Basic and Applied Ecology 48 (2020) 124 135

www.elsevier.com/locate/baae

Insect abundance in managed forests beneﬁts from multilayered vegetation
Anna Katharina Knuffa,*, Michael Staaba, Julian Freyb, Carsten F. Dormannc,
Thomas Asbeckd, Alexandra-Maria Kleina
a

Nature Conservation and Landscape Ecology, University of Freiburg, Tennenbacher Straße 4, 79106 Freiburg,
Germany
b
Forest Growth and Dendroecology, University of Freiburg, Tennenbacher Straße 4, 79106 Freiburg, Germany
c
Biometry and Environmental System Analysis, University of Freiburg, Tennenbacher Straße 4, 79106 Freiburg,
Germany
d
Silviculture, University of Freiburg, Tennenbacher Straße 4, 79106 Freiburg, Germany
Received 21 February 2020; accepted 5 September 2020
Available online 9 September 2020

Abstract
Retention forestry intends to promote biodiversity by retaining deadwood and tree-related microhabitats. Simultaneously,
production forests undergo major structural changes by conversion into near-natural forests. As insect biomass is declining, it
is important to understand how insect communities respond to management-related changes in forest structure. While some
structural elements, such as deadwood, are studied extensively, three-dimensional forest structure is often neglected. Terrestrial
laser scanning offers new approaches to quantify three-dimensional structure but their suitability has not been evaluated with
ﬁeld-based insect surveys.
To test how insect communities respond to forest structure, we examined insects from window traps from 122 sites in the
Black Forest. For total insect abundance and for the seven most abundant taxa, we related deadwood, microhabitats, various
conventional stand properties and novel remote sensing-based indices for vegetation structure to total and taxon-speciﬁc abundances. Additionally, we assessed the inﬂuences of these structural elements on community composition.
Total insect abundance and abundances of most taxa were positively related to multi-layered stands, as derived from remote
sensing techniques. Furthermore, each taxon responded to some additional forest structural elements. Higher tree diameter, canopy gap fraction and share of deciduous trees increase abundances of the predominantly herbivorous taxa Heteroptera, Sternorrhyncha and Auchenorrhyncha. Community composition was inﬂuenced by mean tree diameter and share of deciduous trees.
Neither tree-related microhabitats nor deadwood diversity had a detectable effect on insect abundance.
We conclude that more elements of forest structure than previously acknowledged are related to insect populations. In particular, multi-layered forest stands have higher insect abundances in the midstorey. The current conversion in continuous-cover
forestry in Europe from even-aged, often conifer-dominated forests to uneven-aged, mixed species stands can therefore increase
the abundance of a wide range of insect taxa and is possibly one strategy to halt insect decline in forests.
© 2020 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.
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Introduction
While strictly protected reserves are valuable for biodiversity conservation, they are not sufﬁcient to preserve biodiversity in the wider landscape (Bengtsson et al., 2003). For
instance, abundance and biomass of insects have decreased
signiﬁcantly in the past decades in open land and forests
(Seibold et al., 2019). Insects play important roles in ecosystems, not least as food resources for vertebrates. Thus, conservation strategies need to be integrated into land use
practices (Gustafsson et al., 2012) but this can only be
achieved efﬁciently if patterns and drivers of species diversity and abundance are understood (Schuldt et al., 2018).
Species richness generally increases with habitat area
(sensu MacArthur & Wilson, 1967). Following the habitatheterogeneity hypothesis, larger habitat area should allow
the co-existence of more species as more niches become
available (MacArthur & Wilson, 1967; Tews et al., 2004).
Thus, guidelines to increase biodiversity in managed forests
recommend increasing structural heterogeneity to provide
more (diverse) niches (Gustafsson et al., 2012). In addition
to species richness, abundance is another important dimension of biodiversity (Lyashevska & Farnsworth, 2012). The
more-individuals hypothesis (Srivastava & Lawton, 1998),
for example, connects greater population densities with
higher species diversity via reduced extinction risks (Yee &
Juliano, 2007; but see Storch et al., 2018).
For many insects, vegetation structure may determine
habitat heterogeneity, and their populations are inﬂuenced
by altered structure, e.g. due to management (Perner &
Malt, 2003). Production forests are structurally distinct from
