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Abstract Thinning is a necessary and complex forestry
activity. The complexity increases due to theoretical disa-
greements, contradictory recommendations, and errors of
modern practice, which require confirmation through long-
time experiments. This article presents a summary of experi-
mental results from plantations established 20-30 years ago
and explains concepts of the theory, methods, and regime of
thinning in permanent sample plots of pine stands in Gatch-
insky forest of the Leningrad region. The research results
allow for the clarification of growth patterns and age dynam-
ics of pine stands subject to heavy, low thinning, as well as
the results of applying the crown (high) thinning technique
and a mixed treatment. A combined thinning and fertiliza-
tion could improve wood quality and yield compared to con-
ventional methods. Of particular scientific importance is the
analysis of change in tree diameter classes during growth
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and after thinning. The research results allow for optimizing
the treatment regime in pine plantations and reducing labor
intensity by increasing the intensity of thinning and reducing
the number of techniques.

Keywords Forest management practices - Forest stand -
Selective thinning - Silviculture

Introduction

Thinning of forest stands and plantations has been the sub-
ject of numerous studies for decades (Zeide 2001). Choosing
the most suitable thinning method is one of the most impor-
tant and necessary measures in silviculture. The impact of
thinning on tree growth and the development of the stand,
which in turn influences the functionality and productivity of
forest plantations, began to be studied experimentally from
the late nineteenth century, comparing different thinning
techniques with untreated (control) plantations (Powers et al.

Department of Applied Mathematics and Cybernetics,
Petrozavodsk State University, Lenin Avenue, 33,
Petrozavodsk, Russian Federation 185910

Department of Descriptive Geometry and Engineering
Graphics, Saint-Petersburg State University Architecture
and Civil Engineering, 2nd Krasnoarmejskaya Str., 4,
Saint-Petersburg, Russian Federation 190005

Department of Technology and Equipment of Forest
Complex, Arctic State Agrotechnological University,
Sergelyakhskoye Highway, 3rd km, 3, Yakutsk,
Russian Federation 677007

Department of Woodworking Technology and Wood
Construction, North-Eastern Federal University in Yakutsk,
Belinsky Str., 58, Yakutsk, Russian Federation 677027

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11676-021-01415-8&domain=pdf
http://www.springerlink.com

O. Grigoreva et al.

2010). The first results of pine forest experiments for Central
Europe are in the work of Pommerening and Murphy (2004),
followed by other experiments with different forest species
in different regions around the world (Hosius et al. 2006).

Generally accepted thinning methods research is aimed at
studying growth and yield. These studies provide additional
information on average volumes, the size of trees and, in
some cases, features of the crowns and conicity, the property
of being conical (del Rio Gaztelurrutia et al. 2017; Duis-
senbekov et al. 2020). However, in terms of environmental
consequences, the impact of different thinning techniques
has been poorly studied, being mentioned sporadically
(Pretzsch et al. 2014; Sohn et al. 2016). To date, the focus
on wood yield has lost its priority in some European forest
areas, and more attention is paid to different forms of for-
est management, including thinning. Further, due to global
climate changes, the research focus is to explore different
alternatives for ensuring the sustainability of forest planta-
tions (Schulze et al. 2020). The literature review in Seidl
et al. (2017) showed that ongoing climate change increases
forest disturbances caused by fire, insect infestations, and
pathogens. These factors will continue to grow over the
next several decades. Moreover, serious forest changes will
occur due to climate change and related phenomena such as
drought, wind, or snow. All these factors can lead to dev-
astating consequences such as fires, deforestation, or soil
degradation.

