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Abstract: Due to an increasing risk of further damage to forests, forest managers are considering introducing an alter-
native direction for their future development — via the cultivation of mixed forests. At middle altitudes in the Czech
Republic, an oak-beech-linden stand is the most natural type, and we tried to answer three main questions: (i) How the
various thinning types affect dendrometric parameters and quality of the stand; (i) How long thinning works on this
stand until it loses its effect; (iif) How the stand develops spontaneously after abandonment. This experiment was con-
ducted at the Training Forest Enterprise in the Czech Republic in Drahanskd vrchovina (highlands in central Moravia).
In 1988, four plots were established in a 49-year-old stand where, in three of the plots, different types of thinning (crown,
low and heavy crown) were performed, leaving one (reference plot) to develop naturally. The height, the height of the
crown base and diameter at breast height (DBH) were measured, and the shape and quality of the trunk and crown were
estimated on each tree. Measurements were carried out in 1989, 1994, 1999, 2005, 2010, 2015, and 2020. In the first
10 years, the DBH and height of the crown base did not show any differences, and the linden at the heavy crown plot
outgrew the linden trees at the other plots in height. After these 10 years, the thickest linden, the tallest beech and lin-
den, and the greatest height of the crown base of beech and linden were all found at the heavy crown plot. The shape and
quality of the trunks and crowns of beech, oak and linden were similar in all plots (including the reference plot) during
the entire experiment. After thinning, the plots were left to grow spontaneously. The heavy crown thinning removed
a greater number of thicker trees at the middle level, thus supporting the trees growing in the lower part of the middle
level and in the below level (i.e. the beech and linden). These trees then grew more quickly compared to the others, but
their quality decreased, as did that of the others. Therefore, a forest left to grow and develop spontaneously is practi-
cally unusable for commercial purposes.

Keywords: abandonment forest; diameter at breast height; Fagus sylvatica; height; mixed forest; quality of stem
and crown; Quercus petraea; Tilia cordata
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Climate change brings a rapid increase in tem-
perature and a very uneven distribution of pre-
cipitation throughout the year in the form
of alternating torrential rain and long peri-
ods of drought. At present, these side effects are
already visible and will undoubtedly be more
significant in the future. However, forests (es-
pecially monocultures) cannot adapt quickly
enough in such a short time, during which these
side effects become worse, thus causing more
suffering to the forest. Due to an increased fre-
quency of damage observed and an increasing
risk of further damage to the forest complex (Seidl
et al. 2014), forest managers are considering intro-
ducing an alternative direction for the future de-
velopment of the forests — via cultivation of mixed
forests (Millar et al. 2007). There are many studies
that support the idea that mixed forests prosper
because they are more stable, resistant, and di-
verse, they provide better aesthetic values and op-
portunities for recreation, and last but not least
they are more productive, compared to monocul-
tures (Gamfeldt et al. 2013; Felton et al. 2016; Metz
et al. 2016; Bauhus et al. 2017; Jactel et al. 2018;
Heinrichs et al. 2019). Vertical and horizontal dis-
tribution of roots and crowns of individual spe-
cies and the dynamics of their growth presumably
decrease competitive pressure in water, nutrients
and light in mixed stands (Lindén 2003; Hooper
et al. 2005; Brooker et al. 2008). An insight into
the spatial structure and mechanisms in mixed
stands is offered in older studies (e.g. Kelty 1992;
Olsthoorn et al. 1999), as well as in more recent
ones (e.g. Liang et al. 2016; Pretzsch et al. 2017;
Bravo-Oviedo et al. 2018).

Thinning is the most important operation of for-
est management for future development (Daume,
Robertson 2000). The primary consequence
of thinning is a drop in the number of trees in the
stand (i.e. its density), due to which the subsequent
growth of the remaining trees is affected (Tul-
lus 2002; Zeide 2004). A decrease in the number
of trees also occurs during spontaneous develop-
ment of abandoned forests (Sebkova et al. 2011;
Badraghi et al. 2023). The main difference between
spontaneous development of a forest and the de-
velopment of a forest through targeted thinning
is in the secondary consequence, i.e. the quality
of a stand which is affected during thinning in two
ways — by the elimination of: (i) qualitatively un-
suitable trees; (if) surrounding trees, which can
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negatively affect the growth of the target tree (Po-
lansky 1955; Vyskot 1978).

The tree composition in a mixed forest can be in-
fluenced by thinning and, as a result, achieve the
target composition (Pretzsch et al. 2021). There
are dozens of types of thinning — differing in their
intensity, purpose, position in the vertical profile
of a stand, and the species for which they were in-
tended. The main approach to sorting is low thin-
ning, crown thinning and their combination (Kerr,
Haufe 2011), and each type can have various in-
tensities — light, medium and heavy (Tesat 1996).
Almost all types of thinning were invented for
monocultures (Polansky 1955; Vyskot 1962; Vy-
skot 1978), however, there are practically no gen-
eral regulations for how to perform thinning
in a mixed stand (Pretzsch et al. 2021). The rea-
son is the difficulty of generalising the influence
of thinning on individual species in a stand (Juod-
valkis et al. 2005). In monoculture, only intraspe-
cific competition takes place and, based on the
knowledge of the influence of thinning on mono-
culture from the past few hundred years, the effect
of thinning can be estimated. On the other hand,
trees in a mixed forest are affected by interspe-
cific competition (in addition to intraspecific), and
therefore, the result of thinning can be completely
different from the same one performed in a mono-
culture. Moreover, knowledge gained from thinning
in mixed stands in past centuries is either limited
or vaguely formulated. Thinning, which is car-
ried out in mixed forests, is often derived accord-
ing to the most frequently occurring (one) species
in the stand and insufficiently takes into considera-
tion the demands of others (Forrester 2014), like
various demands on silvicultural space, growth
periods, the required density, etc. (Mitscher-
lich 1970; Ammer 2008; Ducey et al. 2017; Juch-
heim et al. 2017).

