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Abstract

The key to the control of the productivity of Scots pine (Pinus sylvestris L.) is the regulation of stand density.
The growth of two Scots pine stands of the forest type Vaccinio-myrtillosa has been observed in the course of 16 years.
The initial age varied from 4 to 8 years, while the initial density was in the range of 5,400-8,100 trees/ha. Both stands
are planted, one on former agricultural land and the second on former forest land. Ten plots with two replications of 5
treatments were established in each stand at the beginning of the experiment. Starting with 600 trees/ha, the initial
density was increasing at each subsequent treatment with 500-1,000 trees/ha, ending with the control stand. The density
was regulated to provide different conditions for competition during the time of the experiment. Each treatment was re-
measured 4 to 8 times during the period of 13 to 16 years.

Growing of stands with 2,000-3,000 (4,000) trees per ha over the period of 7-19 years has a positive influence on
the height growth of trees. The mean diameter increment of trees growing in the most intensively thinned stands (600
trees per ha) exceeds the mean diameter increment of trees in the control stand by 1.8-2.8 times. The ratio of the mean
tree volume increment of intensively thinned stand to the control stand comprises 3.1-3.7 at the age of 17-24 years.
Early and intensive thinning of pine stands resulted essentially decreased competition, increased growth and higher level
of accumulated wood increment per stand. The study outlines the conditions enabling to achieve intensive growth of
tree diameter and a higher level of yield.
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Introduction

The most important indicator of potential forest
site productivity is the height of trees at the reference
age. There are various ways to achieve different yield
level on the same forest site (Assmann and Franz 1963,
Skovsgaard and Vanclay 2007). In any case, a higher
yield level is a result of higher standard basal area
(Assmann and Franz 1963, Hasenauer et al. 1994). Basal
area differences can result from different number of
stems per ha and the same mean diameter, or a differ-
ent mean diameter of the same number of stems. Ster-
ba (1987) and Hasenauer et al. (1994) investigated the
relation of maximum number of trees and the yield lev-
el. Keeping a large number of trees is an effective way
to achieve high yield level. However, a large number
of trees is not compatible with high mean diameter
value or high diameter increment value (Kuliesis 1989).
One of the aims of this study is to investigate the
influence of stand density on the tree diameter growth,
mean diameter volume increment and total yield of
stand.

Stand density, its well-timed regulation or suffi-
ciently intensive self-thinning during its formation are
among the most important factors for successful stand
development and productivity at mature age. The dy-
namics of density is preconditioned by changing the
requirements on the growing space under increasing
dimensions of plants (Oliver and Larson 1996). The
initial density is one of the most important factors
since trees occupy free space and compete with other
plants. However, the initial density, as a factor of suc-
cessful reforestation (Malinauskas 1999, 2008, Salmin-
en and Varmala 1993), should be further controlled
depending on the purpose of stand growing. The in-
itial density may predetermine the time of further den-
sity regulation, but it certainly cannot eliminate thin-
nings. To sustain optimal density and ensure high
yield, permanent control of stand density is required
(Kairiukstis and Juodvalkis 1985, 2005). Most frequent-
ly, the weakest trees are removed from a stand in the
current silvicultural practice. Lithuanian silvicultural
regulations require leaving a certain number of pine
trees after thinnings (Mik38ys and Juodvalkis 2007). For
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example, in stands of 11 m height, it is required to
leave about 2,000 trees/ha after thinnings. Foresters,
selecting pine stands for repeated thinnings, very
often face the situation when the number of trees is
insufficient according to standards, though the stock-
ing level indicates the necessity of thinning. Having
an insufficient space, the remaining trees slow down
their growth and development. This leads to a very
small diameter increment of tended trees, although
theoretically the diameter increment due to density reg-
ulation should be increased considerably (Kairiakstis
and Juodvalkis 2005). High self-thinning and mortali-
ty of trees at mature age indicate continuation of stand
formation at the age, when it should be finished (Kulie-
Sis et al. 2009).

One of the most important factors determining the
diameter and volume increment is the competition
among trees for growing space. Different indexes are
used to evaluate competition: the correlation between
the tree diameter increment during re-measurements
(Kuliesis 1989), stand density (Reineke 1933) and rel-
ative density (Wilson 1946, Hasenauer et al. 1964,
Castedo-Dorado et al. 2009). In this study, the ratio
of the mean stand height and the area per tree has been
applied for estimation of competition among trees in
a stand.

The aim of the study is to investigate the influ-
ence of stand density, regulated with respect to the
needs of plants for growing space, on the growth of
diameter, height, volume of trees and the total produc-
tivity of pine stands. Seeking this aim, the influence
of stand density on the growth of height, diameter of
trees and on the mean diameter of stand at the same
mean height will be tested. Results of experimental
thinnings of different intensity will be compared with
the results of thinnings as required by Lithuanian sil-
vicultural regulations. The study will describe the
conditions, under which a higher yield level of pine
stands could be obtained, comparing the growth of
modal pine stands of Lithuania according to the yield
model by Kuliesis (1993) with the results obtained from
this study.

Study object and method

This study was carried out in an object estab-
lished in 1990-1992 (Kuliesis and Saladis 1998). It con-
sists of two series of treatments on 20 plots. The area
of each plot comprises 0.11-0.18 ha. Trial 201 was
conducted in southeastern Lithuania (Valkininkai For-
est Enterprise, PirCiupiai forest distr., Block No 19) in
a pine plantation established on former farmland (Ta-
ble 1). Trial 206 was conducted in the western part of
Lithuania (Jurbarkas Forest Enterprise, Mociskiai for-
est distr., Block No 29) in a reforested pine stand.

