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Abstract: One of the main goals of modern silviculture is to emulate the structural complexity of
old-growth forests. In this context, it is of advantage to identify a target state of structural complexity
at the stand level and to analyze the spatial characteristics that led to the desired complexity of forest
structures in primary forest references. In this study, we used 3D forest scenes captured by terrestrial
laser scanning (TLS) to identify spatial patterns of structural complexity of differently managed
and unmanaged European forests dominated by beech (Fagus sylvatica L.). We scanned in managed
even-aged and uneven-aged stands, as well as in formerly managed forests (National Parks) and
primary forests. For three different forest strata, representing the understory, the midstory, and the
overstory of a forest stand, we determined the structural complexity mathematically using fractal
analysis. Beyond that, we analyzed the density, as well as the horizontal and vertical distribution of
plant material. For all three forest strata, we observed differences in structural complexity between the
different forest types. Within the lower and middle strata, the investigated primary forests showed
a random to regular distribution of plant material, as well as a complex understory structure as a
result of pronounced natural decay. Compared to the primary forests, the managed uneven-aged
stands showed quite similar spatial patterns of distribution of plant material, but on average a higher
space occupation in the lower and middle forest stratum. Our results suggest that single tree or
group selection cutting is a useful management tool to imitate old-growth structures of undisturbed
beech-dominated forests.

Keywords: stratification; canopy layer; box-dimension; Fagus sylvatica L.; primary forest; fractal
analysis; terrestrial laser scanning; management gradient; Carpathian Biosphere Reserve

1. Introduction

Creating complex forest structures is one of the main objectives of modern forest management
and is becoming increasingly popular, especially in Central Europe and North America [1–4].
This management goal is of interest, because structural complexity can be positively associated with
several ecosystem services and functions [5,6], including biodiversity [7–9], forest productivity [2,10–12],
nutrient cycling [13], and habitat heterogeneity [14]. A complex forest structure is also expected
to support ecosystem stability, resilience, and adaptability towards changes in environmental
conditions [15,16].
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The few remaining primary forests that can be found in Central Europe are characterized by
what is referred to as old-growth forest structure [17]. They combine structural attributes, such as
dense natural regeneration, the presence of secondary crowns, and a high variation of crown structure
that all result in complex spatial arrangements within the forest [18–21]. Considering the vertical and
horizontal dimension, structural complexity manifests itself in multiple canopy layers and an irregular
horizontal distribution of tree components, consisting of irregularly distributed canopy gaps and dense
understory vegetation patches [14].

So far, in order to promote structural complexity, the management focus is more on uneven-aged,
multi-layered forest stands, instead of even-aged, single-layered stands. In terms of enhancing
the horizontal structure, the creation of differently sized and distributed canopy gaps proved to
be an efficient management approach [4]. It is yet largely unknown whether these measures result
in structures that are also typical for primary forests. In order to imitate complex structures of
primary forests, we first need to make their characteristic structures measurable and reproducible.
Despite approaches to quantify complexity without 3D measurements, such as the structural complexity
index (SCI) [22], the mean information gain index (MIG) [23], or the arc-chord ratio (ACR) rugosity
index [24], terrestrial laser scanning (TLS) has shown to be an efficient and effective method allowing
for an accurate and precise assessment of three-dimensional forest structure [25–27]. In combination
with methods for quantifying complexity, such as fractal analysis [28], the structural complexity of
forests can be assessed mathematically. The approach can also be utilized to quantify the complexity
of tree foliage [29], tree crowns [30–32], entire tree architecture [33,34] and stand structure [35,36] by
using three-dimensional (3D) point clouds derived from TLS. Several studies used this approach to
characterize and compare the structural complexity of European temperate forests along a management
gradient [37–39]. Ehbrecht et al. [37] showed that forests with a high stand structural complexity are
characterized by a high tree size differentiation, high diversity of tree diameters, and random patterns
of tree spacing. Stiers et al. [39] found a significantly higher stand structural complexity in primary
European beech forests than in formerly managed (20–30 years of no management) and presently
managed beech stands.

While we are now able to quantify the structural complexity of forests, we still lack a clear picture
of the spatial patterns of structural complexity at the stand level [40]. After identifying the target
structural complexity at the stand level, e.g., by taking the structural complexity of an old-growth
forest as a reference, it is also crucial to identify the structural characteristics of such a reference that
resulted in a given complexity. This is because many different configurations of plant material in a
forest may result in similar levels of structural complexity, but the forests may differ largely in where
the key strata or zones of complexity can be found, e.g., complex understory versus complex overstory.

Therefore, it is important to not only quantify the level of stand structural complexity, but also to
study the spatial arrangement of plant material that leads to a given structural complexity. From a
management perspective, it is also important to know how structural complexity and its characteristics
differ among differently managed forests, formerly managed forests, and primary forests. Therefore,
the primary aim of this paper is to contribute to the understanding of spatial patterns of structural
complexity in such forests. To do so, structural complexity needs to be quantified at the stand level but
also for smaller entities. We calculated the box-dimension (Db) as an estimate of the fractal dimension
for three different forest strata of 3D forest scenes, representing the under-, mid- and overstory of
a forest stand. We analyzed the density, as well as the horizontal and vertical distribution of plant
material, in order to examine spatial patterns of structural complexity. Specifically, the following
research questions were addressed:

(i) Do differently managed beech-dominated forests differ in the complexity of their lower, middle,
and upper forest stratum?

