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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; (ii) How long thinning works on this 
stand until it loses its effect; (iii) How the stand develops spontaneously after abandonment. This experiment was con-
ducted at the Training Forest Enterprise in the Czech Republic in Drahanská 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.
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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 (Šebková 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; (ii)  surrounding trees, which can 

negatively affect the growth of the target tree (Po-
lanský 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 (Tesař 1996). 
Almost all types of  thinning were invented for 
monocultures (Polanský  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  years, 
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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Figure 1. The location of the research plot

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  Křtiny (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 
420 m  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 (Köppen 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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DBH – diameter at breast height; SD – standard deviation
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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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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 
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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; Polanský  1955; Vyskot  1962; Vyskot  1978). 
It was introduced for deciduous (mainly beech and 
oak) stands (Polanský 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 
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of low quality or insufficient thickness and height) 
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Figure 3. Types of thinning: (A) crown thinning; (B) low thinning; (C) heavy crown thinning; (D) reference plot

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 
(Tesař 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 (Polanský 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 (Polanský 1955). 
According to Voropanov, all strong trees at the mid-
dle and above level are removed, provided that in-

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).
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SQC – shape and quality of crown 
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Table 3. Polanský's classification

Quality  
class SQT SQC

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

SQT – shape and quality of trunk; SQC – 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 (Haglöf, 
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 (SQT) 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; Gömöry, 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–1  –  with a  Gauss-

ian distribution (Figures 4 and 5). After thinning, 
HCT  had the lowest density (2 622 pcs·ha–1) and 
a positive skew, then CT (2 592 pcs·ha–1) with a pos-
itive skew, LT (2 785 pcs·ha–1) with a negative skew 
of  distribution, and RP  had the highest density 
(3 998 pcs·ha–1) 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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Height 121 

There was no statistically significant difference in the height of oak during the entire experiment (Figure 6; Oak A). However, according to the acceleration of the cumulative height increment, there was a noticeable difference 122 

between the plots (Figure 6; Oak B). Oak trees at HCT and RP had an accelerated cumulative height increment (compared to that of the other plots) and, from the second measurement on, they were statistically significantly 123 

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. 124 

In the case of beech, we found a statistically significant difference only during the last two measurements between the mean tallest tree at HCT and the lowest at LT and RP (Figure 6; Beech A). The cumulative height 125 

increment showed an accelerated height increase at HCT (compared to the others) from the third measurement on (Figure 6; Beech B), which was statistically significantly different from those at the other plots (always 126 

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. 127 

From the third measurement on, the mean height of linden was different between HCT and the other plots (1999: p=0.0264; 2005: p=0.0106; other years: p=0.0001; Figure 5; Linden A). Also, the cumulative height increment 128 

at HCT was greater than at the other plots (always p=0.0001), but already from the first measurement (Figure 6; Linden B). 129 
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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
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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 

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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Figure 6. (A–C) Height (H) and (D–F) cumulative height increment (CHI)

LT – low thinning; CT – crown thinning; HCT – heavy crown thinning; RP – reference plot; a, b – homogeneous groups 
of the mean H (CHI) at the plots (with a confidence interval of 0.95); whiskers – standard deviations

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
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thickness increments at  these two plots was al-
most 100% during the last measurement. Also, 
the cumulative increments at  LT  and CT  were 

greater than that at  RP  and smaller than that 
at HCT from the second measurement on (always 
P = 0.0001).
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Table 4. Height of the crown base (HCB) in m (± SD)

Species
Year

1989 1994 1999 2005 2010 2015 2020

LT

Beech 2.59 (± 2.43) 2.63 (± 2.36) 2.89 (± 1.94) 3.93 (± 2.47) 4.65 (± 2.88)b 5.35 (± 3.27)b 6.26 (± 3.67)b

Oak 9.22 (± 3.14) 10.37 (± 3.02) 10.9 (± 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 (± 2.32) 4.48 (± 2.68) 5.78 (± 3.35)b 6.68 (± 3.75)b 7.66 (± 4.11)b 9.1 (± 4.38)b

CT

Beech 3.55 (± 3.24) 3.92 (± 3.19) 4.39 (± 2.86) 5.84 (± 3.39) 7.15 (± 4.04)ab 8.42 (± 4.37)ab 9.13 (± 4.52)ab

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)b 6.94 (± 3.98)b 8.21 (± 4.33)b 9.96 (± 4.77)b