Table 1. Characteristics of experimental objects

. L Initial density, Established plots
Trial Land use Planting ;I;Q:‘Igg 2?(92:’:‘3“? thous /ha at Area. h
No category year m ’ pyears ’ the beginning  Number r:ra, Iota
of experiment perp!
201 Arable 1982 0,5%x2,0 1990 56 10 0,18
206 Ol 1988 0,5%2,0 1992 885 10 0,1

felling area

The initial planting density of trials 201 and 206
was 10,000 and 9,100 trees/ha, respectively. Both plan-
tations were established in areas of similar site condi-
tions, corresponding to the normal drained poor for-
est site type (Nb). A temporary increased growth can
be observed on the former arable land, after roots of
trees penetrate the arable horizon.

The results of trial 201 cover the stand age from
8 to 24 years. For trial 206, the stand age is from 4 to
17 years, i.e. it corresponds to the main period of pre-
commercial thinnings. Each treatment consists of two
replications. In both trials five density treatments were
established, creating different conditions for compe-
tition among trees. The conditions were estimated by
applying the competition index (Formula 1)

H_H-N

~'Q 10000 )
where CI — competition index; H — mean height of
trees, m; Q — site area per one tree, m?*; N — number of
trees per | ha;

and Q=$ 2)

The index used for estimation of the competition
always equals to one when H-N = 10 000.

In both trials, control plots were used (treatment
1-2, Fig. 1), where no thinning was done, i.e. the com-
petition between trees was not regulated. In treatment
3-4 the number of trees has been reduced by thinnings
three times, leaving 3,000-4,400, 1,900-2,700 and 1,200-
2,400 trees per ha, respectively. Stands in treatment
5-6 were thinned twice, the first time 2,000-2,400. and

8125 trees per ha at 4 year age
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Figure 1. Changes and regulation of density in trials
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the second — 1,200-1,400 trees per ha were left. Stands
in treatments 7-10 were thinned only once — at the
beginning of the experiment. Stands in treatment 7-8
were thinned down to 1,000-1,200 trees/ha, while in
9-10 — to 600 trees/ha.

The number of trees at the beginning of the ex-
periment was changed in different treatments from 8,000
down to 600. The possible influence of selection of
trees to be left in stand on their growth was estimat-
ed by comparing the mean height and mean diameter
of all trees and 30 largest trees at the beginning of
the experiment and 10-11 years later.

Stands of treatments 1-2, 7-8, 9-10 were measured
four times, every 3—5 years. Stands of treatments 3-4,
including measurement before and after cuttings, were
measured eight times; while those in treatments 5-6 six
times. Diameter at the breast height or the height of
trees less than 1.3 m in height was measured for each
tree. The height was measured for each tenth tree and
for every fifth tree in the least density treatments.

The response of trees to the thinning was esti-
mated comparing the growth of 30 largest trees of dif-
ferent treatments with the growth of trees in the con-
trol (not thinned), using method proposed by Horne
et al. (1986). The volume increment was divided into
two parts: base increment and response increment due
to thinning. Base increment was determined by the
volume increment of trees in the control stand. Re-
sponse increment was determined as a difference of
the increment in thinned stand and in the control
stand.

Site indexes were estimated using the mean val-
ues of tree parameters: height (H) as an indicator of
primary growth and diameter (D) as an indicator of
secondary growth. To compare the mean height and
mean diameter with the corresponding values in the
yield models (KulieSis 1993), site indexes were estimat-
ed according to height and diameter growth for given
stand ages. The aforementioned indexes generally
show prediction of height (H, ) and diameter (D, ) at
the age of 100 years.

The growth of trees under conditions of differ-
ent density was estimated according to the diameter
increment and mean volume increment. The mean di-
ameter increment was estimated according to the dif-
ferences in mean diameter of the remaining trees at
present and at the beginning of the study period. The
volume increment over each time segment was estimat-
ed as the sum of volume change and the volumes of
removed and dead trees. Stand productivity was esti-
mated according to the gross volume increment, i.e.
the volume of felled, dead and remaining trees.

The following method was applied to estimate the
significance of differences of the mean stand charac-

100 100

teristics in the different density treatments of investi-
gated trials (Tmypman 1972):

AX =X =X, 3)
The difference of the two mean values is estimat-
ed relying on statistics

AX
e — 4)

05
where: AX — difference of the mean values of the com-

pared treatments, X,, X, — mean values of the first

and second compared treatments, o — standard

Xi-X2)
deviation of the difference in the mean values

O®% T

e 5)

2 . . .
where: oy , 0% — estimated variance of the first and

the second mean value, n, n, — the number of meas-
urements.
Differences between the two mean values are sig-
nificant when:
t>ta 6)
ta — statistics of t value under probability «

toess =1, t=00s= 2,0, (Cochran 1963, Fisas 1968).

In case the analysed characteristics of stand den-
sity treatments change within the limits of confidence
interval, it is possible to state that differences of the
analysed indexes of these treatments are statistically
insignificant. On the contrary, when the compared
values of characteristic occur outside the range of con-
fidence interval of comparable treatments, it is possi-
ble to state that such values have statistically signif-
icant differences.

