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Abstract: Crop trees are the main component of the qualitative and value production of forest stands.
Therefore, stand density of crop trees is one of the most important information items for comparing differ-
ent management strategies in forestry. Although the number of crop trees per hectare and their productivity
are influenced by various factors, thinning can be one of the most important among them. This article aims
to compare the growth and development of crop trees in European beech (Fagus sylvatica L.) stands, which
have been managed by three different thinning types over 50 years: heavy thinning from below, free-crown
thinning and without thinning (or control). The measurements and assessments of crop trees were made
using three essential criteria (best stem quality, diameter and height dimensions, regularity of spacing)
every four or five years during 50 years. More than 9,000 assessments of crop trees with stand ages ranging
from 30 to 105 years on 23 sample plots across Slovakia were analyzed. The highest number of crop trees
was reached in a stand where free-crown thinning was applied. The proportion of crop trees on the subplots
managed by crown thinning was 61% of the stand basal area and 66% of the merchantable volume at stand
age of 100 years. However, much lower proportions of crop trees were found on the subplots managed by
thinning from below (32% and 32%) and control (20% and 21%), respectively. The subplots, where free-
crown thinning was applied, showed significantly higher values of other quantitative characteristics (e.g.,
diameter increment, height-diameter ratio, crown width) than those on the subplots managed with the
other two thinning types (low thinning and control). Based on the results from a systematic investigation
after 50 years, free-crown thinning is recommended for selective thinning in beech forests.
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Introduction

The growth and development of beech stands are
significantly influenced by various factors, such as
site and environmental factors (Pichler et al., 2009;
Vacek & Hejcman, 2012; Bosela et al., 2016; Vacek et
al., 2017a); stand structure and competition (Jullien
et al., 2013; Vacek et al., 2014a, 2015a, 2015b; Das-
sot et al., 2015; Bulusek et al., 2016), genetic char-
acteristics including species provenance (Hansen
et al.,, 2003; Gomory & Paule, 2011; Gomory et al.,
2013), and management intervention (Barna et al.,
2010; Ratnam et al., 2014; Westergren et al., 2015).
Natural or anthropogenic disturbances (Zeibig et
al., 2005; Fichtner et al., 2012; Vacek et al., 2014b;
Kréili¢ek et al., 2017) and masting behavior of the
species also influence the growth and development
of the stands (Piovesan & Adams, 2001; Drobyshev
et al., 2010; Vacek et al., 2017b). However, among
the above-mentioned factors, management, thinning
or any type of selection cutting could have a sub-
stantial influence on stand growth and development
(Fiirst et al., 2007; Utzschig, 2013; van der Maaten,
2013; Stefanéik, 2015).

Little attention was paid to the quantitative pro-
duction of beech stands in the past (Kennel, 1972;
Polge, 1981; LeGoff & Ottorini, 1993; Dhote, 1997),
but in recent years, much more attention has been
paid to quality and value production (Stefancik, 2015).
For this reason, various thinning methods have been
developed and evaluated for their potential contribu-
tions to the increased quality and value of beech tim-
ber production (Stefanéik, 1984, 2015; Altherr, 1981;
Abetz & Ohnemus, 1999; Armand & Ningre, 2003).

There have been positive effects of long-term thin-
ning on the growth and development of beech stands
(Utzschig & Kiisters, 2003; Pretzsch et al., 2008) and
their timber quality (Eko et al., 1995; Stefancik, 2015).
In addition, thinning in general, but selective thinning
in particular, has had a positive effect on the quality of
beech timber (Cameron, 2002; Boncina et al., 2007;
Poljanec & Kadunc, 2013). Thinning is always aimed
at supporting the promising crop trees (target crops),
which is also useful in terms of the quality and value
production (Skovsgaard et al., 2006; Hein et al., 2007).
Crop trees are predominantly located in the upper lay-
er of a stand, which correspond to the management,
technical and economic objectives. Crop trees are se-
lected at young stages (20-30 years of age) according
to the promising quality characteristics of stem and
crown, other dimensional requirements and appro-
priate spacing according to tree species, age, and site
quality (Stefancik, 2012). In terms of timber quality,
more promising results have been shown through the
application of crown thinning compared to thinning
from below (Stefancik & Bogela, 2014). This may be a
reason why an early and heavy crown thinning is often

recommended for beech stands (Spellmann & Nagel,
1996; Guericke, 2002).

In the Slovak Republic, a special method of crown
thinning was applied for thinning of beech stands to-
ward the end of 1950s (Stefancik, 1984). Actually,
it was a free-crown thinning, which was reported as
the most suitable for thinning of monospecific beech
stands in Slovakia. This method mainly focused on
individual thinning and/or cultivation of the desired
number of crop trees. Crop trees of any stand repre-
sent “storage” of the best quality trees, and therefore
they are considered as a “stand skeleton”, which is
assumed to ensure the favorable static stability of a
stand. Moreover, crop trees are also the main compo-
nent of quantitative production in stands (Stefancik,
1984). The cultivation of crop trees depends on vari-
ous factors, such as site quality, but especially on the
thinning operation that can be considered as a main
influencing factor at the time of crop tree selection
(Poljanec & Kadunc, 2013; Remes et al., 2015).

Various approaches for selecting crop trees in
beech stands are practiced, which take into account
certain criteria (stem quality, dimension, spacing
- Stefancik, 1984), norms (tree density according
to basal area, height and breast diameter — Altherr,
1981; Abetz & Ohnemus, 1999), sivicultural sys-
tem (types and level of thinning- Armand & Ningre,
2003). Stand age of about 40 year was found to be an
appropriate selection age for the first thinning and
securing the optimal crop trees (Spellmann & Nagel,
1996; Guericke, 2002). However, Liipke (1986)
has recommended that the first thinning including
crop tree selection in the monospecific beech stands
should be done at the age of 45 to 55 years. Selection
and subsequent cultivation of these trees at older
ages resulted in a lower number of the desired crop
trees at a given rotation age (Stefancik, 2013).