HCT

Beech 3.95 (± 3.67) 5.37 (± 3.83) 5.90 (± 4.46) 8.01 (± 5.03) 9.5 (± 5.42)a 10.56 (± 5.73)a 12.16 (± 5.92)a

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)a 13.46 (± 4.11)a 14.41 (± 4.26)a 16.15 (± 3.97)a

RP

Beech 2.23 (± 1.95) 2.93 (± 1.98) 3.34 (± 2.50) 4.31 (± 2.96) 5.39 (± 3.38)ab 6.38 (± 3.75)ab 7.65 (± 3.92)ab

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)b 7.97 (± 3.63)b 9.57 (± 3.90)b 11.29 (± 3.90)b

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)

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 SQT values at the individual plots were 
similar for each species. The  SQT  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  SQT  of  beech at  the indi-

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 SQT 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 SQC of oak 
was lowest at CT after thinning (Table 5). At the 
other plots, the values of  SQC  were higher 
by no more than one class. During the measure-
ment, the SQC at RP, HCT, and LT increased grad-
ually, but the SQC  at  CT  greatly and, as  a  result, 
the SQC  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 SQC  slowly increased 
during each measurement (by about half a  class) 
at all plots.
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Table 5. Shape and quality of the trunk (SQT) and shape and quality of the crown (SQC) in m (± SD)

Species
Year

1989 1994 1999 2005 2010 2015 2020
SQT

LT
Beech 2.11 (± 0.77) 2.12 (± 0.75) 2.25 (± 0.60) 2.17 (± 0.73) 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 (± 0.75) 2.25 (± 0.88) 2.28 (± 0.51) 2.78 (± 0.75)
Linden 2.55 (± 0.48) 2.57 (± 0.48) 2.63 (± 0.45) 2.88 (± 0.49) 2.91 (± 0.86) 3.25 (± 0.61) 3.41 (± 2.46)

CT
Beech 2.11 (± 0.68) 2.13 (± 0.66) 2.26 (± 0.45) 2.17 (± 0.51) 2.32 (± 0.45) 2.58 (± 0.65) 3.04 (± 1.13)
Oak 2.13 (± 0.65) 2.15 (± 0.68) 2.24 (± 0.74) 2.23 (± 0.67) 2.36 (± 0.54) 2.23 (± 0.59) 2.33 (± 1.02)
Linden 2.17 (± 0.87) 2.17 (± 0.84) 2.16 (± 0.56) 2.29 (± 0.48) 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) 2.44 (± 0.59) 2.95 (± 1.10)
Oak 2.27 (± 0.79) 2.26 (± 0.75) 2.25 (± 0.53) 2.36 (± 0.76) 2.12 (± 0.65) 2.39 (± 0.56) 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 (± 0.55) 3.27 (± 0.78)
Oak 2.49 (± 0.88) 2.48 (± 0.86) 2.45 (± 0.64) 2.57 (± 0.54) 2.56 (± 0.75) 2.64 (± 0.54) 2.84 (± 0.79)
Linden 2.44 (± 0.89) 2.45 (± 0.88) 2.59 (± 0.84) 2.90 (± 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) 2.70 (± 0.62) 2.59 (± 0.57) 2.89 (± 0.76) 3.11 (± 0.72) 3.53 (± 0.73)
Oak 2.26 (± 0.68) 2.30 (± 0.68) 2.33 (± 0.67) 2.44 (± 0.42) 2.34 (± 0.53) 2.56 (± 0.72) 2.79 (± 0.80)
Linden 2.37 (± 0.68) 2.49 (± 0.56) 2.55 (± 0.48) 2.70 (± 0.49) 2.84 (± 0.75) 2.97 (± 0.66) 3.47 (± 0.87)

CT
Beech 2.27 (± 0.54) 2.33 (± 0.55) 2.44 (± 0.56) 2.73 (± 0.79) 2.97 (± 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 (± 0.57) 1.88 (± 0.84) 2.34 (± 1.10)
Linden 2.39 (± 0.82) 2.49 (± 0.68) 2.56 (± 0.43) 2.65 (± 0.63) 2.85 (± 0.84) 2.92 (± 0.66) 3.00 (± 1.25)

