 0.11 4 control+ herbicides 1 1.5

27 0.09 4 herbicides 2 2
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As can be seen from the table, there is a difference depending on the treatment technique. Thus, at PSP
No. 13, the highest and the lowest basis density values are observed in the wood of 12th class and with a
trunk diameter of 32 cm, accordingly. For samples at PSP No. 14, which received a repeated dose of
herbicides compared to No. 13, the maximum and minimum basis density values are observed in the
wood of 12th class and with a trunk diameter of 28 cm, respectively. For trees growing at PSP
No. 20 with greater density (2 t/ha, double treatment with herbicides), the highest and the lowest basis
density values are observed at 20th and 12th class, accordingly.

At PSPNo. 23 (4 t/ha, herbicides, control, single treatment) the maximum basic density is traced in the wood
of 28th class and the minimum in that of 12th class. For samples at PSP No. 27 (4 t/ha, double treatment with
herbicides), the highest and the lowest basis density is observed in the 16th and 28th class, respectively.

As can be seen from Fig. 4, the highest basis density is observed at PSP No. 14, and the minimum value
is fixed on PSP No. 23. Thus, the option of double treatment with herbicides at the density of 1 t/ha gives the
maximum value of the grown wood basis density. At the same time, the minimum value corresponds to the
samples grown on the mixed treated site with a density of (herbicides, control, repeated treatment).

Table 2: Basis wood density values on the investigated PSBs (kg/m3)

PSP No. Diameter class, cm

12 16 20 24 28 32

13 406.2 387.3 381.3 387.4 383.9 367.7

14 461.4 425.4 427.4 404.5 402.9 418.0

20 388.8 403.7 409.7 395.6 408.0 -

23 375.4 391.3 365.9 392.6 394.0 -

27 422.0 427.8 401.3 418.3 393.1 -

Figure 4: Maximum, minimum, and average basis density in all PSPs
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Thus, frequent thinning and repeated fertilization result in an increase of wood density. The obtained
results are well consistent with the results of studies in [22,23]. However, not only these factors affect
density changes, but also climatic variations are involved. According to [24], the density of pine wood
increases during drought, especially in late winter and early spring.

3.2 Width of the Growth Rings
The results of measurements of late and early wood widths depending on diameter class are presented in

Figs. 5 and 6. As can be seen, the width measurements for early wood are somewhat higher compared to the
width of the late wood in all PSPs.

For PSP No. 13 (Fig. 5), the dynamics of changes in early wood width demonstrates that the width
increases uniformly with the growth stage. The greatest and the smallest widths of early wood is
observed on the diameters of 32 and 12 cm, respectively. Fig. 6 shows that for the late wood, the
maximum and minimum widths are observed on diameters of 28 and 20 cm, accordingly, and changes
depending on a diameter class of trees are increased not uniformly.

Figure 5: Width of early wood depending on the diameter class at the examined PSPs

Figure 6: Late wood width depending on the diameter class at the examined PSPs
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A similar pattern is observed for the samples at PSP No. 14. The greatest width of early wood is in the
24th class and the smallest–in 32nd (Fig. 5). Late wood has the greatest width by 24th class, and the smallest
by 16th class (Fig. 6). For samples at PSP No.20 and 27, the indices of early and late wood widths increase
with the higher diameter class, while for PSP No. 23, the decrease in width is observed Tab. 3.

Comparing the width values of early wood in all the sample plots, it can be seen that the longest width is
observed at PSP No. 13 (1 t/ha, single-time treatment with herbicides) and the shortest–at PSP No. 27 (4 t/ha,
double treatment with herbicides). For the late wood, the maximum width is recorded on PSP No. 14 (1 t/ha,
double treatment with herbicides) and the minimum–on PSP No. 13 (1 t/ha, a single treatment with
herbicides). A general decrease in the width of latewood and an increase in the width of earlywood can
be explained by the prolonged growing season and the influence of dry deposition of fertilizers as the
main reasons [23]. According to the results of X-ray measurements of Pinus taeda [25], the density of
wood growth increases with age, and the formation of mature wood begins from 30–45 years. Longer
periods of growing trees in the canopy of two age stands provide better-quality wood.

3.3 Cell Wall Thickness
The thickness of the cell wall was determined to specify the factors affecting the wood density. Figs. 7

and 8 show the results of measuring cell wall thickness as a function of trunk diameter.

Table 3: Average width of early and late wood for all sample plots

PSP No. 13 14 20 23 27

Average width of early wood, μm 3759.98 3612.8 2328.03 2176.71 2149.47

Average width of late wood, μm 249.97 593.2 368.55 398.49 453.85

Figure 7: Early wood cell wall thickness at all PSPs
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As can be seen from Figs. 7 and 8, wall thicknesses for early and late wood differ slightly in size. Thus,
for early wood fragments of PSP No. 13, the change of cell wall thickness depending on diameter class is
non-uniform (Fig. 7). The greatest thickness of the cell wall is observed in the 32nd diameter class steps
and the smallest–in the 12th class. Similar pattern is observed for the dependencies of the late wood wall
thickness (Fig. 8), where the greatest thickness of the cell wall is observed in the wood cells of 28th
diameter class and the smallest–in the 12th class.