However, thinning does not have a permanent
effect. According to Juodvalkis et al. (2005), the
first changes in dendrometric parameters do not
become visible until one year after thinning, the
peak of growth occurs after approx. 2-3 vyears,
and the increments 7-8 years after thinning are
as great as they would be in an un-thinned forest.
Assmann (1961) already describes not only an in-
tensive increase in the thickness within a short
time after thinning, but also a gradual slowdown
of growth because the trees are not able to main-
tain accelerated growth long-term. The reason for
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this phenomenon is an increase in the availabil-
ity of light, water and nutrients immediately after
thinning, and their reduction again by subsequent
filling of the above-ground and below-ground lay-
ers by the remaining trees (Meinzer et al. 2011;
Usta et al. 2019).

At first, the managed forests that were aban-
doned (intentionally or unintentionally) for dec-
ades are called 'secondary old-growth' (Piovesan
et al. 2008; Ziaco et al. 2012), and are character-
ised by large quantities of dead wood and a fre-
quent occurrence of large old trees — especially
after many decades of spontaneous growth (Burra-
scano et al. 2013). It is generally believed that the
natural mortality of trees is based mainly on com-
petitive interactions that are related to stand den-
sity in unmanaged forests (Westoby 1984), and
also on external factors, such as windstorms, bi-
otic pests, fires, etc. (Vygodskaya et al. 2002).
The thickness distribution in a natural forest has
a typical inverse J-shaped curve, first described
by DeLiocourt (1898), through mortality rates
among diameter classes across the entire range
of diameters (Hough 1932; Meyer 1952; Leak 1996;
Cancino, Gadow 2002). However, in some cases,
the thickness distribution can also have a normal
distribution, which is typical for even-age stands
(Vandekerkhove et al. 2005).

Regarding the cultivation of an oak-beech-
linden stand, which is a type of mixed forest that
seems to be the most natural at middle altitudes
in the Czech Republic (CZ), we tried to answer
three main questions: (i) How do the various thin-

ning types affect dendrometric parameters and
quality of the stand?; (ii) How long does thinning
work on this stand until it loses its effect?; and
(iii) How does the stand develop spontaneously
after abandonment?

MATERIAL AND METHODS

Description of the research plot. This experi-
ment was carried out at the University Forest En-
terprise 'Masaryk Forest' in Kitiny (entire name
abbreviated to UFE; 49°17'48.9"N, 16°44'30.2"E;
Figure 1), which met the location criteria.

The study took place at an altitude of around
420m a.s]l. The soil of the stand (established
in 1940, 6.19 ha in size) was Cambisol, according
to IUSS Working Group WRB (2015). The climate
was humid continental (Képpen 1936), with a mean
annual air temperature of 9.4 °C and a precipitation
of 613 mm, according to the long-term normal be-
tween the years 1981-2010 (CHMI 2023). Character-
istic parameters of the stand are entered in Table 1.

Description of the planting and cultivation
method. The 6.17 ha stand was established in 1940.
There were two-year-old saplings (all from UFE)
planted in individual mixing (to achieve the best
possible mixing). In this stand, the research plot
was established in 1988 and divided into five sec-
tions, with 20-metre buffer zones (Figure 2; Table 2)
around each section. The same thinning method
(as inside the section) was applied, leaving the trees
unmeasured. The buffer zone minimised the effect
of external factors. For example, the total area (with
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Figure 1. The location of the research plot
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Table 1. Characteristic parameters of the 80-year-old stand
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Species Species composition (%) Mean DBH + SD (cm) Mean height + SD (m)
Fagus sylvatica 50 17.8 +9.0 185+ 9.4
Quercus petraea 40 21.8+5.5 22.6 £10.4
Tilia cordata 10 15.9 + 8.8 159+ 6.4

DBH - diameter at breast height; SD — standard deviation

the buffer zone) of heavy crown plots was 0.36 ha;
however, in order to reduce the risk of being influ-
enced by external factors, the area on which trees
were measured was reduced to 0.16 ha. In each
section, the heights (H) and diameter at breast
height (DBH) of all trees were measured, and in-
dividual types of thinning were carried out in the
1988-1989 winter, based on their histograms. Each
of the remaining trees was marked with a unique
number and a dot (1.3 m above ground). After
thinning, this research plot was left abandoned for
more than 35 years.

The crown thinning (CT) is carried out at the
middle level and removes co-dominant trees (Fig-
ure 3; Polansky 1955; Vyskot 1962; Vyskot 1978).
It was introduced for deciduous (mainly beech and
oak) stands (Polansky 1955). The objective is to in-
crease the production value of pre-selected target
trees and the stability of each one (Vyskot 1962;
Vyskot 1978). This is performed in such a way that
one or two secondary trees at middle level (usually

of low quality or insufficient thickness and height)
are removed to favour target trees (i.e. thick trees
at middle level with excellent down to good quality;
Polansky 1955).

