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ABSTRACT

The dynamics of forest structure influence forest ecosystem functions and are modified by forest management
and natural disturbances. Here, we quantified the dynamics of stand structural complexity of differently
managed and unmanaged European beech (Fagus sylvatica L.) forests. We determined changes of different aspects
of stand structural complexity between 2014 and 2019 using terrestrial laser scanning data from 42, one hectare-
sized forest plots, representing even - aged forest management, uneven - aged forest management and unman-
aged stands. Unmanaged forests showed no significant changes in stand structural complexity within the time
frame investigated, due to the absence of major disturbances. On the contrary, managed uneven - aged and even -
aged forest stands showed more pronounced dynamics in stand structural complexity than the unmanaged
forests. In this context, uneven - aged stands with higher initial canopy openness showed a higher increase in
structural complexity than stands with lower canopy openness, which could be attributed to growth responses of
understory vegetation in lower strata due to improved light availability at the beginning of the observed time
period. Dynamics of structural complexity under even - aged forest management strongly differed between
different developmental stages, with young thickets and mature timber stands showing highest increases in stand
structural complexity. Overall, we did not observe significant decreases in stand structural complexity within the
observed time frame. Our findings need to be viewed in the context of long-term dynamics of forest structure and
contribute to the understanding of how forest management can affect short - term structural dynamics in beech
forests.

1. Introduction

2015) and species richness of some taxa (Felipe-Lucia et al., 2018; Knuff
et al., 2020). Better understanding how management affects the dy-

Managing for structural complexity is a currently debated option to namics of stand structural complexity of forests is crucial to better

promote the resilience of forest ecosystems towards natural disturbances
(Ehbrecht et al., 2019; Fahey et al., 2015; Knoke and Seifert 2008;
Messier and Puettmann 2011; Parker et al., 2004). Stand structural
complexity is not only an important driver for ecosystem stability and
resilience, but also for other ecosystem functions and services, including
the regulation of microclimate (Ehbrecht et al., 2019; Kovacs et al.,
2017; Messier and Puettmann 2011; Seidel et al., 2020), forest pro-
ductivity (Glatthorn et al., 2018; Gough et al., 2019; Pretzsch et al.,
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predict forest ecosystem responses to intensifying disturbance regimes
with ongoing climate change (Bauhus et al., 2009; Coumou and
Rahmstorf 2012; Fenton et al., 2009). However, while effects of forest
management on stand structural complexity in general are well under-
stood, impacts of silvicultural interventions on the dynamics of stand
structural complexity in Central Europe remain largely unexplored.
Focusing on the three - dimensional nature of forest structure,
structural complexity describes the spatial arrangement of plant

E-mail addresses: kwilliml@forst.uni-goettingen.de (K. Willim), Christian.Ammer@forst.uni-goettingen.de (C. Ammer), dseidel@gwdg.de (D. Seidel), peter.
annighoefer@tum.de (P. Annighéfer), julia.schmucker@tum.de (J. Schmucker), peter.schall@forst.uni-goettingen.de (P. Schall), mehbrec1 @gwdg.de (M. Ehbrecht).

1 ORCID https://orcid.org/0000-0002-0129-3381

hitps://doi.org/10.1016/j.tfp.2022.100231

Received 2 January 2022; Received in revised form 22 February 2022; Accepted 22 February 2022

Available online 26 February 2022

2666-7193/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:kwillim1@forst.uni-goettingen.de
mailto:Christian.Ammer@forst.uni-goettingen.de
mailto:dseidel@gwdg.de
mailto:peter.annighoefer@tum.de
mailto:peter.annighoefer@tum.de
mailto:julia.schmucker@tum.de
mailto:peter.schall@forst.uni-goettingen.de
mailto:mehbrec1@gwdg.de
https://orcid.org/0000-0002-0129-3381
www.sciencedirect.com/science/journal/26667193
https://www.sciencedirect.com/journal/trees-forests-and-people
https://doi.org/10.1016/j.tfp.2022.100231
https://doi.org/10.1016/j.tfp.2022.100231
https://doi.org/10.1016/j.tfp.2022.100231
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tfp.2022.100231&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K. Willim et al.