old-growth forests in terms of tree species composition, age
class distribution, vertical vegetation and canopy structure
(Hale et al., 1999). Additionally, structural elements that are
typical for old-growth forests such as high quantities of
deadwood and of tree-related microhabitats (TreMs, e.g.
cavities) are missing in production forests (Hale et al., 1999;
Larrieu et al., 2018). Consequently, many forest-dwelling
species that depend on these structural elements as feeding
or reproduction habitats (Grove, 2002; M€
uller et al., 2014)
have been declining (Seibold et al., 2015b).
Retention forestry aims to increase habitat heterogeneity by
retaining structural elements for biodiversity beyond harvesting
cycles to integrate conservation goals into forest management
(Bauhus et al., 2009). Depending on the prevailing management system, retention forestry is implemented differently. In
clear-cutting systems typical for most boreal forests, small
areas covered with trees are retained while the retention of
deadwood and habitat trees (i.e. trees with TreMs) is more
common in continuous-cover forestry in temperate forests of
Central Europe (Gustafsson et al., 2020). Additionally, continuous-cover forests currently undergo major structural conversions with regard to tree species composition, age structure and
vegetation layering (Bauhus et al., 2013).
While the effects of forest structure on biodiversity, especially with regard to retention, are relatively well studied for
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saproxylic (i.e. deadwood-dependent) insects (e.g.
Fedrowitz et al., 2014; (Seibold et al., 2015a)), much less is
known how insects in general, including also non-saproxylic
taxa, are inﬂuenced by management-related changes in forest structure. Although there is a number of studies from
boreal forests (e.g. Deans et al., 2005; Hyv€arinen et al.,
2009; Jokela et al., 2018), they cannot be transferred directly
to temperate forests as the prevailing management regimes
differ. We are aware of only few studies in European temperate, continuous-cover forests that comprehensively tested
effects of various elements of forest structure other than
retention elements or broad management systems on multiple insect taxa simultaneously (Penone et al., 2019;
Schall et al., 2018). For example, Schall et al. (2018) compared forest biodiversity between different management systems, but without testing the various structural elements
separately.
Data on forest structure is crucial for understanding forest
biodiversity (Gustafsson et al., 2012) and remote sensing
techniques may provide objective and time-efﬁcient measures
for three-dimensional forest stucture. Airborne laser scanning,
for example, has been successfully used to explain the relationship between canopy structure and arthropod diversity
(M€uller et al., 2018). In contrast, structural indices from
ground-based terrestrial laser scanning (TLS) describe the
vegetation structure below the canopy (e.g. Ehbrecht et al.,
2017, 2016) but, to our knowledge, have never been used in
combination with ﬁeld-based insect surveys.
Thus, our study had two aims: (1) Investigating the relationships between management-related structural elements and
major insect taxa in a temperate, continuous-cover forest; (2)
Exploring whether structural indices derived from TLS are
measuring properties that are relevant for insects. For this purpose, we sampled ﬂying insects in the understorey of a continuous-cover forest in Central Europe that differed in forest
structure with regard to deadwood and TreMs (i.e. targeted by
retention to increase habitat heterogeneity) and in general stand
characteristics. The latter included tree species composition,
tree size, canopy cover and three-dimensional vegetation structure that may serve as proxies for resource availability and habitat quality. We related these structural elements to total insect
abundance and to the most abundant insect taxa separately.
Additionally, we assessed whether the same structural elements
inﬂuence insect community composition.

Materials and methods
Study area
The study was conducted on the sites of the ‘Conservation of
forest biodiversity’ project (ConFoBi, Storch et al., 2020). The
sites (100 £ 100 m each), of which 122 were included in this
study, are located in the southern Black Forest, a low mountain
range in southwestern Germany, at elevations between 500 and
1300 m a.s.l. To cover a gradient of structural diversity, sites
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Table 1. Environmental variables characterising the study sites. For details on measurements, see Materials and methods. TreM: tree-related
microhabitats.
Environmental variables