Existing long-term thinning experiments can fill the
knowledge gap on such aspects as carbon accounting
(Alvarez et al. 2016; Ruiz-Peinado et al. 2016; Borodin and
Zhangabay 2019) or the impact of climate change (Sohn
et al. 2016). Scots pine (Pinus sylvestris L.) is the most
widespread coniferous species in northern Europe. There
are controversies and disagreements over thinning among
researchers who recommend different treatments. Current
thinning techniques may be summarized into two groups:
crown (high) thinning and low thinning (Lindroth et al.
2018; Marchi et al. 2018). Sometimes a mixed method of
the two is mentioned. Many researchers have been involved
in determining the optimal timeframes for a thinning proce-
dure (Tahvonen 2016). There are two points of view on the
possibility to change the overall productivity of forest plan-
tations, one is proposed by scientists and forest practitioners
who support the concept of sustainability of stands after
thinning (Schulze et al. 2020). The other viewis that thinning
can significantly increase overall productivity (Yoshimoto
et al. 2016). The results in both these practices were also
controversial, possibly due to the large range of the species,
introducing geographical variability, specific resistance to
environmental changes (Kremer et al. 2012), and differ-
ences in the experimental planning and thinning methods
used (Utelbaeva et al. 2013; Primicia et al. 2016). In spite
of a sharp increase in forested area and general restoration
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of biodiversity, passive reforestation or self-regeneration
on abandoned farmlands requires constant monitoring to
prevent sudden wildfires (Rudel et al. 2020). In addition,
the intentional planting of trees to avoid flooding and soil
degradation may also be part of a strategy to help stabilize
the climate. According to Rudel et al. (2020), artificial forest
stands will remain a priority for carbon sequestration and the
reduction in greenhouse gases compared to naturally regen-
erated forests. However, resolving a problem by expanding
forest plantations exacerbates other problems, leading to
reduced biodiversity and slowing down natural processes
(Austin et al. 2017).

There is an opinion about maintaining stable tree growth
from the age of 20-30 years, sometimes earlier, and the
opposite about the possibility to improve the growth of small
trees through specific treatments. The selection of crop trees
is based on a stable growth of large trees planted at a young
age (Karlsson 2013). There are recommended guidelines
for crop trees selection (Ministry of Natural Resources and
Environment of the Russian Federation 2020). Only long-
term experiments reveal changes in trees during growth
and clarify the treatment method. The results obtained by
Stephens et al. (2020) indicate that applying fire protection
measures, including thinning, may also enhance biodiversity,
carbon sequestration and storage, and increase the resilience
and adaption to climate change in forests. Such measures
may have positive ecological effects in seasonally dry forests
(Bosela et al. 2021). As a result, the intensity of thinning
and fertilization may increase tree growth but also reduces
their resistance to drought. Therefore, selecting optimal thin-
ning methods to enhance forest productivity and reduce its
vulnerability to climate change is a necessary and relevant
issue.

Although two main thinning methods have been known
for considerable time, there are no firm recommendations
for using either in stands of different composition. Related
issues have been studied separately. This current study has
attempted to comprehensively assess the impact of thinning
techniques on plantation structure and its productivity.

The purpose is to analyze the results of thinning plan-
tations that were established 30—40 years ago and specify
theories, practices, and thinning regimes. The impact of
thinning on the age dynamics and changes in tree diameter
class distribution within pine stands of Gatchinsky forestry
has been analyzed. The research program included the fol-
lowing: (1) Studying the age dynamics of pine stands formed
under the influence of thinning and without thinning; (2)
Studying the process by which the tree stand forms, changes
in diameter classes, and the effect of different thinning meth-
ods on these processes; (3) Estimating the influence of thin-
ning on the merchantability of the stand; and, (4) Specify-
ing practical recommendations on thinning methods in pine
stands of the southern taiga subzone. The results of this work



Comparative analysis of thinning techniques in pine forests

are of practical significance and provides recommendations
on the choice of thinning technique in dry pine stands and
evaluating the effectiveness of fertilizers (integrated care).

Materials and methods
Forest inventory

For extensive forest inventories, methods of partial inventory
are used, i.e., not carried out on the entire area but only on
a specific, typical portion, and the data are extrapolated to
the entire area (stock/ ha, sum of the cross-sectional areas/
ha, stems/ ha are established by the ratio of a sampled part
to the entire area). This study used the most common partial
forest inventory technique, namely permanent sample plots
(PSP). Sample plots should be homogeneous with the study
site according to all forest inventory indices, and therefore
typical for the whole area according to composition, age,
density, and other forest inventory indices.

The research was carried out on PSPs established in
1971 with the last measurements carried out in 2019. By the
time the field studies were conducted, the plantations were
70 years old. Thus, the complete cycle of silviculture in pine
stands and the impact of thinning can be analyzed in detail.

PSPs are established and used for long-term, multi-year
stationary observations. The inventory was carried out with
metal calipers in two perpendicular directions on the stem
at 1.3 m (DBH) with an accuracy of 1 mm. Heights were
measured with a hypsometer for 3-5 trees in each diameter
class. Repeated measurements were every 5 years, recording
diameters of all trees in the same directions (N-S, W-E) and
the height of every tenth tree. The data enabled the study
of growth rates of the stand, dynamics of decay, growth in
diameter, height, and stock. All PSPs had a protective strip
20-30 m wide.