material in three - dimensional (3D) space (Pretzsch et al. 2009). Higher
structural complexity at the stand - level reflects itself in a homogenous
three - dimensional distribution of plant material, due to the interaction
of different structural attributes that result in a high space occupation
within the stand (Ehbrecht et al., 2021; Seidel et al., 2019). For example,
recent studies have shown that a high diversity in tree sizes, tree ages
and crown morphologies reflect in a high space occupation within a
stand, resulting in a high structural complexity (Ehbrecht et al., 2017;
McElhinny et al., 2005; Stiers et al., 2020; Willim et al., 2020). Thus,
dynamics of structural complexity can be attributed to changes of the
spatial arrangement of tree plant material within the three - dimensional
space, due to changes of tree sizes and crown morphologies, such as
growth responses after harvesting interventions or disturbance induced
tree mortality .

Forest stand structure is an important component of the interrelation
of stand growth and resource availability (Fig. 1). With a disturbance
event, e.g. a windthrow or the removal of trees, growth of seedlings,
saplings and remaining trees may be increased due to increased avail-
ability of space and resources. In turn, the growth of tree individuals
changes stand structure due to changes in the three - dimensional
arrangement of plant material within the stand.

In many European forests Fagus sylvatica L. (hereafter beech) is one of
the main native and dominant tree species (Bréda et al., 2006; Ellenberg
and Leuschner 2010; Leuschner et al., 2006). Beech is characterized by a
high crown plasticity and flexibility in growth response and therefore
able to efficiently re-occupy canopy niche space that becomes available
following disturbances (Feldmann et al., 2018; Pretzsch 2009; Pretzsch
and Schiitze 2009). In even - aged stands, the remaining stands capacity
to re-occupy canopy space after a disturbance declines with increasing
age, as growth response in older stands is lower than in young stands
(Assmann 1961; Pretzsch 2009). However, canopy space may also be
(re-) occupied by the establishment and growth of naturally occurring
seedlings and saplings as well as other understory vegetation in lower
strata. Beech is especially known for its shade tolerance compared to
other, more light demanding tree species and as such, seedlings, saplings
or younger trees are able to expand their crowns even under low light
level conditions (Emborg 1998; Madsen and Larsen 1997).

Light availability is one of the most important abiotic factors that
determines tree growth, especially the growth of understory vegetation
(Muscolo et al., 2014; Pretzsch 2009). The light availability on the forest
floor is determined by canopy openness (Collet et al., 2001). In un-
managed beech forest reserves in Europe, canopy openness is mainly
determined by small - scale natural disturbances, which create canopy
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gaps that control the light transmission to the understory (Feldmann
et al., 2018). In different types of silvicultural management, understory
dynamics are regulated by canopy release due to the removal of over-
story trees (Agestam et al., 2003; Gayer 1886; Messier and Puettmann
2011; Schall et al., 2018).

The positive effect of improved light availability due to tree har-
vesting or natural disturbances on the growth response of trees in Eu-
ropean forests is well understood Fiihrer (2000), including the spatial
relationship between gaps and regeneration development (Stiers et al.,
2019). In this context, many studies have focused on the effect of the
reduction of stand density on growth response (Ciancio et al., 2006;
Pretzsch et al., 2015; Primicia et al., 2016) and dynamics of tree species
composition (Canullo et al., 2017; Hédl et al., 2017; Pykala 2004). So
far, there is much less information about how forest management or
disturbance induced changes of light availability affect the dynamics of
structural complexity (Ammer et al., 2018).

Here, we investigate the short - term dynamics of structural
complexity in differently managed and unmanaged beech - dominated
forests in Central Germany. In order to cover the most common man-
agement systems in Central Europe, we selected forest management
types representing even - aged and uneven - aged silvicultural man-
agement as well as unmanaged forest reserves typical for Germany
(referred to as “unmanaged” hereafter) as reference systems. Recent
studies have focused on quantifying stand structural complexity based
on three - dimensional forest scenes derived from terrestrial laser
scanning (TLS), because TLS has shown to be an efficient and reliable
tool to assess three - dimensional forest structure precisely (Atkins et al.,
2018; Camarretta et al., 2020; Hardiman et al., 2013; Willim et al.,
2019). Therefore, we used TLS to assess structural complexity at two
points in time, namely in the years 2014 and 2019. Based on the 3D
forest scenes from both years, we calculated the changes of different
aspects of structural complexity.