Unit

Range

Share of deciduous trees
Mean tree diameter at breast height (DBH)
Canopy gap fraction
Deadwood diversity index
TreM richness
Understory complexity index
Stand structural complexity index
Effective number of layers (ENL)
Mean distance between trap and nearest vegetation
Standard deviation of distance between trap
and nearest vegetation
Duration of trap exposure

basal area%
[m]
%

[m]
[m]

0
0.1
0
0
4
1.9
1.2
4.4
2.5
1.3

Days

95

were selected by the number of standing dead trees (i.e. snags)
per hectare. All sites are in state-owned forest stands that are
managed as continuous-cover forests employing close-to-nature
forest management with the following characteristics: the use of
site-adapted tree species of the natural forest vegetation; avoidance of large canopy openings such as clear-cuts; the promotion
of mixed and structurally diverse forests; the employment of
natural processes such as natural regeneration, self-thinning and
self-pruning; a silvicultural focus on individual trees rather than
stands (Bauhus et al., 2013; Brang et al., 2014). The main management goal is high-quality timber while simultaneously considering other services such as biodiversity or recreation. The
dominating tree species are Picea abies (L.) H.KARST, Abies
alba MILL. and Fagus sylvatica L. Further details on the study
sites are given in Storch et al. (2020).

Insect sampling
In 2017, we sampled insects continuously from mid-April
to mid-August with two modiﬁed window traps per site
(100 m distance between traps) that were hanging 1.50 m
above ground as described in Knuff et al., (2019). We
retrieved catches every four weeks, resulting in a total of ﬁve
sampling periods. Arthropods were stored in 75% ethanol
and sorted to order level (with Hemiptera being further separated into Auchenorrhyncha, Sternorrhyncha and Heteroptera). Larvae and non-ﬂying taxa such as spiders were
excluded from the dataset. Window traps are activity traps,
meaning that numbers of captured individuals do not only
depend on true abundance but also on activity (Taylor, 1963).
Thus, the abundance measure in our study is activity abundance to which we refer as abundance for simplicity.

Environmental variables
We assessed structural elements related to forest management to test their relationships with insect abundance:

Median

Mean § SD

96
0.5
41
31
29
4.7
2.6
33.7
11.5
4.6

10
0.29
6
13
11
3.5
1.8
19.2
6.2
3.4

20
0.30
10
14
12
3.4
1.8
18.8
6.5
3.3

§
§
§
§
§
§
§
§
§
§

23
0.08
11
5
6
0.5
0.2
6.3
1.7
0.6

Site level
Site level
Site level
Site level
Site level
Trap level
Trap level
Trap level
Trap level
Trap level

119

109

108

§

6

Site level

Level of measurement

percentage share of deciduous trees (based on basal area),
mean tree diameter at breast height (DBH), canopy gap fraction, an index of deadwood diversity, TreM richness, and
remotely-sensed variables of vegetation structure (Table 1).
Share of deciduous trees on the basal area and mean DBH
were assessed during full site inventories (all trees above
7 cm DBH) conducted between 2017 and 2018. Basal area
was calculated as BA = pi * (DBH/2)^2. Canopy gap fraction is the fraction of the area covered by vegetation lower
than 3 m, based on normalized surface models from
unmanned aerial vehicle image ﬂights. The surface model
contains maximum vegetation height for each raster cell.
Raster values above 3 m were reclassiﬁed with 1, meaning
that the area of the raster cell is covered by canopy. Raster
values below 3 m were reclassiﬁed with 0 (canopy gap). The
mean of all raster values is the area covered by vegetation
higher than 3 m (canopy cover), its inverse is equivalent to
the canopy gap fraction (see Frey et al., 2018 for details).
We calculated a deadwood diversity index following Siitonen (2001). Its value is the number of unique deadwood
types in terms of tree species, quality, decay class and diameter present at each site, for details see Appendix A. TreM
richness is the number of TreM types as classiﬁed in
Larrieu et al. (2018) which was recorded for the 15 tree individuals per site with the largest crown diameters (see
Asbeck et al., 2019 for details).
In addition to these variables measured for the whole site,
we included variables of three-dimensional vegetation structure derived from terrestrial laser scanning at the location of
each trap because surrounding vegetation differed between
traps within the same site. One scan per trap was recorded
with a FARO Focus 3D scanner (Faro Technologies Inc.,
Lake Mary, Florida) that was placed at 1.3 m height at the
location of the trap after trap removal. The TLS system
records the geometric 3D environment in a detailed point
cloud model from which the indices to describe the distribution of the plant material in the forest were computed. This
novel approach provides comparable and holistic descriptors
of vegetation structure, which neither rely on human
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Fig. 1. Conceptual illustration of the ENL algorithm (Ehbrecht et al., 2016). (A) Original point cloud from a terrestrial laser scan. (B) Representation of the same data in voxel space. (C) Assignment of the voxels to 1 m thick layers. (D) Final histogram of space ﬁlling.