(ii) Are differences in the structural complexity of different forest strata characterized by differences
in the density and distribution of plant material?
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2. Materials and Methods

2.1. Study Sites

We studied different European beech (Fagus sylvatica L.) forest sites in Germany, Slovakia, and the
Ukraine. The location of all study sites can be found in Figure 1.
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Figure 1. Natural distribution area of Fagus sylvatica L. in Central Europe (gray area) and location of the
study sites. Each number represents one study site (1 = Ebrach, 2 = Hainich–Dün, 3 = Hann. Münden,
4 = Kellerwald, 5 = Lübeck, 6 = Reinhausen, 7 = Rožok and 8 = Uholka. Source of species distribution
map: http://www.euforgen.org. (modified after Willim et al. [38]).

All study sites were pure beech stands or beech-dominated stands with a minimum share of beech
of 66% in basal area. The managed stands are in the developmental phase of mature timber and at
least 81 years of age (see Table 1). We tried to figure out the documented ages of the managed and
unmanaged stands. However, this was only possible in forest stands of the Biodiversity Exploratories,
as well as for the managed stands in Ebrach, Hann. Münden, Lübeck and Reinhausen, where current
data was available. In the formerly managed National Parks, we had information about the stand age
at that time when management was ceased, e.g., 30 years ago. Therefore, it was possible to calculate the
age during data collection. Only in the primary forests, we had to rely on estimates from other studies.

All our study sites have temperate climatic conditions after the Köppen Geiger classification [41].
Annual mean temperature varies between 6.0 and 8.0 ◦C. Annual precipitation ranges from 500 to
1407 mm. Except for Lübeck (40–90 m above sea level; abbreviation: a.s.l.), all study sites in Germany
are located in the lower mountain ranges (190–1000 m a.s.l.). The study sites in the Western Carpathians
are located highest, with 580–840 m (a.s.l). A detailed description of the environmental conditions of
the study sites, as well as information about the number of plots per study sites are given in Table 1.

http://www.euforgen.org
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Table 1. Information on the basic environmental conditions of the study sites (MAT = mean annual
temperature; MAP = mean annual precipitation). For each study site, we chose four study plots. For the
Hainich-Dün region, we considered additional study plots (*), which were part of the Biodiversity
Exploratories. Number (No.) of study plots for each forest type were: even-aged (EA): n = 12,
uneven-aged (UEA): n = 8, formerly managed (FM): n = 11 and primary forest (PF): n = 8.

Location Study Sites MAT
(◦C)

MAP
(mm)

Elevation
(m a.s.l.)

Forest
Type

Age
(Years)

No. of
Plots

Germany Ebrach 7–8 850 320–480 UEA 111 4

Hainich 6.5–8 500–800 285–550 UEA
FM

160–186
150–182

4 *
4 + 3 *

Hann.
Münden 6.5–7.5 750–1050 270–410 EA 81 4

Kellerwald 6–8 600–800 540–635 FM 184 4
Lübeck 8–8.5 625–725 40–90 EA 131 4

Reinhausen 8 740 190–310 EA 98 4
Slovakia Rožok 6–7 780 580–745 PF ~220 4
Ukraine Uholka 7 1407 700–840 PF ~350 4

The chosen forest sites represent different forest types in Central Europe. They consist of even-aged,
uneven-aged, formerly managed, and unmanaged beech stands. Even-aged managed stands are
located in the forest districts of Hannoversch Münden and Reinhausen (Lower Saxony State Forest).
In these stands, management is based on the “Guidelines of beech forest management in Lower Saxony,
Germany” [42]. This forest type is mainly characterized by a rather yield-orientated management. It is
based on a thinning cycle of about five to 10 years. Around an age of 120 to 140 years, trees that have
reached a certain target diameter are harvested [43]. Further, even-aged stands were selected in the
forest districts of Lübeck (Northern German Lowlands). These stands are characterized by reduced
thinning and harvesting frequencies and intensities, as well as by a high growing stock. Formerly
managed beech stands were selected in the National Parks “Hainich” and “Kellerwald-Edersee”.
Both study sites underwent no management interventions for at least two to three decades [38].
In addition to the above-mentioned stands, we considered uneven-aged and formerly managed stands
in the Hainich-Dün region (marked by a *, Table 1) that are part of the Biodiversity-Exploratories
(www.biodiversity-exploratories.de), which is a long-term research project that aims at investigating
the impacts of management on biodiversity and ecosystem processes [44]. Further uneven-aged stands
were recorded in Ebrach (Bavaria). The management of the uneven-aged stands is characterized by
single tree harvests of high frequency but low intensity [45]. Interventions are mainly focused on the
overstory trees (≥50 cm in diameter at breast height; see [46]). The two investigated primary forests of
the Carpathian Mountains [17] showed no signs of silvicultural disturbance [7]. Rožok is a National
Nature Reserve (NNR) in the Slovakian Republic near the Ukraine Border. The second primary forest
Uholka is located in Uholka-ShyrokyLuh (Ukraine), which is part of the Carpathian Biosphere Reserve
(CBR). In Rožok, the average age of mature trees was 180 to 230 years [47]. We assumed a conservative
mean age of about 220 years for Rožok (see Table 2). The mean age of dominant trees in Uholka
was estimated to be 350 years [21]. For details on the primary beech forests of Rožok and Uholka,
the interested reader is referred to Kucbel et al. [20] and Commarmot et al. [19].