HCT
Beech 2.32 (± 0.69) 2.43 (± 0.71) 2.55 (± 0.74) 2.70 (± 0.57) 2.88 (± 0.79) 3.03 (± 0.85) 3.45 (± 1.15)
Oak 2.14 (± 0.52) 2.20 (± 0.63) 2.27 (± 0.79) 2.38 (± 0.45) 2.32 (± 0.64) 2.31 (± 0.75) 2.54 (± 1.22)
Linden 2.39 (± 0.65) 2.45 (± 0.67) 2.57 (± 0.70) 2.79 (± 0.49) 2.83 (± 0.45) 3.00 (± 0.79) 3.25 (± 0.94)

RP
Beech 2.32 (± 0.80) 2.42 (± 0.77) 2.52 (± 0.74) 2.59 (± 0.81) 2.89 (± 0.59) 3.11 (± 0.70) 3.43 (± 0.94)
Oak 2.38 (± 0.67) 2.38 (± 0.77) 2.38 (± 0.84) 2.45 (± 0.42) 2.55 (± 0.48) 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) 2.95 (± 0.45) 3.25 (± 0.88) 3.43 (± 0.75)

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

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 

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-
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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 Rodà (1993), 
Nowak (1996), Oliver and Larson (1996), Mill-
er (1997), Medhurst et  al.  (2001) and Juodvalkis 
et  al.  (2005). Also, Štefančík and Štefančík (2001) 
or Boncina et al.  (2007) recorded a great increase 
in  thickness. In  Slovakia, Štefančík and Štefančík 
(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 Šušić 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, Cañel-
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; Bürgi, 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. Cañellas et  al.  (1998) and 
Cañellas 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  Slodičák and Novák (2007), there 

should be  5 000  beech trees or  2 000  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 Kučeravá and Remeš (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. Slodičák and Novák 
(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, Kučeravá and 
Remeš (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.

Acknowledgement: The  authors would like 
to  thank Prof.  Ing. Petr Kantor, CSc., the founder 
of  the research plot, the previous administra-
tors  of  this plot, the management of  the Training 
Forest Enterprise, and Jan Hobl for the revision 
of the English language.

REFERENCES

Ammer C. (2008): Konkurrenzsteuerung –  Anmerkungen 
zu  einer Kernaufgabe des Waldbaus beim Aufbau viel-
fältiger Wälder. Eberswalder Forstliche Schriftenreihe, 
36: 21–26. (in German)

Assmann E. (1961): Waldertragskunde. Munchen, BLV Ver-
lagsgesellschaft: 490. (in German)

Badraghi A., Krůček M., Král K., Reitschmiedova E., Šálek V., 
Kotápišová M., Novotná B., Frouz J. (2023): Woody species 
succession and spontaneous forest development in post-
mining sites after coal mining in  the Czech Republic. 
Ecological Engineering, 194: 107051.

Baterlink H.H. (1997): Allometric relationships for biomass 
and leaf area of  beech (Fagus sylvatica  L). Annales des 
sciences forestières, 54: 39–50.

Bauhus J., Forrester D.I., Gardiner B., Jactel H., Vallejo R., 
Pretzsch H. (2017): Ecological stability of mixed-species 
forests. In:  Pretzsch H., Forrester D.I., Bauhus  J. (eds): 
Mixed-species Forests. Ecology and Management. Berlin, 
Springer: 337–382.

Boncina A., Kadunc A., Robic D. (2007): Effects of selective 
thinning on growth and development of beech (Fagus syl-
vatica L.) forest stands in south-eastern Slovenia. Annals 
of Forest Science, 64: 47–57.

Bravo-Oviedo A., Pretzsch H., del Río M. (2018): Dynamics, 
Silviculture and Management of Mixed Forests. Managing 
Forest Ecosystems. Vol. 31. Berlin, Springer: 430.

Brooker R.W., Maestre F.T., Callaway R.M., Lortie C.L., Cavier-
es L.A., Kunstler G., Liancourt P., Tielbörger K., Travis J.M.J., 
Anthelme F., Armas C., Coll L., Corcket E., Delzon S., Forey 
E., Kikvidze Z., Olofsson J., Pugnaire F., Quiroz C.L., Saccone 
P., Schiffers K., Seifan M., Touzard B., Michalet R. (2008): 
Facilitation in plant communities: The past, the present, and 
the future. Journal of Ecology, 96: 18–34.

Bürgi M., Russell E.W.B. (2001): Integrative methods to study 
landscape changes. Land Use Policy, 18: 9–16.