According to the results from many studies
(Oswald, 1981; Foerster, 1993; Boncina et al., 2007;
Hein etal., 2007), a primary aim of reducing the stand
density through thinning is not only to promote the
best (crop) trees in a stand for a high quality timber
production, but also to improve the static stability
of stands against wind, snow and icing (Nykdnen et
al., 1997; Jiao-jun et al., 2003; Sharma et al., 2016b).
It is necessary to support stand stability by applica-
tion of crown thinning with positive selection (se-
lection aimed at supporting/releasing the best trees
in a stand), where, as a rule, trees with the largest
diameter and the highest vitality are released, ensur-
ing free growth and development of the crowns (Ste-
fancik, 1984). This may be possible through selective
cultivation of tree quality, i.e., promising crop trees,
which consists of selection and marking of the re-
quired number of trees in a stand followed by the re-
lease of their crowns through positive interventions
(Hein et al., 2007). Different numbers of crop trees
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per hectare are often recommended. For example,
two-fold numbers of crop trees are desirable in the
promising tree method compared to crop tree meth-
od such as reserve, because during the next develop-
ment (aged 50-60 years) crop trees are determined
from these promising trees (Stefancik, 2012). These
numbers form a stand skeleton that could ensure the
favorable static stability of a stand where its average
slenderness coefficient would be less than 0.8 (Ry-
mer-Dudzinska & Tomusiak, 2000). Furthermore,
crown release of crop trees could have a positive ef-
fect on trees, mainly on diameter growth (Leak &
Solomon, 1997; Sharma et al., 2016a, 2017a, 2017b).

Even though various studies on thinning of beech
stands have been carried out to date, it is still ques-
tionable whether different management interven-
tions could significantly influence the number of
crop trees in beech stands as compared to stands
without any management intervention. Further-
more, data on the growth and development of long-
term crop trees in relation to certain thinning meth-
ods are rarely available. Therefore, in this study, we
focused on analysis of the growth and development
of crop trees in monospecific beech stands at sev-
en sites across Slovakia, which were systematically
managed through the application of two different
thinning methods for over 50 years. The objective
of this study was to evaluate the long-term develop-
ment of beech stands based on data from crop trees
managed by two different thinning methods, such as
free-crown thinning according to Stefan¢ik (1984),
heavy thinning from below (C grade according to the
German forest research institutes from 1902), and
without thinning. We tested the hypothesis whether
beech stands managed by the application of different
thinning methods would produce different numbers

17°E

of crop trees and basic quantitative characteristics
such as diameter increment, height, height-diameter
ratio, crown width, stand basal area, and stand vol-
ume production. In addition to this, we also tested
the hypothesis whether the relationships of tree- and
stand-level variables of interest could be modelled
using mathematical functions for each thinning type.

Materials and methods

Study site

This study was conducted on beech stands in the
Western Carpathian Mountains of the Central and
Eastern part of the Slovak Republic (Fig. 1). Twen-
ty-three long-term research subplots (LTRPs) at sev-
en sites across Slovakia were established between
1959 and 1969 (Stefancik, 1972, 2015). At the time of
LTRPs establishment, stands were classified by growth
phases as smaller to larger pole-staged stands, but at
present, their stand age varies from 83 to 105 years.
The LTRPs represented the even-aged homogeneous
beech forests in Slovakia. The stands originated from
natural regeneration, and various thinning and other
silvicultural operations were applied. No major thin-
ning operation was carried out in these stands until
the research began. However, a few light thinning op-
erations were applied only to the suppressed trees,
which are also known as wandering-selective felling
(Stefancik, 1972, 1973). The study sites are located
in a sub-mountain vegetation belt, with elevation
ranging from 250 to 700 m (Table 1). The study sites
comprise monospecific beech stands characterized by
Fagetum pauper, Fagetum typicum, Fageto-abietinum and
Querceto-Fagetum forest types.
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Fig. 1. Location of seven sites of thinning experiments in monospecific beech stands
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Table 1. Site characteristics of long-term research plots in European beech stands. Subplots indicate different type of
thinning [0 — control plot (no thinning); 1 — heavy thinning from below (C-grade, following the principles of German
Forest Research Institute, 1902); 2 — free-crown thinning according to Stefancik (1984) principles, thinning interval

of 4 or 5 years]

Long-term research ~ Number of First-last ~ Age span Geog}'gphlc Altitude Mean tem- Mean pre- o
position o .. Soil unit
plot/subplot measurements measurement (years) N E (m) per. °C)  cipit. (mm)

Jalna/0, 1, 2 12 1959-2012 36-89 48.55 18.95 610 6.2 800 Eutric Cambisol

Konus/0, 1, 2 12 1961-2014 30-83  48.78 22.30 510 6.5 900 Eutric Cambisol

Kalsa/0, 1, 2 12 1961-2014 37-90 48.58 21.48 520 6.0 790 Stagni-Eutric
Cambisol

Zalobin/0, 1, 2 12 1962-2015 39-92  48.98 21.74 250 7.9 660 Stagni-Eutric
Cambisol

