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Abstract

A novel but simple approach for describing stand structure in natural and managed forests driven
by small-scaled disturbances is introduced. A primeval beech forest reserve in Slovakia and two
beech stands in Germany with different management histories were studied, and their forest
stand texture was analysed in terms of tree coordinates, stem diameter, and crown radius. Neigh-
bouring trees of similar size with estimated contact of their crowns were assigned to tree groups.
The study goal was to estimate the number and size of such homogeneous patches. In all cases, the
number of tree groups in a particular diameter class decreased exponentially as group size in-
creased. Single trees were predominant. Compared to simulated random tree distributions, the
natural stand exhibited a more clumped distribution of small trees and more regular distribution
of larger ones. The natural forest generally had smaller groups than the managed even aged stand,
but the smallest group sizes were found in the uneven-aged selection forest. The simple analytical
approach provided new spatial insights into neighbourhood relations of trees. The continuous
scale from single trees to larger tree groups is an important achievement compared to other
analytical methods applied in this field. The findings may even indicate a certain degree of self-
organization in natural forests. Due to the limitations associated with each method or statistical
models, a joint consideration of 1) gap dynamics, 2) forest developmental stages, and 3) size
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classes of homogeneous tree groups is recommended. Relevant to forest practitioners, the size
class distributions enhance an understanding of the complex stand structures in natural forests
and therewith support an emulation of natural forest dynamics in managed beech forests.
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1. Introduction
1.1. Background of the Study

Forest ecosystems are complex and adaptive, with the ability to adjust and react to changing conditions (Messier
et al., 2014). For instance, light and microclimate influence various processes in beech forest ecosystems, af-
fecting their regeneration performance and growth of individual trees (Madsen & Larson, 1997; Wagner, 1999;
Bartsch et al., 2002; Pretzsch, 2009). These processes are also influenced by other factors such as stand structure.
Because natural stand structures provide certain advantages in terms of resilience and genetic adaptability, they
are increasingly regarded as a viable option for the management of beech stands (Finkeldey & Ziehe, 2004;
Rohrig et al., 2006; Brumme & Khanna, 2009). The paradigm of “Close-to-Nature Forest Management” (CNFM)
was developed to exploit these benefits. CNFM is widely used in Central Europe and can be implemented in
conjunction with a wide range of silvicultural methods focusing on single trees and tree groups (Duncker et al.,
2012; Brang et al., 2014; Bauhus et al., 2014). However, it is impossible to perfectly reproduce natural forest
structures in a managed stand since by definition, natural forest is not managed (Leibundgut, 1993).

F. sylvatica would be the dominant species in large parts of Central Europe in the absence of human influence
(Ellenberg, 1996). Due to the human impact, however, only a small proportion of Central European forests are
remnant natural beech forests. In this study, we compare two managed beech stands in Germany to one of the
closest remaining natural beech forest reserves below 800 m elevation: the reserve Kyjov in Slovakia. The pur-
pose of the study was to enhance the understanding of forest dynamics in beech ecosystems by determining fre-
quency distributions of patches (tree groups) with neighbouring trees of similar size. Another aim was to support
forest managers who want to develop natural stand structures and wilderness-like areas (i.e. the Sihlwald near
Zurich in Switzerland, or the National Park Hainich in Germany).

The following section provides an overview of established methods for analysing stand structure and dynam-
ics of natural European beech forests. Later, the novel approach for describing and comparing the aggregation of
similarly-sized trees in forests is presented.

1.2. Silvicultural Research in Natural Beech Forests in Europe

Natural stand structures have been of interest to foresters since the late 19th century (see Brang, 2005 for an
overview). Older studies described both more heterogeneous and homogeneous types of stand structure in natu-
ral beech forests (Frohlich, 1925; Muller, 1929; Gehrhardt, 1923). More recent studies emphasized the preva-
lence of heterogeneous stand structures (Tabaku, 2000; Meyer et al., 2003; Commarmot et al., 2005).