The influence of thinning on age dynamics was estimated
by comparing the control (unthinned) and thinned PSPs.
Forest inventory data such as species, age, average diam-
eters, average heights, total stock, and merchantability, were
determined by the following methods.

Average age (A,,) of the stand was determined through
the ages of the accounting trees; the latter was estimated
according to the diameter class by the Eq. 1

4 Mg At A 0
av 81 t&+ 18,

where A|, A, ..., A, are average age of trees (years) accord-
ing to diameter class; g, g,, - .., g, are cross-sectional areas
of stems (m?) according to diameter class,, 1, 2, ..., n are
class numbers. The average age was determined within the
accuracy of one year. Average diameter (D, ) is the diameter

of the stem, which is equal to the calculated average cross-
sectional area g,, according to the Eq. 2.
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where n,, n,, ..., n, are the number of trees according to the
diameter class, obtained by counting, 1, 2, ..., n are class
numbers.

Absolute density of the stand (G) per hectare of forest
(m?*/ha) was determined as follows:

Z?=1 n;8;
S

G= “
where S is sample plot area (ha).
Average height (H,,) was determined by the Eq. 5.

hig+hyg,+ - +h,g,
H, = ( 181 282 8 ) )
g1 +t8& t+ - t8&

where hy, hy ..., h, are heights of trees (m) with different
diameters; n is number of trees. The stock of the forest unit
(M) based on the data of the continuous enumeration and
forest inventory of the felled trees was determined by the
Eq. 6.

GZL Vi
T
Z,':l 8i

where V; is the volumes of the i-th accounting trees felled on
the sample, m?; g; s cross-sectional areas of the i-th account-
ing trees, m?; k is the number of felled accounting trees.

To characterize the state and intensity of tree growth
over time, growth was studied by forest inventory indices
(tree diameter). The absolute current growth value (Z) for
the period was determined by the Eq. 7.

(6)

Z=D-d (7

where D is trunk diameter at 1.3 m at the end of the period;
d is trunk diameter at 1.3 m set at the beginning of the obser-
vation period. The relative growth rate (P) was calculated
according to Eq. 8.

R —(R-1)
po 20R —R=1)

n R+(R-1) ®)

where R is relative tree diameter that is determined by the
Eq. 9.
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R=~ ©)

The diameter class (y) is defined as:

logH,, —logh

=2+
Y logD —logd

(10)
where H,, and h are values of average height (m) at the
current time and the beginning of the observation period (n
years ago), respectively. D is trunk diameter at 1.3 m height
at the end of the period; d is trunk diameter at 1.3 m height.

Experimental data were processed under GOSTs, the state
standard adopted in the Soviet Union, which is commonly
used in post-Soviet countries (State Duma 1972).

Inventories used tables of height and stem diameters for
stands in the Leningrad, Arkhangelsk, and Vologda regions.
Growth was determined according to GOST 18264-72 (State
Duma 1972). Quality classes were based on age and height
of the dominant species of the upper canopy. The classifi-
cation of the quality scale is the average height H,, of the
stands at the corresponding age. The fractionality of the
quality scale adopted in Russia is 4 m in height and =~ 20%
in stock. Quality classes were allocated as: Ia, I, II, III, IV,
V, Va (Rogozin and Razin 2015). Data processing were per-
formed using Excel 2013.

Research objects

The study on permanent sample plots or PSPs (series 5 and
6) in the Gatchinsky forest began in 1971. The size of each
inventory PSPs area was 0.2 ha. The PSPs differed in treat-
ment such as thinning and fertilization. For comparison,
there was a control plot where no thinning operations were
performed other than deadwood harvesting.

