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Intermediate cutting is onc of the basic measurcs of silviculturc as well as an important source of timber.

In order to

maximize gain from cach intermediatc cutting, the knowledge of the response of the forest as a self-regulating system to thinning

is indispensablc.

The aim of the present study was to investigate the cffects of thinning on the diameter increment of branches in the pine
stand. The influcnce of thinning was cstablished on the basis of the radial increment. A gencral growth function describing the

annual increment of branches was developed.

It has been found that thinning is affectcd by the branch increment distribution. The radial increment of branches depends
on breast height diameter of the tree, age of the branch and its position in the whorl. In the Kuuste stand the branch diameter
increment incrcased approximately 16% after thinning. It is noteworthy, that rccent annual rings are missing in older branches.
Thus, although branches are alive, their diameter does not increase. This may be caused by different light conditions in the crown;
the allocation pattern of assimilates as well by static load factors.
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Introduction

The effect of thinning on stand growth, particulary
on the diameter increment of stems, is one of the main
thoroughy investigated problems of silviculture. The
majority of authors have found that thinning has a
positive effect on the growth of trees, at least when it is
performed in accordance with the principles of silvi-
culture. As a rule, trees respond to improved light and
root nutrition conditions with the increase in the growth
and radial increment intensity after thinning (Tullus
1988). For example, the positive effect of thinning can be
observed 5...6 years (Uri 1994) or even 8...10 years
{Tullus 1992) after thinning. Theoretically, it can be
supposed that branches of trees react to improved
conditions similary to stems: better light conditions in
the canopy lead to more intensive photosynthesis, the
amount of assimilates increases and branch growth
intensifies. Light is one of the main factors affecting the
morphology and structure of the tree crown (Doruska,
Burkhart 1994). This line of reasoning underlines the
point of view that thinning decreases to a certain extent
the quality of timber, as thinned stands are branchier, i.e.
branches grow thicker and persist on trees longer (Smith
1962). In the present paper we attempt to test this

statement and evaluate the effects of thinning on the
diameter increment of branches in pine stands (Pinus
sylvestris). Most authors have investigated crown
structure and branch growth on the basis of the
dynamics of branch diameter and length. Doruska and
Burkhart have studied crown structure on Pinus taeda
(Doruska, Burkhart 1994). Kurttio and Kelloméki have
studied crown structure as well as branch growth and
their relationship with other parameters of Pinus
sylvestris (Kurttio, Kelloméki 1990).

The aim of the present work was to study the effects
of thinning on the diameter increment of branches as
based on the radial increment before and after thinning,
as well as to find out whether a considerable increase
occurs in branch diameter increment after thinning.
Gavrikov dealt with the radial increment in his study
describing the growth of Norway spruce branches
(Gavrikov 1996). He derived several growth curves
which characterize an increase in the branch diameter
increment but did not succeed in elaborating mathe-
matical models that would describe the dynamics of the
branch diameter increment. In order to study the effect of
thinning on branch growth, first it is necessary to
elucidate the general branch growth. Therefore, a major
part of the present paper is devoted to the elaboration of
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mathematical models describing branch growth, which is
indispensable for the solution of the main problem of the
study.

Material and methods

Data for the present study were collected in
Jarvselja experimental forest district and in the Kuuste
forest district Estonia, in 1993...1994. Four sample plots
were used, two of them thinned (in 1982 and 1991) and
two unthinned. Thirteen model trees were felled on the
Kuuste study plot and twelve on each of the three
Jarvselja sample plots. Before felling, the frequency
distribution of diameters was calculated. Model trees
were selected on the basis of diameter distribution
proceeding from the principle that selection should
characterize the whole stand. Table 1 gives the essential
data on study plots. Study plots No.2 (thinned) and No.3
{(control plot) were located in the same subcompartment.
Before thinning, both plots were homogeneous. Study
plot Nol in Jdrvselja was an unthinned stand of high
density, which made it possible to describe the general
increase in the radial increments of branches.