Burrascano S., Keeton W.S., Sabatini F.M., Blasi C. (2013): 
Commonality and variability in  the structural attributes 
of  moist temperate old-growth forests: A  global review. 
Forest Ecology and Management, 291: 458–479.

https://jfs.agriculturejournals.cz/


314

Original Paper	 Journal of Forest Science, 70, 2024 (6): 299–316

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

Buzikhin A.I., Pschenichnikova L.S. (1980): Formirovaniye 
sosnovo-listvennykh molodnyakov. Novosibirsk, Nauka: 175. 
(in Russian)

Cameron A.D., Dunham R.A., Petty J.A. (1995): The  effects 
of heavy thinning on stem quality and timber properties of sil-
ver birch (Betula pendula Roth). Forestry, 68: 275–286.

Cancino J., Gadow K.V. (2002): Stem number guide curves for 
uneven-aged forests, development and limitations. In: Ga-
dow K.V., Nagel J., Saborowski J. (eds): Continuous Cover 
Forestry. Dordrecht, Kluwer Academic Publishers: 163–174.

Cañellas I., Montero G., Bachiller A. (1998): Transformation 
of quejigo oak (Quercus faginea Lam.) coppice forest into 
high forest by thinning. Annali dell'Istituto Sperimentale 
per la Selvicoltura, 27: 143–147.

Cañellas I., Del Río M., Roig S., Montero G. (2004): Growth 
response to thinning in Quercus pyrenaica Willd. coppice 
stands in Spanish central mountain. Annals of Forest Sci-
ence, 61: 243–250.

CHMI (2023): Měsíční a roční data dle zákona 123/1998 Sb. 
Prague, Czech Hydrometeorological Institute. Available 
at: https://www.chmi.cz/historicka-data/pocasi/uzemni-
teploty# (in Czech)

Ciancio O., Corona P., Lamonaca A., Portoghesi L., Travagli-
ni D. (2006): Conversion of clearcut beech coppices into 
high forests with continuous cover: A case study in central 
Italy. Forest Ecology and Management, 224: 235–240.

Collet C., Lanter O., Pardos M. (2001): Effects of canopy open-
ing on height and diameter growth in naturally regenerated 
beech seedlings. Annals of Forest Science, 58: 127–134.

Daume S., Robertson D. (2000): A heuristic approach to mod-
elling thinning. Silva Fennica, 34: 237–249.

DeLiocourt F. (1898): De l'aménagement des Sapiniéres. Bul-
letin de la Société Forestière de Franche-Comté et Belfort, 
4: 396–409. (in French)

Ducey M.J., Woodall C.W., Bravo-Oviedo A. (2017): Climate 
and species functional traits influence maximum live tree 
stocking in  the Lake States, USA. Forest Ecology and 
Management, 386: 51–61.

Eule H.W. (1959): Verfahren zur Baumkronenmessung und 
Beziehungen zwischen Kronengrösse, Stammstärke 
und Zuwachs bei Rotbuche, dargestellt an einer nordwest-
deutschen Durchforstungsreihe. Allgemeine Forst- und 
Jagdzeitung, 130: 185–201. (in German)

Felton A., Nilsson U., Sonesson J., Felton A.M., Roberge J.M., 
Ranius T., Ahlström M., Bergh J., Björkman C., Boberg J., 
Drössler L., Fahlvik N., Gong P., Holmström E., Keskita-
lo E.C.H., Klapwijk M.J., Laudon H., Lundmark T., Nik-
lasson M., Nordin A., Pettersson M., Stenlid J., Sténs A., 
Wallerty K. (2016): Replacing monocultures with mixed-
species stands: Ecosystem service implications of two pro-
duction forest alternatives in Sweden. Ambio, 45: 124–139.

Forrester D.I. (2014): The spatial and temporal dynamics of spe-
cies interactions in  mixed-species forests: From pattern 
to process. Forest Ecology and Management, 312: 282–292.

Gamfeldt L., Snäll T., Bagchi R., Jonsson M., Gustafsson L., 
Kjellander  P., Ruiz-Jaen  M.C., Fröberg M., Stendahl  J., 
Philipson C.D., Mikusiński G., Andersson E., Westerlund B., 
Andrén H., Moberg F., Moen J., Bengtsson J. (2013): Higher 
levels of multiple ecosystem services are found in forests 
with more tree species. Nature Communications, 4: 1340.