Smith et al. (1997) defined the internal forest structure in terms of tree species composition, age classes, stand
layers, and diameter distributions. Helms (1998) distinguished between vertical and horizontal forest structures.
The horizontal structure of the forest is the spatial arrangement of its vertical structures, i.e. the forest texture.
Later structural analyses also considered the abundance of dead wood or other micro-habitats (i.e. Winter &
Brambach, 2011).

To analyse the forest texture (as one aspect of horizontal structure on the patch scale), development stages and
phases have been defined in terms of typical stand structures (Leibundgut, 1993; Korpel, 1995; Meyer, 1999).
For example, Neumann (1979), Leibundgut (1993) and Korpel (1995) identified and mapped developmental
stages in the forest. Later, other methods were developed to ensure that the results of structure analyses were re-
producible (Meyer, 1999; Tabaku, 2000; Drossler & Meyer, 2006). However, all of these methods failed at
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identifying true borders between developmental stages because they assigned development stages and phases to
defined forest patches of certain size using relatively coarse rasters. This may bias the estimation of the area of
each stage, especially for smaller units. In addition, the raster approach can fail to detect overlapping stages
(Korpel, 1995; Drossler & Meyer, 2006), as shown by Grassi et al. (2003). A more advanced mapping of devel-
opmental phases in a natural spruce-fir-beech forest was presented (Kral et al., 2010), which also included dead
trees. In addition, irregular patches (usually 400 - 1100 m2 in size) with spatially distinct stand characteristics
(tree number, standing volume, deadwood) were indicated by statistical models (Kral et al., 2014).

Direct information about the area and spatial distribution of initial development phases can be gained from
canopy gap studies (e.g. Runkle, 1992; Zeibig et al., 2005; Nuske, 2006) or extensive dendrochronological stud-
ies (Samonil et al., 2013). Terrestrial gap surveys typically use measurements of tree heights or diameters at
breast height (DBH) to distinguish between gaps and adjacent stands (Runkle, 1992). DBH data were also ana-
lysed by Tabaku and Meyer (1999), who created stand maps based on modelled tree crowns and identified can-
opy gaps in beech forests based on the absence of trees of >7 cm DBH. Drdssler and von Lupke (2005) used
higher DBH thresholds in a similar way (20 and 30 cm, respectively) to study gaps in the upper canopy layer.

If the initial gap stage is defined using such thresholds, subsequent developmental stages could be estimated
by focusing on particular size classes of trees. Neighbouring trees of approximately the same size could then be
regarded as groups representing one stage of development. This idea is similar to that presented by Grassi et al.
(2003), who distinguished between developmental stages on the basis of tree height and growth-related parame-
ters. Although it is difficult to equalize diameter and development stage (Piovesan et al., 2005; Kral et al., 2010;
Trotsiuk et al., 2012; Sebkova et al., 2012), we followed this idea to gain more insights into the interactions of
fine-scale neighbourhood processes and coarser-scale forest dynamics. Thereby, we went beyond the scope of
conventional forest structure indicators and sophisticated point pattern correlations (von Gadow et al., 2012) that
oversimplifyied forest structure from a management point of view. Especially the flexibility to summarize ex-
ponentially decreasing numbers of patches with increasing patch size was desired when the presented simple
analytical method was developed.

The goal of this study was to identify tree groups and describe their size in terms of the number of individuals
belonging to a group. Study objects were forests of different management intensity. Main objective was to de-
termine how frequently trees of particular size classes are aggregated in groups. Hopefully, size distributions of
such tree groups could point out general stand dynamic patterns, from the initiation to the terminal phase. Also,
comparisons of individual-based stand structure between natural and managed forests (especially those managed
in a “close to nature” fashion) could be made. Finally, the comparison of observed and randomized tree distribu-
tions could link ecological field studies better with hypothetical spatio-temporal models (Gratzer et al., 2004).