Table 1. The data of sample plots

Stand characteristics, unit. Kuuste Jérvselja

Sample Sample Sample

plot plot plot

No.1 No.2 No.3
Year of measurement 1993 1994 1994 1994
Number of model trees 13 12 12 12
Year of thinning 1982 - 1991 -
Stand age, y 44 31 33 33
The average diameter,cm  13.6 17.1 14.8 14.3
The average height, m 16.4 17.1 15.0 13.6
Site index I1 Ia Ia la
Number of trees per ha 1636 1420 1465 2140
Density 0.7 1.0 0.8 1.0
Thinning, % 38 - 24 -
Site tvpe Rhodo-  Myrtillus  Myrtillus  Myrtillus

coccum

Due to the lack of a control plot it was hard to
determine the effect of thinning in the Kuuste stand. The
main parameters of felled trees were measured and the
average branch of each whor! was used as a model
branch. A branch cross section was sawn at the basal
end of the model branch in the middle of the first-year
annual shoot (Fig.1). The radial increments of 425 branch
cross sections were measured using a special binocular-
electronic equipment with the accuracy of 0.0 lmm.

| |

Fig. 1. The location of the cross section on the branch

Statistical methods: ANOVA and regression analysis
were used. Both linear and nonlinear models were
adapted to the data. The distribution of sample data was
estimated according to c¢? -criteria, The t — test was
applied to compare the mean values. Both one-way
analysits of variance and multifactorial analysis of
variance were used. In case the ANOVA requirements
were not fulfilled e.g. the distribution of a variable was
significantly different from normal, or the variances of
different groups were not equal the Kruskal-Wallis
nonparametric analysis was applied.

Results and discussion

While checking the absolute distributions of the
annual radial increments with the help of ¢*-criteria for
normality, it became evident that in case of the Kuuste
sample plot the distribution of the radial increments
before thinning (1982) approached normal distribution
(significance level p> 0.05), whereas after thinning (since
1984) it differed significantly from both normal and
lognormal distribution. The same result was achieved
when analysing stem the radial increments of stems:
before thinning annual distribution of the diameter
increments at breast height could be approximated by
lognormal distribution; after thinning this dependency
disappeared and the distribution differed significantly
from normal as well as from lognormal distribution.

Studies on the radial increment distribution of
branches taken from the Jirvselja thinned study plots
produced the same results. These results were compared
to the corresponding data of control plots. The annual
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distributions of the radial increments on thinned plots
could be approximated by normal distribution before
felling but not in the first and second year after thinning.
Three years after thinning the distribution approached
again normal distribution. While comparing the results
with those obtained from control plots and study plot No.
1 (unthinned stand), it became evident that in the above-
mentioned stands the distribution approached normal or
lognormal distribution over the whole period of study.
Thus one can draw the following conclusion: although the
effect of thinning on the diameter growth of branches may
be minimal, its effect on increment distribution is evident.
The dimensions of living organisms, including trees serve
as a classical example of characteristics subjected to
normal distribution, because the growth of trees is
affected by several environmental factors. If these factors
are stable the system is stable as well. By thinning en-
vironmental conditions in the stands are changed and,
consequently, the system becomes unstable. As a result
of a response elicited by the stand changes occur in the
growth until a new — stable state is achieved. Thinning is
not an incidental factor of minor importance but an
essential element that affects the whole distribution. The
situation where increments on the Kuuste sample plot
cannot be approximated by normal distribution before the
9th year after thinning and in Jérvselja already in the 3rd
year after thinning can be explained by differences in
sites. The Jarvselja sample plots are situated on former
agricultural land, whereas the Kuuste sample plot
represents the Rhodococcum site type. The site index of

Jarvselja is I* and that of Kuuste, II. Structural changes
brought about by thinning are more rapidly restored in
more favourable growth conditions.