First, we investigated how dynamics of structural complexity differ
between even - aged, uneven - aged and unmanaged stands. Second, we
investigated whether different developmental stages under even - aged
forest management show different short - term dynamics in structural
complexity. Ultimately, we studied how canopy openness differed be-
tween the different forest management types and whether differences in
canopy openness can explain the observed patterns of stand structural
complexity dynamics. As any silvicultural intervention modifies canopy
openness, we assumed that canopy openness is the main driver of short -
term changes in stand structural complexity.

Stand level
Management
intervention —— ———>  Structure
—_—
and hope Growth |- - - Site
P conditions
-
Tree level

Fig. 1. Feedback loop modified after Pretzsch (2009), showing the relationship between stand structure, growth conditions, tree size and shape, with management

intervention and site conditions as external factors.
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2. Methods
2.1. Description of study sites and forest management types

As study site, we chose the Hainich - Diin region, which is part of the
Biodiversity - Exploratories (www.biodiversity-exploratories.de). The
Biodiversity Exploratories are a long - term research project that aims at
investigating the impacts of land use on biodiversity and ecosystem
processes (Fischer et al., 2010). The studied forest stands are located in
Central Germany, 285 - 550 m above sea level (a.s.l). They are charac-
terized by nutrient - rich soils, developed over loess or lacustrine lime-
stone. The climate is characterized by a mean annual temperature of 6.5
- 8 C° and a mean annual precipitation of 500 - 800 mm (Fischer et al.,
2010).

We selected a subset of 42 plots of 100 x 100 m (1 ha), with beech as
main tree species. The selected plots represent different developmental
stages of even - aged forest management, uneven - aged forest man-
agement and unmanaged stands. Even - aged stands, managed as shel-
terwood systems, are characterized by tree harvests in mature stands
starting after a mast year in order to enable the natural regeneration.
After successful establishment of regeneration, the remaining shelter
trees are cut in several cutting interventions which are applied over a
period of 20 - 40 years (Schall et al., 2018). On the landscape scale,
shelterwood systems result in a patchwork of stands that belong to
different developmental stages, ranging from thickets, to pole woods,
immature and mature timber stands (see Table 1). Reaching the older
pole wood stage, thinning from above takes place, in order to promote
the growth of vigorous high quality target trees. In the last decades, the
even - aged system has been more and more transformed by fine grained
selective cutting regeneration systems. Here, the harvest of single trees,
groups of trees and the creation of small canopy openings (< 1000 m?) is
applied (Schall et al., 2018). As a result, mature stands may show a
rather multi - layered vertical structure, with a high variability of
different understory conditions (Ehbrecht et al., 2017). For example,
single tree selection systems are characterized by tree removals of high
frequency, but low intensity (Bartsch and Rohrig 2016). Interventions
take place around every five years, mainly focusing on overstory trees
that have reached a given target diameter (Schall et al., 2018). Forest
stands of the single tree selection system are characterized by a multi -
layered forest structure with a high spatial heterogeneity at stand - level,
resulting in an uneven - aged structure with a high structural complexity
(Ehbrecht et al., 2017; Pommerening 2002; Stiers et al., 2020; Willim
et al., 2020).

We exclude from our study other concepts to define developmental
stages or phases to study natural beech forest dynamics under quasi -
equilibrium conditions, as e.g. Korpel (1995), Tabaku (2000); Bottero
etal., (2011), or as Emborg (1998) and Drossler et al. (2016) in managed
or formerly managed stands.

In the study area, most stands that are unmanaged today had been
managed under coppice with standards and were then transformed to
high forests in the past 150 years. Management was abandoned 23 - 50
years ago (Schall et al., 2018). Compared to the uneven - aged stands,
these forests are characterized by a lower horizontal and vertical vari-
ability in structure.

