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Abstract

The strong focus on wood production has led to structural homogenization of managed forests worldwide, reducing habitat
heterogeneity and thereby B-diversity of forest dwelling taxa. The Enhanced Structural Beta Complexity (ESBC) approach
aims to counteract this by actively creating a heterogeneous structural mosaic in production forests. This is achieved by
applying combinations of different deadwood retention treatments and spatial timber removal patterns (thinning vs. gaps)
in neighboring forest patches. In a field experiment, heterogeneous ESBC-treated forest districts (10-20 ha) were imple-
mented in temperate broad-leaf forests and paired with homogeneous control districts. Heterogeneity in the ESBC districts
was created by applying 15 treatments in forest patches of 50 m x 50 m. The treatments combined cutting 30% of the
stand basal area, either regularly distributed throughout the whole patch (thinning) or aggregated in the patch center (gap),
with deadwood retention. We quantified the changes of forest structure in 90 forest patches using a 7-year time series of
repeated terrestrial laser scanning and calculated three indices: stand structural complexity index, understory complexity
index, and canopy openness. While thinning had only minor effects, the removal of equal amounts of timber through gap
felling greatly affected all structural indices. In canopy gaps, structural development was highly dynamic between years
and impacted by deadwood retention treatments. Mostly driven by the pronounced structural changes in canopy gaps,
ESBC treatments effectively lead to structurally heterogeneous forests throughout the post-intervention period. Therefore,
the ESBC approach is a promising tool for integrating biodiversity conservation in multifunctional forests.
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Introduction

With increasing pressures on forest biodiversity and ecosys-
tem functioning in times of global change, innovative for-
est management approaches that reconcile wood production
with conservation goals need to be put under trial (Martin
et al. 2015; Thom et al. 2017; Ammer et al. 2018; Forzieri
et al. 2022; Li et al. 2023). Among the desired features of
future multipurpose forests are old-growth structures usu-
ally absent in common production forests (Bauhus et al.
2009). Key examples of such structures are deadwood and
canopy gaps, both of which are crucial for many forest-
dwelling species and profoundly affect ecosystem functions
(Lassauce et al. 2011; Kern et al. 2014; Muscolo et al. 2014,
Sandstrom et al. 2019). A further desired feature is the struc-
tural complexity of forest stands (McElhinny et al. 2005;
Seidel et al. 2019). Although several definitions and indices
are in use, here we apply the definition of Ehbrecht et al.
(2021), i.e., structural complexity is the “degree of hetero-
geneity in biomass distribution in three-dimensional space”
on the local forest stand scale, driven by the interaction of
vegetation density and layering. Evidence suggests that
stand structural complexity is often positively correlated
with forest biodiversity and ecosystem functioning, driven
by increased habitat availability and optimized resource
use (Lindenmayer et al. 2000; Ishii et al. 2004; LaRue et al.
2019; Seidel and Ammer 2024). However, light-demanding
or thermophilic species can also be less abundant in highly
complex forests, as this is associated with dense structures
and hence reduced light availability and a more buffered
microclimate at the forest floor (Pierick et al. 2025).

However, these features—gaps, deadwood, and struc-
tural complexity—do not necessarily develop most quickly
with a hands-off approach when management is abandoned
for conservation purposes in production forests (Keeton
2006; Bauhus et al. 2009; Schall et al. 2021). Therefore,
an approach suggested for future forest management is
to actively promote them by retaining standing and lying
deadwood and creating canopy gaps in managed forests
(Enhanced Structural Complexity, ESC). Having been first
implemented in North America (Keeton 2006) and recently
also in the Black Forest in Germany (Asbeck et al. 2023),
the ESC approach has shown positive effects on biodiversity
at the stand level in both experiments (McKenny et al. 2006;
Dove and Keeton 2015; Eckerter et al. 2021).

So far, ESC trials have been applied only at the stand
(a) level, e.g. in research plots of 0.25 ha (Asbeck et al.
2023) or 2 ha (Keeton 2006). However, biodiversity decline
processes often operate on larger spatial scales, that is, the
B- and y-diversity scale of landscapes, i.e., at least several
hectares (Mori et al. 2018; Seibold et al. 2019; Mitesser et al.
2025). In temperate European forests, production-oriented
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silvicultural practices have increased landscape homogeni-
zation and consequently contributed to forest biodiversity
loss (Miiller et al. 2023; Decker et al. 2026). Inversely,
structurally heterogeneous forests at the landscape level
promote biodiversity and ecosystem multifunctionality (van
der Plas et al. 2016; Hilmers et al. 2018; Schall et al. 2020;
Heidrich et al. 2023; Uhl et al. 2024). This can be attrib-
uted to heterogeneity-biodiversity relationships (Heidrich et
al. 2020; Eisenhauer et al. 2023). Therefore, we extended
the ESC concept to the B level (Enhanced Structural Beta
Complexity, ESBC, Miiller et al. 2023). In this framework,
a spatial mosaic of many different modifications of forest
structure and deadwood retention is applied in forest dis-
tricts of 10 — 20 ha in order to increase landscape-level
structural heterogeneity. Based on the notion that increased
structural heterogeneity at this scale will offer more habitats
for species with different niches, the ultimate goal of ESBC
interventions is to increase 3-, and thereby y-diversity (Miil-
ler et al. 2023).

After implementing experimental modifications of the
forest structure, it is important to validate that they effi-
ciently altered the forest structure not only directly after
the interventions, but also in the long term. LiDAR-based
technologies, i.e. airborne (ALS), terrestrial (TLS), or
mobile (MLS) laser scanning, offer novel opportunities for
measuring aspects of forest structure potentially relevant to
biodiversity (Davies and Asner 2014; Hilmers et al. 2018;
Wildermuth et al. 2023) and are a promising tool for evalu-
ating the success of such treatments (Kikuchi et al. 2024).
Specifically, structural complexity derived from TLS has
been shown to be related to biodiversity (Grevé et al. 2018;
Juchheim et al. 2020; Perles-Garcia et al. 2021). Tracking
structural changes of forests using multitemporal LiDAR
data is an effective, increasingly used approach (Vepak-
omma et al. 2010; Yrttima et al., 2020; Willim et al. 2022;
Howler et al. 2024; Trotto et al. 2024). However, in the
past, the focus of multitemporal LiDAR applications was
often on canopy gap dynamics (Li et al. 2018; Hagemann
et al. 2022), carbon dynamics (Cao et al. 2016; Dalponte et
al. 2019), biomass (Huang et al. 2013; Pflugmacher et al.
2014; Knapp et al. 2018) or changes in tree height (Noor-
dermeer et al. 2019) rather than changes in stand structural
heterogeneity or complexity (Cimdins et al. 2024). Further-
more, studies applying repeated TLS or MLS measurements
rarely included multiyear comparisons (Calders et al. 2015;
Griebel et al. 2015; Olivier and Robert 2017; Neudam et al.
2022, but see Willim et al. 2022 and Trotto et al. 2024). Par-
ticularly rare are studies with a focus on controlled artificial
disturbances that used repeated measurements.

Here, we present a 7-year time series of repeated TLS
measurements from a forest biodiversity and ecosystem
functioning experiment in which ESBC interventions have
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been applied in temperate forest districts (Miiller et al. 2023).
The ESBC interventions comprise 15 different treatments
combining gap felling or thinning with deadwood retention,
and are designed to create structurally heterogeneous forest
districts. By tracking the development of forest structure in
90 forest patches before and after the experimental inter-
ventions, our objective was to assess the potential of ESBC
as a future practice for reaching structural targets in mul-
tipurpose forest management. We analyze temporal trends
in forest structure at two spatial scales, i.e., (1) on the scale
of forest patches (analogous to the a level in biodiversity
theory), with a focus on mean values of structural indices,
and (2) on the scale of forest districts comprising several
patches (analogous to the B level in biodiversity theory),
with a focus on variation around the mean. In other words,
we investigate both local structural complexity at the patch
level, and the larger-scale heterogeneity of structural com-
plexity at the district level. More specifically, we address the
following research questions.

Q1 (a level): How did the 15 treatments of the ESBC
measures affect the forest structure at the patch level?

Q2 (B level): Did the heterogeneity in forest struc-
ture increase in districts managed according to the ESBC
approach, compared to the state before the interventions,
and compared to homogeneously managed districts?

Methods
Study area

The study was carried out in the University Forest of the
University of Wiirzburg near Sailershausen, in the HaB-
berge region in Bavaria, Germany (Fig. S1). The study area
is located at an altitude of approximately 330—380 m above
sea level and received 704.6 mm of mean annual precipi-
tation between 1991 and 2020 (DWD, 2024). The forest
stands in which the experiment was set up are species-rich
temperate broad-leaved forests dominated by Fagus sylvat-
ica L., Acer L. spp., Fraxinus excelsior L., Carpinus betulus
L. and Quercus L. spp. with stand ages ranging from 72
to 97 years (in 2024). They are managed according to the
continuous cover forestry concept (Mason et al. 2022, Pom-
merening, 2023).

Experimental interventions

The experiment was established in six forest districts (forest
areas of 12-20 ha in size). Within each district, our sam-
pling units were 15 forest patches (squares of 50 mx 50 m),
which sums up to a total of 90 patches (Table S1). In win-
ter 2018/2019, experimental forest management measures

(Enhanced Structural Beta Complexity interventions,
ESBC) were carried out in the patches. These treatments
have a dimension of deadwood availability, and a dimen-
sion of spatial arrangement of the intervention that leads to
different levels of light availability (Fig. 1, Table S2).

In the deadwood dimension, there are seven types of
treatments (Fig. 1). In all cases, the treatment was applied
to approximately 30% of the standing basal area. For Total
removal, Stumps, Crowns and Logs, the trees were felled
with a harvester. For Total removal, all stumps from the
felled trees were removed from the soil with an excava-
tor. For Crowns and Logs, the crowns or logs of all felled
trees were left on the ground in the patch. In the Snags
treatment, the trees were topped at around 5 m height. For
Logs+snags, half of the target trees were topped and the
other half was felled, with the logs being left behind on the
soil. In the Habitat trees treatment, several kinds of mea-
sures were taken to artificially create dying and half-dead
trees: Approximately a third of the trees were abraded with
a harvester to injure the bark, in another third, artificial tree
hollows were created with a chain saw, and the last third
were cut through half of the stem at mid height and then
tipped with a harvester.