In the course of the measurement and analysis of the
branch radial increment of Scotch pine it has been found
that in older branches, recent annual rings are missing or
they are so narrow that it is impossible to distinguish
them. For example, when studying the 6th branch whor!
from the top, whose age was six years, the expected
number of annual rings on the basal area of the branch
would have been six. However, this was not always the
case. Thus, although branches are alive and bear
assimilating needles, the diameter growth of branches is
retarded. Gavrikov who noticed a decrease in the number
of annual rings in Norway spruce branches, has described
this phenomenon in his study (Gavrikov 1996). Despite
diameter growth cannot be traced in the basal area of the
branch, this does not mean that it does not take place in
any other branch area (the problem is not discussed in
the paper). While studying diameter growth along the
branch at different relative distances from the stem,
Gavrikov found the maximum annual ring area a few
whorls from the top of the branch (Gavrikov 1996). This
phenomenon cannot be explained merely by light deficit
(in the lower part of the canopy there is less light, the
growth of branches is retarded and finally they die),
because annual rings are missing not only on the
branches of the lower layers but also on the branches of
middle and even upper layers (Fig. 2). If the absence or
retardation of the increment depends only on light
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Fig. 2. Distribution of relative needle mass and cessation of annual increment over crown layers
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conditions, a decrease in the number of annual rings must
be related to the loss of needle mass in the crown.

Along with the branch radial increment, relative
needle mass distribution in the crown was also analysed
on the basis of the data collected from Jirvselja sample
plot No.1. The crowns of the studied trees were divided
into ten equal layers, and from each layer a model branch
was selected for the estimation of needle mass. Figure 2
presents the distribution of relative needle mass in the
crown. It appears that needle mass is in its maximum in
the middle part of the crown. Although these branch
whorls are not dying, their branch radial increment is still
retarded. Other researchers have also described an
analogous needle mass distribution in the crown
(Anniste 1997, Kollist 1970, Tullus and Tamm 1992). It
has also been noted that the vertical distribution of
needle mass in pine trees mainly depends on stand
density (Anniste 1997). The needle mass of the middle
part of the crown forms (regardless of the age of the
stand) approximately half of needle mass (Anniste 1997,
Kollist 1970). However, the stand brings about a de-
crease in the share of the lower third of the crown and
an increase in the share of the upper third in needle
mass. This can be explained by certain priorities that are
revealed in the growth of the tree: assimilates are used
first of all for primary root and sprout growth, then for
the development of generative organs and only at the
end for diameter growth of branches and stems.

In boreal forests, more than 60% assimilates can be
transported into fine roots (Persson 1983). Evidently, the
assimilates produced by branches in middle layers
would be sufficient for diameter growth, but these
assimilates are transported into other parts of the tree:
fine roots, top of the crown and meristem tissues. In
order to guarantee maximal growth of the whole tree,
produced biomass is alloted between different tree parts:
needles, branches, roots and stem (Kofman 1986). As
competition in stands 1s realized through height growth,
a large amount of assimilates is directed to the upper
layers of the crown. Mechanical theories describing
branch and stem growth rely on the relationship between
the branch (stem) diameter, weight and length. Thus, the
diameter of the branch close to the stem is dependent on
branch length and weight and is related to static load
affecting the branch. The longer the branch grows and
the bigger mass it has, the longer must be its diameter
(Farnsworth, Gardingen 1995).

Pruning within a branch is similar to pruning
process in the whole tree. Older branches in the middle
and lower layers of the crown get less light, a part of

needles and shoots die, and the mass of older branches
diminishes. This tendency also can account for the
absence of annual rings on older branches. In
accordance with the static load theory (Farnsworth,
Gardingen 1995) there is no need for the branch to
increase its diameter, because branch mass does not
enlarge any more but even decreases. The absence of
annual rings on branches from the lower layers of the
crown can probably be explained by the fact that needle
mass in this part is small and the amount of assimilates
transported into the branch is only sufficient for the
branch to survive. Krigul’s study in which he found that
the removal of the lower branches of the crown does not
affect the increment of trees confirms this statement
(Krigul 1961,1968).