Zlata Idka/0, 1, 2 12 1960-2013 40-93 48.74 21.01 700 6.7 780 Haplic Cambisol

Ciganka/0, 1, 2 10 1967-2012  60-105 48.76 20.09 560 5.5 918 Haplic Cambisol

Lukov/0, 2 12 1962-2016 45-94 4928 21.10 550 5.5 690 Haplic Cambisol

Lukov/1 11 1966-2016 49-94  49.28 21.10 550 5.5 690 Haplic Cambisol

Sampling and measurements

Each LTRP comprised multiple subplots, varying
from three to five (mostly three), which were arranged
next to each other along a contour line, and were sep-
arated from each other by a 5 m wide buffer zone. The
area of each subplot is 0.25 ha (50 x 50 m). A 10 m
wide transect, where height components (total height
and height to crown base) of the trees were measured,
was established and fixed through the center of each
subplot. In addition, heights of the selected crop trees
(target trees) on each subplot were measured. In the
beginning of our studies all living trees with diameter
at breast height (DBH) > 3.6 cm and/or trees which
reached this threshold during measurements were
numbered. Apart from DBH, total height, and height
to crown base (HCB), crown width (CW) were also
measured in crop trees at each inventory cycle during
the study period. One subplot in each LTRP was left
as a control subplot, where none of the management
interventions was applied.

According to the classification by Kraft (1884), the
attributes assessed at each inventory cycle were: social
position of the trees within a stand (1 — dominant; 2 -
co-dominant; 3 — sub-dominant; 4 — suppressed), stem
quality (1 - straight high quality stem without knots,
with no visible external damage; 2 — average quality,
stem curvature allowed only in the higher one third
of the stem, low number of small knots (1 or 2 pieces
per running meter) allowed, with no external damage
(fungi, insects, necrosis); 3 - low quality stem with a
high number of knots (more than 2 pieces per running
meter), crown size (1 — appropriate-sized symmetrical
crown; 2 — appropriate-sized asymmetrical crown; 3
— suppressed small-sized, but able to regenerate after
releasing; 4 — extremely small, unable to regenerate).

The thinning types applied in the beech stands
were: “low thinning” — heavy thinning from below
(C-grade, following the principles defined by the
German Forest Research Institute released in 1902)

and “crown thinning” - free-crown thinning or thin-
ning from above applied in 5- and 10-year’s intervals
(Stefancik, 1984). The main objective of free-crown
thinning was to grow promising trees with the model
number of crop trees at cutting age (110-130 years).
The model number of crop trees should reach about
170-220 trees ha™ with spacing around 7.5 m on
acidic sites and 120-180 trees ha™! with spacing 8-9
m on fertile sites in the monospecific beech stands
(Stefancik, 1984). The principle of crown thinning
lies in supporting the selected best quality trees (crop
trees) by removing their potential competitors. Here,
an emphasis was put not only on high quality of the
stems without knots, with no visible external dam-
age, dimensions (as large as possible diameter and
height), but also on the crown shape (continuous bole
axis to tree-top) and spacing (more or less regular
arrangement) of crop trees (Stefancik, 1984). How-
ever, crop trees were usually dominant or co-domi-
nant in the canopy layer (classes 1 or 2 according to
the Kraft’ classification (Kraft 1884). These trees on
each subplot were selected on the first measurement
and reassessed based on the above-mentioned criteria
at every 4th (second and third interventions) or 5th
year. Only those trees competing with the crop trees
were marked and felled in each measurement year.
In total, 10 to 12 measurements and assessments of
crop trees were performed up to 2017.

Data analysis

Some subplots underwent crown thinning at
5-year intervals and some subplots at 10-year inter-
vals. For statistical analysis, all subplots, for example,
those managed with crown thinning, were grouped
into a single thinning type, i.e., crown thinning.
Height-diameter models for each inventory cycle on
each subplot during the study period were developed
using height and DBH measurements in order to



Effect of thinning regimes on development and growth of crop trees in Fagus sylvatica stands... 145

predict the missing measurements for all other trees
for which heights were not measured. The top stand
height (hereafter termed as dominant height: HDOM,
m) was calculated from the height measurements of
the hundred largest DBH trees ha'. Also, considering
the principle that crop trees would create an impor-
tant stand skeleton of a forest and also these trees
could play a crucial role in order to ensure the ap-
propriate static stability against abiotic disturbances,
mainly wind, we analyzed the slenderness quotient
(HDR - ratio of HDOM to DBH of dominant trees,
DDOM). Because HDR is considered one of the im-
portant measures of the stability of a stand (Wonn &
O’ Hara, 2001; Sharma et al., 2016b). The mean an-
nual diameter increment (MDI, mm yr'), stand basal
area (G, m?ha') and merchantable volume (V, m?® ha-
1) were also calculated. Tree-level volume equations
(Petrds & Pajtik, 1991), which were developed to es-
timate stem volumes for the beech trees across Slova-
kia, were used to estimate the standing stem volume
of trees. Also, basal area and volume proportions of
crop trees (GPROP and VPROP) relative to the total
amounts on each subplot, were calculated. Depending
on the patterns of the scatter plots of the variables of
interest, various mathematical functions (Nislund’s
function, exponential decay function, power function,
linear function) were used to model the relationship
between the two variables of interest. The Nislund’s
function (Nislund, 1936) was used to model the re-
lationships between DBH and stand age, height and
DBH, and crown width and stand age. A simple line-
ar function was used to model the crown width-DBH
relationship. An exponential decay function was used
to model the relationships between the numbers of
trees per hectare and stand age, and HDR and stand
age. Similarly, a simple power function (Huxley &

Teissier, 1936) was used to model the relationships
between stand basal area and stand age, basal area
proportion and stand age, stand volume and stand
age, volume proportion and stand age, and mean
diameter increment and stand age. Among various
forms of the functions evaluated, we chose only four
above-mentioned functions, because each of them
provided the largest coefficient of determination (R?).
The objectives of fitting those functions to the data
were to evaluate the influences of different thinning
methods on the modelled relationships of variables
of interest. We used the Microsoft Excel and the QC
Expert software (version 3) to fit the regression func-
tions. The R? and 5% level of significance were used
to evaluate the fitted functions.