www.biodiversity-exploratories.de
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2.2. Terrestrial Laser Scanning and Sampling Design

We used terrestrial laser scanning to measure the three-dimensional structure of each stand.
In order to collect data of forest stands in leaf-on condition, measurements were done in the vegetation
period (May to August), with all species being fully foliaged. Within the framework of the Biodiversity
Exploratories, scans were conducted in 2014. All other scans were taken in 2017 and 2018. All scans
were conducted at wind speeds below 10 m × s−1 and during dry weather conditions.

Before scanning in the field, four sample plots were randomly placed in an area of about 20 hectares
within each forest site using QGIS software (Quantum GIS Development Team 2017). Additionally,
we selected a subset of seven sample plots from the repository of the Biodiversity Exploratories.
Within the Biodiversity Exploratory project, an area of 45 × 45 m was considered for data acquisition.
For the data collection in 2017/2018, we scanned an area of 50 × 50 m. The scans were based on the
multi-scan approach [48]. Before scanning, chessboard targets were distributed in order to enable a
spatial co-registration. To cover the vegetation in detail and from multiple perspectives, 30–80 scans
were systematically distributed across the plot. However, the exact number and position of the scans
depended on the understory density and heterogeneity. We conducted more scans in plots with dense
understory compared to plots with lower understory density. Nevertheless, even with a large number
of scans per plot, there is still the possibility that occlusion affected the measured spatial complexity,
resulting in an underestimation of the real complexity. However, Ehbrecht et al. [26] showed that
with more than 18 scans per plot (40 × 40 m), a threshold that we always met, occlusion cannot be
significantly reduced anymore.

The scans were performed with a Faro Focus 3D laser scanner (Faro Technologies Inc., Lake Mary,
FL, USA). In the year 2018, additionally, the Faro Focus M70 (Faro Technologies Inc) was used,
depending on which model was available. Before scanning, it was ensured that both scanners had the
same scan settings and used identical standard filters during the scan process (Clear Contour- and
Clear Sky-filter).

In the field, the scanners were placed on a tripod at breast height (1.30 m above ground).
Both instruments covered a field of view of 300◦ (vertically) × 360◦ (horizontally). During scanning,
an angular resolution of 0.035◦ was used, resulting in a resolution of 10,240 points per 360◦.

All scans were imported into the Faro Scene Software (Faro Technologies Inc). Dark scan points
(with low reflectance) and erroneous points (e.g., split beams) were eliminated using the software’s
standard filters. Then, all individual scans conducted within one plot were co-registered, so that at the
end, one three-dimensional (3D) point cloud is representing one plot.

2.3. Data Processing

Then, raw point clouds were imported into Mathematica® software (Wolfram Research,
Champaign, IL, USA). In order to normalize the spatial density of the point clouds, they were
voxelized based on 20 × 20 × 20 cm voxels (volumetric pixels). We decided to choose this voxel size
for several reasons. If the voxel size is chosen too small, it would be possible that occlusion effects
result in artificial gaps in the voxel model. Additionally, tree trunks may appear as hollow cylinders
instead of solid objects, which would lead to an underestimation of space filling by plant material [49].
While larger voxel sizes have proven to be a solid method to compensate occlusion, they can lead to
an overestimation of the effective space filling, because smaller gaps are missed [26]. By using larger
voxel sizes, there is also the risk that structural heterogeneity cannot be recorded in detail. Since we
know that a voxel size of 20 cm side length is a trustful size in order to minimize occlusion effects
and preserve detailed information on forest structure at the same time, we decided on this voxel
length [26,50].

Filled voxels contained at least one laser hit, whereas empty voxels had no laser hits. To exclude
uneven terrain, we corrected the topography based on a digital terrain model calculated from the
voxelized point cloud using the lowermost hits. Then, the ground-level height from the digital terrain
model was used to calculate normalized heights for each voxel. To do so, each voxel was corrected
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with the terrain level height at the voxel’s xy-position. Out of the voxelized, slope-corrected point
clouds, we extracted a predefined extent (40 m × 40 m × stand height). In order to reduce the influences
of terrain points, shrubs, grasses, and dead wood on the data, we eliminated all voxels below 1 m
stand height. The stand height of each individual 3D forest stand was defined as the uppermost height
stratum, in which at least one voxel was present, and it was considered as 100% (relative heights).
The absolute stand height was defined as the z-value of the highest voxel in the uppermost layer minus
1 m.