To elucidate the factors increasing the secondary
growth of branches, analysis of variance was used. It was
presumed that the branch radial increment depends on the
number of the branch whorl (counting from the top of the
crown). Through the branch whorl, the growth of a branch
is related to two characteristics: age of the branch and its
location in the crown. Multifactorial analysis of variance
has shown that both the diameter of the tree at breast
height and the location of the branch whorl has a
significant effect on branch diameter (p<0.05). This
regularity is revealed in case the data are collected from
all four sample plots. Branch length also depends on the
size of the tree and on the branch whorl number. Here
allometric relationship is obvious: during growth process
the tree retains its shape; the bigger the tree, the thicker
and longer its branches. Several physiological theories
describing the growth and form of stems, for example, the
theory of partitioning of assimilates and “pipe” theory
have attempted to explain this. In accordance with the
latter theory there is a strong positive correlation between
the photosynthesizing mass and sapwood area. Particular-
ly strong correlation occurs between stem diameter under
the crown and the needle mass (Kofman {986). Although
these theories describe the growth and form of stems,
they might be applied to branches as well. Farnsworth and
Gardingen have made a more specific use of allometric
relationship to test different theories. They compared the
applicability of “pipe” theory and static load theory to
Sitka spruce Picea sichensis (Farnsworth, Gardingen
1995). The first is a physiological theory based of the
movement of water in the plant while the latter is a
mechanical theory which assumes that branch diameter is
determined by the total needle mass and needled sprouts.
We have found that the latter theory suits best Sitka
spruce.
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The effect of branch age is probably similar to that
of tree age. Presumably, there exist a general growth
curve, and the growth is certainly affected, mainly via
light conditions by the location of the branch in the
crown. Thus it can be concluded that branch growth
depends on stem diameter, branch age, the hierarchic
position of the branch in the crown and probably also
on metereological conditions. There are several other
factors that have affected the branch radial increment to
a smaller or greater extent. This causes a great variation
in the data,and that is why it would not be correct to use
absolute values of the radial increments in further ana-
lysis. In order to reduce the variability caused by the
difference in trees and to single out the effect of thinning
from among the multitude of other influences the relative
scale has been used. The relative increment has been
calculated from branch diameter by dividing the incre-
ments of different years by branch diameter.

AR% :_%Ai’/ll )
D

AR% - relative increment of radius
AR, -~ absolute increment of radius
D — branch diameter

The relative increment expresses the share of the
increment from branch diameter (in percent). Further
analysis of diameter growth was based on the relative
diameter increment of model branches in a certain year.
A regression equation which describes branch growth in
different years depending on the age of branches and
their position in the crown has been found. The follow-
ing allometric equation describes the dependence of
branch relative increment on its age:

Iny = a + blnx (2)
where y refers to relative radius increment (D%), x is the

number of the branch whorl i.e. age of the branch, 4, b
are equation parameters

While analysing parameters a and b from equation
(2) it has been found that their absolute values increase
with a decreasing number of years: the smaller the year
number, the wider the annual rings of the branch.

The regression equation describes the change in the
increment in a branch whorl: the higher the branch is
located, the younger it is and the more intensive is its
growth. On the contrary, the older and lower the branch
whorl, the smaller its increment. The theoretical basis of

this phenomenon is the theory of partitioning of assimi-
lates. The upper part of the crown, where intensive height
growth takes place, is supplied first of all. The assimilates
of the lower layers are not relocated on the top, because
they do not participate in height growth and thus do not
play a crucial role either in the growth intensity of the
whole tree or in competition ability. Equations (3) and (4)
describe branch growth on the Kuuste sample plot during
the whole study period, but is not accurate enough for
data from the Jirvselja sample plots.