estimation nor on conventional forestry parameters, which
often ignore plants other than trees. We calculated the effective number of layers (ENL, Ehbrecht et al., 2016), stand
structural (Ehbrecht et al., 2017) and understorey complexity (Willim et al., 2019) and the mean distance and its standard deviation between a trap and the nearest vegetation in
any direction (Table 1). As described in the analyses below,
ENL was most strongly related to insect abundances, thus
we describe the index here. For a description of all other
indices, see Appendix B.
The ENL is an index for vertical vegetation layering
(Ehbrecht et al., 2016) and similar to the foliage height
diversity index (MacArthur & MacArthur, 1961) but
without being subject to observer-bias (Fig. 1). Higher
values indicate vertically more evenly layered vegetation
components (corresponding to multi-layered stands). The
ENL algorithm (Fig. 1) considers the 3D space in voxels
with 0.1 m edge length for the entire area covered by
the scan and checks which of these voxels contain at
least one point from the laser scan. These are marked as

ﬁlled. Then the ratio between ﬁlled and available voxels
is summarized in 1 m thick layers. This results in a histogram of the space ﬁlled with plant material in the
layers (Fig. 1). The diversity between the layers is calculated using the inverse Simpson index, which gives the
ﬁnal index value.

Statistical analysis
We related the environmental variables to insect abundances, both to total insects and separately to the most abundant
taxa (Table 2), with generalized linear mixed-effects models
(GLMM) using negative-binomial error distribution to
account for overdispersion (lme4 package, Bates et al.,
2015). Prior to analyses, samples from mid-April to
mid-August were pooled per trap. Some traps and sites were
excluded from analysis because of missing data points in the
environmental variables resulting in a dataset of 238 traps
from 122 sites.

Table 2. Response variables (on trap level) used for the GLMMs. Total insects include adults of all ﬂying taxa (see Appendix D: Table 2 for
all taxa).
Abundance of
Total insects
Auchenorrhyncha
Coleoptera
Diptera
Heteroptera
Hymenoptera
Lepidoptera
Sternorrhyncha

Range
200
0
39
37
0
12
0
1

3618
47
1083
2779
63
530
36
852

Median
766
9
169
266
7
64
8
86

Mean § SD
838
11
198
351
10
80
10
118

§
§
§
§
§
§
§
§

460
9
131
336
9
66
7
118

Sum
199,490
2696
47,030
83,513
2351
19,056
2294
28,181
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We tested for collinearity between all environmental variables (Table 1) which was assumed when two variables
were correlated with Spearman’s rs > 0.7 (following
Dormann et al., 2013). The highest correlation coefﬁcients were among variables on trap level (with maximum rs = 0.67 between understorey complexity index
and mean distance between trap and vegetation).
Although they were below the threshold, we condensed
all trap-level variables to linear combinations using principal component analysis (PCA) to reduce the number of
environmental variables and, thus, to keep GLMMs parsimonious. We used the axis scores of the ﬁrst two
PCA-axes, which cumulatively explained 70% of the
inertia, as variables in the GLMMs. PC2 axis reﬂects
ENL, whereas PC1 axis reﬂects all other TLS-based metrics (see Appendix C: Fig. 1).
All variables (see Table 1) were centred and scaled
(mean = 0, SD = 1) to allow comparison of coefﬁcients
among variables. As we could not operate all traps for
identical periods of time due to logistic constraints, we
included the duration of trap exposure (ln-transformed)
as co-variate. We added site identity as random effect to
account for the hierarchical data structure with two traps
nested in each site. Model assumptions were checked
and conﬁrmed using the DHARMa package (Hartig, 2018).
The relationship between the environmental variables
and the composition of insect taxa among sites was analysed with distance-based redundancy analysis (db-RDA;
function ‘capscale’ in the vegan package, Oksanen et al.,
2018) based on Bray-Curtis dissimilarity. For this, we
pooled the data per site and omitted sites from which we
only had data from one trap, resulting in 116 observations. As constraints, we included the same variables
(Table 1) as for the GLMMs.
All analyses were conducted with R 3.5.1 (R
Core Team, 2018).