To quantify the complexity of the forest structures, we used the box-dimension (Db) that is used to
describe the fractal dimension of objects [28]. Db was calculated as the slope of the fitted straight line
through a scatterplot of log (n) over log (1/r). In this context, log () is the natural logarithm and n is the
number of boxes with the size r needed to enclose all points in a 3D point cloud. Details on this method
when applied to trees or forest stands can be found in Seidel et al. [34] and Sarkar and Chaudhuri [51].

We calculated the Db for three horizontal forest strata of each 3D point cloud. Based on the
classification of the International Union of Forest Research Organizations (IUFRO), we defined the
lower stratum as the lowest 33%, the middle stratum between 34% and 66%, and the upper stratum
from 67% to 100% of our predefined stand height [52,53] (see Figure 2).
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Figure 2. Side views of transects gained of voxelized (20 × 20 × 20 cm) 3D forest stands representing
different forest types: An even-aged (EA) forest stand in Lübeck (a), a managed uneven-aged (UEA)
and formerly managed (FM) forest stand in Hainich (b,c) and an unmanaged primary forest (PF) in
Uholka (d). The relative stand height (100%) was defined as the uppermost stand stratum in which at
least one voxel could be found. The three main forest strata were lower forest stratum (≤33% of the
relative stand height), middle forest stratum (34–66% of the relative stand height), and the upper forest
stratum (67–100% of relative stand height).

To determine the density and spatial patterns of the vegetation, we imported the voxelized,
slope-corrected 3D point clouds into the software R (version 3.4.2; R Development Core Team, 2017
Vienna, Austria). We divided each point cloud into 20 horizontal strata, each 5% of the total stand height
in thickness. We used the relative space filling rSPf [%] as a measure of density and calculated it for
each stratum. The calculation of the rSPf [%] was based on the method described in Juchheim et al. [48].
rSPf [%] describes the percentage of space that is filled with voxels that contained vegetation hits.
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To calculate rSPf [%], the volume of all filled voxels within a stratum was determined and set in relation
to the stratum’s total volume.

To describe spatial patterns of the vegetation, we calculated the Clark–Evans index (CE index) of
aggregation [54] using the package (‘spatstat’). Before the calculation, we projected the 20 horizontal
strata onto a plane by setting the height value (z-value) of each voxel to zero (vertical projection).
Subsequently, we extracted duplicate voxels. We used the index as a measure of horizontal point
patterns of individual voxels in the area of the previously extracted horizontal strata. It is based on the
distance from a voxel to its nearest neighbor and defined as:

R = rA/rE (1)

with rA being the mean observed distance from randomly selected voxel to their nearest neighbors
and rE being the expected mean distance between nearest neighbors, if a random distribution (Poisson
distribution) is assumed. The ratio R expresses the degree to which rA approaches or departs from
rA. R values range between 0 (maximum clumping) and 2.1491 (strictly regular, hexagonal pattern).
Values equal to 1 indicate random voxel patterns. Based on this range, one can coarsely distinguish
between clustered (R < 1) and more regular (R > 1) voxel patterns. To avoid edge bias on the aggregation
index, the Donnelly edge correction was applied [55,56].

2.4. Statistics

Statistical analyses were done with the software R, version 3.6.3 (R Development Core Team, 2020,
Vienna, Austria). Before determining differences in Db for the different forest types, we tested for
normal distribution and homogeneity of variance (Shapiro–Wilk test for normality; Levene test for
homogeneity of variance). If the data met the conditions for parametric tests, we used the ANOVA to
test for differences in Db between the different forest types. After applying the ANOVA, we used the
Tukey HSD (honestly significant difference) test for post-hoc comparisons. In case normal distribution
and homogeneity of variance could not be assumed, we used the non-parametric Kruskal–Wallis test
to determine differences in Db for the different forest types. For post-hoc analysis, we applied the
Wilcoxon rank sum test. We used a significance level of p < 0.05 for all tests.

3. Results

3.1. Db of the Lower, Middle, and Upper Forest Stratum of Differently Managed and Unmanaged
Beech-Dominated Stands

We found significant differences in Db of all three forest strata between the different forest types
(see Figure 3a–c). The highest median of the Db was found in the lower forest stratum of the primary
forests. It was significantly higher than those of the lower forest strata in the even-aged (p = 0.014) and
formerly managed stands (p < 0.001), but equal to the uneven-aged stands (p = 0.139) (see Figure 3a).
Considering the middle forest stratum, we found significant differences in Db between the managed
even-aged and the formerly managed stands (p < 0.001) (see Figure 3b).

In the upper forest stratum, Db was significantly lower in the primary forests than in the even-aged
(p = 0.0011) and formerly managed beech stands (p = 0.007), but we found no significant differences
between the Db of the primary forests and the uneven-aged managed stands (p = 0.236) (see Figure 3c).
We also observed that the Db of the upper forest stratum in the formerly managed stands did not differ
significantly from the managed, even-aged beech stands (p = 0.887) (see Figure 3c). Compared to the
even-aged stands, the uneven-aged stands showed significantly lower Db in the upper forest stratum
(p = 0.012).