In low thinning (LT), the thinning interven-
tion progresses from the lowest trees at below
level up towards the middle level (Figure 3; Vy-
skot 1962), i.e. all suppressed, dying, dead and
clearly overshadowed trees, and trees that push
their tops into the middle level but cannot grow
into it due to a lack of space (Polansky 1955). This
improves the composition of the stand immedi-
ately after the intervention, it does not threaten
the production of the stand, it does not actively in-
terfere mainly in the middle level, and it releases
the canopy, thus lengthening the crowns of level
trees (Vyskot 1962). The outcome is usually a stand
structure with only one homogeneous middle lev-
el (Vyskot 1962). The trees are then evenly distrib-
uted, they have a normally developed crown and
a straight trunk (Polansky 1955).

Figure 2. The location of the research plot in the stand

Green — border of the stand; red — low thinning; blue — crown thinning; yellow — reference plot; purple — heavy crown

thinning; hatched — buffer zones
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Table 2. Characteristic parameters of the sections

Section Thinning Area (ha) Area with buffer zone (ha)  Thinning intensity (%)
1st crown thinning 0.22 0.46 26
2nd low thinning 0.22 0.45 16
3rd heavy crown thinning 0.16 0.36 34
4th reference plot
0.25 0.64 0
5th reference plot

The thinning intensity was calculated based on the basal area before and after thinning

Heavy crown thinning (HCT) is heavy crown
thinning conducted via negative selection in beech
stands (Figure 3; Vyskot 1962). The objective
of this type of thinning is to create suitable condi-
tions for accelerating the growth of the remaining
trees by removing the thickest trees in the stand
(Tesar 1996). It is based on the methods proposed
by Voropanov and Borggreve, who focused on sup-
porting secondary trees growing at middle level but
reaching smaller dimensions (Polansky 1955). Ac-
cording to Borggreve, all trees at above level should
be removed and all the stronger (even those of a very
high quality) trees at middle level should be har-
vested, provided that ingrowing and secondary trees
replace those removed (Vyskot 1962). Voropanov
proposed a method that works on the assumption
that light is the only factor that can be regulated
by logging and that the conditions of tree growth
(i.e. moisture, heat and microbiology of the soil)
can be changed at the same time (Polansky 1955).
According to Voropanov, all strong trees at the mid-
dle and above level are removed, provided that in-
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growing or shaded trees follow — according to light
foci (Vyskot 1962). Vyskot defined heavy crown
thinning (also named Voropanov-Borggreve thin-
ning) by combining the Voropanov and Borggreve
methods, in which the strongest level trees and all
above level trees are removed, in order to provide
more light to the secondary level, or even shaded
or ingrown trees located in the below level, thereby
accelerating their growth (Vyskot 1962).

The reference plot (RP) was left to grow freely,
in order to have a comparison with the three types
of thinning above (Figure 3).

Method of measurement. The measurement
of H, the height of the crown base (HCB), the
DBH, and selected parameters of Polansky's clas-
sification of tree classes (PC) was conducted on all
trees in the plots in the autumn of 1989, 1994,
1999, 2005, 2010, 2015, and 2020. We calculated
the tree composition of each plot according to the
number of trees per plot and their basal area (tak-
en from DBH). The cumulative height increment
(CHI) and cumulative thickness increment (CTI)

Figure 3. Types of thinning: (A) crown thinning; (B) low thinning; (C) heavy crown thinning; (D) reference plot
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Quality 5Q; 5Qc

1 straight, cylindrical, no knots symmetrical, appropriate size (neither big nor small)
2 mostly straight, some knots appropriate size, partly deformed

3 curved, numerous knots visibly below-average size, asymmetrical

4 strongly curved, numerous knots, very low-grade tree inappropriate size (too small or big), asymmetrical

SQ+ — shape and quality of trunk; SQ — shape and quality of crown

were calculated as a percentage increase in height
or thickness in the year of measurement, relative
to that in the year the thinning was performed.

DBH was measured using a calliper (accurate
to 0.1 cm). The H and HCB (accurate to 0.1 m) were
measured using a Blume Leiss altimeter (Carl Leiss,
Germany), a Vertex V ultrasonic hypsometer (Haglof,
Sweden), or a height measuring rod (based on trig-
onometry). PC is a system for classifying trees ac-
cording to their H, DBH, shape, and quality of stem
and crown (Table 3). We focused on the estimation
of only the shape and quality of the trunk (SQ;) and
crown (SQc) because we had already measured the
H and DBH parameters.

Statistical analysis. In the first year of the meas-
urement (i.e. 1989 after thinning), at least 400 trees
were measured; after 10 years, almost 300 trees;
and during the last measurement (i.e. 2020),
at least 200 trees. These numbers of trees or the
size of the research area should be sufficient for
statistical evaluation, and, thanks to buffer zones,
the risk of external influences has been reduced.
Smaller numbers of trees (or smaller research are-
as) have been used in many scientific works (Bater-
link 1997; Collet et al. 2001; Gomory, Paule 2011;
Vacek et al. 2017). Statistical analysis of the data
was performed using TIBCO Statistica™ (Ver-
sion 13.3.0, 2017) with a confidence interval of 95%.
Normality of the data distribution was examined
before the main analysis. The main effects were
analysed using analysis of variance (ANOVA), af-
ter which Fisher's least significant difference (LSD)
test was applied, in order to identify differences
among the main effects and interactions.