In order to show the relationship among the var-
ious tree and stand-wise characteristics, we per-
formed the principle component analysis (PCA) in
the Canoco 5 programme (Microcomputer Power).
Data were log-transformed, centered, and standard-
ized before their analyses. The results of the PCA
were visualized in the form of an ordination diagram.
Differences in the subplots among thinning methods
were tested by one-way analysis of variance (ANO-
VA), and consequently by post-hoc Tukey’s HSD
tests in Statistica 13 software (StatSoft). Variances
were shown by standard deviation (+ SD).

Results

Interactions between thinning types and
stand characteristics

Different thinning types showed significant pos-
itive influences on the growth and development of

Table 2. Summary of stand and tree characteristics according to thinning types for the last measurements on the plots
(2012-2016). Potential differences among plots with three thinning types were tested by one-way ANOVA and post-
hoc Tukey HSD tests, significant difference (p < 0.05) among types of thinning are indicated in bold

Thinning type [mean (+standard deviation)]

Characteristics

No thinning (0)

Low thinning (1)

Crown thinning (2)

diameter at breast height (DBH, cm)
height (H, m)

height to crown base (HCB, m)

crown width (CW, cm)

dominant height (HDOM, m)
dominant DBH (DDOM, cm)

ratio of HDOM to DDOM (HDR, m cm™)
stem volume per subplot (v, m? tree™)
number of stem per hectare (N, ha™)
stand basal area (G, m? ha)

G proportion of crop trees (GPROB, %)
stand volume (V, m*® ha™')

V proportion of crop trees (VPROP, %)
diameter increment (MDI, mm yr')
total volume production (TVP, m?* ha™')

37.7 (29.7) 41.2 (+10.8) 443 (x11.7)
32.4 (£6.4) 34.1 (+6.6) 33.1 (+6.1)
17.1 (+3.8) 17.6 (x4.1) 16.6 (£3.5)
628 (£156) 707 (£151) 836 (£214)
34.5 (£2.5) 36.2 (£2.9) 35.6 (£2.4)
48.4 (5.2) 53.2 (£6.3) 55.1 (+4.5)
0.88 (£0.11) 0.84 (£0.11) 0.76 (+0.09)
1.04 (+0.43) 2.01 (+0.54) 1.18 (+0.48)
770 (+236) 375 (£95) 522 (£122)
46.8 (+1.4) 41.5 (£4.6) 36.9 (£3.1)
18.7 (£7.0) 29.3 (x11.1) 56.8 (+9.7)
706 (£70) 705 (£54) 561 (£37)
22.2 (£9.9) 36.8 (213.7) 62.7 (£11.9)
3.64 (20.60) 3.28 (20.87) 4.38 (£1.00)
845 (+126) 934 (+88) 888 (+64)
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beech stands (p<0.001-0.05). Thinning types had
significant effects (tested LTRPs at the last measure-
ment) on the crown width (F, =8.61, p<0.01),
slenderness coefficient (F, =11.88, p<0.001),
stem volume (F, ,,=13.62, p<0.001), tree densi-
ty (F(Z‘ 15=9-01, p<0.01), basal area (F(Z‘ 15=13.25,
p<0.001), stand volume (F, ,;=6.87, p<0.01), di-
ameter increment (F, |, =3.92, p<0.05) and propor-
tion of crop trees (GPROP: F, | =30.49, p<0.001;
VPROP: F, . =20.67, p<0.001). Crown width,
GPROP, VPROP and diameter increment reached
their largest values in the stands managed by crown
thinning, and the lowest slenderness coefficient was
observed for this thinning type. Stands managed by
low thinning showed the highest stem volume, while
the highest stand density and stand basal area oc-
curred in the stands without thinning (Table 2).
Results of the PCA are presented in Fig. 2. The first
ordination axis explained 53.8%, first two 71.8%, and
first four axes together explained 88.7% of variability
in the data. The x-axis represents the number of trees
and altitude together with DBH, DDOM, HDOM and
total volume production. The y-axis represents stand
volume together with VPROP and GPROP. Total vol-
ume production, stem volume, height to crown base,
crown length, DBH and height were positively cor-
related with each other, while these variables were

<
-~ v oy
Lukov_0

HDR
G

Ciganka_1 0
Jalna_0
v

THCB , v
H ukov. Zalobin_0 Kalsa_0 v
ukov_1 fope 1 v Konus_0

v e Ciganka_0
HDOM ~—CL e B

Jaina_1 V Zlataldka_0
VP 7 Konus_1 Jal v
Zalobin® 7 alna
Kalsa T~ ,.: N
DBH @ /| KonusZataidka_1 Altitude
Zlataldka