Results

Site conditions

Estimation of the site condition indexes was based
on the mean height and diameter of 7-8 year-old and
older stands. Variation of site indexes according to the
height growth of trees (H,,,) is of a random nature up
to the age of 15 years. Sites of the unthinned control
stands are characterized by the lowest height index.
Up to the age of 15 years, H ,, of stand 201, estab-
lished on former farmland, are 1-3 m lower than those
of stand 206, established on former cutting area. At
later ages, height indexes on both sites become equal,
or the stand on former farmland even outperforms the
stand on former cutting area. Differences of height
indexes of stands of the same age and different den-
sity do not exceed 1-2 m. A steady increase in the
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height index by 3-4 m is observed in stand 201 estab-
lished on former farmland during the 15th—24th year
of its growth. This can be explained by the influence
of a more fertile arable soil layer. H,  of treatments 3-
4 of both trials over the last 5 years are by one meter
higher as compared with H, of the other treatments.

The conditions of diameter growth in treatments
of different density differ from the very beginning of
the experiment (Fig. 2). The differences of diameter
growth site index (D, ) increase with every year and
become rather stable at the age 12 years reaching 21
cm difference between the treatments. Under the im-
pact of each thinning, site index increases on average
by 3 cm. A decrease in the index is usually observed
3-5 years after thinning. It comprises 2-3 c¢m, i.e. D, |
returns to its initial value. Besides, the highest D
in trial 201 is recorded at the age of 19 years, while in
trial 206 at the age of 12 years.

Trial-variant
65 -
o cocea2201-12
/ - o
i / + 3,4
60 ’W"' -0
/
. . e 5,6
g ! 10" RPN
o 55 A ,/{»/x\\\ X . 7.8
=) 1y X e
[m) U N BRI 9,10
s XTTH - ——-—206-1,2
= ¢ //’/.' -+ '
N 4 Ty ot ——t-— 34
o 45 X
&) TSN - = = 56
X \\
40_ -e LI N 78
DN -— - ,
-—— - 9,10
35 T T T 1
5 10 15 20 25

Age, years

Figure 2. Site indices according to the diameter growth de-
pending on stand age in trials 201 and 206

H,, vary within the range of 3—5 m and are weak-
ly dependant on stand density. D, are strongly de-
pendant on stand density. The difference between D,
of the sparsest and densest stands comprises 24 cm

at the end of the experiment.

Growth competition

Considering the end of stand formation, when the
mean height of stand approaches 20-25 m and the
density reaches 400-500 trees per 1 ha, competition
index (CI) must inevitably approximate one. CI can
increase during the whole period of stand formation
in heavily thinned young stands gradually approach-

ing one. In regularly and intensively thinned stands
CI can be maintained close to one for the whole peri-
od, or it can even overcome one in young unthinned
stands and then decrease for the rest time approach-
ing one. It depends on stand improvement, its devel-
opment strategy and type of formation of stand pro-
ductivity.

Differences in the productivity of stands affected
by controlled regulation of density and thinnings may
to a large extent be explained by differences in tree
competition (Fig. 3). CI of stands within the range of
5-11 m mean heights fluctuates from 2 to 2.2 if treated
according to thinning standards. Significantly different
values of CI were obtained in the experiment: 1.3 to 1.6
in stands where thinnings were of moderate intensity
(treatment 3-4); 0.5 tol.1 in heavily thinned stands
(treatment 7-8). CI of the control stand varies from 2.3
to 3.7, only slightly exceeding the CI the stand treated
according to the current thinning standard.
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Figure 3. Comparison of competition indices in different
density trials and thinning standards (TS) of pine stands

Influence of the stand density on the height of trees

Tree height dynamics was analised by comparing
heights of trees of the same diameter (Fig. 4), heights
of all trees and the 30 tallest trees (Fig. 5a) in treat-
ments of different density at the beginning and at the
end of the experiment. With some exceptions, the high-
est trees within the same diameter class were found
in the densest control treatment (Fig. 4a)._With de-
creasing stand density, the heights of the same diam-
eter trees in most cases decrease.

Over 10-11 years, the most favourable density for
height growth was revealed. The greatest heights of
the same diameter trees were ascertained in treatments
3-4 of both trials (Fig. 4b). Trees of the same diameter
in this treatment surpassed the heights of trees of the
control treatment by 0.2—1.0 m. When stand density
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Figure 4. Mean tree height depending on tree diameter, stand
density at the beginning of experiment (a) and 10-11 years
later (b)

decreases, tree heights of different trials and differ-
ent density treatments decrease on average by 0.3—
0.6 m at each density level. Differences in tree heights
among different treatments are statistically significant.
It can be concluded that, at the density of 2,000 —
3,000 (4,000) pine trees/ha, the competition has a pos-
itive influence on the growth of tree height at the age
of 7-19 years.

When selecting trees at the beginning of the ex-
periment it was attempted to leave the largest trees,
characterized by good form of the stem and crown.
This can explain the increase in mean tree height as
well as mean tree diameter of all trees with decreasing
density at the beginning of the experiment (Fig. 5).

Differences in mean heights between different
density treatments at the beginning of the experiment
are statistically significant (t = 3.09 — 25.95). Compar-
ing mean heights of the 30 tallest trees in different
treatments it has been found, that the estimated dif-

ferences at the beginning of the experiment are less
significant than the differences of mean heights of all
sample trees (Fig. 5a). Out of 20 compared pairs of the
30 tallest trees, the differences in mean heights among
7 pairs (t = 0.27 — 1.79) are statistically insignificant

(t0,95<1.96)'
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Figure 5. Comparison of mean height (a) of the 30 highest
and all sample trees and mean diameter (b) of the 30 thick-
est and all measured trees in various density treatments at
the beginning* of the experiment and 10-11 years later**

Five years later the significance of the differenc-
es in mean heights of all trees is recorded in some
cases only. In the 19-year-old stands of trial 201, i.e.
11 years later, the greatest height of left trees (8.4 m)
is found in treatments 3 and 4. It significantly differs
(t=2.77 —2.79) from the mean stand height in treat-
ments 7-8 and 9-10 (8.0— 8.1 m). These differences in
the heights of all trees do not only remain, but also
increase after next 5 years, at age 24 years. Differenc-
es of mean height of all trees in treatments 3 and 4
(11.9 m) and in other treatments at the age of 24 years
comprise 0.6—0.8 m. This difference was statistically
significant (t = 3.63 — 5.05). In trial 206, only the mean
height (6.6 m) of all trees in the unthinned control
treatment significantly (t = 3.6 — 3.94) differs from the
mean heights of all the other treatments (7.3 — 7.6 m).