2.2. Data collection and 3D point cloud processing

To capture the 3D distribution of foliage and woody material of the
forest stands, in each 1 ha forest plot, a sample grid of nine systemati-
cally distributed scans was used. A distance of 30 m was kept between
the adjacent scanning positions (Fig. 2). The first data collection was
conducted in 2014, the second one was conducted in 2019. The same
sample grid, including the same scan locations, was used for both data
collections. Both times, we scanned during the growing season (May -
September), when vegetation was foliated. Scans were conducted during
dry weather conditions, with wind speed below 5 km*h™!. We used a
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Table 1

Forest management types, developmental phases and stand characteristics for all
plots in the exploratory Hainich - Diin. EA = Even - aged, UEA = Uneven - aged,
UM = Unmanaged.

Plot Plot ID Forest Developmental Canopy
number management phase openness (2014)
type in (%)
1 HEWO04 EA Thicket 3.89
2 HEW15 EA Thicket 10.21
3 HEW43 EA Thicket 2.49
4 HEW44 EA Thicket 10.86
5 HEW16 EA Pole wood 2.35
6 HEW17 EA Pole wood 2.7
7 HEW18 EA Pole wood 2.84
8 HEW45 EA Pole wood 2.54
9 HEWO05 EA Immature 3.94
10 HEW19 EA Immature 4.76
11 HEW20 EA Immature 3.44
12 HEW46 EA Immature 3.42
13 HEWO06 EA Mature 3.6
14 HEW21 EA Mature 6.61
15 HEW22 EA Mature 18.14
16 HEW47 EA Mature 3.48
17 HEWO07 UEA Mature 5.75
18 HEWO08 UEA Mature 2.53
19 HEWO09 UEA Mature 8.55
20 HEW26 UEA Mature 6.10
21 HEW27 UEA Mature 11.15
22 HEW28 UEA Mature 9.49
23 HEW29 UEA Mature 5.00
24 HEW30 UEA Mature 6.23
25 HEW31 UEA Mature 6.46
26 HEW32 UEA Mature 6.09
27 HEW33 UEA Mature 13.10
28 HEW48 UEA Mature 3.28
29 HEW49 UEA Mature 5.70
30 HEW10 UM Mature 2.63
31 HEW11 UM Mature 2.54
32 HEW12 UM Mature 3.15
33 HEW34 UM Mature 2.58
34 HEW35 UM Mature 2.48
35 HEW36 UM Mature 2.74
36 HEW37 UM Mature 3.35
37 HEW38 UM Mature 2.59
38 HEW39 UM Mature 2.63
39 HEW40 UM Mature 2.45
40 HEW41 UM Mature 2.68
41 HEW42 UM Mature 2.72
42 HEW50 UM Mature 2.66

Faro Focus 3D 120 (Faro Technologies Inc., Lake Mary, USA) laser
scanner for our measurements. This scanner model operates based on
the phase - shift technology and covers a field of view of 300° in vertical
and 360° in horizontal direction. It was set to scan with an angular
resolution of 0.035°, resulting in around 44.4 million measurements per
scan. The scanner was mounted on a tripod, operating at 1.3 m above
ground. During all scans, the scanner’s standard filters (Clear Contour-
and Clear Sky - filter) were applied.

Using the Faro Scene® Software (Faro Technologies Inc., Lake Mary,
USA), for each point cloud generated by one scan, standard filters (Dark
Scan Points, Outliers) were applied. After this procedure, we processed
the point clouds (xyz - format) in Mathematica, Version 12.0.0 (Wolfram
Research, Champaign, USA). In order to consider different aspects of
structural complexity, we computed different 3D measures from each
generated 3D point cloud. First, the stand structural complexity index
(SSCI) was computed, which was introduced by Ehbrecht et al., (2017)
and is an effective measure to quantify the structural complexity of a
forest stand (Ehbrecht et al., 2021; Stiers et al., 2018; Zemp et al., 2019).
It is based on the mean fractal dimension of cross - sectional polygons,
which were derived from the 3D point cloud (Ehbrecht et al., 2017).
Because the fractal dimension is a scale - independent measure, the
mean fractal dimension values are scaled by using the effective number
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Fig. 2. Sample design for each 100 x 100 m (1 ha) plot. Grey circles represent
the scan positions within the plot.