As can be seen from the figures, the value of cell wall thickness in late wood is higher than that in early
wood for trees on PSP No. 13. At PSP No. 14 with the early wood, the maximum thickness of a cell wall is
observed in the wood of the 20th class, and the minimum–on the 28th class (Fig. 7). In late wood, the
thickness of the cell wall is maximal in the 20th class and minimal–in the 24th class (Fig. 8). Thus, the
cell wall thickness in early wood is lower than that in late wood. For the samples at PSP Nos. 20 and 27
(4 t/ha, double repeated treatment with herbicides), the thickness of the cell wall in late wood was greater
compared to that of early wood. Similar situation was observed at PSP No. 23 for all diameter classes.

Hence, as can be seen from Fig. 9, the maximum value of the average cell thickness is observed on PSP
No. 27 (4 t/ha, double repeated treatment with herbicides), and the minimum value is noted at the 13th
sample plot (1 t/ha, a single treatment with herbicides).

Figure 8: Late wood cell wall thickness at all PSPs

Figure 9: Average cell wall thickness of early and late wood
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Hence, as can be seen from Fig. 9, the greatest average cell thickness of late wood is observed on PSP
No. 27 (4 t/ha, double repeated treatment with herbicides), and the minimum value is noted at the 13th
sample plot (1 t/ha, a single treatment with herbicides). Thus, the obtained results show that the initial
planting density has little effect on the stock and density of coniferous wood, while the choice of
treatment technique and conditions of the growing area play a more significant role.

The results obtained are well consistent with the findings of other works [26–30]. Studies conducted in
the Arkhangelsk region showed that the thinning of 30–40-years-old pine stands improved the quality of
wood since the percentage of late wood increased by 13% in 4 years [28]. Similar indicators were
obtained after thinning in forests of Zhytomyr and Pre-Carpathian regions (Ukraine). The percentage of
late wood increases slightly by only 2.4–3.4%, indicating better physical and mechanical properties [29].
Papers of Grigoryeva [31] and Vagveldi et al. [32] discuss the forest treatment effect on multisectional
permanent sample plots planted in the conditions of berry-type pine. Thinning of young trees with an
intensity of more than 50% by the number of trees leads to an increase in the share of early wood and,
consequently, to a deterioration in the quality of grown wood raw materials. The latter causes
heterogeneity of wood structure and deformation of lumber produced from it.

According to the above results, the biggest differences in the growth increment of pine trees by the width
of one-year layers were found in the first 4 years after thinning, especially in the second year after it. As the
thinning intensifies, the width of the year-layer at the breast height in the trees of I class growth gradually
increases. Linear thinning of the growing stock combined with selective growth after treatment in class I
trees at breast height increased markedly in case of medium and heavy thinning intensity. Trees of II
growth class reacted most positively to highly intense thinning. Comparison of the radial growth size and
percentage of late wood allows selecting the optimum thinning regime in the conditions of berry-type
pine trees to recommend treatment at the age of 15…20 years with the intensity of 50% by the number of
trees, pass cuts at the age of 40…50 years with the intensity of 26…35% by the stock. Reduction of the
thinning procedures to two does not lead to deterioration of forest management indicators with significant
improvement of economic effect [33,34].

4 Conclusions and Recommendations

According to the analysis results, the greatest values of average basis density for all sample plots have
been determined in trees grown with a density of 1 t/ha and double treatment with herbicides. The minimum
basis density is noticed for samples with a greater density of 4 t/ha and combined treatment, including weeds
removal and single-time herbicide treatment. By comparing the widths of early wood in all experimental
plots, the lower density of 1 t/ha and a one-time herbicide treatment have been established to affect the
width increase. For late wood, a lower density of 1 t/ha and herbicide treatments (2 repetitions) also
affect the width level. An increase in the average cell wall thickness for early and late wood occurs when
the density increases to 4 t/ha and double herbicide treatments are applied.

Noteworthy is that the effect of initial planting density and crop types on the stock and density in the
pinewood is quite ambiguous. The choice of planting density and its further reduction for the pine should
be differentiated from the conditions of the growing area and the purpose of further wood growth,
whether it would be a balance raw material or sawmill. Increasing the density of crops leads to an
increase in volume and mass indices. The studied forestation conditions allow concluding that growing
spruce for pulpwood and a sawmill would result in wood raw materials volume with large mass indices
for pulping while growing for sawlogs will increase physical and mechanical properties of wood.
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