Each of the deadwood treatment types was executed both
in an Aggregated and in a Distributed version (i.e., the light
availability dimension of the treatments). For the Distrib-
uted treatments, the interventions were established evenly
throughout the patch (equivalent to silvicultural thinning
operations). For the Aggregated treatments, the respective
measure was applied to all trees in a radius of 15 m around
the center of the patch, creating a gap (around 750 to 900
m? in size and around 30 m in diameter) in the middle of
the patch. The 14 treatments (seven deadwood types x two
light availability types) were complemented by a Control
treatment where no intervention took place (Fig. 1, Miiller
etal. 2023).

Of the six districts, three were assigned Control districts
(C1-3). In these districts, no active, standardized interven-
tion was conducted in the course of the experiment. How-
ever, two of the districts, C1 and C3, had been thinned from
above by the local forestry office just before the launch of
the experiment with a very similar intervention intensity
and spatial configuration as the experimental Distributed
treatments. In the district C2, no thinning operation had
been conducted for several years. This was confirmed both
by communication with the responsible forest manager and
expert assessment in the field. Therefore, we classified all
15 patches in districts C1 and C3 as Distributed Stumps
treatment, and in C2 as Control treatment. Both versions of
Control districts represent homogeneous production forests,
just in different phases of the thinning cycle. The other 3
districts were assigned Enhanced districts (E1-3). There, a
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{ Fig. 1 Study area and experimental design. A Maps of the study area.
The 6 forest districts with respectively 15 forest patches located around
the village Sailershausen. B Location of the study area in Germany. C
Schematic visualization of the 15 treatments and how they are imple-
mented in Control and Enhanced districts in the ESBC approach

different ESBC intervention was applied to each of the 15
patches (Table S1, cf. Miiller et al. 2023). It is important
to note the difference in terminology between the Control
treatment, which means that no intervention was conducted
in a forest patch, and Control districts, which describes sev-
eral patches with identical treatments.

In 39 of the patches, 6 mx 6 m fenced enclosures were
installed around the patch center to prevent roe deer brows-
ing (Lettenmaier et al. 2025, Tables S1, S2).

Terrestrial laser scanning and data processing

We measured the forest structure in all patches once a year
during summer via terrestrial laser scanning (TLS). The first
scans were performed in summer 2018 before the interven-
tions took place. At that point, two of the Control districts
(C2 and C3) had not yet been assigned, which is why they
were not scanned in 2018. From 2020 on, all patches were
scanned once every summer until 2024 at a permanently
marked central position with 44.4 million measurements per
scan by a Faro Focus 3D 120 (Faro Technologies Inc., Lake
Mary, USA) laser scanner mounted on a tripod at breast
height (1.3 m), using a field of view of 305 degrees in verti-
cal direction and 360 degrees in horizontal direction. The
angular step width was set at 0.035°, and was subsampled
at 1/16 of the original resolution during processing as intro-
duced by earlier studies (e.g. Ehbrecht et al. 2021).
Naturally, scanning at a single position provides a rather
local perspective on forest structure that does not capture the
entire variability within a patch. Caution is advised when
extrapolating from a single scan to a larger scale. However,
scanning from single-scan positions has been conducted
before and was shown to provide meaningful data (Palace et
al. 2016), particularly for time series comparing scans from
the exact same position (Portillo-Quintero et al. 2014).
After scanning, all scans were processed using Faro Scene
(Faro Technologies Inc., Lake Marry, USA) by applying the
standard filters and exporting the data as XY Zfiles for qual-
ity check visualization and further processing. We had to
retroactively remove 19 of the originally 510 observations,
because we became aware of technical problems with these
scans only when processing the point clouds after the field
campaigns (e.g. the scanner had moved during the scan-
ning process). Using Mathematica 12 (Wolfram Research,
Champaign, USA), we calculated the stand structural com-
plexity index (SSCI, Ehbrecht et al. (2017)), understory
complexity index (UCI, Willim et al. (2019)) and canopy

openness according to Zheng et al. (2013) for a 60° zenithal
opening angle from the XYZ files.

The SSCI describes the structural complexity of a forest
stand based on the fractal dimension of the scanned struc-
tures (Ehbrecht et al. 2017). Typically, forest stands with
a high SSCI are multilayered, dense, and feature a high
degree of space filling (Ehbrecht et al. 2017, 2021; Stiers
et al. 2018).

Just like the SSCI, the UCI uses fractal geometry to
describe the complexity of vegetation structures, however,
it is focused on the understory between 0.8 m and 1.8 m
above the forest floor. High values indicate the presence of
dense understory vegetation (Willim et al. 2019; Seidel et
al. 2021). SSCI and UCI were shown to correlate to some
degree (e.g. Kikuchi et al. 2024), since the understory is also
considered in parts in the SSCI index, however the indices
are also frequently used in conjunction (Seidel et al. 2021).

Canopy openness, defined as the fraction of unit area
covered by vertical projection of the tree crowns (Gon-
samo et al. 2013), was used long before the advent of laser
scanners (e.g., Gerhard, 1996) and is, when measured with
TLS, a direct measure for light availability at the position
of the scanner. The computation of canopy openness from
TLS data relies on a projection of all scanned laser points
detected in a 60° vertically oriented, upside-down search
cone on a virtual image plane, as originally introduced by
Zheng et al. (2013) and further described by Ehbrecht et al.
(2019).

Data analysis
Development of forest structure in treatments (a level)

For answering research question Q1 (treatment effects on
the development of forest structure on the stand level), we
fitted one Bayesian (generalized) linear mixed model (LMM
or GLMM) for each forest structure index. We modeled
SSCI and UCI with LMM after log-transforming the highly
right-skewed UCI and standardizing both indices to facili-
tate prior selection. Canopy openness is limited to the inter-
val between 0 and 1 with observations at the bounds, and
was furthermore bimodally distributed within some groups.
To handle the bounded response variable with observations
being exactly 0 or 1, we modeled canopy openness with a
Bayesian ordered beta regression model in the parameter-
ization of Kubinec (2023). In all models, we included treat-
ment, year (as a categorical variable), and their interaction
as fixed effects. To control for potential effects of the enclo-
sures, we also included the scaled time since fencing (set to
0 for patches without central enclosure) and its interaction
with the light component of the treatments (Aggregated,
Distributed, Control) as fixed effects. As random effects, we
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included random intercepts for patch nested within district.
Data analysis was performed in R v. 4.3.0. (R Core Team
2023). The models for SSCI and UCI were fitted in the R
package brms v. 2.19.0 (Biirkner 2017), the ordered beta
regression for canopy openness with the package ordbetareg
v. 0.7.2 (Kubinec 2023). We used weakly informative pri-
ors on all parameters. Detailed descriptions of the model
equations, priors, model fitting, and diagnostics are given in
Method S1 and Method S2.

We were primarily interested whether (1) within each
treatment, the forest structure indices in the years 2020—
2024 differed from the pre-intervention forest structure in
2018, and (2) within each year, the forest structure indi-
ces from the 14 non-control treatments differed from the
Control treatment. We also tested whether time since fenc-
ing had an effect on forest structure indices within the
Aggregated, Distributed, and Control treatments, respec-
tively. We tested these contrasts two-sidedly using the
brms: :hypothesis () function, which performs evi-
dence ratio tests on the posterior. Weusedthe r2_bayes ()
function from the R package performance v. 0.9.2 (Liidecke
et al. 2021) to obtain conditional and marginal R? values for
the models.

Development of structural heterogeneity in Enhanced vs.
Control districts (B level)

In a second approach, we wanted to know whether the dis-
trict-level heterogeneity in forest structure increased in (het-
erogencously managed) Enhanced districts, compared to the
state before the intervention, and compared to the (homoge-
neously managed) Control districts (Q2). To tackle this ques-
tion, we applied models where not, as in most approaches,
the predicted means of the response variables depended on
the predictors of interest, but instead the estimated residual
(unexplained) variation of the data (Zuur et al., 2009, Chap-
ter 4.1). We postulate that a broad spread of the data within
districts at one point in time is equivalent to high heteroge-
neity (for that district type and time). By comparing model
parameters that describe this residual variation for Control
versus Enhanced districts or pre-intervention versus post-
intervention years, we could test whether heterogeneity dif-
fered credibly between district types and years.

Therefore, we fitted Bayesian (G) LMM with the time
since fencing and its interaction with the light component of
the treatment as the only fixed effects, to control for brows-
ing effects. Apart from that, this model type only accounts
for the random differences between districts and years via
random intercepts (year nested within district), therefore
leaving all variation within each district and year unex-
plained to be able to estimate the total unexplained within-
district variation. We fitted different dispersion or precision
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parameters that describe the spread of the residuals for
Enhanced and Control districts, and for each year, sepa-
rately. In testing whether the dispersion/precision param-
eters for Enhanced districts after the intervention differed
from those for Control districts, and for Enhanced districts
before the intervention, we could infer credible effects of
the type of district management (Enhanced or Control) on
within-district forest structural heterogeneity.

We standardized SSCI, log-transformed and standard-
ized UCI, and fitted both with LMM. The residual spread
was described with ¢ (standard deviation) parameters of a
normal distribution. Canopy openness was again modelled
as an ordered beta regression. The residual spread was
described with the ¢ (precision) parameters of a beta dis-
tribution in the mean/precision parametrization. Again, we
used the packages brms v. 2.19.0 (Biirkner 2017) and ord-
betareg v. 0.7.2 (Kubinec 2023) to fit the models and applied
weakly informative priors. The model formulas and further
information are given in Method S3 and Method S4.

To test whether the o and ¢ parameters for Enhanced
districts after the intervention differed from the respective
parameters in the Control districts and before the interven-
tion, we performed two-sided evidence ratio tests using the
hypothesis () function of brms. It is important to note
that, due to us working in a Bayesian instead of a frequen-
tist statistical framework, statistical results are evaluated in
terms of credibility, not significance. Effects or differences
are considered credible when the 95% credible interval of
the respective parameter or predicted mean (quantiles of its
posterior probability distribution) does not include the value
against which the contrast is tested.