of layers (ENL), in order to consider the size and the vertical structure of
the forest stand (Ehbrecht et al., 2017). Second, ENL, introduced by
Ehbrecht et al., (2016), is based on a voxel - model, with cubic voxels of
20 cm side length, the number of 1 m - thick layers that are effectively
occupied by foliage or woody components is quantified. Then, by
applying the inverse Simpson - Index to the vertical distribution of fo-
liage and woody components, ENL quantifies the number of vertical
layers that are effectively occupied by foliage and woody components.
Generally, ENL increases with increasing stand height and a more even
distribution of plant material along the vertical axis. Third, as the forests
understory complexity is an integral element of the overall stand
structural complexity, we computed the understory complexity index
(UCI), which was introduced by Willim et al., (2019). As for the calcu-
lation of the SSCI, the UCI uses fractal analysis to describe the shape
complexity of a polygon. But in contrast to the SSCI, the UCI is based on
the fractal dimension of a horizontal polygon, which was created from
the understory of a voxelized (1 x 1 cm) 3D forest scene (Seidel et al.,
2021). At the end of the computations, we had nine SSCI, ENL and UCI
values for each plot. We then aggregated the nine SSCI, ENL and UCI
values for each plot to mean values, to get a robust estimate of different
aspects of stand structural complexity for each plot that was used for
further statistical analyses.

Canopy openness was calculated in two steps. First, an opening angle
of 60° from the laser scanner’ s perspective was used to compute the
percentage of canopy openness. Then the raw 3D point cloud was pro-
jected onto a plane by using a stereographic projection, following the
procedure by Zheng et al., (2013). In order to investigate the effects of
canopy openness on the dynamics of structural complexity, we used the
canopy openness values from 2014 as initial state for the time frame
being observed.

2.3. Statistical analyses

Statistical analyses were conducted in the software environment R,
version 3.6.3 (R Development Core Team, 2020, Vienna, Austria). In
order to quantify the dynamics of structural complexity for the investi-
gated forest stands from 2014 to 2019, we used two approaches. First,
we subtracted the structural complexity measures of 2014 from the
values of 2019. Consequently, an increase in structural complexity
resulted in positive A - values, whereas a decrease in structural
complexity during the five years resulted in negative A - values. Forest
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stands with no changes in structural complexity had A - values around 0.
We used the A - values in order to calculate differences in structural
complexity dynamics between the different forest management types
and to test the relationship between canopy openness and dynamics of
structural complexity. In order to describe the variability of dynamics
within the forest management types, as well as the structural changes on
a stand - level, we additionally calculated the relative changes of the
structural complexity measures during the 5 years.

In order to determine differences between the three forest manage-
ment types, we tested for normal distribution using the Shapiro - Wilk
test and the Levene test for homogeneity of variance. Because the data
did not meet the conditions for parametric tests, we used the Kruskal -
Wallis test to look for differences between even - aged, uneven - aged
stands and unmanaged forest stands. For post - hoc analyses, we used the
Wilcoxon rank sum test. The significance level was p < 0.01 for all tests.
To test the relationship between canopy openness and the dynamics of
structural complexity, we used linear regression models. A significant
relationship was assumed, if p < 0.01.

3. Results

3.1. Dynamics of structural complexity between different forest
management types and developmental stages

We found significantly lower A SSCI in the unmanaged stands
compared to both managed forest management types (see Fig. 3a). The
unmanaged forests had on average nearly no change (mean A SSCI of +
0.58%; see Table 2) in SSCI. Moreover, all unmanaged forest stands
showed a low variability of dynamics in SSCI (standard deviation of SSCI
+ 6.61%); see Table 2). Interestingly, negative A SSCI, i.e. reduced stand
complexity, were observed in the unmanaged forests more often than in
the managed stands.

The majority of the even - aged and uneven - aged managed forests
showed A SSCI values above 0 (see Fig. 3a), which indicates an increase
in SSCI from 2014 to 2019 (mean A SSCI of + 19.94%); see Table 2). For
the uneven - aged forests, SSCI increased on average by 17.79% (see
Table 2) from 2014 to 2019. In contrast to the unmanaged forests, we
observed a quite high variability in dynamics of SSCI (+ 24.52; see
Table 2) between the forest stands within the uneven - aged manage-
ment system. Some uneven - aged stands showed a strong increase in
SSCI (see Fig. 3b, plot number 21,22 and 27), whereas other uneven -
aged forest stands showed a lower increase in SSCI (see Fig. 3b, plot
number 23,26,28,29) or nearly no change in SSCI (see Fig. 3b, plot
number 17,18,20,24,25).