Since the abundance of canopy gaps in natural beech forests decreases exponentially with increasing gap size
(Zeibig et al., 2005; Drossler, 2006), we hypothesized that the number of tree groups within a given size class
would decrease exponentially with increasing tree size. We also hypothesized that the spatial arangement of tree
groups would not be random. In addition to these two hypotheses, we addressed management history and cutting
regime by assessing their effect on the size distribution of tree groups.

2. Material and Methods
2.1. Study Sites

The stand characteristics and structure of the examined stands were already chosen in two extensive studies that
documented of beech forest stands with different management intensity (Tabaku, 2000; Drdssler, 2006). Within
these studies, field data were collected in the Kyjov natural forest reserve in eastern Slovakia, in an uneven-aged
single-tree selection stand (Plenterwald) in Bleicherode, and in an even-aged stand in Stauffenburg managed by
target diameter cutting. The latter two stands are both located in central Germany. Stand sizes ranged from 22 to
50 ha. The basal area proportion of European beech was 99% in Kyjov and Bleicherode, and 97% in Stauffen-
burg. The stand top height in Stauffenburg was 38 m at an age of 166 years. The top heights in Kyjov and Blei-
cherode were estimated to be 30 m and 33.5 m, respectively. All three sites were moist-mesic and fertile. The
uneven-aged stand at Bleicherode has been managed by single-tree selection for more than 140 years. In Stauf-
fenburg, the trees have been harvested on reaching a target diameter (Table 1) for several decades. The Kyjov
reserve is one of the last remaining natural beech forests in central Europe at sub-montane elevation, and one of
the closest to the German study sites. Its altitude is 400 m greater than that of the German sites (Table 1), and it
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Table 1. Site and stand characteristics of the studied stands in Slovakia (Kyjov) and Germany (Bleicherode, Stauffenburg).

Kyjov Bleicherode Stauffenburg
Latitude 48°51' 51°16' 51°21'
Longitude 22°01' 10°20' 10°05'
Altitude 700 - 800 m 420 -440m 300-350m
Mean annual precipitation 750 - 800 mm 650 - 730 mm 780 - 900 mm
Mean annual temperature 6°C 7°C 75°C
Base rock Andesite Limestone Sandstone
Soil type Cambisol Leptosol Cambisol
Top stand height 30m 335m 384m
Stand age uneven uneven 166 yrs.
Harvest method Never managed Single-tree selection Target diameter cutting
Study plot size 12 ha 7.5ha 7.25ha
Total no. trees (DBH > 7 cm) 3871 1887 663

has not been subjected to any silvicultural management. Korpel (1995) reported an annual periodic increment of
6.5 m*>ha*, ranging from 3 to 12 m*ha *a* depending on the developmental phase. Tabaku (2000) and
Drossler (2006) describe also forest floor vegetation, soil conditions, and other features of the studied stands.

2.2. Data Sampling

One representative plot covering 7 - 12 ha was established in the centre of each stand. The plots in Bleicherode
and Stauffenburg were measured by Tabaku (2000) in 1997. The plot in Kyjov was measured in autumn 2003.
The measuring procedure and the methods applied were identical during all measurements. All living trees with
a diameter at breast height (DBH) > 7 cm were recorded in each study stand. The coordinates of these trees were
measured by distance and angle from a 31.25 m grid, and their DBH values were calipered. The tree heights and
8 crown radii per tree were measured for 30 - 60 trees covering the DBH range in each stand. Established corre-
lations between DBH and mean crown radius were used to assign a circular crown to every tree (see Tabaku,
2000; Drossler, 2006).

2.3. Data Analysis and Determination of Tree Groups

DBH distributions were calculated for each of the three stands on the basis of 4 cm wide DBH classes. In order
to identify tree groups containing trees of similar size, all trees were assigned to DBH classes with widths of 10
cm. In addition, for a sensitivity analysis of the results, tree groups were also defined on the basis of DBH
classes with widths of 20 cm.