The model is as the following:

In a(YEAR) = 26.0 — 5.43In (YEAR), 3)
In b(YEAR) = 19.1 — 4.14In(YEAR), (4)
In Dr (YEAR) =a (YEAR) + b(YEAR) InWNR (5)

YEAR denotes two last digits of the year number
WNR denotes the number of the branch whorl
i.e.age of the branch

For equations (3) and (4) p<0.00001 and r2 >0.9

This model describes adequately branch growth in
Kuuste but is not sufficiently exact in case of the data
for the Jérvselja sample plots.

The above model describes relative diameter growth.
Therefore, we attempted to find the relationships between
the absolute values of branch diameter, tree diameter at
breast height and the number of the branch whorl (i.e. age
of the branch and its position in the crown). This
relationship is described by equation (6)

BDM:O.OSSF/D”OMO WNRUO 420 (6)

BDM - diameter of branch, mm,

D]'3 — tree diameter at breast height, mm,
WNR - number of the branch whorl,

2 =0.77, and p < 0.00001

The model of relative growth (3;4;5) was used to
estimate the influence of thinning on the diameter growth
of the branch. Presumably, as in case of the stem, a general
growth curve can be applied to branches. However, as
there was no control for Kuuste sample plot, we could not
compare branch growth on thinned and unthinned areas.

To study the effect of thinning, the influence of the
general growth curve on the thinned area should be
eliminated. For this, it is necessary to eliminate the trend
of the growth from the effect of thinning. For the
analysis of the thinning effect only the data on branches
that existed at least five years before thinning were used.
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Their increments during the period of five years before
and after thinning were compared. The relative radial
increment till the year of thinning was modelled. Thus
we obtained a growth curve which describes branch
growth before thinning. The growth curve was the
following:

Iny=44.89-9.76 In YEAR (7)

YEAR denotes the two last digits of year number
p<0.00001 and r*>0.9

This trend characterizes growth in the absence of
the effect of thinning. By comparing growth curve to
the increment after thinning it is possible to estimate the
thinning effect on the radial increments, Table 2 and
Figure 3 illustrate the obtained results.

Table 2. The modelled and actual values of the branch radial
increment on the Kuuste sample plot

The mean relative increment, %

Years
Modelled Actual Difference

1982 6.65 6.90 0.25
1983 5.91 6.84 0.93
1984 5.25 6.30 1.05
1985 4.68 5.72 1.04
1986 4.17 5.11 0.94
1987 3.73 4.54 0.81

Ml
T o
- \\u
IS
4 o,
e 8 ’\u —X = Theoretical
£ - o
'g 5 ~_ ° ¢ Actua
] X e
® 4‘ x\x\§
o

0+ ]

1976 1978 1980 1982 1984 1986 1988

Year

Fig. 3 Growth curve and the actual relative radial increments of
branches on the Kuuste study plot before and after thinning

The application of the described method allows us
to evaluate the effect of thinning on branch diameter
growth, It turned out that thinning affected diameter
growth most of all in the period of four years after
thinning when the actual increment was 18.2% larger
than the theoretical one. The mean actual relative dia-
meter increment on average is 16% larger than the cor-
responding parameter theoretically five years after thinn-
ing, which is due to the effect of thinning.

1998, VOL. 4, NO. 1
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This result is in good accordance with the results of
similar studies on the diameter increment of tree stems.
It should be noted that after thinning the diameter
increments of tree stems on average increased 16%
(Tullus 1985) as compared to these before thinning.

This method does not allow us to draw reliable
conclusions on branches that have grown after thinning.
In order to analyse branch growth after thinning the
existence of a control plot is indispensable.

The model describes more than 90% of the variance
in branch growth on the Kuuste sample plot, whereas in
case of the Jdrvselja sample plots (better site type
stands) the prediction leve! of the model is by far lower.
For these plots, the effect of thinning was studied by
using allometrical parameters. No statistically significant
differences were found when comparing the effect of
thinning on branch diameter increment on thinned and
control plots.

Conclusions

1. Thinning affects the distribution of the relative
increment of branches. Before thinning, increment
distribution can be approximated by normal or lognormal
distribution, whereas after thinning, this regularity
disappears for a certain period of time.