Considering the lower forest stratum of the managed even-aged stands, lowest Db was observed
in the forest district Reinhausen (98 years) (see Table 2). Looking at the lower stratum of the formerly
managed forests and the primary forests (both unmanaged forests), we observed increasing Db median
values from the formerly managed stands (150–184 years) over Rožok (approximately 220 years) to
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Uholka (approximately 350 years) (see Table 2). Considering the unmanaged forests, Rožok showed
highest Db in the middle forest stratum (see Table 2). For the upper forest stratum of the managed
stands, highest Db was found in Lübeck (131 years) (see Table 2). Furthermore, we observed lowest Db

for the upper stratum of the managed uneven-aged stands in Hainich-Dün (see Table 2). Looking at
the upper forest stratum, there were decreasing Db median values from the formerly managed stands
(150–184 years) over the primary forests Rožok (approximately 220 years) to Uholka (approximately
350 years) (see Table 2).Remote Sens. 2020, 12, x FOR PEER REVIEW 9 of 17 
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We found highest rSPf [%] mean values within the lower forest stratum of the primary forest 
Uholka (rSPf [%] = 9.55) and the uneven-aged forest stands in the Hainich-Dün region (rSPf [%] = 
8.85) (see Table 2). The uneven-aged stands and the primary forests showed a tendency towards 
random to regular horizontal vegetation patterns within the entire lower forest stratum (CE index 

Figure 3. Box-and-whisker plots showing the box-dimension (Db) for the lower (a), middle (b),
and upper forest stratum (c) depending on the forest types. The different letters indicate significant
differences between the different forest types at p < 0.05. Sample sizes for the different forest types
were even-aged managed (EA): n = 12, uneven-aged managed (UEA): n = 8, formerly managed (FM):
n = 11, and primary forest (PF): n = 8. Black horizontal lines indicate the median.

3.2. Spatial Patterns and Density of Vegetation in Differently Managed and Unmanaged Beech-Dominated
Stands Within the Lower, Middle, and Upper Forest Strata

3.2.1. Lower Forest Stratum (≤33% of Relative Stand Height)

We found highest rSPf [%] mean values within the lower forest stratum of the primary forest
Uholka (rSPf [%] = 9.55) and the uneven-aged forest stands in the Hainich-Dün region (rSPf [%] = 8.85)
(see Table 2). The uneven-aged stands and the primary forests showed a tendency towards random to
regular horizontal vegetation patterns within the entire lower forest stratum (CE index mean values > 1,
see Figure 4a), although Rožok showed lower mean values of the CE index when compared to Uholka
(see Table 2). Compared to the primary forests and the uneven-aged stands, the even-aged managed
and formerly managed stands showed, on average, clustered horizontal vegetation patterns within the
entire lower forest stratum (see Figure 4a).
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Figure 4. (a) Line plots showing the mean values of the Clark–Evans index (CE index) calculated
for forest strata of 5% thickness each in the different forest types. Values > 1 indicate regular spatial
patterns, while values < 1 tend to more clustered patterns. Values = 1 indicate random patterns;
(b) Line plots showing the mean values of relative space filling (rSPf%) calculated for forest strata of 5%
thickness each in the different forest types. Sample size per 5% height layer for different forest types
was: even-aged (EA): n = 12, uneven-aged (UEA): n = 8, formerly managed (FM): n = 11, and primary
forest (PF): n = 8.

3.2.2. Middle Forest Stratum (34–66% of Rel. Stand Height)

Within the middle layer, the lowest rSPf [%] mean value was found in the primary forest Uholka
(see Table 2). We found highest rSPf [%] mean values in the even-aged stands (see Figure 4b; Table 2:
Reinhausen = 9.69 and Hann. Münden = 10.51). Especially between 50% and 65% of total stand height,
even-aged stands showed higher rSPf [%] and mean values of CE index than the remaining forest
types (see Figure 4a,b). Compared to the other forest types, the formerly managed stands showed
lowest mean values of the CE index (see Figure 4a; Table 2). Up to a relative stand height of 50%, they
showed more clustered vegetation patterns (mean values < 1) compared to the remaining forest types
(mean values > 1) (see Figure 4a).

3.2.3. Upper Forest Stratum (67–100% Rel. Stand Height)

From 75% to 95% of relative stand height, rSPf [%] and mean values of the CE index were
constantly decreasing (see Figure 4a,b). The even-aged and formerly managed stands showed up to
90% of relative stand height, constantly higher rSPf [%], and higher mean values of the CE index than
the uneven-aged stands and primary forests (see Table 2). The primary forests showed a quite similar
trend of rSPf [%] and CE index as observed for the uneven-aged stands, with Uholka having the lowest
rSPf [%] mean values (see Figure 4a,b; Table 2).