Results

Development of forest structure in treatments (a
level)

In the Control treatment, stand structural complexity index
(SSCI) was slightly increased in 2021 and 2023 compared
to the pre-intervention state (Fig. 2). In the Distributed
treatments, initial credible post-intervention increases were
observed for most treatments, except for Crowns. How-
ever, the SSCI decreased again and was statistically non-
distinguishable from the pre-intervention state after three to
four years in the Habitat trees, Logs, and Logs+snags treat-
ments. In the Aggregated treatments, the responses of SSCI
varied strongly depending on the deadwood treatment:
There are examples of an increase for at least some years
(Habitat trees, Snags), a decrease (Crowns, Stumps, Total
removal), an initial increase, followed by a later decrease
(Logs +snags), and the reverse pattern (Logs). None of the
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Fig. 2 Forest structure indices

in dependency of year for each
treatment (a level). The smaller,
light points display the data. The
solid, larger points show the mar-
ginal predictions from a Bayesian
linear mixed model (“Treatment

a) Stand structural complexity i

Total removal

15
104 :

51 . it | O

: *
od :

ndex

SSCI

effects” model type, see Method
S1 and S2 for model description),
with the bars indicating the 95%
credible interval. The asterisks
mark whether a predicted value

Total removal
15

10

AT

o4 -

R

Habitat trees

o ey

Crowns

¢, ooy,

ey RETIIN

for a group was credibly different
from the prediction for 2018

within the same treatment. This b) Understory complexity index

was tested using evidence atlo
tests with 95% credible intervals gl : : : : : :
(Table S4). The dotted vertical . : .
. . . 6 . . . c Kk
lines mark the time of the inter- : k¥ *% Dok | Do : ) *
vention. The dashed horizontal ST e :_.A’f--- i Tk | it | bt CETEEA e =R o S FR
lines show the predicted value =
o aors o s et aca 3
reference of comparison of ! : : : : : :
67 : : : : : 2 )
S1- desbd a- APREE 4- LT TP R SCTT P ot RAF TR AR U
C) Canopy openness
TOOT kgl [ ¥Rk | [ : : T
0751 1 % : * | 0 Ky : : :
mO'SD' . * x : *-* ¥* | -
17} E i o
© 0251 : ¢ * . : * ¥
5 - L | = * *¥L.d |9~=----4 x *¥
G000 @z == == [ e - - Q8] [0 = e I e
& 2285883
a 1.004 . % b . . . e NNANNNN
50754 : : : : :
) : : : : :
0.501 : : : 2 :
0257 : : : : :
000 0= Voo ool (6- REaRS 0- 00006 [0- 0044 0 0000 o= 24408 |o” s00bd
PP OLNNY DPOLNNT DIV NOT VPO NVY DOOLNNT DOOLNMT VOO ND T
TEANANANANN NN NNN T ANNNNN T ANNNANN T ANNNNN T ANNNNN T ANNNNN
OO0 O0000 OO0OO0O0O0O0O OO0 O0O000 O00O000O CO0OO0O0O00O0 O0OO0O0O0O0O COO0O0O0OO
NNNANANANN NNNNNANN ANANANNANANN NNANNNANN ANANANNANANN NNNNNNN NANANNNNN
Year
Spatial treatment Aggregated O Distributed @  Control

patterns was stable over the whole post-intervention period
(Fig. 2a), Tables S3, S4). When tested whether non-control
treatments differed from Control within each year, no cred-
ible effects were found in 2018 (Fig. S1). In all subsequent
years, at least three of the Aggregated treatments, but none
of the Distributed, differed from the Control. These dif-
ferences in the Aggregated treatments were, depending on
the treatment and year, either positive or negative (Fig. S1,
Tables S3, S4). The fixed effects explained 54.5% of vari-
ance in the LMM for SSCI; the total explained variance
(fixed+random effects) was 75.4% (Table S5).

The understory complexity index (UCI) in the Control
treatments in 2021 and 2022 was credibly higher than in
2018 (Fig. 2b). In the Distributed treatments, UCI differed
from pre-intervention levels in the Stumps treatment in 2020
and 2021 only. For the Aggregated treatments, responses of

UCT to interventions varied. There was a mostly consistent
increase after the interventions in Logs+snags, Snags, and
Stumps, but in Logs+snags, UCI decreased to pre-interven-
tion levels again in 2024. In Logs, an initial decrease pre-
ceded a subsequent increase. In Habitat trees, UCI was only
slightly increased in 2023. In Crowns and Total removal,
no credible differences from the pre-intervention state were
found in any of the years (Fig. 2b), Tables S6, S7). Com-
paring UCI of non-control and Control treatments within
each year, only Aggregated Crowns differed credibly from
Control in 2018 (Fig. S2). In the post-intervention years,
none of the Distributed treatments differed from Control,
but in each year, several Aggregated treatments had credibly
higher UCI values than Control, with inconsistent patterns
in respect to which of the treatments were affected. The only
credible negative deviation from the Control treatment was
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Aggregated Logs in 2021 (Fig. S2, Tables S6, S7). The fixed
effects explained 55.3% of variance in the LMM for UCI;
the total explained variance was 80.9% (Table S5).

Canopy openness was credibly increased compared
to 2018 in all years in the Control treatment (Fig. 2¢)). In
the Distributed treatments, no credible deviations from the
pre-intervention state were found. In the Aggregated treat-
ments, canopy openness was consistently larger after the
interventions, with the exception of the Logs+snags and
Snags treatments, where a credible positive effect was only
present in some of the years (Fig. 2¢), Tables S8, S9). When
comparing canopy openness of Control and other treatments
within years, only Crowns was credibly higher than Con-
trol in 2018 (Fig. S3). In the post-intervention years, Dis-
tributed treatments did not differ in any case from Control
treatments, but Aggregated treatments had credibly higher
levels of canopy openness in almost all cases, with inconsis-
tent patterns between the years. Crowns, Stumps, and Total
removal were different from Control in all post-intervention
years (Fig. S3, Tables S8, S9). The fixed effects explained
81.1% of variance in the GLMM for Canopy openness; the
total explained variance was 94.4% (Table S5). The time
since the establishment of enclosures had a credible positive
effect on SSCI in the Aggregated treatments, and on UCI in
the Aggregated and Distributed treatments, with the effect
in the Aggregated treatments being much more pronounced.
On Canopy openness, it had a negative effect in the Aggre-
gated treatments only (Fig. S4, Tables S4, S7, S9).

Development of structural heterogeneity in
Enhanced vs. Control districts (f level)

SSCI was credibly more heterogeneous in Enhanced dis-
tricts than in Control districts in all post-intervention years,
but did not differ between Enhanced and Control districts
in 2018. In Control districts, the heterogeneity in the years
2020—2023 did not differ from 2018, but in 2024 it was
credibly lower than 2018. In the Enhanced districts, the het-
erogeneity in all post-intervention years was higher than in
2018 (Fig. 3a), Fig. S5, Tables S10, S11).

UCT in the Enhanced districts was credibly more hetero-
geneous than in the Control districts in 2023 only. The Con-
trol districts were credibly less heterogeneous in 2023 than
in 2018. Apart from that, the post-intervention heterogene-
ity levels did not differ from pre-intervention levels neither
for Control nor Enhanced districts (Fig. 3b), Fig. S5, Tables
S12, S13).

Canopy openness was already more heterogeneous in
the Enhanced districts than in the Control districts before
the interventions. After the interventions, heterogeneity
remained constant in the Control districts and increased
markedly in the Enhanced districts, leading to credibly
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higher heterogeneity in the Enhanced than in the Control
districts for all years (Fig. 3c), Fig. S5, Tables S14, S15).

Discussion

Development of forest structure after interventions
(alevel)

In our large-scale field experiment, Distributed interven-
tions similar to traditional silvicultural thinning actions had
little or no effect on any of the three forest structure indices.
Although the post-intervention stand structural complexity
index (SSCI) was slightly increased compared to the pre-
intervention state in most of the Distributed treatments,
within-year contrasts between Control and Distributed treat-
ments were never credibly different from 0. The finding of
only barely measurable structural changes in the Distributed
treatments is consistent with spaceborne remote sensing
data from the same forest patches, where metrics derived
from Sentinel-1 and Sentinel-2 products were highly sen-
sitive to Aggregated, but not to Distributed interventions
(Kacic et al. 2024, 2025). Other studies from a wide range
of different forests report clear and long-lasting effects of
thinning on different aspects of forest structure (Horner et
al. 2010; Dodson et al. 2012; Waters et al. 2018; Wang et
al. 2022), including structural heterogeneity and structural
diversity (Gauthier et al. 2015; Pretzsch and Hilmers 2024).
However, in these examples, inventory-based forest struc-
ture indices that are derived from the distribution of stem
diameters were used, while the indices used in this study are
more influenced by the distributions of leaves and branches
in space than by stems. Despite expectations of increased
understory growth following canopy openings (Bailey and
Tappeiner 1998; Dodson et al. 2012), the stagnating under-
story complexity is consistent with theory. According to
Beer Lambert’s law of light attenuation, light transmitted
to the forest floor increases far less than proportionally
with the reduction of the initial stocking (cf. Hale 2003),
although approximately 30% of basal area was removed.
Furthermore, light availability is just one potential limit-
ing resource for vegetation development on the forest floor
(Wagner et al. 2009, 2011). Moreover, closure of small,
thinning-induced gaps following crown expansion of the
remaining mature trees only left a short window of opportu-
nity for understory growth (Hawthorne et al., 2013; Kuehne
et al. 2015), as shown by the lack of effects in canopy open-
ness after Distributed interventions.

When removing equal amounts of timber in an aggre-
gated rather than a distributed spatial arrangement (i.e.,
creating a central canopy gap), the results were completely
different. All three structural indices changed markedly in
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most of the Aggregated treatments after the interventions.
The creation of these artificial canopy gaps with a diameter
of 30 m led to an immediate increase in canopy openness.
The effect sizes were drastic, canopy openness changed
from values close to 0 to almost 1 in several of the treat-
ments, spanning almost the whole possible range of canopy
openness. As expected, increased resource availability (pri-
marily light, but potentially also soil water due to reduced
root competition by overstorey trees (cf. Miiller and Wagner
2003; Ammer and Wagner 2002) caused intensive growth

Enhanced districts

Higher district-level structural heterogeneity is indicated by higher
values of ¢ or lower values of ¢ (compare also with respective data and
model predictions in Fig. S6). Within each row (i.e., between district
types and years), parameters with non-overlapping 95% highest den-
sity intervals can be considered credibly different from each other. For
inference from hypothesis tests on differences between the parameters,
see Tables S11, S13 and S15

of herbs, shrubs, and tree regeneration in the gaps, reflected
by increasing understory complexity index (UCI) in most
Aggregated treatments (Whitmore 1989; Zhu et al. 2014;
Vilhar et al. 2015; Kern et al. 2017; Stiers et al. 2019; Thom
et al. 2022; Lettenmaier et al. 2025). The most pronounced
changes of UCI were observed in the Logs+Snags treat-
ment, where average UCI increased from around 3, a typical
value for mature managed beech forests, to around 6, which
is an exceptionally high UCI, indicating a dense, highly
complex understory (Willim et al. 2019). The development
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of SSCI in Aggregated treatments is less straightforward
than that of UCI and canopy openness. While we expected
an initial decrease in SSCI caused by the removal of struc-
tures, followed by an increase due to the growth of structur-
ally complex understory layer vegetation in all treatments,
this could only be confirmed for Logs and Stumps. In the
other Aggregated treatments, all kinds of different patterns,
often highly dynamic, were found. Generally, high dynam-
ics of SSCI are typical for early successional stages (Willim
etal. 2022). With a baseline SSCI of around 5 for most treat-
ments, the dynamic changes to SSCI values from around
3 to around 8 spanned almost the entire range typically
observed in temperate forests (Ehbrecht et al. 2021).