DDOM Kalsa

© MDI
c © Lukov_2 Giganka 2 Zlataldka_2
Zalobin_2 °
2 Konus_2
%o
Jalna_2

GPROP
-1.2 1.2

(@)
Kalsa_2
< VPROP
T

Fig. 2. Ordination diagram showing relationships among
tree characteristics (v stem volume, H height, HDOM
dominant height, DBH diameter at breast height, DDOM
dominant breast diameter, CW crown width, CL crown
length, HCB height to crown base, HDR height to breast
diameter ratio) and stand characteristics (Age mean stand
age, V stand volume, G basal area, N number of trees,
TVP total volume production, VPROP volume proportion
of crop trees, GPROP basal area proportion of crop trees)
for the last measurements on plots (2012-2016), plot pa-
rameter (Altitude, Slope), and thinning types (0 no thin-
ning, I low thinning, 2 crown thinning); Codes: o, ¥V, m
indicate thinning type (with locality); ¢ indicates locality

negatively correlated with the number of trees and
altitude. Stand basal area was positively correlated
with the slenderness coefficient, while these varia-
bles were negatively correlated with crown width and
mean diameter increment. The VPROP and GPROP
were negatively correlated with total stand volume,
while they were independent from other variables, but
strongly influenced by thinning types. The contribu-
tions of slope of terrain and stand age were relative-
ly small. Thinning had significant influences on the
growth and development of crop trees. Thinning types
differed from one another; the crown-thinned stands
with higher proportion of crop trees, crown width,
diameter increment, and DBH occupied the upper
part of the diagram while stands with low thinning
and control stands were characterized by higher stand
volume, slenderness coefficient and stand basal area
and occur in the lower part of Fig. 2. Generally, thin-
ning had positive influences on the proportion of crop
trees, slenderness coefficient, crown width, diameter
increment, DBH and DDOM, and negative influences
on stand volume and stand basal area. Figure 2 also
shows that growth of trees (especially HDOM, height,
total volume production and number of trees) was
substantially influenced by locality.

Growth of diameter, height and crown
width

We evaluated the relationships of DBH with stand
age, height with DBH, crown width with stand age,
and crown width with DBH through the graphical
display and fitting of the mathematical functions
(Fig. 3). Diameter, height, and crown width increased
with increasing stand age of beech stands irrespec-
tive of the application of thinning type. The relation-
ship between DBH and stand age had the highest R?
in the stands managed by low thinning (R* = 0.78)
and the lowest in the stands managed by control (R?
= 0.69) (Table 3). On the other hand, fitted curves
for the stands managed by both crown thinning and
low thinning were identical, for example, at stand
age of 100 years, fitted curves showed that DBH in
the stands managed by control, crown thinning and
low thinning types was 38.6 cm, 44.3 cm and 44.3
cm, respectively (Fig. 3a). The height curves against
DBH followed a practically identical course for stands
managed by control and low thinning (Fig. 3b) and
height values for these thinning types were larg-
er for all trees with DBH larger than 20 cm in the
stands managed by crown thinning. However, R? for
the stands managed by crown thinning was slightly
higher (R? = 0.82) relative to that for the stands man-
aged by control (R? = 0.81) and low thinning (R? =
0.79). Crown width increased with increasing stand
age (Fig. 1c) and DBH (Fig. 3d). The function fitted
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Fig. 3. Development patterns of diameter at breast height, total height, and crown width of crop trees in seven thinning
experiments; Fitted curves overlaid on the observed data were produced with the corresponding functions presented
in Table 3 (thinning O: control; 1: low thinning; 2: crown thinning)

Table 3. Functions fitted to data from variables of interest [DBH: diameter at breast height (cm); H: total height (m);
CW: crown width (m); N: number of trees (ha™); G: stand basal area (m? ha™); A: stand age (year); GPROP: basal area
proportion of a crop trees relative to G; V: merchantable volume (m?® ha™'); VPROP: merchantable volume proportion
of crop trees relative to V; HDOM: dominant height (m); DDOM: DBH of dominant trees (cm); MDI: mean diameter
increment (mm yr'); HDR: ratio of HDOM to DDOM (m cm™)]

) Thinning type
Var.l ables. No thinning (0) Low thinning (1) Crown thinning (2)
relationship - ; .

Function R? Function R? Function R?
DBH-age D = [A/(7.782+0.216A)]? 0.69 D = [A/(8.394+0.40.1956A)]*> 0.78 D = [A/(8.031+0.+0.199A)]> 0.76
Height-DBH  H = [D/(1.733+0.268D)]? 0.81 H = [D/(1.842+0.265D)] 0.79 H = [D/(1.683+0.274D)]? 0.82
CW-age CW = [A/(7.93+0.446A)]° 0.36 CW = [A/(8.76+0.412A)]° 0.42 CW = [A/(10.45+0.376A)]° 0.54
CW-DBH CW = 1.607+0.141 D 0.68 CW = 1.588+0.149 D 0.69 CW = 1.031+ 0.177 D 0.78
N-age N = 1448.8 exp (-0.04A) 0.51 N =1168.5 exp (0.0337A) 0.51 N = 595.96 exp (-0.02A) 0.47
G-age G = 0.187 A% 0.21 G =0.172 A%*¥ 0.42 G =0.033 A8 0.57
GPROP-age GPROP = 5.91 A%%3% 0.03 GPROP = 15.812 A%12 0.02 GPROP = 0.705 A%972 0.55
V-age V =0.063 A7 0.43 V =0.0626 A5 0.74 V = 0.0458 A% 0.66
VPROP-age VPROP = 15.07 A%% 0.01 VPROP = 20.92 A1 0.01 VPROP = 1.277 A®%+ 0.50
HDOM-DDOM H, = [D,/(2.223+0.251D_)]* 0.95 H, = [D,/(2.22+0.249D)]°  0.91 H, = [D,/(1.83+0.27D,)]* 0.89
MDI-age MDI = 13.583 A~0-2887 0.09 MDI = 55.409 A0603 0.35 MDI = 16.217 A0264 0.08
HDR-age HDR = 172.44 exp (-0.07 A®) 0.46 HDR = 156.32 exp (-0.06 A*®) 0.44 HDR = 205.32 exp (-0.104 A%%) 0.47
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to crown width against stand age showed the largest
R? for the stands managed by crown thinning (R? =
0.54) and the lowest for control stands (R? = 0.36).
After the age of 40 years, the average crown width
for each thinning type was significantly different with
the largest crown width for stands managed by crown
thinning and the lowest for control stands. Similarly,
a function fitted to crown width against DBH resulted
in the largest R? for crown thinning (R? = 0.78) and
the lowest for control (R? = 0.68). These results also
corresponded to the highest averaged DBH of crop
trees for crown thinning (Fig. 3a).
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The exponential decay function fitted to the num-
ber of crop trees against stand age accounted for the
highest proportion of variation for both low thinning
and control (R? = 0.51) and accounted for slightly
less variation for this relationship for crown thinning
(R? = 0.47) (Fig. 4a, Table 3). However, this func-
tion also predicted that the highest numbers of crop
trees were present in the stands managed by crown
thinning, ranging from 197 to 99 trees ha™! at stand
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Fig. 4. Stand-and tree-level characteristics against stand age in seven thinning experiments; Fitted curves overlaid on
the observed data were produced with the corresponding functions presented in Table 3 (thinning O: control; 1: low