4. Discussion

4.1. Spatial Patterns of Structural Complexity of the Lower, Middle, and Upper Stratum of Different
Forest Types

The managed (EA, UEA) and unmanaged (FM, PF) forests considered here comprise different
stand ages (see Table 1), resulting in a certain variability in Db, rSPf [%], and CE index (see Table 2).
Within the lower, middle, and upper forest strata of the differently managed stands, we observed
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differences in the structural complexity, density, and horizontal distribution of plant material. In general,
forest strata with a significantly higher Db (see Figure 3a–c) showed comparably high CE index and
rSPf [%] mean values (see Figure 4a,b). Therefore, it seems that forest strata with a higher Db are
characterized by a high density and random to regular distribution of plant material. This pattern
can be observed in the example of the lower stratum of the uneven-aged stands and primary forests
(see Figure 3a; Figure 4a). In contrast, forest strata with a significantly lower Db (see Figure 3a–c)
are also characterized by lower CE index and rSPf [%] mean values (see Figure 4a,b). In this case,
forest strata with a low Db were more likely to show clustered distribution patterns, as well as a
lower occupation by plant material, as it can be exemplarily observed for the middle stratum of the
formerly managed stands (see Figure 3b; Figure 4b). However, our observations are in line with the
assumption that structural complexity is, to a certain degree, density-dependent [35,37], because the
spatial arrangement of structure depends on the existence of plant material. This dependency can be
pretty well observed in Figure 4, when comparing the vertical profile of rSPf [%] and the CE index.

Canopy gaps have a direct impact on the spatial patterns of crown plant material [14]. In mature,
even-aged stands, canopy gaps were created through target diameter harvests. Assuming that trees
that have reached their target diameter are regularly distributed across the stand, canopy openings of
the remaining canopy trees do also largely follow an even distribution [4,46]. Therefore, the remaining
upper canopy plant material in the even-aged stands (70–80% of relative stand height) tended to a
more regular horizontal distribution (CE index mean values > 1; see Figure 4a).

Due to thinning from above, the remaining midstory trees of the managed even-aged stands
were kept alive. This resulted in comparably high rSPf [%] and CE index mean values in the middle
forest stratum, as can be found in the forest districts Reinhausen and Hann. Münden (see Table 2).
The positive effect of thinning from above on the rSPf [%] of the middle forest stratum (50–60% relative
stand height) in beech-dominated stands was also observed by Juchheim et al. [48]. Due to a certain
variation of tree heights and crown dimensions in the even-aged stands, plant material between 50%
and 65% of relative stand height showed a more regular distribution pattern, while young regeneration
growing in canopy gaps as well as stems of midstory trees appeared rather clustered in the lower layer
(see Figure 4a, Table 2).

Compared to the even-aged stands, we observed a significantly lower Db for the upper forest
stratum of the uneven-aged stands (see Figure 3c). One management goal in terms of creating an
uneven-aged stand is a noticeable reduction of canopy closure [4]. Especially in beech-dominated
uneven-aged forests, single to group selection is a common management tool to open up the
canopy [4,46]. Interventions are mainly focused on the overstory trees > 50 cm diameter at breast
height [46]. This would explain the lower rSPf [%] mean values in the uneven-aged managed stands
compared to the even-aged stands (see Figure 4b), resulting in a more clustered plant material of the
upper canopy that is comparable to that of primary forests (see Figure 4a). The constant reduction of
canopy closure in the upper layer of uneven-aged stands resulted in a regular vertical and horizontal
distribution of dense plant material within the lower and middle forest stratum. We observed higher
rSPf [%] and CE index mean values up to 30% of relative stand height, compared to the majority of the
even-aged stands (see Figure 4a,b).

Canopy gaps in unmanaged forests in Central Europe are caused by the mortality of single trees
due to senescence, decay, and exogenous events, such as storms and snow falls [20,57,58]. In the
upper forest stratum of the unmanaged forests under study, we found a significantly higher Db in the
formerly managed stands than in the primary forests (see Figure 3c). The formerly managed beech
stands showed a dense and regular distributed canopy structure between 75% and 90% of relative
stand height (Figure 4a,b). These results can be explained by the fact that management in the formerly
managed stands was ceased during their optimal phase, which the majority of the forests still seemed
to be in (decay phase has not begun yet). Even if single trees might have collapsed or have been
outcompeted by neighboring trees and left small gaps, these were quickly closed by the lateral crown
expansion of neighboring beech trees due to their high crown plasticity [59–61]. The shading effect of
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the pronounced closure of the upper forest stratum led to a reduction in tree numbers in the midstory
due to competition and a successive self-pruning of lower branches. This in turn resulted in lowest Db

median for the middle forest stratum (see Figure 3b). We also observed a lower rSPf [%] and lower CE
index mean values compared to the primary forests (see Figure 4a,b). At the same time, a substantial
regeneration layer could not develop yet, which was indicated by the low Db values for the lower
forest stratum (see Figure 3a; Table 2). Therefore, trunks had the main influence on the horizontal
distribution of plant material in the lower and middle stratum. For that reason, the formerly managed
stands showed, on average, clustered patterns of plant material in the lower and middle forest stratum
(see Figure 4a).