Results
In total, we collected 199,490 adults from 18 taxa (see
Appendix D: Table 1). Of those, 93% belonged to the seven
most abundant taxa with at least 2200 individuals each
(Table 2).

Relationships between environmental variables and
insect abundances
Total abundance and abundances of the separate insect
taxa were related to various structural elements (Table 3).
Total insect abundance was signiﬁcantly positively related
to ENL, where higher values indicate more evenly layered
vegetation (PC2 axis corresponding to ENL; negative-binomial GLMM; parameter estimate: 0.20 § 0.03, z = 6.21, p

< 0.001; Fig. 2A). This variable was also signiﬁcant for all
other taxa except Heteroptera (Table 3, Fig. 2B-D). Furthermore, each taxon responded to a unique combination of forest structural elements.
Relationships of most variables were positive across several taxa. For instance, mean tree diameter was positively
related to abundances of the mostly herbivorous taxa Heteroptera (0.17 § 0.07, z = 2.34, p = 0.02; Fig. 3A) and Sternorrhyncha (0.24 § 0.06, z = 3.84, p < 0.001; Fig. 3B),
while Auchenorrhyncha abundance was positively related to
the share of deciduous trees (0.24 § 0.06, z = 3.83, p <
0.001; Fig. 3C) and to canopy gap fraction (0.14 § 0.05,
z = 2.51, p = 0.01; Fig. 3D). None of the tested taxa was
related to TreM richness. The number of collected insects
increased with trap exposure.

Relationships between environmental variables and
insect community composition
The db-RDA analysis indicated that insect community
composition, at the coarse taxonomic level analysed, was
related to mean DBH (permutation test; F = 4.3, df = 1,
p = 0.002) and share of deciduous trees (F = 2.4, df = 1,
p = 0.013). Trap exposure inﬂuenced the insect community
as well. However, the environmental variables explained
only a relatively small proportion of the variation in taxon
composition (constrained inertia = 2.4 versus unconstrained
inertia = 16.8; Fig. 4).

Discussion
Forest structure
We found that various elements of forest structure inﬂuenced insect abundances and taxon composition. The share
of deciduous trees and mean DBH did not only increase
abundances of herbivorous taxa but also shaped taxon composition. An index for vertical vegetation layering (ENL),
which was derived from terrestrial laser scanning, was of
particular importance, even for non-herbivorous taxa. To
our knowledge, this study is among the ﬁrsts to directly link
novel TLS-based three-dimensional structural complexity
metrics to insect abundance in forests.
Biodiversity is positively correlated with heterogeneity in
vegetation structure (Schuldt et al., 2019; Tews et al., 2004)
with insect abundance emerging from numerous biological
processes (Price, 1991). In our study, forest stands with a
well-developed midstorey, as indicated by higher ENL values, haboured higher insect abundances and, hence, probably also higher insect species richness. It should be noted
that the scope of this study included sampling of insects in
the midstorey only. However, vegetation structure can also
affect ground-dwelling insects via altered litter quality and

Table 3. Parameter estimates (§ standard error) with test statistic (z-value) and corresponding p-values of negative-binomial models with scaled variables for total insect abundance and
abundances of insect taxa. Signiﬁcant p-values (at p  0.05) are in bold.
Total

Share of
deciduous trees
Mean DBH
Canopy gap
fraction
Deadwood
diversity
TreM richness
PC1
PC2
Trap exposure