RESULTS

Development of the number of trees in indi-
vidual plots. Initially, all plots had a similar number
of trees — around 4 000 pcs-ha™! — with a Gauss-
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ian distribution (Figures 4 and 5). After thinning,
HCT had the lowest density (2 622 pcs-ha™!) and
a positive skew, then CT (2 592 pcs-ha™!) with a pos-
itive skew, LT (2 785 pcs-ha™!) with a negative skew
of distribution, and RP had the highest density
(3998 pcs-ha™?) and the same distribution because
thinning had not been performed. The subsequent
decrease in the number of trees throughout the ex-
periment was only natural development at the stand
(Figure 5). After the first five years, we noticed
a natural decrease in the number of trees on all
plots — the smallest at CT (12%) and the greatest
at RP (20%). Ten years after thinning, the small-
est spontaneous loss occurred at CT (22%), and
at the other plots it was in the range of 27% (HCT)
to 31% (RP). It is possible to see the decline in the
development curves throughout the entire meas-
urement. The steepest curves of spontaneous
mortality during the entire experiment (where
the total decrease was almost 70%) were recorded
at LT and RP, and the least steep curves (with a cu-
mulative decrease of almost 60%) at HCT and CT.
During the last measurement, the numbers of trees
were similar at all plots, regardless of the very dif-
ferent numbers of trees immediately after thinning.

Height. There was no statistically significant dif-
ference in the height of oak during the entire ex-
periment (Figure 6A). However, according to the
acceleration of the cumulative height increment,
there was a noticeable difference between the plots
(Figure 6D). Oak trees at HCT and RP had an ac-
celerated cumulative height increment (compared
to that of the other plots) and, from the second
measurement on, they were statistically significant-
ly different from those of the other plots (always
P =0.0001). During the last measurement, we found
a greater cumulative increment (of up to about
40%) at HCT and RP than at LT and CT.

In the case of beech, we found a statistically sig-
nificant difference only during the last two meas-
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Figure 4. Thickness structures of plots: (A) before thinning; (B) after thinning; (C) at the end of the experiment

LT - low thinning; CT — crown thinning; HCT — heavy crown thinning; RP — reference plot
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Figure 5. Development of the number of trees at individual plots

LT - low thinning; CT — crown thinning; HCT — heavy crown thinning; RP — reference plot

urements between the mean tallest tree at HCT and
the lowest at LT and RP (Figure 6B). The cumu-
lative height increment showed an accelerated
height increase at HCT (compared to the others)
from the third measurement on (Figure 6E), which
was statistically significantly different from those
at the other plots (always P = 0.0001). During the
last measurement, we found a difference (of about
60%) between the smallest cumulative increment
at LT and the greatest at HCT.

From the third measurement on, the mean height
of linden was different between HCT and the oth-
er plots (1999: P = 0.0264; 2005: P = 0.0106; other
years: P = 0.0001; Figure 6C). Also, the cumulative
height increment at HCT was greater than at the
other plots (always P = 0.0001), but already from
the first measurement (Figure 6F).

Diameter at breast height. The mean DBHs
of oak at the individual plots were very similar
throughout the entire measurement period (Fig-
ure 7A). However, the cumulative thickness incre-
ments were different during the first measurement
(Figure 7D). The greatest increment was found
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at LT (P = 0.0001), but in other years the cumula-
tive thickness increments were similar and without
statistical difference.

During the measurements, the mean DBHs
of beech at the individual plots differed only
slightly (Figure 7B). After five years, the cumula-
tive thickness increment at LT reached the highest
value (P = 0.0001), but during subsequent meas-
urements there was a decrease in the rate of the
increment and no difference was found in com-
parison with the others (Figure 7E). On the oth-
er hand, 15 years from the thinning until the end
of the measurement, the increment was greatest
at RP (2005: P = 0.0412; 2010: P = 0.0134; other
years P = 0.0001).

The mean DBHs of linden were not statistically
significantly different among the plots during the
first ten years (Figure 7C), but then the difference
between the mean DBH at HCT and at RP be-
came statistically significant (1999: P = 0.0378;
from 2005: P = 0.0001), and from 2005 on the
DBH at HCT was also different from that
of the other plots (P-values were in the range
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of 0.0274-0.0426). The cumulative thickness in-
crements among individual plots were different
from the second measurement on (Figure 7F).

We found the greatest cumulative increment
at HCT and the smallest at RP (always P = 0.0001),
where the difference between the cumulative
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Figure 7. (A—C) Diameter at breast height (DBH) and (D-F) cumulative thickness increment (CTI)

LT — low thinning; CT - crown thinning; HCT — heavy crown thinning; RP — reference plot; a, b, c — homogeneous groups
of the mean DBH (CTI) at the plots (with a confidence interval of 0.95); whiskers —standard deviations

thickness increments at these two plots was al- greater than that at RP and smaller than that
most 100% during the last measurement. Also, at HCT from the second measurement on (always
the cumulative increments at LT and CT were P =0.0001).