For the upper forest stratum of the unmanaged forests, we observed decreasing Db median values
from the formerly managed stands (150–184 years) over the primary forest Rožok (approximately
220 years) to the primary forest Uholka (approximately 350 years) (see Table 1; Table 2). Compared to the
formerly managed forests, the decay phase is more pronounced in old-growth forests and characterized
by a larger number of small gaps (<200 m2) and a few larger gaps [62–67]. Stiers et al. [43] recorded
small gaps for some of the primary forest stands investigated here (<200 m2). Since we observed
lower mean values of rSPf [%] in Uholka than in Rožok (see Table 2), we assume that the canopy
of Uholkas’ primary forests contains more and/or larger gaps. Therefore, one possible explanation
for the low mean values of Db in Uholka’s upper layer could be the absence of plant material as a
result of decay. However, the upper stratum of primary forests is not always organized in a single
stratum, but it is sometimes dominated by a few giant trees emerging from a more closed stratum
underneath. The emergent layer is characterized by a lower space occupation compared to the layer
underneath. This resulted in the low box-dimension values, which are, in extreme cases, close to 1
due to the presence of a few tree tops of giant trees reaching out of the “stand”. Considering the other
forest stands, the vertical layering of the upper stratum was more homogenous with no emergent trees.

Due to the large canopy openings, resulting in low rSPf [%] values in the upper forest stratum in
Uholka (see Table 2), pronounced understory vegetation could establish. This explains the high rSPf [%]
within the lower stratum (see Table 2). The different heights and crown dimensions of young and more
advanced regeneration trees resulted in a pronounced vertical distribution of regularly distributed
vegetation patches (see Figure 4a,b). The density of natural regeneration, as well as the heterogeneity of
different heights of regeneration trees, resulted in a significantly higher Db for the lower forest stratum,
compared to the one of the formerly managed forests (see Figure 3a). In addition, other understory
attributes, such as shrub height [68] and understory species richness [69] were additional drivers for
the high Db of Uholka’s lower stratum. Commarmot et al. [19] found a rather sparse occupation of
the middle forest stratum of the primary forest in Uholka. This result corresponds well with our
observations. With a focus on the middle forest stratum, we found the lowest rSPf [%] in Uholka
(see Table 2). One explanation for this observation may be that suppressed beech strongly responds to
increased light conditions, growing quickly through the midstory. When interpreting the space filling
in the middle layer of Uholka, one has to consider the maximum height limit (in meter) of this stratum
(see Table 2). The middle stratum of both primary forests ranged from about 15 to 30 m. Due to this
fact, the middle stratum of the investigated primary forest could be affected by a high age-induced
mortality of mature trees.

In general, there is likely greater light availability in the middle and lower stratum with lower
complexity in the upper stratum. However, a recent study conducted on the same sites as used in our
study showed that light availability is not as important for the development of the understory of beech
forest as reported for stands dominated by more light-demanding species [43].
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Table 2. Box-dimension (Db), relative space filling (rSPf%), Clark–Evans index (CE), and the height limits (m) of the lower, middle, and upper forest stratum of the
forest stands in the different study sites (mean ± standard deviation). Mean Db is defined as the arithmetic mean of the Db values calculated for the lower, middle,
and upper forest stratum of each forest stand within the different study sites. Mean rSPf [%] and mean CE is defined as the arithmetic mean of the rSPf [%] and CE
values calculated for 5% high forest strata within the lower, middle, and upper layer of each forest stand in the different study sites. Sample sizes for even-aged (EA)
managed study sites were: Hann. Münden (n = 4), Lübeck (n = 4), and Reinhausen (n = 4). Sample sizes for uneven-aged (UEA) managed study sites were: Ebrach
(n = 4), Hainich-Dün (n = 4). Sample sizes for formerly managed (FM) study sites were: Hainich-Dün (n = 7), Kellerwald (n = 4). Sample sizes for Primary forests (PF)
were: Rožok (n = 4) and Uholka (n = 4).

Lower Stratum Middle Stratum Upper Stratum

Study Site Db rSPf (%) CE Height Limits (m) Db rSPf (%) CE Height Limits (m) Db rSPf (%) CE Height Limits (m)

Ebrach (UEA) 2.14 ± 0.05 7.04 ± 1.80 1.06 ± 0.15 Min: 1
Max: 12.1 ± 0.6 2.10 ± 0.04 5.55 ± 0.91 1.07 ± 0.07 Min: 12.1 ± 0.6

Max: 24.3 ± 1.89 1.99 ± 0.01 2.41 ± 2.24 0.76 ± 0.31 Min: 24.3 ± 1.89
Max: 35.7 ± 2.15

Hainich
(UEA) 2.05 ± 0.04 8.85 ± 1.37 1.07 ± 0.05 Min: 1

Max: 11.15 ± 0.93 2.05 ± 0.02 8.21 ± 1.16 1.16 ± 0.08 Min: 11.15 ± 0.93
Max: 23.56 ± 0.61 1.89 ± 0.10 2.83 ± 1.50 0.72 ± 0.14 Min: 23.56 ± 0.61

Max: 33.9 ± 2.75

(FM)) 1.96 ± 0.09 4.61 ± 2.22 0.78 ± 0.16 Min: 1
Max: 11.73 ± 0.3 2.01 ± 0.08 5.45 ± 1.42 0.92 ± 0.13 Min: 11.73 ± 0.3

Max: 22.45 ± 1.88 2.13 ± 0.13 6.28 ± 2.04 1.03 ± 0.14 Min: 22.45 ± 1.88
Max: 35.8 ± 0.92

Hann. Münden (EA) 2.05 ± 0.05 6.76 ± 4.23 0.87 ± 0.15 Min: 1
Max: 11.4 ± 0.51 2.16 ± 0.05 10.51 ±