Maps showing the spatial arrangement of trees in a given size class and their allotted crowns were used to
identify tree groups (Figure 1). All trees having a crown contact with a neighbouring tree of the same size class
were considered to be part of the same group as the contacted tree. Thus, each group represents a collection of
similarly sized trees in which the mean crown radius is used as a boundary limit for defining neighbouring and
non-neighbouring trees (i.e. trees whose crowns do and do not touch, respectively). Finally, the frequency of
these differently sized groups was determined and exponential regression models were fit to the frequency data.
In addition, a random distribution of the recorded tree diameters over the sample area was simulated and com-
pared to the tree group frequencies observed in reality. In 1000 simulations the spatial position of each tree was
changed by randomly assigning new x- and y-coordinates to each tree within the borders of the original stands.
Total stem count and DBH distributions stayed the same. Borders of the 95% confidence intervals of group fre-
quencies were determined by the 0.025 and 0.975 quantiles of the group size frequency distributions of the
simulations.

The bootstrap Kolmogorov-Smirnoff two-sample test was used to identify statistically significant differences
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Figure 1. A section of one of the crown maps used in the analysis ((a): all trees > 7 cm DBH; (b): trees of DBH class 37 - 47
cm).

between the tree group frequencies in the natural stand and the managed stands. Significant differences between
the tree distributions of the simulations and the empirically observed stands were identified by means of the
Kolmogorov-Smirnoff statistic D. D was calculated for each of the 1000 simulated and the empirical stands by
comparing their distribution functions with the distribution function of the arithmetic mean of all of the simula-
tions. The p-value was determined by the fraction of simulated stands with a D-value higher than the one of the
respective empirical stand. All tests were performed with a confidence level of 0.95. Tree group frequency
comparisons were performed for each DBH class separately.

In addition, sensitivity analyses were conducted. The sensitivity of the results to variation in the definition of
crown size was tested by increasing the crown diameters used to define neighbouring trees by 10% and 20%.
Secondly, instead of the total sample area, 20 systematic sample plots (62.5 m - 62.5 m) within the original data
from Kyjov were tested to assess edge effects and to be facilitate comparison of the results obtained to those
presented for a different forest reserve (Drossler, 2006).

3. Results
3.1. Diameter Distributions

The largest tree observed in this work was growing in the natural forest and had a DBH of 121 cm. Figure 2
shows that in the natural forest, trees in the first two DBH classes were the most abundant, and that the number
of trees in each class declined exponentially with increasing DBH after the second class. However, the rate of
decline was relatively modest on going from 30 to 110 cm DBH. In managed forests, the diameter range was
smaller and the maximum observed DBH values were 87 and 74 cm for the uneven- and even-aged stand, re-
spectively. The even-aged stand exhibited the bell-shaped DBH distribution typical of such management re-
gimes, with diameters ranging from 26 - 74 cm and a mean DBH of around 50 cm. The uneven-aged managed
stand was characterized by a more even decline in tree number with increasing tree size compared to the un-
managed forest, with a very steep decline from 12 to 24 cm and a fairly steady number of trees having DBH
values of 40 to 65 cm (Figure 2).

3.2. Tree Group Frequencies in the Natural Forest

31% of the measured trees had no neighbouring trees belonging to the same DBH class. Single trees (represent-
ing the smallest group size) dominated the group size distributions, and in general there was an exponential de-
cline in the number of groups as the group size increased for all DBH classes. For example, 258 single trees, 99
two-tree groups, and 15 large groups with 15 - 36 trees were identified for the smallest DBH class in Kyjov
(Figure 3(a)). Larger DBH classes contained fewer tree groups. The 77 - 86.9 cm DBH class included 54 single
trees, 10 two-tree groups, and two groups with three trees (Figure 3(i)).
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Figure 2. Diameter distributions in (a) the natural forest Kyjov; (b) the uneven-aged managed forest Bleicherode; and (c) the
even-aged managed forest Stauffenburg.