308


https://jfs.agriculturejournals.cz/

Journal of Forest Science, 70, 2024 (6): 299-316

Original Paper

https://doi.org/10.17221/10/2024-JES

Height of the crown base. The HCBs of oak
did not differ from one measurement to the next
(Table 4). In the case of beech (Table 4), only dur-
ing the last three measurements, we noted statis-
tically significant differences between the highest
and lowest values, where the trees had the high-
est HCB at HCT and the lowest at LT (P-values
were in the range of 0.0006-0.0176). The HCBs
of linden were different only during the last four
measurements (Table 4), where there was a differ-
ence between the highest HCB at HCT and the oth-
ers (P-values were in the range of 0.0001-0.0394).

Shape and quality of the trunk. After thin-
ning, the SQ values at the individual plots were
similar for each species. The SQp of oak (Ta-
ble 5) at the individual plots gradually worsened
towards the end of the experiment (except that
at CT, which remained more or less the same
the whole time). However, the decrease in qual-
ity of each plot was no more than by one class,
meaning that no statistical differences were de-
tected (Table 5). The SQ; of beech at the indi-

Table 4. Height of the crown base (HCB) in m (+ SD)

vidual plots also gradually worsened towards the
end of the experiment; however, the differences
were no greater than one class, thus worsen-
ing at a similar rate. At HCT and CT, the val-
ues of SQq of linden were fairly constant during
the entire experiment, while those at LT and
RP declined only slightly (Table 5). However, the
decrease in quality of each plot was no more than
by one class, meaning that no statistical differ-
ences were detected.

Shape and quality of the crown. The SQ_. of oak
was lowest at CT after thinning (Table 5). At the
other plots, the values of SQ were higher
by no more than one class. During the measure-
ment, the SQ. at RP, HCT, and LT increased grad-
ually, but the SQ at CT greatly and, as a result,
the SQ¢ at CT achieved similar values to those
of the other plots during the last measurement
at the end of the experiment. In the cases of beech
and linden (Table 5), the SQ. slowly increased
during each measurement (by about half a class)
at all plots.

Year
Species
1989 1994 1999 2005 2010 2015 2020
LT
Beech 259 (+2.43) 2.63(+236) 2.89(+1.94) 393 (+247) 4.65(+2.88)> 535(+3.27)° 6.26 (+3.67)"
Oak 9.22 (+ 3.14) 10.37 (+3.02) 109 (+2.65) 13.05(+2.07) 14.05(+1.96) 15.2(+1.91) 16.39 (+ 1.74)
Linden 3.25(+2.22) 3.88(+232) 4.48(+2.68) 578 (+3.35)" 6.68(+3.75> 7.66(+4.11)> 9.1 (+4.38)"
CT
Beech  3.55(+3.24) 3.92(+3.19) 4.39(+£2.86) 584 (+3.39) 7.15(+4.04)" 8.42 (+4.37)®® 9.13 (¢ 4.52)®
Oak 9.26 (£ 2.88) 10.42 (+2.74) 11.30 (+2.30) 13.32(+£2.19) 14.50 (+2.10) 15.62 (+ 1.93) 16.37 (+ 2.00)
Linden 3.38 (+2.51) 4.14 (+2.60) 4.51 (+2.93) 5.84(+3.49)> 6.94(+3.98)> 821 (+4.33)> 9.96 (+ 4.77)"
HCT
Beech  3.95(+3.67) 537 (+3.83) 590 (+4.46) 8.01(+5.03) 9.5 (£ 5.42)* 10.56 (+ 5.73)* 12.16 (+ 5.92)*
Oak 8.75(+ 3.66) 11.26 (+3.58) 12.03(+3.11) 13.74(+3.18) 15.05(+3.18) 16.03(+3.33) 17.9 (+2.01)
Linden 5.89 (+3.67) 7.74(+3.69) 8.73(+4.07) 11.04(+4.40)* 13.46 (+4.11)* 14.41 (+ 4.26)* 16.15 (+ 3.97)?
RP
Beech 223 (+1.95) 293(+1.98) 3.34(£2.50) 4.31(£2.96) 5.39(+3.38)® 6.38(+3.75)® 7.65 (+3.92)®
Oak 7.60 (+3.00) 9.80 (+2.87) 10.07 (+2.39) 11.55(+2.48) 13.19(+2.26) 14.38(+2.08) 15.3 (+1.92)
Linden 3.92(+2.83) 4.88(+2.78) 5.10(+2.55) 6.37(+3.13)> 7.97 (£3.63)> 9.57 (+ 3.90)> 11.29 (+ 3.90)"

SD - standard deviation; LT — low thinning; CT — crown thinning; HCT — heavy crown thinning; RP — reference plot;

letters in the superscript denote homogeneous groups of the mean DBH (CTI) at the plots (with a confidence inter-

val of 0.95)
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Table 5. Shape and quality of the trunk (SQ;) and shape and quality of the crown (SQc) in m (+ SD)