Why certain deadwood treatments responded in spe-
cific ways is only explicable in some of the cases. In Total
removal and Crowns, SSCI was always lower than or equal
to the pre-intervention state. These were also the only
Aggregated treatments where UCI did not increase, while
canopy openness remained high in both treatments. This
indicates that the heavy disturbance caused by excavating
the stumps in Total removal, and the remaining crown dead-
wood in Crowns, may have damaged already established
plants and inhibited the emergence of additional understory
vegetation, with the effects persisting even six years after
the interventions.

Since the scans were conducted within fenced enclosures
in a subset of our patches, we corrected for the effects of
time since enclosure installation in our models. As expected,
browsing exclusion caused a marked increase in SSCI and
UCI and a slightly decreased canopy openness over time
in Aggregated treatments. These structural changes indicate
that before interventions and enclosure installations, tree
regeneration was suppressed by both canopy trees casting
shade and severe ungulate browsing (Lettenmaier et al.
2025). The interaction of light availability and browsing
pressure is crucial for recruitment processes, and many tree
species can only regenerate successfully when both light
availability is increased and ungulate browsing is prevented
(Kupferschmid et al. 2014; Annighofer et al. 2015; Tamura
and Nakajima 2017; Schéfer et al. 2019; Barrere et al. 2021;
Royo and Carson 2022). Hence, intensive ungulate brows-
ing can affect aspects of forest structure, including forest
structural complexity, for decades (Ammer 1996; Didion et
al. 2009; Ramirez et al. 2019; Reed et al. 2022). Therefore,
ungulate densities will likely be of crucial importance for
the long-term structural trajectories of forest stands after
ESBC interventions.

For a more profound understanding of the development
of forest structure in specific treatments, the experimen-
tal interventions of interest should be repeated in future
experiments with more replicates, as the design of this
experiment was customized primarily for the comparison
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of homogeneously versus heterogeneously managed for-
est districts (Miiller et al. 2023). Nevertheless, our results
clearly demonstrate that by harvesting equal amounts of
timber in different spatial patterns, and varying which types
of deadwood are retained, practitioners can effectively reg-
ulate post-harvest structural complexity of forest stands.
While thinning interventions comparable to our Distributed
treatments will affect stand structure only slightly, gap cut-
tings comparable to our Aggregated treatments can either
increase or decrease local structural complexity during
the following years, depending on the development of the
emerging tree regeneration.

Structurally heterogeneous forests through ESBC
measures (B level)

Immediately after the interventions, Enhanced districts
showed greater heterogeneity of SSCI and canopy open-
ness than before. These differences persisted throughout the
observation period, meeting our expectations and confirm-
ing that the goal of the ESBC measures, to create structur-
ally heterogeneous forest districts, was met. For UCI, no
such pattern could be statistically validated yet (except for
2023, but the difference did not remain credible in 2024).
As the treatment-specific results show, forest structure indi-
ces remained stable in the Distributed treatments, but varied
dynamically in the Aggregated treatments, with different
temporal patterns depending on the retained deadwood type.
We therefore conclude that the enhanced structural hetero-
geneity of SSCI and canopy openness was almost exclu-
sively driven by the Aggregated treatments and diverse
structural responses to different deadwood retention types
in them. Consequently, our results underline that gap-based
silviculture approaches have a promising potential of creat-
ing structurally heterogeneous forest landscapes (Seidel et
al. 2016; Thom and Keeton 2020; Aszalds et al. 2022).

Implications for biodiversity

The manipulations of forest structure, especially the Aggre-
gated treatments, will certainly have direct drastic effects on
the microclimate in the forest patches (Ehbrecht et al. 2017,
2019; Thom et al. 2020). Whether directly or indirectly
through the modified microclimate, structural changes will
likely impact biodiversity in the patches. For multiple taxa,
forest structural complexity and related structural variables
have been shown to be potent predictors of biodiversity
(Jung et al. 2012; Gao et al. 2014; Rappa et al. 2022; Wil-
dermuth et al. 2024). Although Distributed treatments did
not have lasting effects on our forest structure indices, the
enrichment of closed canopy stands with deadwood will
probably promote biodiversity (McKenny et al. 2006; Dove
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and Keeton 2015; Seibold et al. 2015; Eckerter et al. 2021;
Rothacher et al. 2023; Dyson et al. 2024). Resulting from
such patch-level effects (a scale), the district-level structural
heterogeneity in the Enhanced forest districts will presum-
ably lead to increased district-level B-diversity, and ulti-
mately y-diversity and ecosystem multifunctionality, which
is investigated in the ongoing field experiment (Miiller et
al. 2023).

Conclusions

The TLS-derived forest structure indices validate that by
implementing ESBC measures, forests can be successfully
enhanced in structural heterogeneity at the landscape level.
The increased heterogeneity of stand structural complexity
was almost exclusively achieved by spatially aggregated
interventions, highlighting the potential of gap-based sil-
viculture to create structurally heterogeneous forest land-
scapes. In gaps, structural development remained highly
dynamic during the 6-year post-intervention period. This
demonstrates that in early successional stages after distur-
bances, measurements of forest structure at only one or two
points in time can yield misleading results. Future research
will reveal whether the ESBC measures increase - and
v-level biodiversity and ecosystem multifunctionality. If so,
they are a promising approach to strengthen biodiversity
conservation in multifunctional forests.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10342-0
26-01914-5.

Acknowledgements We are grateful for the funding of the research
unit BETA-FOR (FORS5375, 459717468) by the Deutsche Forschun-
gsgemeinschaft (DFG). We would like to thank Andreas Parth, Michael
Unger and Michael Junginger for their help with the field work, and
Hans Stark and Daniel Kraus for granting us access and supporting our
work in the University Forest Sailershausen.

Author contributions KP: Conceptualization, Methodology, Formal
analysis, Data curation, Writing—original draft, Visualization, Super-
vision, Writing—review and editing. RML: Methodology, Writing—
review and editing. HLI: Investigation, Writing—review and editing.
SPK: Investigation, Visualization, Writing—review and editing. BW:
Resources, Writing—review and editing. BS: Project administration,
Funding acquisition, Writing — review and editing. JM: Project admin-
istration, Funding acquisition, Writing—review and editing. CA: Proj-
ect administration, Funding acquisition, Writing—review and editing.
DS: Conceptualization, Methodology, Investigation, Data curation,
Supervision, Project administration, Funding acquisition, Writing—
review and editing.

Funding Open Access funding enabled and organized by Projekt
DEAL. This work was supported by Deutsche Forschungsgemein-
schaft (DFG) as part of the research unit FOR5375 under the Grant
Number 459717468.

Data availability The data are avaible at https://doi.org/10.5281/zeno
do.15075106.

Code availability The code is available at https:/github.com/Kerstin
Pierick/Artificial-gaps-but-not-thinning-persistently-enhance-forest-st
ructural-heterogeneity.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Ammer C (1996) Impact of ungulates on structure and dynamics of
natural regeneration of mixed mountain forests in the Bavarian
Alps. Forest Ecol Manage 88:43-53. https://doi.org/10.1016/S0
378-1127(96)03808-X

Ammer C, Wagner S (2002) Problems and options in modelling fine-
root biomass of single mature Norway spruce trees at given points
from stand data. Can J for Res 32:581-590. https://doi.org/10.11
39/x01-229

Ammer C, Fichtner A, Fischer A, Gossner MM, Meyer P, Seidl R,
Thomas FM, Annighdofer P, Kreyling J, Ohse B et al (2018) Key
ecological research questions for Central European forests. Basic
Appl Ecol 32:3-25. https://doi.org/10.1016/j.baae.2018.07.006

Annighofer P, Beckschéfer P, Vor T, Ammer C (2015) Regeneration
patterns of European oak species (Quercus petraea (Matt.) Liebl.,
Quercus robur L.) in dependence of environment and neighbor-
hood. PLoS ONE 10:e0134935. https://doi.org/10.1371/journal.
pone.0134935

Asbeck T, Benneter A, Huber A, Margaritis D, Buse J, Popa F, Pyt-
tel P, Forschler M, Gartner S, Bauhus J (2023) Enhancing struc-
tural complexity: An experiment conducted in the Black Forest
National Park, Germany. Ecol Evol 13:€9732. https://doi.org/10
.1002/ece3.9732

Aszalos R, Thom D, Aakala T, Angelstam P, Brimelis G, Galhidy L,
Gratzer G, Hlasny T, Katzensteiner K, Kovacs B et al (2022) Nat-
ural disturbance regimes as a guide for sustainable forest man-
agement in Europe. Ecol Appl 32:¢2596. https://doi.org/10.100
2/eap.2596

Bailey JD, Tappeiner JC (1998) Effects of thinning on structural devel-
opment in 40- to 100-year-old Douglas-fir stands in western Ore-
gon. For Ecol Manage 108:99—113. https://doi.org/10.1016/S037
8-1127(98)00216-3

Barrere J, Petersson LK, Boulanger V, Collet C, Felton AM, Lof M,
Said S (2021) Canopy openness and exclusion of wild ungulates
act synergistically to improve oak natural regeneration. For Ecol
Manage 487:118976. https://doi.org/10.1016/j.foreco.2021.1189
76

Bauhus J, Puettmann K, Messier C (2009) Silviculture for old-growth
attributes. For Ecol Manage 258:525-537. https://doi.org/10.101
6/j.foreco.2009.01.053

@ Springer


https://doi.org/10.1007/s10342-026-01914-5
https://doi.org/10.1007/s10342-026-01914-5
https://doi.org/10.5281/zenodo.15075106
https://doi.org/10.5281/zenodo.15075106
https://github.com/KerstinPierick/Artificial-gaps-but-not-thinning-persistently-enhance-forest-structural-heterogeneity
https://github.com/KerstinPierick/Artificial-gaps-but-not-thinning-persistently-enhance-forest-structural-heterogeneity
https://github.com/KerstinPierick/Artificial-gaps-but-not-thinning-persistently-enhance-forest-structural-heterogeneity
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0378-1127(96)03808-X
https://doi.org/10.1016/S0378-1127(96)03808-X
https://doi.org/10.1139/x01-229
https://doi.org/10.1139/x01-229
https://doi.org/10.1016/j.baae.2018.07.006
https://doi.org/10.1371/journal.pone.0134935
https://doi.org/10.1371/journal.pone.0134935
https://doi.org/10.1002/ece3.9732
https://doi.org/10.1002/ece3.9732
https://doi.org/10.1002/eap.2596
https://doi.org/10.1002/eap.2596
https://doi.org/10.1016/S0378-1127(98)00216-3
https://doi.org/10.1016/S0378-1127(98)00216-3
https://doi.org/10.1016/j.foreco.2021.118976
https://doi.org/10.1016/j.foreco.2021.118976
https://doi.org/10.1016/j.foreco.2009.01.053
https://doi.org/10.1016/j.foreco.2009.01.053