Ten years later, the greatest mean height of the
30 tallest trees in both trials was attained in treatments
1-2 and 3-4. Ten and fifteen years later differences in
mean heights of the tallest trees among these treat-
ments and all other treatments of trial 201 were statis-
tically significant (t = 2.7 — 7.4). Mean heights of the
30 tallest trees in trial 206 gradually converged with
increasing age in all treatments, except treatments 9-
10. Mean heights of the tallest 30 trees of 9-10 treat-
ments remained the smallest since the beginning of the
experiment.
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The most favourable conditions for the tallest trees
height growth occur in the control (1, 2) and moder-
ately thinned (3, 4) treatments (Fig. 5a). The 30 tallest
trees of these treatments remained the highest amongst
the other treatments during the whole time of the ex-
periment. Mean height of all trees in the control (1, 2)
treatment remains the smallest due to lots of small
trees in this treatment.

Influence of stand density on the mean diame-
ter and its increment

The mean diameter of all trees had a tendency to
increase with decreasing density. At the beginning of
the experiment, differences in mean diameters of all
trees were statistically significant for 9 out of 10 pairs
in different treatments of trial 201 (¢ = 2.57 — 25.57).
In trial 206, significant differences in mean diameters
of all trees (z = 4.35 — 9.07) were estimated between 7-
8; 9-10 and the rest treatments, i.e. among 6 out of 10
pairs. Differences in mean diameters of all trees, esti-
mated at the beginning of the experiment, became even
more distinct 10 years later, being significant in18 out
of 20 compared pairs (¢t = 2.15 — 12.72) (Fig. 5b).

In the beginning, the mean diameters of the 30
thickest trees had a tendency to decrease with decreas-
ing density (Fig. 5b). The differences are statistically
significant (t =2.05 — 6.22) for 13 out of 20 compared
pairs in both trials. This shows that, leaving the less-
er number of trees for further growth, some of the
thickest trees have been removed in order to attain
even distribution in stand. Ten years later, the rela-
tionship essentially changed (Fig. 5b). At the begin-
ning of the experiment, mean diameters of the 30 thick-
est trees in the most spacious treatments 9-10 were
0.3 cm lower than those in the control treatments 1 and
2. Five years later they became larger by 1.2-2.0 cm,
10 years later by 3.6-3.9 cm, while 15 years later by
4.9 cm. Diameter of the 30 thickest trees increased
considerably more in the treatments of lower density
despite lower initial mean diameter. This can be attrib-
uted to a more intensive competition for growing space
under the conditions of higher density, which influ-
ences decreasing growth not only of thinner, but also
of the thicker trees.

The mean diameter increment increases with age,
attains maximum and decreases in both trials and all
thinning treatments (Fig. 6). Maximum mean diameter
increment was recorded in both trials at almost the
same time, at the age of 12—13 years in all density treat-
ments, except treatments 9-10 and 5-6 of trial 201 (here
at the age of 13-19 years). The timing of the highest
mean diameter increment coincides with that the high-
est ratio of mean diameter to height. The maximum of
the annual mean diameter increment ranges from 0.62

cm in the control to 1.17 cm in the lowest density treat-
ment of trial 201, and from 0.73 c¢cm in the control to
1.4 cm in the lowest density treatment of trial 206.
Maximal increment values in the sparsest stands are
1.9 times higher than in the control stand. Compari-
son of the mean diameter increment values of all trees
(Fig. 6) and the mean diameter of 30 thickest trees (Fig.
5b) in stands of various density show that diameter
growth losses due to growth in high density condi-
tions cannot be compensated by the means of later
decreased density.
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Figure 6. Mean diameter increment depending on age and
stand density in trials 201 (a) and 206 (b) and their compar-
ison with forest stand yield model of Lithuania (FSYM)under
different stocking level (S)

Volume growth and its response to stand density
The mean annual volume increment per ha increas-
es with age and initial density (Fig. 7). An intensify-
ing volume increment in density treatments 7-8 of tri-
al 201 was estimated at the age of 24 years, exceeding
the increment of treatments 5—6 and approaching the
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Figure 7. Mean annual volume increment depending on age
and stand density in trials 201 and 206 and their compari-
son with forest stand yield model of Lithuania (FSYM)
under different stocking level (S)

I 2010, Vol. 16, No. 2(31) NN, (SsN 1392-1355

240



BALTIC FORESTRY

I DEVELOPMENT AND PRODUCTIVITY OF YOUNG SCOTS PINE STANDS /.../ I /. KULIESIS ET AL N

increment of treatments 3-4. The volume increment of
density treatments 5 to 8 in trial 206 is very close.
The growth efficiency of trees at different densi-
ties was estimated using the ratio of the mean tree
volume increment of different density stands and mean
tree volume increment of the control stand at the ap-
propriate age. The ratio of the mean tree volume growth
increases with increasing stand age and with decreas-
ing stand density. This ratio reaches maximum at the
age of 19-24 years. In density treatments 7-8 of trial
201, the mean tree volume increment at the age of 19—
24 years (density 1,017 trees/ha) is by 2.5 times high-
er than in the control stand; in treatments 9-10 (den-
sity 568 trees/ha) it is 3.1 times higher. Taking into ac-
count the latter treatments, it is probable that gross
volume increment in these treatments will equalize. This
will probably happen 10-15 years later, if only the proc-
ess of self-thinning in the control stands will be of a
similar intensity as till now, while the ratio of the mean
tree volume increment of the sparsest stand and the
control stand will not undergo significant changes.
A total of 30 thickest trees per treatment were used
for estimating the response of tree volume increment
to thinnings (Table 2). The sample of the thickest trees,
used in the experiment represents on average from 83
trees/ha in trial 201 to 136 trees/ha in trial 206. These
make up 15-23 % of all trees in treatments 9-10.