Trees in smaller DBH classes occurred more often in groups than was observed in simulated random spatial
tree distributions (Figures 3(a)-(c)). We found statistically significant differences between the actual and ran-
dom distributions of smaller DBH classes (Figures 3(a)-(e)), but not for the largest classes with the fewest trees.
Trees in the larger classes were more likely to occur as single trees than would be expected based on a random
distribution. However, the differences were not significant for neither of the DBH class widths (10 or 20 cm) or
the enlarged crown radii in the sensitivity analysis.

3.3. Tree Group Frequencies in the Managed Forests

In the managed stands, the number of groups also decreased exponentially with group size. Across all DBH
classes, the proportion of single trees (32%) in the uneven-aged single-tree selection stand was comparable to
that in the natural forest. The smallest DBH class (7 - 17 ¢cm) in the uneven-aged stand contained 215 single
trees, 57 two-tree groups and seven larger groups with 15 - 31 trees, meaning that the number of single trees in
this class was somewhat lower than in the natural forest whereas the number of larger groups was greater
(Figure 3(a) and Figure 3(j)). The group size distributions for this DBH class in the single tree selection stand
differed significantly from the natural forest, as was the case for all other DBH classes except the 27 to 37 cm
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Figure 3. Observed (black line) and expected (grey) group size distributions for different DBH classes in Kyjov ((a)-(i)),
Bleicherode ((j)-(r)) and Stauffenburg ((s)-(y)). The y-axis shows the number of trees in groups of the same size, for an
imaginary forest compartment of 10 ha size. The logarithmic x-axis indicates the group size which is determined by groups
of trees with crown contact. The observed empirical distributions were compared to random distributions of trees (with 95%
confidence interval highlighted in grey). The star symbols denote statistically significant differences at 90, 95, 99 and 99.9 %
confidence levels (“.”, “*7, “**» t“*x**") Eor sample sizes of less than 50 no significances are given (“-”).

and the 67 to 77 cm classes. For tree sizes below 57 cm DBH, the selection stand contained fewer small tree
groups than would be expected from a random distribution. Differences were significant except for the 27 to 37
cm class where the p-value was 0.09. Larger trees with a DBH above 57 cm seemed to occur slightly more often
in smaller groups and less often in bigger groups compared to the random stands. However, differences were
only significant for the 67 to 77 cm class in the sensitivity analysis with enlarged crown radii. One major differ-
ence between these two stands was the narrower DBH range of the latter. In addition, the managed stands con-
tained fewer trees and tree groups than the natural forest. Single frequency values of tree groups per size class
are shown in the Table 2 and Table 3 for those two study stands. Across all 10 cm wide DBH classes, the sin-
gle-tree selection stand was broadly similar to that of the unmanaged forest, compared to the even-aged stand.



L. Drossler et al.

Table 2. Natural forest Kyjov: Number of tree groups on 10 ha (total tree number is 3226 trees). Trees in each group belong
to one DBH class. Grouping criterion is the estimated crown contact (see Section 2.3).

G(rNOLlJJr‘])‘ISilee DBH classes [cm] Toffl tr:t;g;ber
of trees in that
per group) group size
7-169 17-269 27-369 37-469 47-569 57-66.9 67-769 77-869 >87
1 258.4 228.8 120.8 97.6 78.4 61.6 70.4 53.6 29.6 999
2 99.2 60.8 35.2 320 19.2 23.2 13.6 9.6 4.0 594
3 52.0 29.6 15.2 15.2 11.2 11.2 7.2 24 0.8 434
4 23.2 16.8 5.6 24 6.4 4.0 24 0.8 246
5 21.6 7.2 4.8 0.8 1.6 1.6 188
6 8.0 4.0 0.8 24 16 0.8 106
7 6.4 1.6 0.8 0.8 0.8 73
8 7.2 1.6 0.8 77
9 6.4 1.6 72
10 5.6 0.8 64
11 0.8 24 35
12 32 38
13 16 0.8 31
14 16 22
15 0.8 12