68 Page 12 of 15

European Journal of Forest Research (2026) 145:68

Biirkner PC (2017) brms: An R package for Bayesian multilevel mod-
els using Stan. J Stat Soft 80:1-28. https://doi.org/10.18637/jss.
v080.101

Calders C, Schenkels T, Bartholomeus H, Armston J, Verbesselt J, Her-
old M (2015) Monitoring spring phenology with high temporal
resolution terrestrial LIDAR measurements. Agric for Meteorol
203:158-168. https://doi.org/10.1016/j.agrformet.2015.01.009

Cao L, Coops NC, Innes JL, Sheppard SRJ, Fu L, Ruan H, She G
(2016) Estimation of forest biomass dynamics in subtropical for-
ests using multi-temporal airborne LiDAR data. Remote Sens
Environ 178:158-171. https://doi.org/10.1016/j.rse.2016.03.012

Cimdins R, Yrttimaa T, Hyyppa J, Vastaranta M, Kankare V (2024)
Quantifying changes in forest structural complexity using bi-tem-
poral airborne laser scanning. Eur J Remote Sens 57:2417905.
https://doi.org/10.1080/22797254.2024.2417905

Dalponte M, Jucker T, Liu S, Frizzera L, Gianelle D (2019) Charac-
terizing forest carbon dynamics using multi-temporal lidar data.
Remote Sens Environ 224:412-420. https://doi.org/10.1016/j.rse
.2019.02.018

Davies AB, Asner GP (2014) Advances in animal ecology from
3D-LiDAR ecosystem mapping. Trends Ecol Evol 29:681-691.
https://doi.org/10.1016/j.tree.2014.10.005

Decker O, Uhler J, Redlich S, Chao A, Kortmann M, Steffan-Dewenter
I, Tobisch C, Ewald J, Englmeier J, Fricke U, Ganuza C, Haensel
M, Bozicevic V, Moriniére J, Zhang J, Miiller J (2026) Distance-
decay reveals contrasting effects of land-use types on arthropod
community homogenisation. Nat Commun 17:763. https://doi.or
2/10.1038/s41467-025-67612-9

Didion M, Kupferschmid AD, Bugmann H (2009) Long-term effects
of ungulate browsing on forest composition and structure. For
Ecol Manage 258:S44-S55. https://doi.org/10.1016/j.foreco.200
9.06.006

Dodson EK, Ares A, Puettmann KJ (2012) Early responses to thinning
treatments designed to accelerate late successional forest struc-
ture in young coniferous stands of western Oregon, USA. Can J
for Res 42:345-355. https://doi.org/10.1139/x11-188

DoveN, Keeton W (2015) Structural complexity enhancement increases
fungal species richness in northern hardwood forests. Fungal Ecol
13:181-192. https://doi.org/10.1016/j.funeco.2014.09.009

DWD (Deutscher Wetterdienst). 2024 Niederschlag: Vieljdhrige Mit-
telwerte 1991 — 2020. https://www.dwd.de/DE/leistungen/klimad
atendeutschland/mittelwerte/nieder 9120 SV _html.html?view=
nasPublicationandnn=16102 Accessed December 5, 2024

Dyson BL, Herpel R, Karasch P, Miiller J, Thom D, Bissler C (2024)
Effects of forest management on the key fungal decomposer
Fomes fomentarius in European beech forests — lessons from a
large-scale experiment. For Ecol Manage 552:121580. https://doi
.org/10.1016/j.foreco.2023.121580

Eckerter T, Buse J, Bauhus J, Forschler MI, Klein AM (2021) Wild
bees benefit from structural complexity enhancement in a forest
restoration experiment. For Ecol Manage 496:119412. https://doi
.org/10.1016/j.foreco.2021.119412

Ehbrecht M, Schall P, Ammer C, Seidel D (2017) Quantifying stand
structural complexity and its relationship with forest manage-
ment, tree species diversity and microclimate. Agric for Meteorol
242:1-9. https://doi.org/10.1016/j.agrformet.2017.04.012

Ehbrecht M, Schall P, Ammer C, Fischer M, Seidel D (2019) Effects
of structural heterogeneity on the diurnal temperature range in
temperate forest ecosystems. For Ecol Manage 432:860-867. htt
ps://doi.org/10.1016/j.foreco.2018.10.008

Ehbrecht M, Seidel D, Annighdfer P, Kreft H, Kohler M, Zemp DC,
Puettmann K, Nilus R, Babweteera F, Willim K et al (2021) Global
patterns and climatic controls of forest structural complexity. Nat
Commun 12:519. https://doi.org/10.1038/s41467-020-20767-z

Eisenhauer N, Angst G, Asato AEB, Beugnon R, Bonisch E, Cesarz S,
Dietrich P, Jurburg SD, Madaj A-M, Reuben RC et al (2023) The

@ Springer

heterogeneity—diversity—system performance nexus. Natl Sci Rev
10:nwad109. https://doi.org/10.1093/nsr/nwad109

Forzieri G, Dakos V, McDowell NG, Ramdane A, Cescatti A (2022)
Emerging signals of declining forest resilience under climate
change. Nature 608:534-539. https://doi.org/10.1038/s41586-02
2-04959-9

Gao T, Hedblom M, Emilsson T, Nielsen AB (2014) The role of for-
est stand structure as biodiversity indicator. For Ecol Manage
330:82-93. https://doi.org/10.1016/j.foreco.2014.07.007

Gauthier M-M, Barrette M, Tremblay S (2015) Commercial thinning
to meet wood production objectives and develop structural het-
erogeneity: a case study in the spruce-fir forest, Quebec, Canada.
Forests 6:510-532. https://doi.org/10.3390/f6020510

Gerhardt K (1996) Effects of root competition and canopy openness
on survival and growth of tree seedlings in a tropical seasonal
dry forest. For Ecol Manage 82:33—48. https://doi.org/10.1016/0
378-1127(95)03700-4

Gonsamo A, D’odorico P, Pellikka P (2013) Measuring fractional for-
est canopy element cover and openness — definitions and method-
ologies revisited. Oikos 122:1283-1291. https://doi.org/10.1111/j
.1600-0706.2013.00369.x

Grevé ME, Hager J, Weisser WW, Schall P, Gossner MM, Feldhaar H
(2018) Effect of forest management on temperate ant communi-
ties. Ecosphere 9:¢02303. https://doi.org/10.1002/ecs2.2303

Griebel A, Bennett LT, Culvenor DS, Newnham GJ, Arndt SK (2015)
Reliability and limitations of a novel terrestrial laser scanner for
daily monitoring of forest canopy dynamics. Remote Sens Envi-
ron 166:205-213. https://doi.org/10.1016/j.rse.2015.06.014

Hagemann N, Magdon P, Schnell S, Pommerening A (2022) Analysing
gap dynamics in forest canopies with landscape metrics based on
multi-temporal airborne laser scanning surveys — a pilot study.
Ecol Indic 145:109627. https://doi.org/10.1016/j.ecolind.2022.1
09627

Hale SE (2003) The effect of thinning intensity on the below-canopy
light environment in a Sitka spruce plantation. For Ecol Manage
179:341-349. https://doi.org/10.1016/S0378-1127(02)00540-6

Hawthorne SND, Lane PNJ, Bren LJ, Sims NC (2013) The long term
effects of thinning treatments on vegetation structure and water
yield. For Ecol Manage 310:983—-993. https://doi.org/10.1016/j.
foreco.2013.09.046

Heidrich L, Bae S, Levick S, Seibold S, Weisser W, Krzystek P, Mag-
don P, Nauss T, Schall P, Serebryanyk A et al (2020) Heteroge-
neity—diversity relationships differ between and within trophic
levels in temperate forests. Nat Ecol Evol 4:1204-1212. https://d
0i.org/10.1038/s41559-020-1245-z

Heidrich L, Brandl R, Ammer C, Bae S, Bissler C, Doerfler I, Fischer
M, Gossner MM, Heurich M, Heibl C et al (2023) Effects of het-
erogeneity on the ecological diversity and redundancy of forest
fauna. Basic Appl Ecol 73:72-79. https://doi.org/10.1016/j.baae
.2023.10.005

Hilmers T, Friess N, Bissler C, Heurich M, Brandl R, Pretzsch H,
Seidl R, Miiller J (2018) Biodiversity along temperate forest suc-
cession. J Appl Ecol 55:2756-2766. https://doi.org/10.1111/136
5-2664.13238

Horner GJ, Baker PJ, Nally RM, Cunningham SC, Thomson JR, Ham-
ilton F (2010) Forest structure, habitat and carbon benefits from
thinning floodplain forests: managing early stand density makes
a difference. For Ecol Manage 259:286-293. https://doi.org/10.1
016/j.foreco.2009.10.015

Howler K, Vallebuona N, Wern T, Ammer C, Seidel D (2024) Struc-
tural reorganization in beech forests in central Germany as
response to drought-induced mortality in the overstory. Trees for
People 15:100506. https://doi.org/10.1016/j.tfp.2024.100506