Species Year
1989 1994 1999 2005 2010 2015 2020
SQy
LT
Beech  2.11 (£ 0.77) 2.12 (£ 0.75) 2.25(+0.60) 2.17(+x0.73) 2.35(+0.87) 2.57(+0.50) 3.37 (+0.72)
Oak 2.19 (£ 0.56) 2.19(£0.59) 2.21(+0.72) 2.15(x0.75) 2.25(+0.88) 2.28(+0.51) 2.78 (£ 0.75)
Linden 2.55 (+ 0.48) 2.57 (£ 0.48) 2.63(+045) 2.88(+0.49) 291(+0.86) 3.25(x0.61) 3.41 (+2.46)
CT
Beech  2.11 (+ 0.68) 2.13 (£ 0.66) 2.26(+045) 2.17(x0.51) 2.32(x045) 2.58(+0.65) 3.04(+1.13)
Oak 2.13 (£ 0.65) 2.15(+0.68) 2.24(+0.74) 2.23(x0.67) 2.36(+0.54) 2.23(x0.59) 2.33(+1.02)
Linden 2.17 (+ 0.87) 2.17 (£ 0.84) 2.16 (£0.56) 229 (+048) 2.18(+0.56) 2.09 (+0.64) 2.51(+1.14)
HCT
Beech  2.15 (+ 0.49) 2.16 (£ 0.49) 2.28 (£ 0.46) 2.29(+0.74) 2.38(+0.83) 244 (+£0.59) 2.95(+1.10)
Oak 2.27 (£ 0.79) 2.26 (£ 0.75) 2.25(+0.53) 2.36(x0.76) 2.12(+0.65) 2.39(x0.56) 2.63(+1.35)
Linden 2.12 (+ 0.49) 2.13(£0.53) 2.19(+0.68) 2.18(+0.75) 2.30(+0.82) 2.00(+0.51) 2.25(+1.16)
RP
Beech  2.32 (+ 0.59) 2.34 (£ 0.60) 2.40(+0.73) 2.56(+0.45) 2.65(+0.81) 2.77(x0.55) 3.27 (+0.78)
Oak 2.49 (+ 0.88) 248 (£ 0.86) 2.45(+0.64) 2.57(x0.54) 256(+0.75) 2.64(+0.54) 2.84 (+0.79)
Linden 2.44 (+ 0.89) 245 (£ 0.88) 2.59(+£0.84) 290(+0.53) 2.99(+0.83) 3.05(+£0.66) 3.35(+0.77)
SQc
LT
Beech  2.48 (+ 0.76) 2.60 (£0.69) 270 (+0.62) 2.59(x0.57) 2.89(+0.76) 3.11(x0.72) 3.53(+0.73)
Oak 2.26 (+ 0.68) 2.30 (£ 0.68) 2.33(+0.67) 2.44(+x042) 234(+0.53) 2.56(+0.72) 2.79 (+ 0.80)
Linden 2.37 (+ 0.68) 249 (£ 0.56) 2.55(+£0.48) 2.70(+x0.49) 2.84(+0.75) 297 (£0.66) 3.47 (£ 0.87)
CT
Beech  2.27 (+ 0.54) 2.33 (£ 0.55) 2.44 (£ 0.56) 2.73(x0.79) 297(+0.86) 2.95(+£0.67) 3.33 (£ 1.06)
Oak 1.25 (+ 0.74) 1.35(+0.66) 1.43(+0.55) 1.63(+0.89) 1.79(x0.57) 1.88(+0.84) 2.34(%1.10)
Linden 2.39 (+ 0.82) 249 (£ 0.68) 2.56 (+0.43) 2.65(x0.63) 2.85(+0.84) 292 (+0.66) 3.00 (+ 1.25)
HCT
Beech  2.32 (+ 0.69) 243 (£0.71) 2.55(x0.74) 2.70(x0.57) 2.88(+x0.79) 3.03(+0.85) 3.45(+1.15)
Oak 2.14 (£ 0.52) 2.20 (£ 0.63) 2.27(+0.79) 2.38(x0.45) 2.32(+0.64) 2.31(+0.75) 2.54 (+1.22)
Linden 2.39 (% 0.65) 2.45(+£0.67) 257 (x0.70) 2.79(x0.49) 2.83(x045) 3.00(x0.79) 3.25(+0.94)
RP
Beech  2.32 (% 0.80) 242 (£0.77) 252(+0.74) 259(x0.81) 2.89(+x0.59) 3.11(x0.70) 3.43 (+0.94)
Oak 2.38 (£ 0.67) 2.38 (£0.77) 2.38(+0.84) 245(+0.42) 255(+048) 2.57(+0.71) 2.72(+0.96)
Linden 2.37 (+ 0.80) 2.50 (£ 0.76) 2.70 (£ 0.73) 2.82(+0.42) 295(+045) 3.25(+0.88) 3.43 (+0.75)

SD — standard deviation; LT —

DISCUSSION

A certain disadvantage or limitation of the de-
scribed experiment is, of course, the lack of repeti-
tions, which are desirable for experimental work
to completely avoid the influence of uncontrolled
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factors that may disturb the experimental results
(Zar 2010), however, there are almost no scientific
works dealing with the loss of the effect of thin-
ning on stands and their subsequent natural
growth, especially in mixed forests where various
types of thinning had been carried out. In addi-


https://jfs.agriculturejournals.cz/

Journal of Forest Science, 70, 2024 (6): 299-316

Original Paper

https://doi.org/10.17221/10/2024-JES

tion, we had to compare our results with those
of the studies that deal with the effect of thinning
on stands (i.e. the results from the first ten years),
and subsequently with those of the studies on natu-
ral old-growth forests or abandoned forests.