Both low and crown thinning regimes were used. In low
thinning in pure stands, trees that were part of the lower
canopy or secondary canopy were eliminated. In low thin-
ning treatment, a single-tier stand was formed with hori-
zontally closed crowns due to periodic felling of all stunted
trees (Rogozin and Razin 2015). The crown thinning method
regulates trees in the upper tier of the canopy and trees that
do not meet the criteria of the class and interfere with the
growth of selected species are removed. Considerable atten-
tion is paid to the best species with an even trunks in this
method. Trees with large diameters and drooping crowns
are removed as they interfere with the growth of the better
individuals. In addition to thinning, mineral fertilizers are
applied to increase the growth of large and medium-sized
trees. When fertilizing middle-aged and mature pine stands,
it is recommended to apply a complete mineral fertilizer
(nitrogen and phosphorus 100-200 kg/ha) in the beginning,
and potassium (100-150 kg/ha) after intermediate cuts and
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subsequently fertilize only with nitrogen (90-120 kg/ha) (in
two applications at 10-year intervals) (State Duma 1984).

Series 5 was established in a drained pine stand 43 years
ago. The composition of the stand consisted of a pure sin-
gle-age pine plantation and less than 2% of birch. The soil
type is iron-illuvial sand podzol. Series 5 consisted of three
PSPs: 5-1 control, 5-2 low-thinned, and 5-3 low-thinned
and double-fertilized (Table 1).

Series 6 was established among pines 36—45 years ago.
The stand consists of a single-age pine plantation and less
than 2% of birch. The soil is humus iron podzol. Series 6
consisted of 7 PSPs (Table 1): (6-2) low-thinned, (6-3)
control, (6—4) control + fertilized, (6—5) low-thinned with
fertilizers, (6—7) crown-thinned, (6-8) crown-thinned, (6-9)
low-thinned, which differed in the volume of trees felled
(Table 1).

Natural conditions of the study area

The research was conducted in the Gatchinsky forest located
70 km south of St. Petersburg. This area is in the western
district of the southern taiga subzone in the coniferous forest
zone. The climate is temperate. Prevailing winds are south-
western, western, and southern. Sometimes strong winds
occur causing windthrow. The terrain is a slightly undulat-
ing plain with primary soil-forming rocks, thin and young
Quaternary moraines, and lake-glacial deposits. The main
forest species are spruce, pine, birch and aspen. The middle-
quality class II positively characterizes the forest conditions
of the experimental farm.

Results and discussion
Age dynamics of trees

The characteristics of permanent sample plots are presented
in Table 2. The results of studying forest stand composition
in series 5 showed that it consists of pure single-age pine and
less than 2% spruce. For series 6, the composition contained
pure single-age pine stands. The quality class increased in
almost all PSPs at the time of this study as shown in Tables 1
and 2. An increase in diameter class from II to I occurred in
the control plot and the control fertilized plot, while on the
thinned PSPs, the quality class improved from II to I* (see
Notes, Table 2).

As shown in Table 2, the increase in the average diam-
eter of trees to be thinned is closely related to the thinning
intensity, i.e., the number of remaining trees, the less dense
the stand, the higher the average diameter of the thinned por-
tion. In PSPs 5-2 and 5-3 and PSPs 6-5 and 6-9, the densi-
ties were much lower during the thinning period than in the
control PSPs (6-3, 5-1). Therefore, the average diameter of
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Table 1 Characteristics of

Measures Permanent sample plots (PSPs)

permanent sample plots and

subsequent thinning operations 5-1 5-2 5-3 6-2 6-3 64 6-5 67 6-8 6-9
A,, (years) 43 43 43 36 36 40 40 45 45 45
Viota (M*/ha) 202 202 200 179 189 182 197 234 198 246
Remaining part
H,, (m) 15.5 16.2 16.7 14.1 12 12.4 139 14.6 15.5 16.4
H,,, (m) 17.1 17.3 17.4 15 15.5 15.6 15.6 16.5 17.5 17.7
Quality class I 1 1 I 11 11 11 11 II II
D, (m) 0.139 0.145 0.163 0.15 0.112 0.119 0.154 0.143 0.167 0.188
N (pcs/ha) 1555 885 775 835 2685 2350 925 1225 750 505
G (m*/ha) 23.8 14.7 16.2 14.7 26.5 26.2 17.3 19.5 16.4 14
V (m*/ha) 190 119 132 108 176 179 126 150 132 114
Thinned part
Year of thinning 1971 1971 1971 1971 - - 1971 1971 1971 1971

1981 1981 1981
Volume fraction 6 41 34 36 - - 32 41 28 49
of thinning (%) 15 14 6