Huang W, Sun G, Dubayah R, Cook B, Montesano P, Ni W, Zhang Z
(2013) Mapping biomass change after forest disturbance: apply-
ing LiDAR footprint-derived models at key map scales. Remote


https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1016/j.agrformet.2015.01.009
https://doi.org/10.1016/j.rse.2016.03.012
https://doi.org/10.1080/22797254.2024.2417905
https://doi.org/10.1016/j.rse.2019.02.018
https://doi.org/10.1016/j.rse.2019.02.018
https://doi.org/10.1016/j.tree.2014.10.005
https://doi.org/10.1038/s41467-025-67612-9
https://doi.org/10.1038/s41467-025-67612-9
https://doi.org/10.1016/j.foreco.2009.06.006
https://doi.org/10.1016/j.foreco.2009.06.006
https://doi.org/10.1139/x11-188
https://doi.org/10.1016/j.funeco.2014.09.009
https://www.dwd.de/DE/leistungen/klimadatendeutschland/mittelwerte/nieder_9120_SV_html.html?view=nasPublication%26nn=16102
https://www.dwd.de/DE/leistungen/klimadatendeutschland/mittelwerte/nieder_9120_SV_html.html?view=nasPublication%26nn=16102
https://www.dwd.de/DE/leistungen/klimadatendeutschland/mittelwerte/nieder_9120_SV_html.html?view=nasPublication%26nn=16102
https://doi.org/10.1016/j.foreco.2023.121580
https://doi.org/10.1016/j.foreco.2023.121580
https://doi.org/10.1016/j.foreco.2021.119412
https://doi.org/10.1016/j.foreco.2021.119412
https://doi.org/10.1016/j.agrformet.2017.04.012
https://doi.org/10.1016/j.foreco.2018.10.008
https://doi.org/10.1016/j.foreco.2018.10.008
https://doi.org/10.1038/s41467-020-20767-z
https://doi.org/10.1093/nsr/nwad109
https://doi.org/10.1038/s41586-022-04959-9
https://doi.org/10.1038/s41586-022-04959-9
https://doi.org/10.1016/j.foreco.2014.07.007
https://doi.org/10.3390/f6020510
https://doi.org/10.1016/0378-1127(95)03700-4
https://doi.org/10.1016/0378-1127(95)03700-4
https://doi.org/10.1111/j.1600-0706.2013.00369.x
https://doi.org/10.1111/j.1600-0706.2013.00369.x
https://doi.org/10.1002/ecs2.2303
https://doi.org/10.1016/j.rse.2015.06.014
https://doi.org/10.1016/j.ecolind.2022.109627
https://doi.org/10.1016/j.ecolind.2022.109627
https://doi.org/10.1016/S0378-1127(02)00540-6
https://doi.org/10.1016/j.foreco.2013.09.046
https://doi.org/10.1016/j.foreco.2013.09.046
https://doi.org/10.1038/s41559-020-1245-z
https://doi.org/10.1038/s41559-020-1245-z
https://doi.org/10.1016/j.baae.2023.10.005
https://doi.org/10.1016/j.baae.2023.10.005
https://doi.org/10.1111/1365-2664.13238
https://doi.org/10.1111/1365-2664.13238
https://doi.org/10.1016/j.foreco.2009.10.015
https://doi.org/10.1016/j.foreco.2009.10.015
https://doi.org/10.1016/j.tfp.2024.100506

European Journal of Forest Research (2026) 145:68

Page 130f 15 68

Sens Environ 134:319-332. https://doi.org/10.1016/j.rse.2013.03
.017

Ishii HT, Tanabe S, Hiura T (2004) Exploring the relationships among
canopy structure, stand productivity, and biodiversity of temper-
ate forest ecosystems. For Sci 50:342-355. https://doi.org/10.109
3/forestscience/50.3.342

Juchheim J, Ehbrecht M, Schall P, Ammer C, Seidel D (2020) Effect
of tree species mixing on stand structural complexity. Forestry
93:75-83. https://doi.org/10.1093/forestry/cpz046

Jung K, Kaiser S, Bohm S, Nieschulze J, Kalko EKV (2012) Moving
in three dimensions: effects of structural complexity on occur-
rence and activity of insectivorous bats in managed forest stands.
J Appl Ecol 49:523-531. https://doi.org/10.1111/j.1365-2664.20
12.02116.x

Kacic P, Gessner U, Holzwarth S, Thonfeld F, Kuenzer C (2024)
Assessing experimental silvicultural treatments enhancing struc-
tural complexity in a central European forest — BEAST time-
series analysis based on Sentinel-1 and Sentinel-2. Remote Sens
Ecol Conserv 10:531-550. https://doi.org/10.1002/rse2.386

Kacic P, Gessner U, Hakkenberg CR, Holzwarth S, Miiller J, Pierick
K, Seidel D, Thonfeld F, Torresani M, Kuenzer C (2025) Char-
acterizing local forest structural complexity based on multi-plat-
form and -sensor derived indicators. Ecol Indic 170:113085. http
s://doi.org/10.1016/j.ecolind.2025.113085

Keeton WS (2006) Managing for late-successional/old-growth charac-
teristics in northern hardwood-conifer forests. For Ecol Manage
235:129-142. https://doi.org/10.1016/j.foreco.2006.08.005

Kern CC, Montgomery RA, Reich PB, Strong TF (2014) Harvest-cre-
ated canopy gaps increase species and functional trait diversity of
the forest ground-layer community. For Sci 60:335-344. https://d
oi.org/10.5849/forsci.13-015

Kern CC, Burton JI, Raymond P, D’Amato AW, Keeton WS, Royo
AA, Walters MB, Webster CR, Willis JL (2017) Challenges fac-
ing gap-based silviculture and possible solutions for mesic north-
ern forests in North America. Forestry 90:4—17. https://doi.org/1
0.1093/forestry/cpw024

Kikuchi T, Seidel D, Ehbrecht M, Zemp DC, Brambach F, Irawan B,
Sundawati L, Holscher D, Kreft H, Paterno GB (2024) Combin-
ing planting trees and natural regeneration promotes long-term
structural complexity in oil palm landscapes. For Ecol Manage
569:122182. https://doi.org/10.1016/j.foreco.2024.122182

Knapp N, Fischer R, Huth A (2018) Linking lidar and forest modeling
to assess biomass estimation across scales and disturbance states.
Remote Sens Environ 205:199-209. https://doi.org/10.1016/j.rse
.2017.11.018

Kubinec R (2023) Ordbetareg: Ordered beta regression models with
‘brms’. R package version 0.7.2. https://CRAN.R-project.org/pa
ckage=ordbetareg

Kuehne C, Weiskittel AR, Fraver S, Puettmann KJ (2015) Effects of
thinning-induced changes in structural heterogeneity on growth,
ingrowth, and mortality in secondary coastal Douglas-fir forests.
Can J for Res 45:1448-1461. https://doi.org/10.1139/cjfr-2015-0
113

Kupferschmid AD, Wasem U, Bugmann H (2014) Light availability
and ungulate browsing determine growth, height and mortality of
Abies alba saplings. For Ecol Manage 318:359-369. https://doi.o
rg/10.1016/j.foreco.2014.01.027

LaRue EA, Hardiman BS, Elliott JM, Fei S (2019) Structural diversity
as a predictor of ecosystem function. Environ Res Lett 14:114011.
https://doi.org/10.1088/1748-9326/ab49bb

Lassauce A, Paillet Y, Jactel H, Bouget C (2011) Deadwood as a surro-
gate for forest biodiversity: meta-analysis of correlations between
deadwood volume and species richness of saproxylic organisms.
Ecol Indic 11:1027-1039. https://doi.org/10.1016/j.ecolind.2011
.02.004

Lettenmaier L, Mysterud A, Mitesser O, Ammer C, Hothorn T, Cesarz
S, Eisenhauer N, Kraus D, Mallick S, Miiller J et al (2025) Light
and ungulate browsing interact in shaping future woody plant
diversity through natural regeneration. J Appl Ecol. https://doi.or
2/10.1111/1365-2664.70211

Li Z, Strahler A, Schaaf C, Jupp D, Schaefer M, Olofsson P (2018)
Seasonal change of leaf and woody area profiles in a midlatitude
deciduous forest canopy from classified dual-wavelength terres-
trial lidar point clouds. Agric for Meteorol 262:279-297. https://d
oi.org/10.1016/j.agrformet.2018.07.014

Li W, Guo W-Y, Pasgaard M, Niu Z, Wang L, Chen F, Qin Y, Sven-
ning J-C (2023) Human fingerprint on structural density of forests
globally. Nature Sustainability 6:368-379. https://doi.org/10.103
8/s41893-022-01020-5

Lindenmayer DB, Margules CR, Botkin DB (2000) Indicators of bio-
diversity for ecologically sustainable forest management. Con-
serv Biol 14:941-950. https://doi.org/10.1046/j.1523-1739.2000
.98533.x

Liidecke D, Ben-Shachar MS, Patil I, Waggoner P, Makowski D
(2021) Performance: an R package for assessment, comparison
and testing of statistical models. ] Open Source Softw 6:3139. ht
tps://doi.org/10.21105/joss.03139

Martin PA, Newton AC, Cantarello E, Evans P (2015) Stand dieback
and collapse in a temperate forest and its impact on forest struc-
ture and biodiversity. For Ecol Manage 358:130-138. https://doi.
org/10.1016/j.foreco.2015.08.033

Mason WL, Diaci J, Carvalho J, Valkonen S (2022) Continuous cover
forestry in Europe: usage and the knowledge gaps and challenges
to wider adoption. Forestry 95:1-12. https://doi.org/10.1093/for
estry/cpab038

McElhinny C, Gibbons P, Brack C, Bauhus J (2005) Forest and wood-
land stand structural complexity: its definition and measurement.
For Ecol Manage 218:1-24. https://doi.org/10.1016/j.foreco.200
5.08.034

McKenny HC, Keeton WS, Donovan TM (2006) Effects of struc-
tural complexity enhancement on eastern red-backed salamander
(Plethodon cinereus) populations in northern hardwood forests.
For Ecol Manage 230:186-196. https://doi.org/10.1016/j.foreco
.2006.04.034

Mitesser O, Cadotte M, Mori AS, Plas F van der, Chao A, Rothacher J,
Bissler C, Bevanda M, Biedermann PHW, Bradler P, et al (2025)
Old growth attributes by chain saw: how between-patch hetero-
geneity changes the metacommunities of beetles in temperate
forests. bioarxiv: 2025.08.30.673209. https://doi.org/10.1101/20
25.08.30.673209

Mori AS, Isbell F, Seidl R (2018) B-Diversity, community assembly,
and ecosystem functioning. Trends Ecol Evol 33:549-564. https:/
/doi.org/10.1016/j.tree.2018.04.012

Miiller KH, Wagner S (2003) Fine root dynamics in gaps of Norway
spruce stands in the German ore mountains. Forestry 76:149—-158.
https://doi.org/10.1093/forestry/76.2.149

Miiller J, Mitesser O, Cadotte MW, van der Plas F, Mori AS, Ammer C,
Chao A, Scherer-Lorenzen M, Baldrian P, Béssler C et al (2023)
Enhancing the structural diversity between forest patches—a con-
cept and real-world experiment to study biodiversity, multifunc-
tionality and forest resilience across spatial scales. Glob Change
Biol. https://doi.org/10.1111/gcb.16564

Muscolo A, Bagnato S, Sidari M, Mercurio R (2014) A review of the
roles of forest canopy gaps. J for Res 25:725-736. https://doi.org
/10.1007/s11676-014-0521-7