every 5 years and finally there was left 15 % of trees
more than in treatments 7, 8. It increased the growth
up to 15-25 %.

Total productivity and stand density

The highest total productivity was observed in the
control stands of trial 201 at the age of 24 years (221
m®/ha) and in the stands of trial 206 at the age of 17
years (87 m’/ha). Total productivity of density treat-
ment 3-4 in trial 201 makes up 88%, while in trial 206 it
amounts to 99% of the control stand (Fig. 8). Total
productivity in both trials of treatments 5-6 makes up
74-75% of the control. This result was predetermined
by comparatively similar density of trials 201 and 206
at the age of 4—13 years. Stands in treatments 7-8 at-
tained 68-70%, while in 9-10 treatments they reached
only 45-47% of the control productivity. The most
valuable feature of the growing regime of treatments
7-10 is the greatest response of the growth to thin-
ning and the highest growth efficiency of mean trees.
Maintaining these features for a long time is a pre-
requisite for a high yield of large size wood in future
stand.

The share of increment accumulated in a stand
changes depending on the timing and intensity of thin-
nings. Almost whole increment is accumulated in in-
tensively thinned stands at the age of 4-8 years, den-

Table 2. Response of the 30 thickest trees volume increment to the thinning of stands during 8-24 years

Trials
201 206
Age of stand, years
8-13 13-19 19-24 7-12 12-17
Treat- 30 thickest trees 30 thickest trees 30 thickest trees 30 thickest trees 30 thickest trees
ment  total per treatment  total pertreatment  total pertreatment total pertreatment total pertreatment
trees ™ an. an. trees  an. an. trees an. an. trees an. an. trees an. an.
Per incre- response per incre- response Per incre- response Per incre- response Per incre- response
ha ment, 5 , ha ment, 5 , ha ment, s , ha ment, 5 , ha ment, 5
m? m % m? m % m? m % m? m % m? m %
cgrﬁr’ol 4756 0.153 0.0 O 3904 0342 00 O 3255 0511 0.0 O 4647 0138 00 0 4259 0254 00 O

34 2960 0.155 0.002 1 1924 0.357 0.015 4 1212

56 1989 0.150 00_03 -2 1175 0.404 0.062 15 1167
78 1022 0.182 0.029 16 1022 0.425 0.083 20 1017

9,10 568 0.180 0.027 15 568 0.502 0.160 32 568

0.566 0.055 10 2744 0.150 0.012 8 2051 0.272 0.018 7
0.634 0.123 19 1432 0.160 0.022 14 1413 0.338 0.084 25

0.661 0.150 23 1178 0.182 0.044 24 1164 0.355 0.101 28
0.769 0.258 34 594 0.187 0.049 26 591 0.425 0.171 40

Moderately intensive thinnings every 5 years
(treatments 3, 4) allowed increasing volume growth in
the first ten years only by 4-8%.

Heavy thinnings done once at the beginning of
the experiment, (leaving six hundred stems per ha (9,
10 treatment)), increased growth by 32-40% after 10-
15 years. In treatment (7, 8) with twice as many trees
left, the response increment reached 23-28 %. In treat-
ments 5.6, the number of trees was reduced gradually

sity treatments 7 to 10. Gradually and later thinned
stands (treatments 3 to 6) accumulated 76-91% of the
volume increment in trial 201 and 90-98% in trial 206.
Self-thinning in the control stands is very weak and
almost all volume increment of 98-99% is accumulat-
ed in the stand. The control stand of trial 201 has even
attained the stocking level of 1.42. At such stocking
level, stand becomes highly susceptible to adverse
factors.

I 2010, Vol. 16, No. 2 (31) N (SsN 1392-1355

23



BALTIC FORESTRY

I DEVELOPMENT AND PRODUCTIVITY OF YOUNG SCOTS PINE STANDS /.../ I /. <KULIESIS ET AL N

The total productivity of the most intensively
thinned stands differs considerably from the produc-
tivity of the control treatment (Fig. 8). With increas-
ing stand age, differences in productivity, as compared
to the control, decrease. The heavier the stands are
thinned, the faster their productivity approaches the
control stand. In comparison to the control, differences
in productivity of the most sparse stand of trial 201
(9-10 treatments) decreased from 72 to 53% over 11
years. In treatments 3-4, the difference decreased only
from 15 to 12% over the same period. These differences
are caused by a different response of tree growth to
the thinning intensity and frequency.

. Trial-varian
“100 4 ._.,_/_,‘_._.___:_;'._;.______. o-ee--201-1,2
°\° +’/ ",+"""+""'+ Tttt 3,4
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Figure 8. Comparison of the total productivity of different
density stands with the productivity of the control stand
(productivity ratio)

Comparison of main growth parameters of ex-
perimental and modal stands

Parameters of experimental stands of the different
density were compared with the parameters of modal
stands, described by the stand yield model (Kuliellis
1993). The dynamics of mean tree height in both trials
is very close (Fig. 9a). It approximates the height dy-
namics of stands with H, = 27-30 m. Mean heights
of both trials slightly vary over time, from the growth
corresponding to H, = 27 m at the age of 15 years to
H,,, = 30 at the age of 24 years.