Georgievsky N.P. (1957): Goslesbumizda. Moscow-Lenin-
grad, Goslesbumizdat: 119. (in Russian)

Gömöry D., Paule L. (2011): Trade-off between height growth 
and spring flushing in common beech (Fagus sylvatica L.). 
Annals of Forest Science, 68: 975–984.

Gondard H., Romane F., Grandjanny M., Li J., Aronson  J. 
(2001): Plant species diversity changes in  abandonment 
chestnut (Castanea sativa) groves in  southern France. 
Biodiversity and Conservation, 10: 189–207.

Guericke M. (2002): Untersuchungen zur Wuchsdynamik der 
Buche. Forst und Holz, 57: 331–337. (in German)

Heinrichs S., Ammer C., Mund M., Boch S., Budde S., Fis-
cher M., Müller J., Schöning I., Schulye E.-D., Schmidt W., 
Weckesser M., Schall P. (2019): Landscape-scale mixtures 
of  tree species are more effective than stand-scale mix-
tures  for biodiversity of vascular plants, bryophytes and 
lichens. Forests, 10: 73.

Hibbs D.E., Emmingham W.H., Bondi M.C. (1989): Thin-
ning red alder: Effects of  method and spacing. Forest 
Science, 35: 16–29.

Hooper D.U., Chapin III F.S., Ewel J.J., Hector A., Inchausti P., 
Lavorel S., Lawton J.H., Lodge D.M., Loreau M., Naeem S., 
Schmid B., Setälä H., Symstad A.J., Vandermeer J., Ward-
le D.A. (2005): Effects of biodiversity on ecosystem func-
tioning: A  consensus of  current knowledge. Ecological 
Monographs, 75: 3–35.

Hough A.F. (1932): Some diameter distributions in  forest 
stands of  northwestern Pennsylvania. Journal of  For-
estry, 30: 933–943.

IUSS Working Group WRB (2015): World Reference Base 
for Soil Resources 2014, Update 2015. International Soil 
Classification System for Naming Soils and Creating Leg-
ends for Soil Maps. World Soil Resources Reports No. 106. 
Rome, FAO: 192.

Jactel H., Gritti E.S., Drössler L., Forrester D.I., Mason W.L., 
Morin  X., Pretzsch H., Castagneyrol B. (2018): Positive 
biodiversity–productivity relationships in forests: Climate 
matters. Biology Letters, 14: 20170747.

Juchheim J., Annighöfer P., Ammer C., Calders K., Raumo-
nen P., Seidel D. (2017): How management intensity and 
neighborhood composition affect the structure of beech 
(Fagus sylvatica L.) trees. Trees, 31: 1723–1735.

https://jfs.agriculturejournals.cz/


315

Journal of Forest Science, 70, 2024 (6): 299–316	 Original Paper

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

Juodvalkis A., Kairiukstis L., Vasiliauskas R. (2005): Effects 
of  thinning on  growth of  six tree species in  north-tem-
perate forests of  Lithuania. European Journal of  Forest 
Research, 124: 187–192.

Kelty M.J. (1992): Comparative productivity of monocultures 
and mixed-species stands. In: Kelty M.J., Larson B.C., Oli-
ver C.D. (eds): The Ecology and Silviculture of Mixed-species 
Forests. Dordrecht, Kluwer Academic Publishers: 125–141.

Kennel R. (1966): Soziale Stellung, Nachbarschaft und Zu-
wachs. Forstwissenschaftliches Centralblatt, 85: 193–204. 
(in German)

Kerr G., Haufe J. (2011): Thinning Practice: A Silvicultural 
Guide. Edinburgh, Forestry Commission:  54. Available 
at: https://cdn.forestresearch.gov.uk/2011/01/silvicul-
ture_thinning_guide_v1_jan2011.pdf

Köppen W. (1936): Handbuch der Klimatologie. Das Geogra-
phische System der Klimate. Berlin, Verlag von Gebrüder 
Borntraeger: 44. (in German)

Kučeravá B., Remeš J. (2014): Inventarizace a potenciál vy-
užití vtroušených jedinců buku lesního a dubu letního při 
přeměně druhové skladby smrkových monokultur Národ-
ního Parku České Švýcarsko. Zprávy lesnického výzkumu, 
59: 109–116. (in Czech)

Leak W.A. (1996): Long-term structural change in uneven-
aged northern hardwoods. Forest Science, 42: 160–165.