16
17 0.8 14
18 0.8 14
19
20 0.8 16
21 0.8 17
22
23
24 24 58
25
26 1.6 42
27
28 16 45
29
30
31
32
33
34
35
36 0.8 29
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Table 3. Selection forest stand Bleicherode (Plenterwald): Number of tree groups on 10 ha (total tree number is 2516 trees).
Trees in each group belong to one DBH class. Grouping criterion is the estimated crown contact (see Section 2.3).

Group size Total number
(Number DBH classes [cm] of trees
of trees in that
per group) group size

7-16.9 17-269 27-36.9 37-46.9 47 - 56.9 57 -66.9 67-76.9 >77

1 2147 184.0 145.3 78.7 78.7 61.3 34.7 797
2 57.3 44.0 58.7 30.7 32.0 25.3 13 499
3 30.7 8.0 33.3 16.0 9.3 53 308
4 10.7 14.7 13.3 53 176
5 6.7 1.3 9.3 6.7 2.7 2.7 147
6 4.0 4.0 6.7 53 4.0 144
7 2.7 4.0 13 56
8 13 1.3 1.3 32
9 13 13 2.7 2.7 72
10 1.3 13
11 2.7 29
12 13 16
13 13 13 35
14

15 13 20
16

17 13 23
18

19

20

21

22

23

24

25 13 33
26

27 13 36

28

29 13 39

30

31 13 41
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The tree size distribution for the even aged stand did not differ significantly from that for the random distibu-
tions (Figures 3(s)-(y)). Beside its general lack of small and very large trees, the even-aged stand also exhibited
group numbers that declined exponentially with increasing group size. Contrary to the findings in the other two
stands, the 47 - 57 cm DBH class contained most of the trees and the largest groups. Within the 10 ha study plot,
this class was represented by 91 single trees, 39 two-tree groups, and 11 groups with minimum seven trees of
this size per group (Figure 3(v)).

3.4. Exponential Fits and Sensitivity Analyses

The exponential regression function f(x) = A-e ™ (x = number of trees per group) was fitted to the three empiri-
cal tree group size distributions presented in Figure 3, yielding R? values of >0.8. Lower R? values only oc-
curred when the exponential function was not flexible enough to follow the steep decline of small groups and
the flat distribution of large groups. Lambda values of the fitted functions ranged from —0.1 to —1.2.

Increasing the crown radii used to define the neighbourhood of each tree by 20% reduced the number of sin-
gle trees for all size classes and stands by one third, and increased the number of large tree groups. In the natural
forest, the number of single trees in the smallest DBH class (7 - 17 cm) decreased from 26 to 15 trees per ha
while the number of large groups with more than 15 trees rose from one to two per ha.

An analysis of 20 separated systematic sample plots of 0.4 ha each in Kyjov yielded virtually identical group
size frequencies to those observed in the initial analysis of a single large 12 ha plot; one difference was that the
maximum number of large tree groups in large DBH classes decreased slightly.

4. Discussion
4.1. Natural Forest Structure and Dynamics

Earlier studies by Zeibig et al. (2005) and Drossler and von Lipke (2005) described steep exponential declines
in the size distributions of canopy gaps in natural beech forests in Europe. The size and shape of canopy gaps in-
fluences the initial conditions that govern future stand development. Canopy gaps give rise to tree groups and
determine the future stand structure (Oliver & Larsen, 1996; Muscolo et al., 2014). In addition, closed and open
canopies are associated with different stand structures, depending on the stand history (former gaps) and other
factors (Schiitz & Saniga, 2011). Concerning former gap sizes, Samonil et al. (2013) determined disturbance
events dendrochronologically in a beech-dominated forest reserve and reported autocorrelations within ranges of
0 - 30 m, and rarely exceeding 60 m.