G (m*/ha) 2.1 10.6 8.5 7 2.0 0.6 114 12 10.1 18.6
V (m*/ha) 12 83 68 71 13 3 71 74 66 132
Incl. dry - - - 10 13 3 13 22 11 21
A,,, The average age of the stand, V,.,;, The total volume of stand on permanent sample plot, H,,, Average

height of trees at the current time, and H,

stand/ha, D,

Table 2 Characteristics of sample plots

maxe Maximum height of trees at the current time. G, Density of

. Average diameter of trees, N, Numbers of trees/ha, V, Volume of stand on sample plot

PSP A,, (years) H,, (m) H_ . (m) Quality class D,, (m) N (pcs/ha) G (m*/ha) V (m’/ha) Total
yield (m’/
ha)

5-1 74 26.5 28.1 1 0.228 775 31.6 373 463

52 74 27 28.2 I* 0.258 600 26.5 311 461

5-3 74 274 29.2 I* 0.26 590 313 386 516

6-2 61 23.5 24.6 1 0.221 675 26 288 382

6-3 66 23 24.8 1 0.205 870 28.8 319 433

64 70 25 26 I 0.224 795 314 355 475

6-5 70 27 28.9 I* 0.244 660 31 390 509

67 75 26.3 274 I* 0.238 665 29.7 337 490

6-8 75 28.6 30.5 I 0.256 485 25 319 432

6-9 75 28.5 29.7 I* 0.28 465 28.8 377 525

*Plots with productivity higher than class I; PSP is permanent sample plots, A,, is average age of the stand, H,, is average height of trees at the

current time, H,

nax 1S Maximum height of trees at the current time, G is absolute density of stand per hectare, D,, is an average diameter of trees,

N is numbers of trees per hectare, V is the volume of stand in sample plot, pcs is pieces

the thinned PSP is larger than the controls. Maximum diam-
eter was recorded in the PSP with intense low thinning. The
results show that the application of fertilizers without thin-
ning (PSP 6—4) does not yield results as opposed to mixed
treatment (PSP 6-5).

Table 2 shows that the best average and top height
results correspond to the heavily low-thinned (PSP 6-8)
plots where thinning was carried out together with fer-
tilizer application (PSP 5-3). On the low-thinned plots,

the absolute density of the stand was reduced to 0.5 m?/
ha and restored to 0.9 m%/ha in PSPs 5-3 and 6-9, and to
0.7 m*/ha in PSP 5-2 due to double thinning treatments.
A more detailed analysis of stand growth for PSPs 6—7 and
6-9 with different thinning methods can be seen in Fig. 1.

Figure 1 shows that even though the basal area differed
from crown-thinned PSPs by 5.5 m% ha after intense low
thinning, this difference decreased to 0.9 m*/ha by the end

@ Springer
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12 L 1 1 L 1 L .
45 50 55 60 65 70 75

Aay (years)

Fig. 1 Absolute density (G) growth dynamics by every 5th year (4,,
is average age of stand)

of the experiment. Figure 2 shows the results of the cur-
rent ingrowth rate estimation of PSPs 6-5, 6-7, and 6-9.

Data presented in Fig. 2 indicates that the volume incre-
ment in both the low- and crown-thinned PSPs increases
in the first five years after treatment due to the decrease
in the number of trees. The ingrowth in low-thinned PSPs
then decreases sharply at 60 years with a subsequent rapid
increase.

Effect of thinning on changes in diameter classes

The data on changes in tree diameter classes in low-thinned
and crown-thinned PSPs are provided in Table 3. Regard-
less of the technique applied, at the end of the experiment
the stand consisted mainly of high diameter classes but the

—-—6-5
14 + ——6-7
—— 6-9
=12 F
§ 12
g
<= 10
E
°
b
=
g
=
= L
U 6
4-

45 50 55 60 65 70 75
Ay (years)

Fig. 2 Change of the current ingrowth rate by years (4,, is average
age of stand)
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Table 3 Changes in tree diameter class in low-thinned and crown-

thinned PSPs
PSP Diameter class Number of Number of Percentage
trees at the remaining of remaining
beginning trees trees
6-7 8 24 2 8
12 97 23 24
16 94 84 89
20 23 22 96
24 1 1 100
Total 239 132 55
69 8 - - -
12 2 1 50
16 45 42 93
20 36 34 94
24 11 10 91
28 1 1 100
Total 95 88 91

class was significantly reduced in such trees during growth.
The change in diameter class cannot be predicted even for a
40-year-old tree. Therefore, the selection for crop trees is not
valid, and crown thinning would help reduce the number of
large trees (PSP 6-7). Table 4 presents the results of mortal-
ity among diameter classes for all PSPs.