Liang J., Crowther T.W., Picard N., Wiser S., Zhou M., Alber-
ti G., Schulze E.D., McGuire A.D., Bozzato F., Pretzsch H. 
et al. (2016): Positive biodiversity-productivity relationship 
predominant in global forests. Science, 354: 1–12.

Lindén M. (2003): Increment and Yield in Mixed stands with 
Norway spruce in  Southern Sweden. Uppsala, Swedish 
University of Agricultural Sciences: 44.

Medhurst J.L., Beadle C.L., Nielson W.A. (2001): Early-age 
and later-age thinning affects growth, dominance, and 
intraspecific competition in Eucalyptus nitens plantations. 
Canadian Journal of Forest Research, 31: 187–197.

Meinzer F.C., Lachenbruch B., Dawson T.E. (2011): Size and 
Age-Related Changes in  Tree Structure and Function. 
Dordrecht, Springer: 450.

Metz J., Annighöfer P., Schall P., Zimmermann J., Kahl T., 
Schulze E.D., Ammer C. (2016): Site-adapted admixed tree 
species reduce drought susceptibility of mature European 
beech. Global Change Biology, 22: 903–920.

Meyer H.A. (1952): Structure, growth and drain in balanced 
uneven-aged forests. Journal of Forestry, 50: 85–92.

Millar C.I., Stephenson N.L., Stephens S.L. (2007): Climate 
change and forests of  the future: Managing in  the face 
of uncertainty. Ecological Applications, 17: 2145–2151.

Miller G. (1997): Stand dynamics in 60-year-old Allegheny 
hardwoods after thinning. Canadian Journal of  Forest 
Research, 27: 1645–1657.

Mitscherlich G. (1970): Wald, Wachstum und Umwelt. 1. Band, 
Form und Wachstum von Baum und Bestand. Frankfurt 
am Main, JD Sauerländer's Verlag: 144. (in German)

Moller C.M. (1947): The  effect of  thinning, age, and site 
on  foliage, increment, and loss of  dry matter. Journal 
of Forestry, 45: 393–404.

Nowak C.A. (1996): Wood volume increment in  thinned, 
50- to 55-year-old, mixed species Allegheny hardwoods. 
Canadian Journal of Forest Research, 26: 819–835.

Oliver C.D., Larson B.C. (1996): Forest Stand Dynamics. 
New York, John Wiley and Sons: 520.

Olsthoorn A.F.M., Bartelink H.H., Gardiner J.J., Pretzsch H., 
Hekhuis  H.J., Franc  A. (1999): Management of  Mixed-
Species Forest: Silviculture and Economics. Wageningen, 
DLO Institute for Forestry and Nature Research: 392.

Piovesan G., Biondi F., Di Filippo A., Alessandrini  A., 
Maugeri  M. (2008): Drought-driven growth reduction 
in  old beech (Fagus sylvatica  L.) forests of  the central 
Apennines, Italy. Global Change Biology, 14: 1265–1281.

Polanský B. (1955): Pěstění lesů. Praha, SZN: 371. (in Czech)
Pretzsch H. (1992): Modellierung der Kronenkonkurrenz 

von Fichte und Buche in Rein- und Mischbeständen. All-
gemeine Forst-und Jagdzeitung, 163: 203–213. (in German)

Pretzsch H., Rötzer T., Forrester D.I. (2017): Modelling mixed-
species forest stands. In: Pretzsch H., Forrester D.I., Bauhus J. 
(eds): Mixed-Species Forests. Berlin, Springer: 383–432.

Pretzsch H., Posechenrieder W., Uhl E., Brazaitis G., Ma-
krickiene  E., Calama R. (2021): Silvicultural prescrip-
tions for mixed-species forest stands. A European review 
and perspective. European Journal of  Forest Research, 
140: 1267–1294.

Roloff A. (1985): Morphologie der Kronenentwicklung von 
Fagus sylvatica L. (Rotbuche) unter besonderer Berück-
sichtigung möglicherweise neuartiger Veränderungen. 
Göttingen, University of Göttingen: 177. (in German)

Rytter L., Werner M. (2007): Influence of  early thinning 
in broadleaved stands on development of remaining stems. 
Scandinavian Journal of Forest Research, 22: 198–210.