The dynamics of the mean diameter of stands in
the control treatment corresponds to diameter growth
of stands with average 0.7 stocking level on sites with
H,,, = 29 m (Fig. 9b). The dynamics of all other densi-
ty treatments is different; therefore it is necessary to
have dynamic models of the mean diameter for all
density treatments.

The mean diameter increment values of modal
Lithuanian pine stands with 1.0 stocking level and
growing on analogous sites are close to increment

Trial-varian
12 217 b o e 201-1,2
e 34
10 cexe 56
o 78
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Figure 9. Dynamics of mean tree height (a) and mean tree
diameter (b) in trials 201 and 206 and their comparison with
forest stand yield model of Lithuania (FSYM)) under differ-

ent stocking level (S)

values in the control stands (Fig. 6). The mean diam-
eter increment trajectories of all other stand density
treatments deviate essentially from the modal stands.

The volume increment of modal stands growing
in similar conditions (H,, = 29, stocking level 0.4-1.0)
according to forest yield model is similar only at the
age up to 15 years (Fig. 7). Later the curve of the
volume increment depending on age for experimental
stands is steeper, which shows more intensive growth
in comparison to the growth of modal stands.

The results of the last comparison have been
obtained by analysing volume growth intensity, ex-
pressed as a percentage of volume increment in exper-
imental and modal stands (Fig. 10). The maximal
growth intensity has been recorded in stands of 7-13
years age in both trials. Growth intensity decreases
with increasing age of a stand. Growth intensity of
experimental stands increases when the stocking lev-
el of stands decreases up to some limit, that is partic-
ular for each age. For modal pine stands, a slight
decrease of the growth intensity was estimated (Ku-
lieSis, 1993), when the stocking level decreases.
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e 201 -----
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Influence of improvement cuttings on productiv-
ity of experimental versus modal stands

In silvicultural practice, thinning of pure pine
stands begins when they exceed a certain allowable
number of trees or stocking level under determined
mean stand height. A certain defined number of trees
or a critical stocking level should be maintained in the
stand after cuttings (MikSys and Juodvalkis 2007). One
of the most important stand productivity indexes is the
accumulated growing stock volume, expressed by the
number of trees, relative stocking level, mean diame-
ter and height.

We have compared mean diameters of pine stands
of different densities with mean diameters of stands of
the same height (Fig. 11) left after improvement cuttings.
According to thinning standards, the mean height of
5-11 m corresponds to the mean tree diameter of 6.1—
10.6 cm, i.e. the diameter and height ratio of the remain-
ing trees varies within the range of 1.22-0.96. This ra-
tio is slightly higher in untended control stands. The
ratio in moderately intensively thinned stands (treat-
ments 3-4) ranges from 1.6 to 1.36, and in heavily thinned
stands (treatments 7-8) it reaches 2.0 to 1.64.

Trial-variant Simulated

20 1 o
o e 20141,2
18 A R .- 3.4 .
x x 5,6
. rd ’
> S0 7.8 .
g L 9,10
T N 206-1,2
o
[a) " -t 34
& --x- 586
9]
= - - 7.8
-—0-- 9,10
TS

Mean height, m

Figure 11. Comparison of mean diameter at mean height in
different density trials and thinning standard of pine stand-
ards (TS)

Having left 1,210 trees/ha after moderately inten-
sive thinnings with frequency 6-7 years (at age 8 years
left 2,998 trees, 15 years — 1,924 trees, 21 years — 1,212
trees, trial 201, treatments 3-4), the stands at the age
of 24 years with mean height of 11.9 m attain the mean
diameter of 15.8 cm, relative stocking level of 0.94 and
accumulate per stand 75 % of the volume increment.
Stands thinned one time at the age of 8 years up to
1,020 trees density per ha (201 trial, 7-8 treatments) at
the age of 24 years such stands with mean height of
11.5 m attain the mean diameter of 18.0 cm, relative
stocking level 1.04 and accumulate per stand 97 % of
the volume increment. Extremely intensive and early

thinnings, long period growth without disturbances in
the stands of 7-8 treatments resulted in higher diame-
ter increment and higher volume accumulation per stand
as compared with stands of 3-4 treatment. In both
cases early regulation of stand density allows in the
best way to use intensive growth period for forming
stands from vigorous and vital future trees.

Discussion

Forest stand density is amongst the most impor-
tant parameters in predetermining the yield level of the
stand (Sterba 1987, Hasenauer et al. 1994). Tree height
and especially diameter growth are under the influence
of stand density (Oliver and Larson 1996, Mitchel et
al. 1983, Salminen and Varmala 1993, KulieSis 1989,
Kuliesis and Saladis 1998, Kairitkstis and Juodvalkis
2005). The results of our study cover the relationship
between tree height, diameter growth and total pro-
ductivity under the influence of different density pine
stands during 4-24 years of age.