Comparable to the uneven - aged forest stands, the even - aged forests
showed a considerable variability in dynamics of SSCI (see Fig. 3a). In
contrast to the uneven - aged stands, the even - aged stands comprise
forest stands of different developmental stages. We observed different
dynamics in SSCI for the different developmental stages (see Table 2).
Even - aged thickets and mature stands showed the highest increase in
SSCI (+ 33.42% and + 26.29%), whereas SSCI in the immature timber
stage increased by 15.7% and pole wood only by 4.35% (see Table 2).

We observed different dynamics of UCI and ENL for the different
forest management types and developmental stages (see Table 2). The
mature unmanaged stands showed on average a slight decrease in UCI (-
1.43%), whereas ENL increased by 12.11%. In contrast to the mature
unmanaged forests, the even - aged and uneven - aged mature stands
showed on average an increase in UCI (+ 22.27% and + 18.37%) and a
slight decrease in ENL (see Table 2). Immature timber showed also on
average an increase in UCI (+ 30.99%). The younger developmental
stages thickets and pole wood both showed a decrease in UCI, with a
stronger decrease in UCI in thickets (- 24.94%) than in pole wood (-
9.19%, see Table 2). ENL, in contrast, increased in the younger stages
during the 5 years (see Table 2). In thickets ENL increased on average by
75.58%, whereas in pole wood ENL increased by 29.06%.
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Fig. 3. Dynamics of stand structural complexity (SSCI) in different forest management types: EA = Even - aged (n = 16), UEA = Uneven - aged (n = 13) and UM =
Unmanaged (n = 13). Different colors represent different developmental stages. a) Box - and - whisker plots showing A SSCI for the different forest management
types. Letters indicate significant differences (p < 0.01) between the forest management types. Dashed line indicates no change of SSCI. (b) Arrows showing the
change of SSCI for the single forest plots within the three different forest management types. Arrows pointing upwards indicate an increase in SSCI, whereas arrows

showing downwards represent a decrease in SSCI.

Table 2

SSCI, ENL and UCI mean values and standard deviation (+) for the years 2014 and 2019 and the relative changes (%) of the three measures from 2014 to 2019. EA =
Even - aged (n = 16): thicket (n = 4), pole wood (n = 4), immature timber (n = 4), mature timber (n = 4), UEA = Uneven - aged (n = 13) and UM = Unmanaged (n =

13).
SSCI 2014 SSCI 2019 Rel. change SSCI (%) ENL 2014 ENL 2019 Rel. change ENL (%) UCI 2014 UCI 2019 Rel. change UCI (%)

EA 4.7 5.59 +19.94 15.13 16.7 + 25.88 3.81 3.67 +4.78
+ 0.85 + 1.04 +17.01 + 8.11 + 6.71 + 35.2 +1.93 + 1.37 + 34.15

Thicket 4.92 6.57 + 33.42 4.84 8.37 + 75.58 6.71 4.88 - 24.94
+0.31 +0.85 +15.01 +0.85 +0.58 +24.03 +1.43 +0.33 +15.48

Pole wood 5.7 5.96 +4.35 10.44 13.45 + 29.06 2.97 2.68 -9.19
+0.52 + 0.69 + 3.42 +1.59 +1.84 +3.01 +0.39 +0.25 +7.42
Immature timber 3.98 4.58 +15.7 21.83 22.98 + 5.56 2.21 2.92 +30.99
+ 0.32 + 0.54 + 15.52 + 1.54 + 0.50 + 5.50 +0.17 + 0.94 + 36.87
Mature timber 4.2 5.25 + 26.29 23.83 22 - 6.65 3.33 4.21 + 22.27
+0.87 +0.95 +18.01 +1.38 + 4.97 +17.58 + 0.68 +1.98 + 37.61
UEA 5.78 6.72 +17.79 17.71 17.17 -1.20 2.97 35 +18.37
+ 0.68 + 1.05 + 24.52 + 2.72 + 2.69 + 19.55 + 0.73 + 1.17 + 26.58