Coleoptera

Diptera

Heteroptera

Hymenoptera

Lepidoptera

Sternorrhyncha

Estimate z-value
§ SE
p-value

Estimate
§ SE

z-value
p-value

Estimate z-value
§ SE
p-value

Estimate z-value
§ SE
p-value

Estimate z-value
§ SE
p-value

Estimate z-value
§ SE
p-value

Estimate z-value
§ SE
p-value

Estimate z-value
§ SE
p-value

6.64
§0.03
0.03
§0.04
0.06
§0.04
0.03
§0.04
0.07
§0.04
0.04
§0.04
0.03
§0.03
0.20
§0.03
0.09
§0.04

2.29
§0.05
0.24
§0.06
0.11
§0.06
0.14
§0.05
0.01
§0.06
0.05
§0.06
0.05
§0.05
0.17
§0.05
0.01
§0.06

42.60
< 0.001
3.83
< 0.001
1.87
0.06
2.51
0.01
0.15
0.88
0.89
0.37
0.99
0.32
3.13
0.001
0.11
0.91

5.17
§0.04
0.07
§0.05
0.03
§0.05
0.04
§0.04
0.10
§0.05
0.09
§0.05
0.07
§0.03
0.17
§0.04
0.02
§0.04

5.63
§0.05
0.15
§0.07
0.03
§0.06
0.01
§0.06
0.10
§0.06
0.07
§0.06
0.13
§0.04
0.29
§0.05
0.14
§0.06

2.06
§0.06
0.02
§0.08
0.17
§0.07
0.09
§0.07
0.10
§0.07
0.05
§0.07
0.00
§0.15
0.09
§0.05
0.11
§0.07

4.23
§0.04
0.05
§0.05
0.01
§0.05
0.04
§0.05
0.02
§0.05
0.06
§0.05
0.00
§0.04
0.20
§0.04
0.15
§0.05

2.19
§0.05
0.08
§0.05
0.08
§0.05
0.00
§0.05
0.10
§0.05
0.09
§0.05
0.02
§0.04
0.20
§0.05
0.09
§0.05

4.55
§0.05
0.08
§0.07
0.24
§0.06
0.05
§0.06
0.02
§0.06
0.09
§0.06
0.10
§0.04
0.12
§0.04
0.02
§0.06

193.18
< 0.001
0.78
0.43
1.41
0.16
0.74
0.46
1.64
0.10
1.07
0.29
0.98
0.33
6.21
< 0.001
2.29
0.02

125.47
< 0.001
1.49
0.14
0.70
0.48
0.88
0.38
2.19
0.03
1.81
0.07
2.22
0.03
4.67
< 0.001
0.46
0.64

130.62
< 0.001
2.22
0.03
0.45
0.65
0.15
0.88
1.53
0.13
1.03
0.30
2.97
0.003
5.80
< 0.001
2.38
0.02

31.69
< 0.001
0.24
0.81
2.34
0.02
1.42
0.16
1.30
0.19
0.64
0.52
0.01
0.99
1.55
0.12
1.54
0.12

95.30
< 0.001
0.93
0.35
0.18
0.86
0.95
0.34
0.29
0.77
1.15
0.25
0.02
0.99
4.89
< 0.001
3.20
0.001

47.95
< 0.001
1.53
0.13
1.46
0.14
0.01
0.99
2.02
0.04
1.72
0.09
0.49
0.63
4.17
< 0.001
2.02
0.04

84.47
< 0.001
1.15
0.25
3.84
< 0.001
0.94
0.35
0.35
0.72
1.43
0.15
2.16
0.03
2.40
0.02
0.34
0.73
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(Intercept)

Auchenorrhyncha

129

130
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Fig. 2. Relationships between PC2 axis (corresponding to vertical layering of vegetation, i.e. ENL) and abundances of total insects and of
exemplary taxa (n = 238 samples). Higher values of PC2 axis correspond to vertically more evenly layered vegetation (multi-layered stands).
Shown are bootstrapped model predictions (solid lines) with 95% conﬁdence interval (dashed lines) for the respective bivariate relationships.

Fig. 3. Relationships between selected environmental variables and abundances of selected taxa (n = 238 samples). Shown are the bootstrapped model predictions (solid lines) with 95% conﬁdence interval (dashed lines) for the respective bivariate relationships.

light regime due to differences in amount of litter source and
shading from the midstorey and canopy (Jacob et al., 2009;
Yi & Moldenke, 2005). Flight paths and dispersal height of
canopy-dwelling insect may be inﬂuenced by the midstorey
as well (Ulyshen, 2011 and references therein).