Neudam L, Annighdfer P, Seidel D (2022) Exploring the potential of
mobile laser scanning to quantify forest structural complexity.
Front Remote Sens 3:861337. https://doi.org/10.3389/frsen.202
2.861337

Noordermeer L, Okseter R, @rka HO, Gobakken T, Nesset E, Bol-
landsds OM (2019) Classifications of forest change by using

@ Springer


https://doi.org/10.1016/j.rse.2013.03.017
https://doi.org/10.1016/j.rse.2013.03.017
https://doi.org/10.1093/forestscience/50.3.342
https://doi.org/10.1093/forestscience/50.3.342
https://doi.org/10.1093/forestry/cpz046
https://doi.org/10.1111/j.1365-2664.2012.02116.x
https://doi.org/10.1111/j.1365-2664.2012.02116.x
https://doi.org/10.1002/rse2.386
https://doi.org/10.1016/j.ecolind.2025.113085
https://doi.org/10.1016/j.ecolind.2025.113085
https://doi.org/10.1016/j.foreco.2006.08.005
https://doi.org/10.5849/forsci.13-015
https://doi.org/10.5849/forsci.13-015
https://doi.org/10.1093/forestry/cpw024
https://doi.org/10.1093/forestry/cpw024
https://doi.org/10.1016/j.foreco.2024.122182
https://doi.org/10.1016/j.rse.2017.11.018
https://doi.org/10.1016/j.rse.2017.11.018
https://CRAN.R-project.org/package=ordbetareg
https://CRAN.R-project.org/package=ordbetareg
https://doi.org/10.1139/cjfr-2015-0113
https://doi.org/10.1139/cjfr-2015-0113
https://doi.org/10.1016/j.foreco.2014.01.027
https://doi.org/10.1016/j.foreco.2014.01.027
https://doi.org/10.1088/1748-9326/ab49bb
https://doi.org/10.1016/j.ecolind.2011.02.004
https://doi.org/10.1016/j.ecolind.2011.02.004
https://doi.org/10.1111/1365-2664.70211
https://doi.org/10.1111/1365-2664.70211
https://doi.org/10.1016/j.agrformet.2018.07.014
https://doi.org/10.1016/j.agrformet.2018.07.014
https://doi.org/10.1038/s41893-022-01020-5
https://doi.org/10.1038/s41893-022-01020-5
https://doi.org/10.1046/j.1523-1739.2000.98533.x
https://doi.org/10.1046/j.1523-1739.2000.98533.x
https://doi.org/10.21105/joss.03139
https://doi.org/10.21105/joss.03139
https://doi.org/10.1016/j.foreco.2015.08.033
https://doi.org/10.1016/j.foreco.2015.08.033
https://doi.org/10.1093/forestry/cpab038
https://doi.org/10.1093/forestry/cpab038
https://doi.org/10.1016/j.foreco.2005.08.034
https://doi.org/10.1016/j.foreco.2005.08.034
https://doi.org/10.1016/j.foreco.2006.04.034
https://doi.org/10.1016/j.foreco.2006.04.034
https://doi.org/10.1101/2025.08.30.673209
https://doi.org/10.1101/2025.08.30.673209
https://doi.org/10.1016/j.tree.2018.04.012
https://doi.org/10.1016/j.tree.2018.04.012
https://doi.org/10.1093/forestry/76.2.149
https://doi.org/10.1111/gcb.16564
https://doi.org/10.1007/s11676-014-0521-7
https://doi.org/10.1007/s11676-014-0521-7
https://doi.org/10.3389/frsen.2022.861337
https://doi.org/10.3389/frsen.2022.861337

68 Page 14 of 15

European Journal of Forest Research (2026) 145:68

bitemporal airborne laser scanner data. Remote Sens 11:2145.
https://doi.org/10.3390/rs11182145

Olivier MD, Robert S (2017) A method to quantify canopy changes
using multi-temporal terrestrial lidar data: tree response to sur-
rounding gaps. Agric for Meteorol 237:184-195

Palace M, Sullivan FB, Ducey M, Herrick C (2016) Estimating tropical
forest structure using a terrestrial lidar. PLoS ONE 114:e0154115.
https://doi.org/10.1371/journal.pone.0154115

Perles-Garcia MD, Kunz M, Fichtner A, Hardtle W, von Oheimb G
(2021) Tree species richness promotes an early increase of stand
structural complexity in young subtropical plantations. J Appl
Ecol 58:2305-2314. https://doi.org/10.1111/1365-2664.13973

Pflugmacher D, Cohen WB, Kennedy RE, Yang Z (2014) Using land-
sat-derived disturbance and recovery history and lidar to map
forest biomass dynamics. Remote Sens Environ 151:124-137.
https://doi.org/10.1016/j.rse.2013.05.033

Pierick K, Seidel D, Bradler P, Cesarz S, Decker O, Delory BM,
Dittrich S, Ehbrecht M, Eisenhauer N, Fichtner A et al (2025 )
Microclimatic heterogeneity is associated with forest structural
complexity and biodiversity. bioarxiv: 2025.09.02.673839. https:/
/doi.org/10.1101/2025.09.02.673839

Pommering A (2023) Continuous cover forestry: theories, concepts
and implementation. John Wiley and Sons, USA

Portillo-Quintero C, Sanchez-Azofeifa A, Culvenor D (2014) Using
VEGNET in-situ monitoring LIDAR (IML) to capture dynamics
of plant area index, structure and phenology in aspen parkland
forests in Alberta, Canada. Forests 5:1053—1068

Pretzsch H, Hilmers T (2024) Structural diversity and carbon stock of
forest stands: tradeoff as modified by silvicultural thinning. Eur J
Forest Res. https://doi.org/10.1007/s10342-024-01691-z

R Core Team (2023) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria

Ramirez JI, Jansen PA, den Ouden J, Goudzwaard L, Poorter L (2019)
Long-term effects of wild ungulates on the structure, composi-
tion and succession of temperate forests. Forest Ecol Manage
432:478-488. https://doi.org/10.1016/j.foreco.2018.09.049

Rappa NJ, Staab M, Frey J, Winiger N, Klein A-M (2022) Multiple
forest structural elements are needed to promote beetle biomass,
diversity and abundance. Forest Ecosyst 9:100056. https://doi.org
/10.1016/j.fecs.2022.100056

Reed SP, Royo AA, Fotis AT, Knight KS, Flower CE, Curtis PS (2022)
The long-term impacts of deer herbivory in determining temper-
ate forest stand and canopy structural complexity. J Appl Ecol
59:812-821. https://doi.org/10.1111/1365-2664.14095

Rothacher J, Hagge J, Béssler C, Brandl R, Gruppe A, Miiller J (2023)
Logging operations creating snags, logs, and stumps under open
and closed canopies promote stand-scale beetle diversity. Forest
Ecol Manage 540:121022. https://doi.org/10.1016/j.foreco.2023
121022

Royo AA, Carson WP (2022) Stasis in forest regeneration following
deer exclusion and understory gap creation: a 10-year experi-
ment. Ecol Appl 32:¢2569. https://doi.org/10.1002/eap.2569

Sandstrom J, Bernes C, Junninen K, Lohmus A, Macdonald E, Miiller
J, Jonsson BG (2019) Impacts of dead wood manipulation on the
biodiversity of temperate and boreal forests. A systematic review.
J Appl Ecol 56:1770-1781. https://doi.org/10.1111/1365-2664.1
3395

Schifer D, Prati D, Schall P, Ammer C, Fischer M (2019) Exclusion of
large herbivores affects understorey shrub vegetation more than
herb vegetation across 147 forest sites in three German regions.
PLoS ONE 14:e0218741. https://doi.org/10.1371/journal.pone.0
218741

Schall P, Heinrichs S, Ammer C, Ayasse M, Boch S, Buscot F, Fischer
M, Goldmann K, Overmann J, Schulze E-D et al (2020) Can
multi-taxa diversity in European beech forest landscapes be

@ Springer

increased by combining different management systems? J Appl
Ecol 57:1363—1375. https://doi.org/10.1111/1365-2664.13635

Schall P, Heinrichs S, Ammer C, Ayasse M, Boch S, Buscot F, Fischer
M, Goldmann K, Overmann J, Schulze E-D et al (2021) Among
stand heterogeneity is key for biodiversity in managed beech
forests but does not question the value of unmanaged forests:
response to Bruun and Heilmann Clausen (2020). J Appl Ecol
58:1817-1826. https://doi.org/10.1111/1365-2664.13959

Seibold S, Bissler C, Brandl R, Gossner MM, Thorn S, Ulyshen MD,
Miiller J (2015) Experimental studies of dead-wood biodiver-
sity—a review identifying global gaps in knowledge. Biol Con-
serv 191:139-149. https://doi.org/10.1016/j.biocon.2015.06.006

Seibold S, Gossner MM, Simons NK, Bliithgen N, Miiller J, Ambarl
D, Ammer C, Bauhus J, Fischer M, Habel JC et al (2019) Arthro-
pod decline in grasslands and forests is associated with land-
scape-level drivers. Nature 574:671-674. https://doi.org/10.103
8/s41586-019-1684-3

Seidel D, Ammer C (2024) Towards a causal understanding of the rela-
tionship between structural complexity, productivity, and adapt-
ability of forests based on principles of thermodynamics. For
Ecol Manage 544:121238. https://doi.org/10.1016/j.foreco.2023
121238

Seidel D, Ehbrecht M, Puettmann K (2016) Assessing different
components of three-dimensional forest structure with single-
scan terrestrial laser scanning: a case study. For Ecol Manage
381:196-208. https://doi.org/10.1016/j.foreco.2016.09.036

Seidel D, Ehbrecht M, Annighéfer P, Ammer C (2019) From tree to
stand-level structural complexity—which properties make a for-
est stand complex? Agric for Meteorol 278:107699. https://doi.or
2/10.1016/j.agrformet.2019.107699

Seidel D, Annighdfer P, Ammer C, Ehbrecht M, Willim K, Bannister
J, Soto DP (2021) Quantifying understory complexity in unman-
aged forests using TLS and identifying some of its major drivers.
Remote Sens 13:1513. https://doi.org/10.3390/rs13081513

Stiers M, Willim K, Seidel D, Ehbrecht M, Kabal M, Ammer C, Anni-
ghofer P (2018) A quantitative comparison of the structural com-
plexity of managed, lately unmanaged and primary European
beech (Fagus sylvatica L.) forests. For Ecol Manage 430:357—
365. https://doi.org/10.1016/j.foreco.2018.08.039

Stiers M, Willim K, Seidel D, Ammer C, Kabal M, Stillhard J, Anni-
ghofer P (2019) Analyzing spatial distribution patterns of Euro-
pean beech (Fagus sylvatica L.) regeneration in dependence of
canopy openings. Forests Basel 10:637. https://doi.org/10.3390
/10080637