thinning; 2: crown thinning)
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ages of 50 to 105 years. A smaller number of crop
trees were predicted for the same range of stand ages
for low thinning and control (179 to 59 trees and
57 to 44 trees ha’!, respectively). The proportion of
number of crop trees relative to the total for control
stands was 73% followed by low thinning (68%) and
crown thinning (55%). Both stand basal area and
merchantable volume of crop trees (in both total and
proportion) for stands managed by crown thinning
were significantly higher than for stands that had the
other two management practices (Fig. 4b, ¢, d, e). The
highest proportion was found in the stands managed
by crown thinning, and the lowest proportion in the
controlled stands. The regression curve showed that
the proportion of crop trees in the stands managed
by crown thinning was 66% of the merchantable
volume at the stand age of 100 years, and while on
the stands managed by low thinning and control, the
proportion was only 32% and 21%, respectively. The
highest mean annual diameter increment occurred on
the subplots managed by crown thinning (Fig. 4a).
Surprisingly, for stand ages over 90 years, the mean
annual diameter increment for the stands managed
by low thinning was actually lower than for the con-
trol stands. The function fitted the increment data
relatively poorly, describing only 35%, 9% and 8%
variations for the stands managed by low thinning,
control, and crown thinning, respectively (Table 3).

Stand top height and slenderness
coefficient

The function fitted to the HDOM against DDOM
accounted for the largest variation for stands man-
aged by control (R? = 0.95), and the smallest varia-
tion for the stands managed by crown thinning (R?
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= 0.89). After DDOM of 25 cm, the stands managed
by low thinning and control had larger HDOM, but
at smaller DDOM, the stands managed by crown
thinning had a larger HDOM (Fig. 5a). The curves of
the function fitted to HDR (slenderness coefficient)
against stand age showed decreasing HDR with in-
creasing stand age in general, but HDR increased
more rapidly for stands managed by crown thin-
ning (Fig. 5b). This suggests that stands managed
by crown thinning would be more stable to external
forces than stands managed with low thinning and
control. The most vulnerable stands to wind throw
could be those managed by low thinning.

Discussion

In this article, we have presented the results from
three different thinning regimes: crown thinning,
low thinning and no thinning, that have been applied
for more than 50 years in monospecific beech stands
across Slovakia. Like other studies (Boncina et al.,
2007; Hein et al., 2007), we also found that different
thinning regimes produced changes with different
magnitudes in the growth and development of crop
trees (Fig. 2-5). A decreasing number of crop trees
with advancing age (Fig. 4a) corresponds to the re-
sults from other studies conducted in beech stands
elsewhere (Leibundgut, 1982; Stefancik et al., 1996;
Boncina et al., 2007). The proportion of the num-
bers of crop trees relative to total trees in the stands
substantially decreased with increasing thinning in-
tensity, i.e. from control to crown thinning. This may
firstly be due to higher number of crop trees selected
in the initial measurements in order to reserve them,
especially in the younger stands, and secondly, exist-
ence of a wide range of stand ages (30 — 60 years) at

150

eee () 1 eee D

. thinning

140-
130
120
110
100
90-

HDOM-DDOM ratio

80

70

60 : : ; :
20 30 40 50 60 70 80 90

stand age (year)

110

Fig. 5. Dominant height against stand age, ratio of dominant height to dominant diameter against stand age in seven
thinning experiments; Fitted curves overlaid on the observed data were produced with the corresponding functions
presented in Table 3 (thinning O: control; 1: low thinning; 2: crown thinning)
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the time of selection of crop trees. Stand age could
be considered as one of the most important charac-
teristics that significantly influences the growth and
development of crop trees after they are selected.
A range of stand ages were found to be suitable for
crop tree development, for example, selection of crop
trees in beech stands could be made between 30 and
40 years (Stefancik, 1984; Spellmann & Nagel, 1996;
Guericke, 2002). However, other studies also found
60 years or even more as the most appropriate stand
ages for crop tree selection (Klddtke, 1997; Stefancik,
2013). The analyses of crop trees after 45 years of
systematic interventions by crown thinning con-
firmed a decreased number of the best quality trees,
especially for the stands managed by low thinning or
control.