2. It became evident that older living branches do
not always produce annual rings in the basal area of the
branch. This tendency can be explained by light
conditions in the crown, static load theory as well as by
the priorities of the tree in assimilate partitioning.

3. The diameter increment of branches in a stand
depends on tree diameter at breast height, the age of the
branch and its location in the crown. Allometric
equations describing branch growth are presented in
model (5).

4. A new method which makes use of modelled and
actual radial increments allows us to evaluate the effect
of thinning on plots in the absence of control, was
worked out. The advantage of the method is that, unlike
for sample plots supplied with control areas, only one
stand is studied. Hence there will be no differences in
growing conditions before thinning (externally similar
stands grow differently). The disadvantage is the fact
that in the extrapolated part of the curve the effect of
actual weather conditions is not taken into account
(earlier influence of weather conditions being extra-
polated)

5. The effect of thinning on the diameter increment
of branches is variable. When processing the data
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gathered from the Kuuste sample plot it became evident
that in the period of five years after thinning, the branch
increment on average increased 16%. As to the Jérvselja
sample plots, the effect of thinning on the branch
increment was not established.
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BINSHUE PA3PEXXKHUBAHHS HA POCT BETBE COCHBI B TOJIIIUHY

B. Ypu

Pesrome

PazpequaHHc SBISETCS OJHON M3 BAXHEHIIUX JIECOBOACTBEHBIX MEp K CAYXUT BaXHbIM UCTOUHUKOM NONYYCHUS

apepecuHbl. YToOsl OT Kaxmoi pyOKM yXola ITONYYUTb MAKCHMAnHbIHi JO0XOM, BaXHO 3HAT, KaK JIeC B KayecTBe CaMo-
peryiupyloLieiics CHCTeMBl pearHpyer Ha paspexuBanue. INaBHas Uens HacTosuleil paboThl 3aKmoYanach B BhIICHEHUH
BIHSHHS PA3PEXKHUBAHUS Ha POCT BETBEH COCHBI OOBIKHOBEHHOH B TONMLMHY. BHusiHMe BRIACHHIM HA OCHOBAHMM DAJUTBHBIX
npupocTton BeTBeit. B xome paboTel pa3paboTany OMHCHLIBAIONIYI0 POCT BeTBeH MareMaTHYCCKyl0 MONEeNs, KoTopas Ouita
HeoGXOIuMa ISt PELUIEHHst OCHOBHOM IIPOOIEMOH McCeoBaH . BEICHIIOCH, YTO paaHaibHBIH IPHPOCT BETBEH 3aBUCHT OT
AWaMeTpa AepeBa Ha BLICOTE TPYAM, BO3POCTA BETBM M DACMONOXEHMA BETBM B KPOHE. B M3yyaeMoM HacaxIeHUM NPHPOCT
AvaMeTpa BeTBeH yBemuywicss nocne pydbku npubmnusurenso Ha 16%. Ilpumeuarenen cdaxr, uto y Goiee craphix BeTBeH
OTCYCTBYIOT TOIMYHLIE KOMbYa IOCAERHHX JIeT. TeM CaMbiM, XOTA BETBH M XHBBI M HMEIOT (DOTOCHHTE3HUPYIOLLYIO XBOHHYIO
Maccy, NpHpoCT 3TUX BETBEH B TONLHHY 3aTOpMoxeH. HazpanHoe 0GCTOSTENBCTBO MOXET ObITh OBYCIIOBIEHO PA3THYHBIMK
CBETORBBIMH YCITOBHSMH, PACIIPENeSIEHIEM aCCHMIUIATOB M CTATHYECKOH Harpy3xoi.

Knrwuepbie CJ10Ba: BIUSAHUE pa3speXuBaHUA, POCT BETBEI, padraTbHbIE MTPUPOCTLI, (1)_\'![1\'[111‘;] pocTa.
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