Tamura A, Nakajima K (2017) Effects of 10 years of fencing under a
gap and closed canopy on the regeneration of tree seedlings in an
old-growth Japanese fir (4bies firma) forest overbrowsed by sika
deer. J for Res 22:224-232. https://doi.org/10.1080/13416979.2
017.1331694

Thom D, Keeton WS (2020) Disturbance-based silviculture for habitat
diversification: effects on forest structure, dynamics, and carbon
storage. For Ecol Manage 469:118132. https://doi.org/10.1016/j.
foreco.2020.118132

Thom D, Rammer W, Dirnbock T, Miiller J, Kobler J, Katzensteiner
K, Helm N, Seidl R (2017) The impacts of climate change and
disturbance on spatio-temporal trajectories of biodiversity in a
temperate forest landscape. J Appl Ecol 54:28-38. https://doi.org
/10.1111/1365-2664.12644

Thom D, Sommerfeld A, Sebald J, Hagge J, Miiller J, Seidl R (2020)
Effects of disturbance patterns and deadwood on the microcli-
mate in European beech forests. Agric for Meteorol 291:108066.
https://doi.org/10.1016/j.agrformet.2020.108066

Thom D, Ammer C, Annighdfer P, Aszalos R, Dittrich S, Hagge J,
Keeton WS, Kovacs B, Krautkrdmer O, Miiller J et al (2022)
Regeneration in European beech forests after drought: the effects


https://doi.org/10.3390/rs11182145
https://doi.org/10.1371/journal.pone.0154115
https://doi.org/10.1111/1365-2664.13973
https://doi.org/10.1016/j.rse.2013.05.033
https://doi.org/10.1101/2025.09.02.673839
https://doi.org/10.1101/2025.09.02.673839
https://doi.org/10.1007/s10342-024-01691-z
https://doi.org/10.1016/j.foreco.2018.09.049
https://doi.org/10.1016/j.fecs.2022.100056
https://doi.org/10.1016/j.fecs.2022.100056
https://doi.org/10.1111/1365-2664.14095
https://doi.org/10.1016/j.foreco.2023.121022
https://doi.org/10.1016/j.foreco.2023.121022
https://doi.org/10.1002/eap.2569
https://doi.org/10.1111/1365-2664.13395
https://doi.org/10.1111/1365-2664.13395
https://doi.org/10.1371/journal.pone.0218741
https://doi.org/10.1371/journal.pone.0218741
https://doi.org/10.1111/1365-2664.13635
https://doi.org/10.1111/1365-2664.13959
https://doi.org/10.1016/j.biocon.2015.06.006
https://doi.org/10.1038/s41586-019-1684-3
https://doi.org/10.1038/s41586-019-1684-3
https://doi.org/10.1016/j.foreco.2023.121238
https://doi.org/10.1016/j.foreco.2023.121238
https://doi.org/10.1016/j.foreco.2016.09.036
https://doi.org/10.1016/j.agrformet.2019.107699
https://doi.org/10.1016/j.agrformet.2019.107699
https://doi.org/10.3390/rs13081513
https://doi.org/10.1016/j.foreco.2018.08.039
https://doi.org/10.3390/f10080637
https://doi.org/10.3390/f10080637
https://doi.org/10.1080/13416979.2017.1331694
https://doi.org/10.1080/13416979.2017.1331694
https://doi.org/10.1016/j.foreco.2020.118132
https://doi.org/10.1016/j.foreco.2020.118132
https://doi.org/10.1111/1365-2664.12644
https://doi.org/10.1111/1365-2664.12644
https://doi.org/10.1016/j.agrformet.2020.108066

European Journal of Forest Research (2026) 145:68

Page 150f 15 68

of microclimate, deadwood and browsing. Eur J for Res. https://d
o0i.org/10.1007/s10342-022-01520-1

Trotto T, Coops NC, Achim A, Gergel SE, Roeser D (2024) Character-
izing forest structural changes in response to non-stand replacing
disturbances using bitemporal airborne laser scanning data. Sci
Remote Sens 10:100160. https://doi.org/10.1016/j.srs.2024.1001
60

Uhl B, Schall P, Béssler C (2024) Achieving structural heterogeneity
and high multi-taxon biodiversity in managed forest ecosystems:
a European review. Biodivers Conserv. https://doi.org/10.1007/s
10531-024-02878-x

van der Plas F, Manning P, Soliveres S, Allan E, Scherer-Lorenzen M,
Verheyen K, Wirth C, Zavala MA, Ampoorter E, Baeten L et al
(2016) Biotic homogenization can decrease landscape-scale for-
est multifunctionality. Proc Natl Acad Sci 113:3557-3562. https:/
/doi.org/10.1073/pnas.1517903113

Vepakomma U, Kneeshaw D, St-Onge B (2010) Interactions of mul-
tiple disturbances in shaping boreal forest dynamics: a spatially
explicit analysis using multi-temporal lidar data and high-resolu-
tion imagery. J Ecol 98:526-539. https://doi.org/10.1111/j.1365-2
745.2010.01643.x

Vilhar U, Rozenbergar D, Simonc¢i¢ P, Diaci J (2015) Variation in irra-
diance, soil features and regeneration patterns in experimental
forest canopy gaps. Ann for Sci 72:253-266. https://doi.org/10.
1007/s13595-014-0424-y

Wagner S, Madsen P, Ammer C (2009) Evaluation of different
approaches for modelling individual tree seedling height growth.
Trees 23:701-715. https://doi.org/10.1007/s00468-009-0313-4

Wagner S, Fischer H, Huth F (2011) Canopy effects on vegetation
caused by harvesting and regeneration treatments. Eur J for Res
130:17-40. https://doi.org/10.1007/s10342-010-0378-z

Wang Z, LiY, Meng Y, Li C, Zhang Z (2022) Thinning effects on stand
structure and carbon content of secondary forests. Forests 13:512.
https://doi.org/10.3390/£13040512

Waters CM, Gonsalves L, Law B, Melville G, Toole I, Brassil T, Tap P
(2018) The effect of thinning on structural attributes of a low rain-
fall forest in Eastern Australia. For Ecol Manage 409:571-583.
https://doi.org/10.1016/j.foreco.2017.11.054

Whitmore TC (1989) Canopy gaps and the two major groups of forest
trees. Ecology 70:536-538. https://doi.org/10.2307/1940195

Wildermuth B, Doénges C, Matevski D, Penanhoat A, Seifert CL,
Seidel D, Scheu S, Schuldt A (2023) Tree species identity, canopy
structure and prey availability differentially affect canopy spider
diversity and trophic composition. Oecologia 203:37-51. https://
doi.org/10.1007/s00442-023-05447-1

Wildermuth B, Penanhoat A, Sennhenn-Reulen H, Matevski D, Dre-
scher J, Aubry-Kientz M, Seidel D, Schuldt A (2024) Canopy
structure influences arthropod communities within and beyond
tree identity effects: insights from combining LiDAR data, insec-
ticidal fogging and machine learning regression modelling. Ecol
Indic 160:111901. https://doi.org/10.1016/j.ecolind.2024.111901

Willim K, Stiers M, Annighéfer P, Ammer C, Ehbrecht M, Kabal M,
Stillhard J, Seidel D (2019) Assessing understory complexity in
beech-dominated forests (Fagus sylvatica L.) in Central Europe—
from managed to primary forests. Sensors Basel 19:1684. https://
doi.org/10.3390/519071684

Willim K, Ammer C, Seidel D, Annighofer P, Schmucker J, Schall P,
Ehbrecht M (2022) Short-term dynamics of structural complexity
in differently managed and unmanaged European beech forests.
Trees for People 8:100231. https://doi.org/10.1016/j.tfp.2022.10
0231

Yrttimaa T, Luoma V, Saarinen N, Kankare V, Junttila S, Holopainen
M, Hyyppa J, Vastaranta M (2020) Structural changes in boreal
forests can be quantified using terrestrial laser scanning. Remote
Sens 12:2672. https://doi.org/10.3390/rs12172672

Zheng G, Moskal LM, Kim S-H (2013) Retrieval of effective leaf area
index in heterogeneous forests with terrestrial laser scanning.
IEEE Trans Geosci Remote Sens 51:777-786. https://doi.org/10.
1109/TGRS.2012.2205003

ZhuJ, Lu D, Zhang W (2014) Effects of gaps on regeneration of woody
plants: a meta-analysis. J for Res 25:501-510. https://doi.org/10.1
007/s11676-014-0489-3

Zuur AF, Ieno EN, Walker N, Saveliev AA, Smith GM (2009) Mixed
effects models and extensions in ecology with R. Springer, New
York

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s10342-022-01520-1
https://doi.org/10.1007/s10342-022-01520-1
https://doi.org/10.1016/j.srs.2024.100160
https://doi.org/10.1016/j.srs.2024.100160
https://doi.org/10.1007/s10531-024-02878-x
https://doi.org/10.1007/s10531-024-02878-x
https://doi.org/10.1073/pnas.1517903113
https://doi.org/10.1073/pnas.1517903113
https://doi.org/10.1111/j.1365-2745.2010.01643.x
https://doi.org/10.1111/j.1365-2745.2010.01643.x
https://doi.org/10.1007/s13595-014-0424-y
https://doi.org/10.1007/s13595-014-0424-y
https://doi.org/10.1007/s00468-009-0313-4
https://doi.org/10.1007/s10342-010-0378-z
https://doi.org/10.3390/f13040512
https://doi.org/10.1016/j.foreco.2017.11.054
https://doi.org/10.2307/1940195
https://doi.org/10.1007/s00442-023-05447-1
https://doi.org/10.1007/s00442-023-05447-1
https://doi.org/10.1016/j.ecolind.2024.111901
https://doi.org/10.3390/s19071684
https://doi.org/10.3390/s19071684
https://doi.org/10.1016/j.tfp.2022.100231
https://doi.org/10.1016/j.tfp.2022.100231
https://doi.org/10.3390/rs12172672
https://doi.org/10.1109/TGRS.2012.2205003
https://doi.org/10.1109/TGRS.2012.2205003
https://doi.org/10.1007/s11676-014-0489-3
https://doi.org/10.1007/s11676-014-0489-3

	﻿Artificial gaps but not thinning persistently enhance forest structural heterogeneity
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study area
	﻿Experimental interventions
	﻿Terrestrial laser scanning and data processing
	﻿Data analysis
	﻿Development of forest structure in treatments (α level)
	﻿Development of structural heterogeneity in Enhanced vs. Control districts (﻿β﻿ level)


	﻿Results