Our results indicate that neighbouring trees of different sizes dominate the heterogeneous stand structure of
natural beech forests. Interestingly, the number of more homogeneously structured stand sections decreased ex-
ponentially as their size increased. The number of groups declined exponentially (and in some cases, even more
rapidly, exhibiting a reversed J-shaped decline) with increasing group size. The same pattern has been observed
in a similar study conducted in a second natural forest reserve in Slovakia even though the initial agents of dis-
turbance (uprooting versus wind-break) were different (Drossler & von Lupke, 2005). Such a pattern may be
typical for natural beech forests in central Europe, but further studies at other locations would be required to
answer this question.

More insights into natural stand dynamics were obtained by comparing the observed group distributions with
randomly simulated distributions. Whereas small trees were actually more likely to be aggregated into groups,
very large trees were less extensively grouped. The latter indicates the tendency that very large trees are more
regularly distributed than randomly. Such a finding could even be interpreted as an indication of a
self-organizing process which is on debate in ecological theory (Levin, 2005; Solé & Bascompte, 2006). A more
regular distribution of the largest trees would also facilitate small disturbances because larger trees are more
prone to such events than smaller ones (Schiitz & Saniga, 2011).

The low frequency of small groups of trees with low diameter indicated a somewhat coarser forest texture
than in the random distribution. Large groups of small trees are more frequent than random, also indicating a
coarse (homogeneous) structure. However, due to the small maximum size of such groups (covering less than
0.1 ha, with interspersed larger trees), this finding does not contradict with our previous conclusion of the
dominance of heterogeneous stand structures. But our findings revealed a more complex stand structure than

described by average patch sizes.
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4.2. Comparing Managed and Natural Stands

Diameter distributions make it possible to assess the stand structure of natural and managed forests with rela-
tively little effort (Burschel & Huss, 1997; Schitz, 2001). The DBH distributions of the three study stands re-
flected the differences in tree sizes between the stands completely and would provide a useful management
guide for tree removals in the managed stands. However, they did not provide spatial information such as
neighbourhood relationships between trees. If a closer imitation of complex natural stand structures were desired,
information about this relationship would be crucial. The method presented herein could potentially support the
development of more natural stand structures in managed forests.

The decrease in group numbers with increasing group size was observed in all stands, but the numbers and the
decline were different. For example, the number of groups containing at least four trees of DBH 50 - 64 cm in
the even-aged stand in Stauffenburg was twice that in the natural forest. The single-tree selection stand in Blei-
cherode more closely reproduced the observed natural stand structures. Only small differences between the
number of large trees and the maximum size of tree groups were revealed. This finding demonstrates that dif-
ferent heterogeneous horizontal stand structures can be achieved by adequate forest management.

As mentioned in the introduction, existing quantitative methods for identifying different developmental stages
in forests are mainly based on rasterization. We suggest that tree groups in beech forests develop via multiple
pathways and can change their spatial arrangement over time (for example, disturbances and diameter differen-
tiation may split a tree group). Consequently, it may be best to combine multiple methods in order to more ac-
curately describe the complex process of forest development in natural and managed forests. For example, in
previous studies different raster types were used and compared to determine the developmental stages of natural
stands or the three study stands examined in this work (Tabaku, 2000; Drossler & Meyer, 2006; Kral et al.,
2014). The tree group size distributions identified in this investigation are broadly consistent with those identi-
fied using the earlier raster-based approach.

Furthermore, the success in achieving “close-to-nature” conditions could also be assessed by other indicators
of forest structure, biodiversity or ecological complexity (see Zenner & Hibbs, 2000; Pommerening, 2002; Par-
rott, 2010; Winter & Brambach, 2011; von Gadow et al., 2012).