As can be seen from Table 4, mortality occurs mostly in
trees in the 12th diameter class. In the low-thinned plots,
mortality was higher in the 16th diameter class, amounting
to 20-46% of the total stand volume. The highest mortality
is observed in the control, fertilized unthinned, and crown-
thinned plots (6—7, 6-9). Since the low thinning technique is
based on the silvicultural principle of trees selection, mortal-
ity was almost eliminated at treatment.

The effect of thinning on yield and productivity

The effect of thinning on overall stand yield has long been
and still is a controversial issue. The total yield is the total
volume of the stand and the felled trees. Productivity refers
to the total yield minus mortality, i.e., the entire ordinary
growing stock.

Figure 3 demonstrates the influence of stand thinning
on total yield. Hence, the overall performance is for all
sample plots with aging. Despite the different initial stock
levels, yields are about the same at a certain age in all sam-
ple plots when the stand reaches the density typical for the
habitat conditions. It occurs, for example, on strongly low-
thinned and crown-thinned sample plots around 65 years.
Many researchers noted similar convergence in overall yield
values.

The initial stock on the sample plots was different at the
beginning of the plantation. Thus, a small variation in the
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Table 4 Mortality distribution*

. PSP Diameter class (cm)
by diameter classes
8 12 16 20 24 28 Total
5-1 69 70 18 2 159
5-2 3 15 24 7 3 52
5-3 3 8 5 4 3 31
6-3 14 59 79
64 26 104 12 3 145
6-5 5 26 9 2 2 44
6-7 22 74 10 1 108
6-8 8 16 7 31
6-9 1 3 2 1 8
*Stand numerator for the number of trees, pieces
550  —=—5-1 (a) 550 —®6-1 (b)
——5-2 —— 6-2
500f  —4—5-3 500 F —&— 6-3
= 4501 = 450
£ £
g 400 g 4001
N’ —
=
= 350} = 350
2 2
= 300 = 300
S kS
= 250t = 250}
200 200
150 1 1 1 1 1 1 150 1 L 1 1 1 L 1 J
40 45 50 60 65 70 75 35 40 45 50 55 60 65 70
Aay (years) Aay (years)
d
ssop =64 () 550 =67 @
—e— 6-5 —e— 6-8
500 | —A— 6-6 500 F —A— 6-9
= 450 = 4501
= S
B 400} g 400
- <
= 350} = 350F
2 =S
—= 300f = 300
= S
Q
= 250} = 250t
200 200 |
150 1 1 1 1 1 1 1 150 1 1 1 1 1 1

Fig. 3 Age is yield dynamics on sample plots by sections (A4,, is average age of stand)

initial stock contributes to faster yield alignment. Notewor-
thy is that overall yield leveling corresponds to a natural
tendency towards a mandatory balance between plants and

the environment.

Aay (years)

45

50

55 60 65 70 75
Agy (years)

The initial yield of low-thinned (PSP 6-9) and crown-
thinned (PSP 6-7) plots was the same, but by the end of
the study, it was 14 m>/ha higher in the low-thinned plot

(Fig. 3d). In the mix-treated sample plot (PSP 6-5), the
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yield was 34 m>/ha higher than on the fertilized control plot
(Fig. 3¢).

In the control (PSP 6-3) and the low-thinned plot with a
double-entry (PSP 6-2), yield increased with age, and the
difference was 4% higher in the treated stand at 70 years
(Fig. 3b).

For series 5 (Fig. 3a), the initial yield on different sample
plots is approximately the same. On the thinned fertilized
(PSP 5-3) sample plot, the yield gradually increased, and
by the end of the experiment, the difference was 11% more
for the sample plot with complex treatment. The final yield
in the plot with a double-entry (PSP 5-2) was lower than in
the control (PSP 5-1) by only 3 m*/ha.

The data in Fig. 3d indicate that the overall yield increases
smoothly with age in all three sample plots. At 65 years of
age, the yield in a low-thinned plot was equal to that on a
crown-thinned plot. However, over the next ten years, the
total yield in the low-thinned plot increased and reached a
75-year difference of 35 m>/ha. At that, an increase in total
yield will continue. The yield in a slightly crown-thinned
sample plot is lower than in low-thinned and crown-thinned
plots.