After we conducted the three types of thinning
(see above), there was no statistically significant ef-
fect on the thickness growth, even five years after
thinning (only the DBH of linden at the plot with
the heaviest thinning was greater than that of the
others, but this was after the first 10 years). Also, all
thickness increments were similar — except for oak
and beech, where these increments were greatest
at LT after 5 years (in subsequent years there was
no statistical significance), and for linden, where
the increment was greater at HCT from 10 years
after thinning until the end of the measurement.
These results are different from those in the works
of Hibbs et al. (1989), Mayor and Roda (1993),
Nowak (1996), Oliver and Larson (1996), Mill-
er (1997), Medhurst et al. (2001) and Juodvalkis
et al. (2005). Also, Stefan¢ik and Stefan¢ik (2001)
or Boncina et al. (2007) recorded a great increase
in thickness. In Slovakia, Stefan¢ik and Stefanéik
(2001) found that thinning achieved a great annual
increment in beech stands, in which periodic thin-
ning was conducted. Boncina et al. (2007) carried
out an experiment with periodic thinning in which
the thicknesses of the mature beech trees in the
thinned plot were compared to those at the refer-
ence plot. There, the thickness of beech growing
at the plot that was being thinned was greater than
that at the reference plot after 10 years. On the oth-
er hand, in early Danish studies, oak showed only
a very small thickness increment and beech showed
a moderate increment after thinning (Moller 1947).

Various reactions to the thinning performed
were observed by Usta et al. (2019), who conducted
three types of thinning in two young beech stands,
and from their results, it is obvious that there were
very different thickness responses. At the first
stand, the plot with heavy thinning had a similar
thickness to that of the reference plot, and at the
plots with light and medium thinning, the thick-
nesses were even smaller than at the reference plot.
At the second stand, the thickness of the beech
in the plot with heavy thinning was smaller than
that in the reference plot; there was no difference
in the thickness between the reference plot and the
one with light thinning; the thickness in the plot
with the medium thinning increased, compared

to that in the reference plot (Usta et al. 2019).
Juodvalkis et al. (2005) state that the thickness af-
ter thinning in deciduous trees does not increase
in comparison with the trees in the reference plots
if thinning is very heavy. This applies to the oak
and beech in our case, but not to linden. Linden
trees were located mainly at the below level dur-
ing thinning. Thinning (mainly at the middle lev-
el, i.e. crown thinning and heavy crown thinning)
helped them to receive more light, water, and nutri-
ents, so that the trees were able to grow. Our results
show that the heavier the thinning in the stand, the
greater the thickness increment of linden that was
mostly located in the below level. Similar results
(from dominant and co-dominant linden trees) are
stated in the study by Susi¢ et al. (2022), who wrote
that larger increments were achieved after heavy
thinning carried out at the middle level.

According to Juodvalkis et al. (2005), the in-
crease in the thickness increment in oak and beech
stands occurs one year after thinning and reaches
its maximum after 2-3 years. In addition, Caiiel-
las et al. (2004) describe that the thickness increase
is positively correlated with the thinning intensity
at one 30-year-old stand. After 5 years, we meas-
ured differences in the increments of beech and
oak between the light thinning and the other types.
The light thinning was performed with the lightest
(16%) intensity, and the intervention was conducted
at below level. Seven or eight years after thinning,
the thickness increment decreased to that of the ref-
erence plot, but the total thickness was greater than
that in the reference plot due to the increase in the
thickness increment in previous years (Juodvalkis
et al. 2005). Assmann (1961) also describes an in-
tensive thickness increase after thinning and adds
that the trees are not able to maintain this rate for
a longer period of time. These claims are not exact
because our results show that the increments at dif-
ferent plots had different curves. Five to ten years
after thinning, the LT (i.e. the lightest thinning)
increment curves were less steep than the others.
The reason for the accelerated thickness increment
of the remaining trees should be the greater availa-
bility of light, water and nutrients (Usta et al. 2019).
As the trees grow and fill the above-ground and
below-ground layers, the availability of light, water
and nutrients decreases, and therefore the thickness
increment decreases again (Meinzer et al. 2011).

The abandonment of forestry activities has
a very strong impact on the subsequent charac-
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ter of stands (Gondard 2001; Biirgi, Russell 2001).
We found a considerable decrease in the number
of trees per ha at all our plots during the sponta-
neous development of the forest (which lasted
30 years). A large spontaneous reduction in the
number of trees in the unmanaged forest was also
found by Badraghi et al. (2023).

In scientific works, the effect of thinning on the
height of oak, beech or linden is seldom de-
scribed and the results contained in the few avail-
able works differ. For example, at one beech stand,
there was a positive reaction of the trees after me-
dium and heavy thinning, and at the other, there
was none (Usta et al. 2019). Ciancio et al. (2006)
also describe a positive effect of thinning on the
height of beech trees. Canellas et al. (1998) and
Caiiellas et al. (2004) reported an increase in the
heights of oaks after thinning. When comparing
the heights at our plots, we found a different thin-
ning effect on each species. In the case of beech,
there was no visible effect on the height or height
increment while thinning. In the case of oak, there
was no noticeable increase in height, but the cu-
mulative height increments showed a statistically
significant increase at HCT, compared to the oth-
ers after 10 years. Linden trees had similar results,
as did oak trees; however, a statistically significant
increase in the height increment at HCT, compared
to the others, occurred already after 5 years.