UM 5.59 5.61 +0.58 19.56 21.87 +12.11 2.27 2.22 -1.43
+0.58 + 0.66 +6.61 +2.39 +2.33 +5.10 +0.41 +0.32 +8.91

3.2. Canopy openness in the different forest management types and its
effect on the dynamics of structural complexity

In 2014, we observed differences in canopy openness between the
three forest management types. The unmanaged forests had a signifi-
cantly lower canopy openness than the managed even - aged and un-
even - aged forest stands (see Fig. 4a). Additionally, the unmanaged
forests showed a lower variability in canopy openness between the forest
plots than both managed forest management types (see Fig. 4a). For the
unmanaged forests, we could not find a significant relationship between

canopy openness and dynamics of SSCI (see Fig. 4b). For the managed
forests, we observed only for the uneven - aged stands a positive rela-
tionship between canopy openness and dynamics of SSCI (% = 0.64, see
Fig. 4b).

4. Discussion
Here, we present results from a study investigating the short - term

dynamics of stand structural complexity in managed even - aged and
uneven - aged stands as well as unmanaged forests. We observed
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Fig. 4. Canopy openness for different forest management types and its relationship with dynamics of stand structural complexity (A SSCI). The different forest
management types are: EA = Even - aged (n = 16), UEA = Uneven - aged (n = 13) and UM = Unmanaged (n = 13). Different colors represent different developmental
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nificant relationships are marked by the abbreviation “n.s

different dynamics of structural complexity in differently managed and
unmanaged beech - dominated forests, with unmanaged forests showing
lower dynamics of stand structural complexity than managed forests.
The low initial canopy openness of the investigated unmanaged
forest stands could be the main reason for the low dynamics in structural
complexity and also the low variability between the forest plots (see
Fig. 3a, b). In this context, it is important to keep in mind that the un-
managed stands of this study had been set aside 20 to 50 years ago only,
which means that they still carry the legacy of their former management.
Without disturbances that open up the canopy, they continue to grow
“cathedral - like” and stay rather homogeneous, because growth con-
ditions do not change significantly (Dieler et al., 2017). Due to the low
canopy openness, establishment and growth of tree regeneration was
not sufficiently promoted, resulting in nearly no change in UCI because
of limited light availability (see Table 2). Although the overall stand
structural complexity showed nearly no change during the 5 years, we
observed an increase of ENL (see Table 2), which indicates an increase in
vertical stratification within the unmanaged stands. Because of the fact
that we can exclude changes of vertical stand structure due to the growth
of regeneration, we assume that stand height increased due to crown
enlargement of the oldest canopy trees (Rademacher et al., 2004). In the
future, the structural complexity of unmanaged stands may increase
with increasing stand age, when natural decay is becoming more pro-
nounced or with the appearance of exogenous events, like storms or
dying trees due to severe drought, which may create canopy gaps and
thereby increase canopy openness (Hardiman et al., 2013). Unmanaged
European beech forests are mainly characterized by a small - scale
disturbance regime (Kucbel et al., 2010; Nagel et al., 2014). As the
canopy openness in the unmanaged stands has nearly not changed from
2014 to 2019 (mean value A 0.91), it seems that small gaps that may
occurred due to single tree mortality, were probably quickly closed by
lateral crown expansion of the canopy trees (Schroter et al., 2012).
Compared to the unmanaged forests, mature even - aged and uneven

- aged managed forest stands showed a significantly higher canopy
openness and variability of canopy closure (see Fig. 4a), resulting from
the removal of overstory trees during harvesting operations. In uneven -
aged stands, A SSCI increased linearly with an initially higher canopy
openness. In uneven - aged stands with non - uniform canopy closure,
light availability for the understory vegetation was higher than in stands
with a uniform canopy closure such as in even - aged or unmanaged
stands. The higher the light availability was, the more the growth of
young and subdominant trees was promoted (see Fig. A.1), resulting in
an increase in UCI, thereby triggering the increase in SSCI (see Table 2;
Fig. A.2a).

The even - aged stands showed a high variation in dynamics of
structural complexity (see Table 2), since they are characterized by
stands of different developmental stages, ranging from young stands, as
thickets and pole woods, to immature and mature timber stands. For the
different developmental stages, we observed different dynamics in
structural complexity, which explains the high variability of SSCI, ENL
and UCI under even - aged forest management (see Fig. 3a).