Šebková B., Šamonil P., Janík D., Adam D., Král K., Vrška T., 
Hort  L., Unar P. (2011): Spatial and volume patterns 
of  an  unmanaged submontane mixed forest in  Central 
Europe: 160 years of spontaneous dynamics. Forest Ecology 
and Management, 262: 873–885.

Seidl R., Schelhaas M.J., Rammer W., Verkerk  P.J. (2014): 
Increasing forest disturbances in Europe and their impact 
on carbon storage. Nature Climate Change, 4: 806–810.

Slodičák M., Novák J. (2007): Výchova lesních porostů hlavních 
hospodářských dřevin. Jíloviště-Strnady, VÚHLM:  46. 
(in Czech)

Štefančík I., Štefančík L. (2001): Assessment of tending effect 
on stand structure and stability in mixed stands of spruce, 

https://jfs.agriculturejournals.cz/


316

Original Paper	 Journal of Forest Science, 70, 2024 (6): 299–316

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

fir and beech on research plot Hrable. Journal of Forest 
Science, 47: 1–14.

Sternberg G. (2013): Pruning oaks: Training the young 
to achieve grandeur. In: Chassé B. (ed.): International Oaks. 
The Journal of the International Oak Society. Proceedings 
–  7th  International Oak Society Conference, Bordeaux, 
Sept 29 – Oct 2, 2012: 151–160.

Šušić N., Bobinac M., Adrašev S. (2022): Effects of  two 
different thinning methods on  the diameter and basal 
area increments of silver lime (Tilia tomentosa Moench) 
target trees in  Fruška Gora (Serbia). Annals of  Forest 
Research, 65: 3–14.

Tesař V. (1996): Pěstování lesa v heslech. Brno, Mendelova 
zemědělská a lesnická univerzita v Brně: 95. (in Czech)

Tullus H. (2002): The  influence of  intermediate cuttings 
on the growth of pine and spruce forests: Silvicultural rec-
ommendations. Metsanduslikud Uurimused, 36: 126–135.

Usta A., Yilmaz M., Yilmas S., Kocamanğolu Y.O., Genç E., 
Turna  I. (2019): The  effects of  thinning intensity on  the 
growth of Oriental beech (Fagus orientalis Lipsky) planta-
tions in Trabzon, NE Turkey. Šumarski list, 5–6: 231–240.

Vacek S., Černý T., Vacek Z., Podrázský V., Mikeska  M., 
Králíček I. (2017): Long-term changes in vegetation and site 
conditions in beech and spruce forests of lower mountain 
ranges of  Central Europe. Forest Ecology and Manage-
ment, 398: 75–90.

Vandekerkhove K., De Keersmaeker L., Baeté H., Walleyn R. 
(2005): Spontaneous re-establishment of natural structure 
and related biodiversity in  a  previously managed beech 
forest in Belgium after 20 years of non-intervention. Forest 
Snow and Landscape Research, 79: 145–156.

Vygodskaya N.N., Schulze E .D., Tchebakova  N.M., 
Karpachevskii L.O., Kozlov D., Sidorov K.N., Panfyorov M.I., 
Abrazko M.A., Shaposhnikov E.S., Solnzeva  O.N., 
Minaeva T.Y., Jeltuchin A.S., Wirth C., Pugachevskii A.V. 
(2002): Climatic control of stand thinning in unmanaged 
spruce forests of the southern taiga in European Russia. 
Tellus B: Chemical and Physical Meteorology, 54: 443–461.

Vyskot M. (1962): Probírky. Praha, SZN: 300. (in Czech)
Vyskot M. (1978): Pěstění lesů. Praha, SZN: 432. (in Czech)
Westoby M. (1984): The self-thinning rule. Advances in Eco-

logical Research, 14: 167–225.
Zar J.H. (2010): Biostatistical Analysis. Upper Saddle River, 

Pearson Education: 960.
Zeide B. (2004): Optimal stand density: A solution. Canadian 

Journal of Forest Research, 34: 846–854.
Ziaco E., Di Filippo A., Alessandrini A., D'Andrea E., Piovesan G. 

(2012): Old-growth attributes in  a  network of  Apennines 
(Italy) beech forests: Disentangling the role past human inter-
ferences and biogeoclimate. Plant Biosystems, 146: 153–166.

Received: January 29, 2024
Accepted: April 15, 2024

Published online: May 30, 2024

https://jfs.agriculturejournals.cz/