4.3. Limitations of the Presented Method

The method is time consuming because tree coordinates are required over study areas large enough to feature
trees from all of developmental stages. Therefore, rare large-scale disturbances are difficult to address with this
method (Drossler & von Lipke, 2005). Moreover, trees of the same size may have very different ages because
beech can tolerate long periods of suppression (Piovesan et al., 2005; Kral et al., 2010; Sebkova et al., 2012) and
respond strongly after release even at high ages (Leibundgut, 1993; Korpel, 1995; Schutz, 2001). This may
complicate the application of the cohort concept in beech stands. However, Trotsiuk et al. (2012) found a good
correlation between DBH and age (r* = 0.8) in a natural beech forest reserve in Ukraine. In addition, it requires
huge resources to determine the age of trees on such large areas, while tree sizes provide sufficient guidance for
the management of uneven-aged forests (Schutz, 2001). Nevertheless, the probability of finding neighbour trees
of the same size with precisely the same age in uneven-aged forest is not high, especially in older stages (Shi-
matani & Kubota, 2011). Therefore, a group of trees of the same size class is not equal to a cohort sensu Oliver
and Larson (1996) or others. In this respect, the even-aged stand Stauffenburg illustrates how one large single
cohort can be divided into different tree groups (Figure 3, see Drdssler, 2006, for single frequency values) or
developmental stages (Tabaku, 2000), due to self-differentiation processes of trees.

Another drawback of the method is the large proportion of overlapping tree crowns in tree groups of different
tree size classes. Drossler and Meyer (2006) found a ratio of 186% between crown coverage (area sum of single
trees) and stand area in Kyjov. Furthermore, the crown size-based definition of neighbourhood and DBH classes
affects the calculation of group sizes. However, steep exponential declines of group observations with increasing
group size were found for all DBH classes even in cases where enlarged radii were used to define neighbouring
trees.

The exclusion of dead trees and coarse woody debris from this study ignored the possibility to explore other
important links to previous forest dynamics, which can improve the relation between the evaluated forest struc-
ture and assumed disturbance history (Koop & Hilgen, 1987).

Lastly, climate and soil conditions have effects on forest structure and dynamics. The natural forest stand
examined in this work was several hundred kilometres away from the managed stands, and so may have rather
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different climatic conditions and soil. Unfortunately, this was unavoidable—the Slovakian reserves are the clos-
est natural stands of pure beech forest to the managed sites representing locations at sub-montane elevation.
Beech forest is presumed to be the natural vegetation in the absence of human interference at sub-montane and
colline elevation in Germany (Bohn et al., 2003). It is worth noting in this context that the study conducted at a
second reserve in Slovakia with a different soil type yielded similar results to those reported herein for Kyjov
(Drossler, 2006).

5. Conclusions

We provide a method for describing complex stand structures that may result from close-to-nature forest man-
agement which aims to simulate natural forest processes, to emulate natural disturbances and to increase struc-
tural diversity (Otto, 1994; Larsen, 2012). The results are based on quantitative measurements and enable com-
parisons to references from natural forests. Although the method generates images that can be used by managers
who are aiming to develop natural stand structures, the frequency distributions of tree groups is not equal to for-
est developmental stages! In fact, the method is developed to complement the existing methods for studying
stand structure and development.

Our results support the findings of other authors (Korpel, 1995; Tabaku, 2000; Meyer et al., 2003; Chern-
yavskyy, 2005; Commarmot et al., 2005) who concluded that the structure of natural beech forests was hetero-
geneous. Although homogeneously structured patches occur and cover areas of 400 - 1100 m? (as indicated by
Kral et al., 2014), they cover only a smaller proportion of the total forest area than heterogeneously structured
stand sections characterized by the interspersion of smaller patches.

The results strongly support our two hypotheses: A mix of single trees dominated in different size classes in
all three types of stands, and the number of tree groups decreased exponentially with increasing group size. Also,
we revealed a tendency for large, single trees in natural forest to be more regularly distributed over the whole
stand as suggested by random distributions.
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