We observed high structural dynamics in even - aged thickets, which
reflect in an increase in ENL and a decrease in UCI during the 5 years
(see Table 2; Fig. A.2b). The higher ENL values are a result of the pro-
nounced height growth of young trees due to an increased above- and
belowground resource availability after the removal of the remaining
shelterwood trees. In even - aged forest management, remaining shel-
terwood trees are removed after the successful establishment of regen-
eration, in order to enhance growth conditions of tree regeneration
(Schall et al., 2018). The decrease in understory complexity of young
stands (see Table 2) can be attributed to the beginning process of self -
pruning (Ehbrecht et al., 2017). As part of the intraspecific competition
for light, young trees showed increasingly branch - free sections of the
stems Pretzsch (2019). Although, we observed a decrease in UCI for the
even - aged thickets, the SSCI strongly increased during the 5 years. One
explanation for that observation could be that the pronounced height
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growth overcompensated for less effectively occupied lower canopy
layers due to the beginning process of self - pruning. In pole woods,
however, it seems that the increase in height growth could not
compensate the low occupation of the lower canopy layers, due to
progressing self - differentiation, resulting in nearly no change in SSCI
(see Table 2).

While in the younger stages, height growth and changes in vertical
structure seemed to be the main driver of increases in stand structural
complexity, we observed increasing A SSCI values with increasing un-
derstory complexity in the older immature and mature stands (see Fig.
A.2a). As in the mature uneven - aged stands, the development and
growth of regeneration in even - aged mature timber stands, reflected by
an increase in UCI, led to an increase in SSCI (see Table 2). In this
context, even - aged mature stands with a higher canopy openness (Plot
no. 14 and 15, Table 1) showed a higher increase in understory
complexity (and overall complexity) than mature stands with a lower
canopy openness (see Fig. 3b).

Our findings on the short - term dynamics of structural complexity in
even - aged, uneven - aged and unmanaged forests need to be viewed in
the context of long - term dynamics of forest structure. The different
developmental stages in even - aged forest management can be under-
stood as a chrono - sequence of stand development and differences in
structural complexity between these different developmental stages and
reflect the dynamics of structural complexity in the long term (Stiers
et al., 2018). Along this developmental trajectory, management -
induced changes of light availability, as well as growth dynamics, drive
changes of structural complexity on short temporal scales. Even though
we did not observe decreases of structural complexity in managed for-
ests in this study, negative effects of tree harvesting on structural
complexity may generally occur, but depend on the harvesting intensity
and the amount of volume or biomass removed (Asbeck and Frey 2021).
Against this background, the increases in structural complexity in the
stands under uneven - aged forest management need to be understood in
the context of low intensity, but cyclic management interventions. While
the growth of understory vegetation promoted the increase in structural
complexity during the time period observed, the removal of overstory
trees in a next cutting intervention may set back the stands structural
complexity to previous levels, as harvested trees of upper canopy layers
reduce ENL. The resulting fluctuation around a specific level of struc-
tural complexity would then resemble the fluctuations around a certain
growing stock level that is characteristic of uneven - aged forest man-
agement (O’Hara and Gersonde 2004). While managed, uneven - aged
forests, and partially mature timber stages in even - aged forests, do not
significantly differ in structural complexity from unmanaged forests
including primary forests (Ehbrecht et al., 2017; Stiers et al., 2018), our
results suggest that managed forests are characterized by more pro-
nounced structural dynamics on short - temporal scales than unmanaged
forests.

5. Conclusions

Short - term dynamics of stand structural complexity strongly depend
on the developmental stage or canopy openness of the forest. Uneven -
aged mature stands with higher canopy openness showed a higher in-
crease in structural complexity than stands with lower canopy openness,
resulting from the establishment and/ or growth of understory vegeta-
tion. In even - aged management systems, structural dynamics in
younger stands were mainly driven by deterministic growth processes.
Lowest dynamics in structural complexity were found in unmanaged
forests that were set aside 20 to 50 years ago. They seem to be in the
optimum phase and are characterized by a very low canopy openness
due to the absence of natural disturbances. Our findings contribute to
the understanding of how forest management can influence dynamics of
structural complexity and therefore help to predict responses of differ-
ently managed and unmanaged beech forests to disturbances of natural
and anthropogenic origin.
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