Our results showed that the highest number of
crop trees was in the stands managed by crown thin-
ning and the lowest number in the control stands
after stand age of 45 years (Fig. 4a). For example,
the numbers of crop trees at age of 105 years in the
stands managed by crop thinning, low thinning, and
no thinning were 99, 59, 48, respectively. However,
some other studies (e.g. Boncina et al., 2007) found
higher numbers of crop trees in stands managed
by shelter-wood cutting (176 trees ha™) and heavy
thinning (258 trees ha™). The average distances be-
tween crop trees found from these thinnings were
5.2 m and 5.0 m, respectively. We found longer dis-
tances than this, i.e. 15.2 m (control), 9.7 m (crown
thinning) and 11.8 m (low thinning) in our stands.
It would be difficult to recommend the most appro-
priate distance, because other factors also influence
the growth and development of crop trees. Spell-
man & Nagel (1996) recommended 6.5 m, but Ven-
et (1968) and Armand & Ningre (2003) suggested
spacing for the final crop with a rotation of about
120 years. Spellmann & Nagel (1996) and Guericke
(2002) pointed out a high number of crop trees ha,
representing 250 and 100-300 crop trees that were
selected and marked, respectively. Later, because of
development of the crown surface area, a decreased
number of crop trees ha™ from 200 to 80 with ad-
vancing age, was registered. Kurt (1982) presented
80-120 crop trees for beech with the desired char-
acteristics in relation to DBH as shown by yield ta-
bles. Based on the study of 20 beech stands in Swit-
zerland, Leibundgut (1982) recommended 140-crop
trees ha'! at the top height of 35 m. The suggested
range of the number of crop trees ha' is relatively
low (50-100 trees) in France (Bouchon et al., 1989;
Armand & Ningre, 2003). Klddtke (2002) suggested
that more than 100 crop trees should not be selected,
because the probability of red heart formation would
be higher due to the longer production period. Be-
cause of this, Kladtke (2002) suggested a limit of the
mean diameter of 60 cm and stand age of 120 years

in order to avoid red heart formation. Dhote (1997)
recommended a rotation length of 15-20 years by
application of intensive thinning, which might re-
duce the red heart formation. Boncina et al. (2007)
expected about 150-crop trees ha™in the final crop,
which is also in line with the recommendation made
by Schiitz (1996).

Like other studies (Bastien, 1995; Kladtke, 1997),
we also found positive influences on diameter in-
crement due to early and heavy thinning. The mean
annual increment increased with increasing thinning
intensity (Fig. 4f). Klddtke (1997) found that thin-
ning resulted in a significantly increased rate of diam-
eter growth of crop trees in beech stands. However,
compared to our results, probability of getting larger
diameter trees would be higher in the thinning data
analyzed by Klddtke (1997). Both basal area (m?ha™)
and volume (m? ha™') of crop trees vary with thinning
types (Fig. 4b, 4d), where the highest and lowest in-
crements were produced in the stands managed by
crown thinning and control, respectively. This is due
to existence of the largest number of crop trees in the
stands managed by crown thinning and the smallest
numbers of crop trees in the stands managed by con-
trol. Liipke (1986) analyzed beech at stand ages of
52,78, 101 and 122 years, managed by thinning from
above, and found basal areas of 21 to 24 m?ha!. How-
ever, our results of crown thinning showed basal area
of 20 m? ha! at stand age of 100 years (Fig 4b), and
simulation results showed basal area of 25.6 m?ha™!
at stand age of 122 years. Bobinac (2004) compared
the growth in 2002 to that in 1985 before thinning
and found lower increments of basal area (198%)
and volume (278%), for the control stands compared
to those for the thinned stands (basal area increment
256-263% and volume increment 379- 399% during
17 years). The proportions of basal area and volume
of crop trees relative to the total amounts in a stand
also increased with increasing thinning intensity
(Fig. 4c, 4e). The largest proportion was found in the
stands managed by crown thinning and the lowest in
the control stands. The current average volume pro-
portion (66%) in the stands managed by crown thin-
ning at stand age of 105 years could potentially be
increased to 80-85% at a rotation of 120 years. The
largest rate of DBH increment of crop trees was also
found in the stands managed by crown thinning (Fig.
4f). This may be due to crown release, but crowns of
crop trees were not purposely liberated through low
thinning and control. They were marked, registered
and re-assessed in the subsequent measurements. If
one of these criteria (best stem quality, diameter and
height dimensions and regular spacing — Stefancik
1984) was not found on crop trees in subsequent
measurements, their registration had to be cancelled.
Other criteria such as age, height and diameter may
also be taken into consideration for assessing growth



Effect of thinning regimes on development and growth of crop trees in Fagus sylvatica stands...

151

of the selected crop trees, and they need to be com-
pared against site-specific growth norms (Abetz &
Kladtke, 2002). Growth norms describe optimal
growth of crop trees towards a specified production
goal, which could be modified by forest owners based
on their requirements.