2.75 1.22 ± 0.15 Min: 11.4 ± 0.51
Max: 22.9 ± 1.09 2.07 ± 0.05 4.42 ± 4.01 0.8 ± 0.41 Min: 22.9 ± 1.09

Max: 33.55 ± 1.59

Kellerwald (FM) 2.06 ± 0.10 7.12 ± 4.95 0.89 ± 0.26 Min: 1
Max: 10.15 ± 0.41 2.07 ± 0.02 6.51 ± 1.60 1.05 ± 0.11 Min: 10.15 ± 0.41

Max: 20.5 ± 0.82 2.01 ± 0.12 3.58 ± 3.3 0.86 ± 0.34 Min: 20.5 ± 0.82
Max: 29.9 ± 1.25

Lübeck (EA) 2.09 ± 0.05 6 ± 2.39 0.92 ± 0.21 Min: 1
Max: 11.85 ± 0.71 2.10 ± 0.05 6.80 ± 2.54 1.08 ± 0.19 Min: 11.85 ± 0.71

Max: 23.83 ± 1.31 2.10 ± 0.10 4.62 ± 4.16 0.96 ± 0.40 Min: 23.83 ± 1.31
Max: 35.15 ± 2.16

Reinhausen (EA) 2.02 ± 0.03 4.77 ± 2 0.80 ± 0.07 Min: 1
Max: 11.6 ± 0.49 2.17 ± 0.02 9.69 ± 2.61 1.22 ± 0.17 Min: 11.6 ± 0.49

Max: 23.25 ± 0.89 1.99 ± 0.07 2.79 ± 3.08 0.8 ± 0.37 Min: 23.25 ± 0.89
Max: 34.15 ± 1.48

Rožok (PF) 2.10 ± 0.08 5.14 ± 3.38 0.87 ± 0.19 Min: 1
Max: 14.5 ± 0.48 2.15 ± 0.03 6.71 ± 2.04 1.11 ± 0.17 Min: 14.5 ± 0.48

Max: 29.1 ± 0.90 1.92 ± 0.08 2.57 ± 2.88 0.7 ± 0.39 Min: 29.1 ± 0.90
Max: 42.85 ± 1.43

Uholka (PF) 2.25 ± 0.04 9.55 ± 2.61 1.28 ± 0.15 Min: 1
Max: 15.3 ± 0.5 2.05 ± 0.10 4.80 ± 2.66 1.07 ± 0.24 Min: 15.3 ± 0.5

Max: 30.75 ± 0.91 1.59 ± 0.34 1.15 ± 1.57 0.68 ± 0.30 Min: 30.75 ± 0.91
Max: 45.3 ± 1.35
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4.2. Methodical Considerations

In order to account for the different stand heights, we chose relative heights to ensure the
comparability of the different forest strata. This approach was also chosen in order to avoid empty
upper strata of forest stands that are lower in height, which would be the case for fixed strata heights.

The definition of the three major forest strata used in our study is based on the IUFRO classification,
which was also used in several other studies [63,70,71]: lower stratum <1/3 stand height; middle
stratum 1/3–2/3 stand height; and upper stratum (>2/3 stand height) [53]. In our study, the stand height
was defined as the uppermost layer, where at least one voxel could be found.

To ensure the comparability of the results, we deliberately selected stands in the mature timber
stage. The majority of the investigated forest stands were characterized by a quite similar stand
height. For these stands (managed and formerly managed stands), the stand heights varied between a
minimum of 29.9 m and a maximum of 35.8 m (see Table 2). Therefore, the forest strata of these stands
showed a rather low variation in thickness. However, if there are forest stands, which are considerably
higher than the remaining forest stands, the use of relative heights showed limitations [72]. In this
study, the stand height of the investigated primary forests varied between 42.85 and 45.3 m, which was
due to the presence of emerging trees. As a result, the strata of the primary forests showed a higher
thickness compared to the smaller stands. These limitations have to be considered when evaluating
and interpreting results.

5. Conclusions

The main goal of the current study was to determine the spatial characteristics of structural
complexity within differently managed and unmanaged beech-dominated forests.

Our study showed that terrestrial laser scanning data can be used to quantify the structural
complexity of single forest stratums. The considered beech-dominated primary forests are characterized
by a complex forest structure in the lower forest stratum, resulting in significantly higher Db values for
the lower forest stratum, compared to the even-aged stands.

Furthermore, it was possible to identify differences in density and the spatial distribution of plant
material within differently managed and unmanaged forest stands. Both primary forests studied
here showed a random to regular distribution of plant material within the lower stratum and middle
forest stratum, but on average a lower space occupation for the middle stratum compared to the
managed forest stands. This finding may have implications for the forest management. Our results
clearly showed that management for uneven-aged stands leads to a quite similar spatial distribution
of plant material, as observed for the primary forests. Management in beech-dominated forest that
aims for increased structural complexity (taking primary forests as a reference) could focus on a
promotion of complex understory structures, which can be achieved by creating larger canopy openings
through single and group cuttings and the subsequent establishment of regeneration. Additionally,
the reduction of vegetation density within the middle forest stratum could be considered.
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