The evenly layered vegetation (as indicated by higher values of ENL) was either related to smaller trees as in unevenaged forests or to shrubs in the midstorey. In the ﬁrst case,
insects beneﬁt from higher resource availability, while in the
second case, increased habitat heterogeneity through an
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Fig. 4. Distance-based redundancy analysis biplot of insect
abundances. Ordination shows similarity of insect communities
at each site (dots) constrained by structural variables (arrows,
only signiﬁcant relationships are shown). Scores of insect taxa
are plotted as text labels. Hymenoptera, Psocoptera and the
taxa listed on the right were all situated very close to the centre
as indicated by the stippled lines. Percentages in axis labels
indicate explained variation.

increase in resource diversity would promote insects (e.g.
Fornoff et al., 2019; Schuldt et al., 2019). In both cases,
bottom-up effects increase abundances of both herbivores
and other trophic groups. Parasitoids, for example, which
accounted for the majority of captured Hymenoptera,
beneﬁt from the higher abundances and diversities of
herbivores as hosts (Scherber et al., 2010; Sobek et al.,
2009).
Our ﬁnding that, besides ENL, mean DBH was signiﬁcantly related to the abundance of several herbivorous taxa
may support the importance of vegetation further. Although
larger trees characterized by a higher mean DBH tend to
have more microhabitats (Asbeck et al., 2019), mean DBH
and TreM richness were only weakly correlated (Pearson;
r = 0.17, p < 0.05). Thus, the relationship between mean
DBH and insect abundance is probably driven only to a
small extent by habitat heterogeneity related to TreMs.
Instead, mean DBH was positively correlated to basal area
(r = 0.97, p < 0.001) and thus likely represents higher
resource availability for herbivores as larger trees have more
foliage (Leidinger et al., 2019; Reemer, 2005). Accordingly,
many insect taxa are more abundant in zones of higher vegetation density (Fuentes-Montemayor et al., 2013;
Schroeder et al., 2009). This is in line with our ﬁnding that
herbivorous taxa such as Sternorrhyncha, Auchenorrhyncha
and Lepidoptera, which feed on plant sap or green plant tissue, were more abundant in sites with higher mean DBH
and ENL.
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Species identities of plants also structure arthropod communities because for insect specialists, the occurrence of
their host plants is prerequisite (Knuff et al., 2019;
Schaffers et al., 2008; Sobek et al., 2009). However, the
plants surrounding a host plant may alter the detectability of
that plant by herbivores resulting in associational resistance
or susceptibility (Barbosa et al., 2009; Hamb€ack et al.,
2014) depending on their degree of specialisation
(Andow, 1991; Root, 1973). Notably, plant species composition does not only affect abundances of herbivores
(Leidinger et al., 2019; Sobek et al., 2009;
Vehvil€ainen et al., 2007), but also predatory arthropods
(Vehvil€ainen et al., 2008), parasitoid Hymenoptera
(Fraser et al., 2007) and even overall arthropod abundance
(Schowalter & Ganio, 1999).
Our ﬁndings support the importance of tree identity.
Coniferous and deciduous tree species harbour distinct
insect communities (Br€andle & Brandl, 2006), which
explains the change in composition with the share of deciduous trees in our study. Depending on the taxon, abundance
either increased (Auchenorrhyncha) or decreased (Diptera)
with share of deciduous trees. Penone et al. (2019) found the
same relationships for corresponding trophic groups in other
temperate, continuous-cover forests in Germany. In their
study, arthropod herbivores (including Auchenorryhncha)
were negatively associated with share of conifers. In
addition, they found positive relationships for arthropod
carnivores and decomposers. As many Diptera belong to
these trophic groups, this is also in line with our results.
Hence, Penone et al. (2019) found the same, contrasting
effects of tree species composition on different trophic
groups as we did.