Thinning, irrespective of its intensity, significant-
ly influences the static stability of the beech stands,
which is commonly assessed by height-diameter
ratio (HDR, also called slenderness coefficient).
Generally, smaller HDR indicates lower centers of
gravity of trees with longer crown lengths, but also
higher stability than trees with larger HDR (Opio et
al., 2000; Bosela et al., 2014; Sharma et al., 2016b).
Crown thinning resulted in smaller values of HDR
than the other two management regimes for stand
ages over 50 years (Fig. 5b). This is because the regu-
lar spacing of crop trees produced by crown thinning
may create an appropriate stand skeleton. The stands
managed by crown thinning would be attributed
to regular and medium-sized crowns of crop trees.
Guericke (2002) analyzed data from four thinning
experiments in Germany, and found that medium
crowns were more productive than the trees with
extremely large crowns. Therefore, higher numbers
of crop trees would lead to better spatial distribu-
tion and higher stand stability. A number of larger
trees were removed as competitors from the stands
managed by crown thinning, especially by the first
three interventions. After 10-20 years of interven-
tions, diameter and height growth of crop trees ac-
celerated due to the liberation of crowns. However,
tree crowns in the stands managed by low thinning
and control still remained crowded at that time. This
was also confirmed by the results shown from the
modelled relationships of crown width against stand
age and crown width against DBH (Fig. 3¢, 3d). In
order to secure a strong stand skeleton, which is only
possible in stands having HDR < 0.8, crown thin-
ning can be considered as the best management in-
tervention (Fig. 5b). Rymer-Dudzinska & Tomusiak
(2000) reported that HDR of beech stands depended
mainly on the mean DBH and stand age, but the for-
mer variable was much stronger (r = —0.797) than
the latter (r = -0.603). However, their values of HDR
were higher than those of our study (Table 3), indi-
cating that our beech stands could be more stable
than those studied by Rymer-Dudzinska & Tomusiak
(2000).

Results from the observed period show that there
has been a shift in height structure of trees due to
thinning regimes and natural development. On
LTRPs with heavy thinning from below, the pro-
portion of dominant trees increased, while minor
changes in stand structure occurred after application
of free-crown thinning. These results are consistent
with those of the thinning experiments established

in the past (Assmann, 1961; Stefanc¢ik, 1972). The
PCA (Fig. 2) shows that stands without intervention
have higher volume production and number of trees
than managed stands, regardless of thinning meth-
ods applied. This fact, together with higher mean
DBH on thinning plots, is evidenced by research in
Slovakia (Stefan¢ik & Bolvansky, 2011) and Ger-
many (Diaconu et al., 2015). In contrast, Bobinac
(2004) found the lowest volumes on control as com-
pared to the managed sample plots. Similar results
were also observed from beech forests in Germa-
ny (Pretzsch, 2005), where three types of thinning
from below (weak, medium, strong) were compared
in stands at the age of 100 years. There, total stand
volume was the highest after application of heavy
thinning. In our study, the PCA also showed that the
production quality of beech stands was significantly
influenced by thinning type, as in other studies (i.e.
it is important to start thinning at early ages — 20-30
years; Mlinsek & Bakker, 1?90; Jullien et al., 2013;
Stefanc¢ik & Bosela, 2014; Stefancik, 2015). A high
quality of wood production in beech stands may be
reached due to the application of strong thinning
intervention (cf. Utschig & Kiisters, 2003; Hein et
al., 2007; Poljanec & Kadunc, 2013). Specifically, in
terms of value production, Stefanéik et al. (2018) in
the same study sites, found that the highest volume
of the best quality of stems occurred in forests where
free-crown thinning (57-85%) was applied, while
the lowest (22-56%) was in the control stands. The
proportion of the two best commercial quality as-
sortments was the highest in the stands managed by
low thinning (21-29%) and the lowest in the stands
without any intervention (7-19%).

From an ecological point of view, the applied
methods of thinning of beech stands contribute to
increased ecological stability, vitality, regeneration
capacity and biodiversity; in particular by interfer-
ing at all stand levels (Masarovicovd & Stefancik,
1990). Thinning also contributes to the ultimate role
in mitigating the impacts of climate warming. For-
ests that are more vertically diversified include less
climate-sensitive components (e.g. suppressed trees
sheltered by canopy) that decrease the intensity of
climate-growth response (Bosela et al., 2016). The
most suitable height and diameter differentiation
according to Fiildner (1995) was observed on the
sample plots managed by free-crown thinning, where
interventions were realized in the whole vertical pro-
file, in contrast to the control stands and the stands
managed by low thinning (Stefancik, 2015). Addi-
tionally, the resistance of beech is higher in mixed
forests in terms of climate warming and drying
(Bosela et al., 2016). Long-term studies (Pretzsch et
al., 2014; Bogela et al., 2016) also show an increase
of a total yield production since the 1960s in the Cen-
tral Europe, ranging from 5% to 40%, particularly in
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less productive sites. Moreover, while an increase of
the mean annual basal area increment continues in
the unmanaged stands, it has recently slowed down
in the stands managed by free-crown thinning and
even it started decreasing in the stands where low
thinning was applied (Bosela et al., 2016). Thus,
the competitive capacity of beech might be reduced
under the expected future climate conditions. Silvi-
cultural practitioners must be aware of the potential
risks today, which a changing climate may impose on
sustainable forest management (GeBler et al., 2007).

Conclusion

The study carried out for more than 50 years on
crop trees under different management regimes
in beech stands showed positive influences on the
growth and development of the trees due to long-
term thinning. Thinning (regardless of intensity and
method) focused predominantly on development of
crop trees resulted in more favorable results than in
the stands left to self-development. However, in the
management of beech stands originated by natural
regeneration, not only the methods of thinning are
important, but also the stand age at which it starts.
It can be the best to start thinning up to age of 30
years, since after that, thinning loses its purpose.
The method of free-crown thinning can be recom-
mended for beech stands in order to achieve the
highest number of crop trees, the largest basal area
and volume increments, and most stable stands. Si-
multaneously, these trees could be good components
of higher stand site quality. We could assume that
thinning methods focused mainly on individual trees
may lead to the production of the most valuable as-
sortments. At the same time, this approach seems to
provide a useful perspective on the restoration of age
class structure of forest stands for the selection sys-
tem. Its conception includes many elements of close-
to-nature silviculture, especially diameter and height
differentiation of the forest stands.
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