Comparing yield and productivity rates is necessary to
assess the feasibility of applying high-intensity thinning
(Table 5).

At 75 years, the plot treated to heavy low thinning (PSP
6-9) was 21% more productive and had 7% higher yields
compared to heavily crown-thinned plots. Fertilization with-
out thinning (PSP 6—4) was less effective than integrated
treatment (PSP 6-5). By the end of the experiment, the
yields and productivity on the sample plot with comprehen-
sive treatment were respectively 7% and 30% higher than
on the fertilized control plot. Of series 5, the highest pro-
ductivity was in a trial area with comprehensive treatment.

However, in the test area, productivity was lower than in
the control area after two times of low thinning. It would
be better to increase the first thinning intensity and not to
perform the second one.

Heavy low thinning does not influence the eventual yield.
Moreover, the part of the remaining plantation with a suf-
ficient number of stems reacts more actively to the improved
growing conditions and makes better use of the nutrient
resources of the environment. In all sample plots, especially
those heavily low-thinned, large trees were removed in close
groups with low-value trunks, branchy, knotted, and but-
tressed. On the other hand, the productivity of a stand is
determined not so much by its structure as by the nutrient
resources of the site (Kunickaya et al. 2020a, 2020b; Ush-
anov et al. 2020).

Effect of thinning on stock recovery

Estimating the influence of thinning intensity on the stand-
ing stock is required from an economic point of view as
heavy thinning decreases the stock and, as a result, reduces
the profitability of harvesting.

The lowest stock level after thinning was on the heavily
low-thinned sample plot (Fig. 4). However, by the age of
65, the stocking had levelled out. Growth in low-thinned
plot then gradually increased more than in the crown-
thinned plot. By the end of the observations, there was a
12% increase in the low-thinned plot compared to the crown-
thinned one.

After thinning, the lowest stocking was in PSP 5-2 (dou-
ble low-thinning) which could not be restored to the level
of the control by the end of the observations (Fig. 5). The
first treatment was performed on 41% of the stock, i.e., thin-
ning was quite intensive. Although the stock volume and

Table 5 Effect of thinning on

! . PSP Initial Eventual Stock devel-  Total felled  Yield (m3/ha) Final Development
yield and productivity stock (m¥/  stock (m%/ opment (m%  stock (m*/ha) yield (m?/ of total yield
ha) ha) ha) ha) from the
initial

mYha %
5-1 190 373 183 11 373 463 262 129
5-2 119 311 192 114 425 456 241 119
5-3 132 386 254 105 491 496 296 148
6-2 108 338 230 85 423 439 260 145
6-3 176 319 143 0 319 433 244 129
64 179 355 176 0 355 475 293 62
6-5 126 390 264 71 461 509 312 158
6-7 150 337 187 84 421 490 256 109
6-8 132 319 187 66 385 432 234 118
69 114 377 263 132 509 525 279 113

PSP Permanent sample plot
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Fig. 4 Age stock changes in crown-thinned and low-thinned sample
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Fig. 5 Age stock changes on series 5 plots

productivity were not restored, the second thinning was held
to 15% at the age of 53. On the mixed treated PSP 5-3, the
first thinning was 34%. The following year, fertilizers were
applied, and by the age of 53, the increase in productivity
was restored to the level of the control plot. At this point, a
second 14%-thinning was carried outwith fertilization a year
later. After thinning, fertilizers were applied at the age of 68
so that the stocking levels in the control and in the sample
plots were equal to that of the mix-treated plots. By the end
of the research, the stock was better on mixed treated sample
plots than on the controls.

Estimating current mortality is necessary to assess the
expediency of applying the crown and low thinning tech-
niques in pine plantations. The data on age-related changes
in mortality are presented in Fig. 6. As shown in Fig. 6,
mortality is higher in the heavily low-thinned sample plot

6 —a— 6-7
—0— 6-9
sl —A— (-2
—¥ 6-3
A4-
)
=
g 31
>
2.
1..
0_

35 40 45 50 55 60 65 70 75
Age (years)

Fig. 6 Age changes in mortality rates on differently sample plots (M
is the stock of the forest unit)

(6-7) immediately after treatment. Then, mortality signifi-
cantly decreases in both sample plots (6—7, 6-9). However,
the mortality remains significant on low-thinned plots and
equals zero in the last five years. On average, mortality is
2.6 times higher on crown-thinned plots compared to low-
thinned and four times lower on low-thinned plots (6-2) with
double thinning than in the control (unthinned) area (6-3).