The dependence of tree height on different initial
density is less important for final productivity of stand
and this relationship is expressed less definitely
(Tumodees u np. 1961, Hamilton 1981, Harrington 1983,
IOoasankuc 1988, Kerr 1996, Malinauskas 2008). In the
forest steppe zone of Ukraine, an increase in height
with decreasing initial density has been observed
(F'aBpunos 1961, llnnkapenxo et al. 1981). Assmann
(1964) (after Hamilton 1981) also suggested that high-
er intensities of thinning have a stimulating influence
on the height growth. Hamilton (1981) concluded that
the highest height increment was found in the un-
thinned control plots, but that different thinning in-
tensities had no significant effect on height growth.
Kerr (1996) determined that the lightest regime of crown
thinning produced the tallest trees; and the heaviest
treatment produced the lowest trees. Taking into ac-
count that the height growth has a priority in respect
to the diameter growth (Oliver and Larson 1996), it is
most likely, that due to reduced space and increased
competition, the diameter increment initially decreas-
es most remarkably. At the initial stages of increasing
competition, the height increment remains stable (Ku-
liesis and Saladis 1998).

Long term studies for Douglas — fir stands (Har-
rington et all 1983) showed that immediately after thin-
ning trees faced a thinning shock that generated a
reduction of the height growth. From 15 to 25 years
following thinning, height growth was positively re-
lated to growing space with the best growth at wider
spacing. The results of Harrington et al. (1983) study
explain various possible reactions to height growth
depending on thinning intensity, duration after thin-
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ning and competition level between trees for the mo-
ment of estimation.

The results of our study have reliably shown that
the greatest height is attained in moderately intensively
thinned pine stands (treatments 3-4), i.e. with a rea-
sonable competition among trees. Mean heights of
trees in the dense control stands are lower than in
moderately thinned stands due to especially tough
competition and high numbers of short trees. Howev-
er, these of the control stands are higher than of heav-
ily thinned stands, considering both all trees in the
stand and the tallest trees only.

Growing stock volume of a given stand height is
often referred to as the yield level (Skovsgaard and
Vanclay 2007). The yield level is usually expressed by
the standard value of maximum basal area or growing
stock volume at the appropriate height. Comparing
basal area or growing stock volume of an individual
stand with its standard value, a relative stocking in-
dex of stand is obtained. Such a system of stocking
level estimation is applicable in usual forestry prac-
tice for majority of stands. Depending on climate, soil,
provenance, method of stand establishment and treat-
ment, and duration of rotation, the actual yield level
can remarkably exceed the usual standard level. A high-
er yield level can be achieved in two main ways: grow-
ing higher number of trees of usual diameter at breast
height or growing a usual number of trees with high-
er diameter at breast height (Hamilton 1981, Hasenau-
er et al. 1994, Skovsgaard and Vanclay 2007). Main-
taining a larger number of trees per area without se-
vere increase of competition between trees is possi-
ble only in some restricted cases: on slopes, using
trees of genotype with typical narrow crown, on spe-
cial sites, allowing growing trees resistant to damag-
es of wind, insects and so on. Usual increasing
number of trees always will induce increased compe-
tition, leading to suppressed growth and instability of
stand.

Regulation of stand density by thinnings is ori-
ented towards increasing growth intensity of the re-
maining trees. There are two strategies: 1) to keep a
larger number of trees as long time as possible and to
remove trees weakened by competitions or 2) to re-
move a part of trees before they start competing with
other trees. The first strategy allows using the grow-
ing space maximally, but not growing energy at early
stage. Such thinnings in pine stands usually start at
20 years age or later, when the period of maximum tree
growth has passed. The best time for intensive growth
is missed for all as well as for largest trees and they
never will reach such a diameter that could be obtained
in free growing conditions without competition. Such
strategy is acceptable for growing stands of average

productivity and average rotation period. The second
strategy of stand formation allows to maximally using
the growth energy, which is a precondition for a higher
level of yield. Differences in growth intensity of mo-
dal pine stands of Lithuania (the first strategy) and
our experiment (the second strategy) are predetermined
by different growing history of these stands especially
during the period of intensive growth. Experimental
stands of low density or low stocking level have vi-
tal, trees of large diameter due to sufficient growing
space during the intensive growth period. Thinning of
modal pine stands in the silvicultural practice of Lithua-
nia is more focused on growing an excessive number
of trees in a stand (Miksys and Juodvalkis 2007). Thus,
the competition index of thinned stands in the period
of the most intensive growth, when the mean tree
height is 5-11m, exceeds 2.0 and occupies an interim
position between unthinned control and moderately
thinned stands. The current silvicultural practice leads
to the situation when the prevailing part of trees is
weakened by competition and has slow diameter
growth.

The mean diameter of freely growing trees increas-
es mainly due to intensive growth of the tree. In this
case, the ratio of the mean diameter increment of free-
ly growing trees to that of the trees growing under
high competition in the control stands always over-
comes the corresponding ratio of the mean diameters
of the same stands. These differences are a result of
more intensive growth of trees on a more spacious
area. For example, the mean diameter increment ratio
of stands 9, 10 to control at 19-24 years of age is equal
to 0.74/0.31=2.39, when the corresponding ratio of the
mean diameters is equal to 20.2/11.7=1.73.

Modal pine stands of high stocking level as well
as low stocking level consist of trees more or less
weakened by competition. The period of intensive
growth was insufficiently used by remaining trees in
both cases. Increase in the mean diameter of low-
stocked modal stands is not only a result of the growth,
but also by intensive self-thinning of small size diam-
eter, suppressed trees. The ratio of the mean diameter
increment of highly-stocked stands to low-stocked
modal stands is lower than the mean diameter ratio of
the same stands. It is a result of a stable, yet decreasing
growth intensity when the stocking level of modal
stands decreases. For example, for modal pine stands
of the same site and age, as experimental stands, the
ratio of the mean diameter increment is equal to 0.41/
0.36=1.14 and the ratio of the mean diameters — 14.2/
10.8=1.31. The analyzed ratios of modal stands always
are smaller and closer to 1.0 compared with the corre-
sponding ratios of stands purposefully oriented to
intensive growth.
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High response of the tree diameter and volume
growth to early and intensive thinning and accelerat-
ed increase of the mean trees diameter are the main
prerequisites for reaching a higher level of the yield
at the same forest site, characterized by the stable
height growth.