The values of the trunk shape of beech and oak
were in the range of 2 to 2.5 at all of the thinned
plots, which means that the trunk is quite knotty
and not very straight. However, the trunk shapes
of beech and oak at the reference plot showed
similar values. This fact does not correspond with
studies which state that thinning is carried out
with the view of improvement of quality of the
trunk (Hibbs et al. 1989; Cameron et al. 1995; Oli-
ver, Larson 1996; Medhurst et al. 2001; Rytter, Wer-
ner 2007). It can, therefore, be concluded that all
trees in our plots had low-placed crowns before
thinning. In 1989, the mean heights of oak, beech
and linden were 15 m, 7 m, and 7 m, respectively.
Based on these values, it is obvious that the tops
of oak crowns reached the upper part of the middle
level, whereas the ones of beech and linden reached
only the lower part of the middle level or the be-
low level. In 1989, the mean crown base heights
of oak, beech and linden were 7 m, 3 m, and 4 m,
respectively. According to the models of thinning
described by Slodi¢dk and Novdk (2007), there
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should be 5000 beech trees or 2000 oak trees
per hectare (no model of thinning of linden was
given), however, at our plots, there were always
around 4 000 trees per hectare, which is not the
number of trees recommended by these models.
Oak is a species very susceptible to phototropism
(Sternberg 2013). We assume that a greater num-
ber of trees per hectare brings about accelerated
height growth of oak towards sunlight, in which
case the trees do not grow vertically but search
for maximum sunlight. Shapelessness of the trunk
of oak, due to phototropism, was also mentioned
by Kuceravad and Remes$ (2014). Beech needs more
trees per hectare than we had at our plots and
does not suffer from phototropism as much as oak.
However, due to more light and space, it does not
grow very tall but wider, with its greater number
of thicker branches, growing above its shorter,
straight and thicker trunk. Slodi¢dk and Novdk
(2007) described that (fewer than recommended)
target trees of beech have patulous branches be-
cause a small number of nurse individuals allows
them to become patulous. Moreover, Kucerava and
Remes (2014) state that beech has a genetic pre-
disposition to dichotomy, which is mainly created
through great spacing (i.e. with more free space
around the tree, and more light). Linden is a spe-
cies that needs strict thinning interventions and
support of forest management. When this is not
met, it often stays in the below level as a curved,
knotty and dichotomous tree (Vyskot 1978).

The values of the trunk shape of beech, oak, and
linden were slightly below 2.5 (except that of oak
at CT, where the value was below 1.5), which means
a partly deformed below-average-size crown. Ten
years after thinning, these values slightly wors-
ened, as if the crowns stayed partly deformed and
of below-average size, and there was no increase
in the crown projection. These reasons did not cor-
respond to those by Juodvalkis et al. (2005), who
showed that oak increased the increment of the
crown more than twice after thinning, or Eule
(1959), Kennel (1966), Pretzsch (1992), and Gue-
ricke (2002), who stated an increase in the incre-
ment of the crown. Moreover, Roloff (1985) and
Sternberg (2013) claimed that the crown can be-
come less deformed by improving the radiation
conditions and crown plasticity after thinning,
where the spreading of the crown should last for
up to about 7 years (Georgievsky 1957; Buzikhin,
Pschenichnikova 1980; Juodvalkis et al. 2005). This,
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however, in our case, was not only not confirmed
but created a worse crown.

CONCLUSION

The numbers of trees at the plots were very differ-
ent after thinning (the number of trees at the heavy
crown plot was half that at the reference plot).
However, after 30 years of spontaneous growth,
all plots (through self-regulation) had a similar
number of trees. Moreover, due to the fact that
the thinning was performed only once, the shape
and quality of the crown and trunk were similar
at all plots, and it seems that one thinning did not
have an effect on these parameters. Also, the ef-
fect of the different types of thinning on height and
DBH (if they were carried out only once) was, for
all species, not significant. However, the cumula-
tive percentage increments of height of all species
were greatest at the heavy crown plot during the
first 10 years, and those of thickness of all spe-
cies were significant at the plot with low thinning,
but only in the first five years, then they became
insignificant. After 30 years, we found differences
only in DBH and only for linden, where the thick-
est one was at the heavy crown plot. The sponta-
neous development of the cumulative percentage
thickness increment showed that the greatest was
at the heavy crown plot for linden and at the refer-
ence plot for beech, while the cumulative percent-
age height increments were greatest for all species
at the heavy crown plot.

We assume that the best type of thinning for
similar mixed stands could be heavy crown thin-
ning, although we did not find many significant dif-
ferences in the DBH and height. However, we did
find differences in the cumulative increments
(both height and DBH), where the best values were
achieved by beech and linden at the heavy crown
plot (there were practically no differences among
the oaks growing at different plots). After thinning,
many thin trees at below level remained and many
thick trees at middle level were removed and, due
to this, the initial DBHs and heights were slightly
lower than at the other plots. On the other hand,
the remaining trees, which received more light, and
competed less for water and nutrients, should grow
faster (which is obvious in their accelerated growth),
and, thanks to the accelerated increments, the trees
reached the values of the other plots, and even out-
grew them. However, it is important to remember

that the thinning was performed only once, and the
effect may not be so clear-cut.
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