Effect of thinning on the merchantability of the stand

The thinning method significantly affects the size distribu-
tion (Table 6). According to the calculations in Table 6, thin-
ning affects the distribution of the stock by size and wood
value. Comparison of the wood value in 70-75 aged stands
estimated at the rates of yield reveal that the most signifi-
cant inventory value is the result of the complex treatment
on PSP 5-3. This is followed by the low-thinned PSP 6-9
and mixed-treatment PSP 6-5 plots. It can be explained by
a sizeable standing stock and particularly, an extensive stock
of large and medium wood. The lowest inventory cost was
recorded for the PSP 6-3 control plot.

Discussion

Improving the quality of the wood at harvest increases its
attractiveness for consumers—timber processing companies
of various profiles (Grigorev et al. 2019; Kunickaya et al.
2019a, 2019b).

One of the research objectives was to study the processes
of tree formation, changes in diameter class during growth,
and the effect of different treatment methods on these pro-
cesses. An essential characteristic of a growing stock struc-
ture is the diameter classes of trees.
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Table 6 Valuation of pine stock volume by PSP (30 years)

Size PSP 5-1 PSP 5-2 PSP 5-3
Stock (m*/ha) Inventory value ($) Stock (m*/ha) Inventory value  Stock (m*/ha) Inventory
S value ($)
Large 37 293.4 38 301.3 41 325
Medium 227 1284.3 196 1109 248 1403
Small 45 128 28 79.7 49 139.5
Firewood 22 4.9 19 43 24 54
Total 331 1710.7 281 1494 362 1873
Size PSP 6-3 PSP 64 PSP 6-5
Stock (m*/ha) Inventory value ($) Stock (m?/ha) Inventory value  Stock (m*/ha) Inventory
S value ($)
Large 22 174.4 35 277.5 39 309
Medium 150 849 217 1227 237 1341
Small 86 245 43 245 47 134
Firewood 23 65.5 21 4.7 24 54
Total 281 1333 316 1755 347 1789
Size PSP 6-7 PSP 6-8 PSP 6-9
Stock (m*/ha) Inventory value ($) Stock (m*/ha) Inventory value  Stock (m*/ha) Inventory
$) value ($)
Large 34 270 32 254 45 357
Medium 206 1165 195 1103 237 1341
Small 40 114 38 108 34 97
Firewood 20 4.5 19 44 23 52
Total 300 1553 284 1470 339 1799
After processing the results in this study, it has been Y
established that diameter distribution is subject to the 67
. L . . 46 —— 6-9
ordinary law of distribution. Immediately after treatment,
distribution on these PSPs was almost even. However, it N 44r
significantly increased in PSP 6-7 after five years, while § 427
this increase was insignificant in PSP 6-9. The increase in f-; 40
diameter class distribution in PSP 6-9 was smooth and var- = 38t
ied from 0.15 to 0.36, while in PSP 6-7, a sharper change '% 36k
was observed. By 60 years, it slightly decreased and then lc’.-
increased again by the end of the experiment (Fig. 7). A |
Smaller diameter dispersion allows the logger to receive a 327
more homogeneous assortment of round timber during the 30T
crop logging. 28 s 50 s 60 65 10 %5
Age (years)

Conclusions

Thinning in a 30-year-old stand with the proper selection of
trees for felling did not decrease the overall yield, final den-
sity, and stand volume. In fact, several positive consequences
were observed: an improvement in the stand merchantabil-
ity, shorter stand regeneration period, and simplified thin-
ning programs. The crown thinning method, however, will

@ Springer

Fig. 7 Dispersion by years (arb. un is arbitrary unit)

inevitably lead to deterioration in the quality of crop trees
and increase mortality.

The results of studying changes in diameter classes both
in the untreated control and thinned plots highlight the inju-
dicious of preliminary crop tree selection. Thinning in a pine
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stand does not reduce the overall yield and improves the
quality of stands. All indicators of growing stock after com-
prehensive treatment are significantly improved. A complex
treatment regime in pine stands has a positive effect on tree
growth, while fertilization without thinning does not yield
such results. Information from this research can be used to
develop practical recommendations to optimize the thinning
treatment of pine stands and assess fertilizer efficiency.
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