Conclusions

1. Pine stands growing on infertile sites of nor-
mal humidity, characterized by site index 29 m, attain
the maximum of the mean diameter increment at the age
of 12—13 years. In the year of its maximum and later,
the mean diameter increment of heavily thinned stands
(down to 568 trees/ha) is higher than the mean diam-
eter increment of the control stand by 1.8-2.8 times.
At the end of experiment, the mean diameter growth
exceeds the growth in the control by 1.7-1.8.

2. Competition among trees has a positive influ-
ence on height growth at the density of 2,000-3,000
(4,000) trees/ha in 7-19 year old stands. The tree
height at the same diameters surpassed the tree height
in stands with 600 trees per ha by 22 %. It also ex-
ceeded the height of the most lightly thinned stands,
(4,000-4,400 trees per ha) by 11%.

3. The volume increment per tree increases with
decreasing density of stand and increasing age up to
19-24 years. The mean tree volume increment in the
most spacious treatment is 3.1-3.7 times higher than
the mean increment in the unthinned control stand.

4. As a response to thinnings, the growth of
thickest trees during 4-24 years increases from 4-8 %
in case of moderately intensive thinnings performed
every 5 years up to 32-40 % in case of intensive thin-
nings, when the number of left in stand trees aged 4-
8 years decreases up to 568-591 per ha.

5. Total productivity of regulated stands of dif-
ferent density treatments comprises 45-85% of the
control stand productivity at the age of 17-24. The
lowest, but at the same time the most quickly ap-
proaching control stand productivity, is the produc-
tivity of the most heavily thinned stands.

6. High response of the tree diameter growth and
volume increment to the early, intensive and optimal
frequency thinnings are the main prerequisites for
development of stand by the way of the higher level
of the yield.
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PA3ZBUTHUE U ITPOAYKTUBHOCTH COCHOBBIX IPEBOCTOEB, BHBIPAIIIUBAEMbIX
B YCJOBHUAX PETYJIMPYEMOM I'YCTOTBI

A. Kyaemnc, . Canaguc, A.A. Kyaemuc
Pesiome

OCHOBHBIM MEPONPHATHEM IO PETYIUPOBAHUIO MPOTYKTUBHOCTH COCHOBBIX APEBOCTOEB SBIAETCS PETYANPOBAHHUE HX
ryctorbl. B Teuenue 16 et usyuanoch GOpPMHUpPOBAHHE U POCT JABYX COCHOBBIX JPEBOCTOEB, PACTYIIHUX B Jecax Vaccinio-
myrtillosa Tuna, ¢ nepBoOHa4aIbHOM rycToTol 5.4-8.1 ThiC. ea./ra. ccnenoBanue NpoBOIIIOCH, HAUMHAS ¢ BO3pacTa 4-8 Jet.
Oba HacaxIeHUsS CO3aHBl NCKYCCTBEHHBIM ITyTeM, OAMH Ha OBIBIIEH IamiHe, BTOPOil — Ha yiecoceke. JlecsaTs mpod (IaTh
BAapHAHTOB IO /IBa IIOBTOPEHUS) OBUIO 3aJI0KEHO B KaXJOM HacaKAeHHWU. V3ydanmoch mATh BapHAHTOB C Pa3INIHOMN
MepBOHAYAILHON TycToToi OoT 0.6 THIC. €1./Ta 10 TYCTOTHI KOHTPOJBHBIX HacaxiaeHui ¢ mHTepBasoM 0.5-1.0 Teic.em./ra.
I'ycToTa HacaxaeHUit peTyaMpoBanach ¢ HEbI0 MOIYUeHUs Pa3INYHbIX KOHKYPEHTHBIX YCIOBHH 3a BCE BPeMs HCCIIEAOBAHUS.
Kaxnpiit Bapuant Obl1 006MepeH oT 4 10 8 pas.

I'ycrora nepeBbeB ot 2 110 3 (4) ThIC. e1./ra B Bo3pacTe OT 7 10 19 JeT MOJII0KHUTETBHO CHOCOOCTBYET POCTY JePEBLEB
B BBICOTY. CpemHUIi IPHPOCT 10 ANAMETPY AEPEBbEB, PAcTyIuX Hanbosee peako (0.6 TIC. Ta), MPEBHIMIAECT CPEAHUH IPUPOCT
[0 IUaMeTpy KOHTPOJBHOTro HacaxaeHus B 1.8-2.8 paza. OTHomeHne 00beMHOI'0 MPUPOCTA CPETHETO JepeBa Hanbonee
Pa3peKeHHOr0 W KOHTPOJIBHOTO HacakKIeHHH B Bo3pacte 17-24 met cocraBuser 3.1-3.7 pa3a. VIHTeHCHBHBIC U paHHHE
W3PEKUBAHMS COCHOBBIX HACAXJICHUI CYLIECTBEHHO CHIDKAIONIHE KOHKYPEHIHIO MKy JIEPEBBSIMH IOCIIE CMBIKaHHS KPOH,
MO3BOJIIIOT MAaKCHMAJIBHO HCIIOJIB30BAaTh YHEPTHIO POCTa B MOJIOJIOM BO3pAacTe, YTO SIBISIETCS MPETyCIOBHEM JOCTVDKCHUS
JIpeBocToeM Ooree BEICOKOTO YPOBHS IPONYKTHBHOCTH.
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