Retention elements: deadwood and tree-related
microhabitats
Deadwood plays a major role for the conservation of forest biodiversity in retention forestry in continuous-cover forests as many forest arthropod species depend for at least
parts of their life cycle on deadwood (Stokland et al., 2012).
Whether non-saproxylic species also beneﬁt from deadwood
retention, is still a matter of debate (Gao et al., 2015).
Among ground-dwelling arthropods, for example, only
Coleoptera increased with experimental deadwood enrichment (Ulyshen & Hanula, 2009). In our study, abundances
of Coleoptera and Lepidoptera were positively correlated
with deadwood diversity. For Lepidoptera, deadwood may
provide shelter and serve as moisture source or temperature
buffer (Ulyshen et al., 2011). However, the effect of deadwood on non-saproxylic insects is inconsistent across taxa
(Binkenstein et al., 2018; Seibold et al., 2015a) and many
non-saproxylic insect groups may not beneﬁt from increased
deadwood availability and diversity because of different
habitat requirements.
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TreMs were not related to abundances of any of the insect
taxa in our study even though they are conceived as promising habitat-based surrogates for forest biodiversity
(Larrieu et al., 2018) and play a major role in retention forestry in our study area. Generally, relationships between
TreMs and insects appears to be relatively weak (Gao et al.,
2015; Paillet et al., 2018). TreMs might play a role in the
protection of speciﬁc species associated with a particular
TreM, e.g. beetles that are specialised on tree hollows with
wood mould (Schauer et al., 2018), but not in promoting
insect abundance in general.

Remotely-sensed structural complexity metrics in
an ecological context
To our knowledge, this study is among the ﬁrsts (but
see Schuldt et al., 2019) to use TLS-based structural
complexity metrics in relation to insect abundance. TLS
measurements are highly sensitive and allow objective
descriptions of three-dimensional vegetation structure,
which might make them promising monitoring proxies in
place of direct insect sampling. The ENL index for vertical vegetation layering was related to abundances of
most insect taxa. This is ecologically plausible, as multilayered vegetation likely supports more insects (see
above). The importance of vertical vegetation structure
for arthropods (M€
uller et al., 2018; Tanabe et al., 2001)
is corroborated by studies that used both remote sensing
techniques and classical methods such as the foliage
height diversity index (MacArthur & MacArthur, 1961).
Thus, TLS-based indices will likely prove to measure
ecologically relevant structural properties and may
become useful tools in biodiversity monitoring.

Implications for forest management
Increasing insect abundance is no conservation goal per
se, but it might become important for forest management as
the insect decline in forests (Seibold et al., 2019) may lead
to food deprivation in conservation-relevant vertebrates
(Bowler et al., 2019). In this regard, our study provides several insights that are relevant for silviculture in continuouscover forests because the structural elements that we studied
are largely controlled by management (Bauhus et al., 2013).
TreMs are considered important indicators for the ecological value of retention trees (Kraus et al., 2016), but our
results suggest that they do not have a measurable impact on
insect abundance. As the species communities associated
with different TreMs have very distinct life histories (e.g.
Schauer et al., 2018), the conservation value of TreMs is
likely limited to speciﬁc species (Paillet et al., 2018). Forestdwelling insect species have widely differing habitat
requirements and management-related structural elements

that equally promote all taxa are unlikely (Gao et al., 2015).
Nevertheless, we found that a well-developed midstorey, as
intended by continuous-cover forestry, was positively
related to insect abundance across taxa and trophic groups.
Thus, the current conversion in temperate European forests
to uneven-aged, mixed species stands could help to halt
insect decline in forests as far as abundance is concerned.
However, the conversion may not result in homogenisation of stand structure on landscape-scale as
Schall et al. (2018) point out. They found higher regional
diversity in even-aged as compared to uneven-aged forests
which they attributed to larger between-stand heterogeneity
of structure, light conditions and microclimate among the
different age-classes (Schall et al., 2018). Our study underpins the notion that variability in different structural elements is important for biodiversity as we related many of
the elements they mention (e.g. canopy gap fraction as proxy
for light conditions) to insect abundance and found that each
taxon responds to a unique set of structural elements.

Conclusions
We conclude that more elements of forest structure than
previously acknowledged inﬂuence insect populations. Each
taxon responded to a unique set of forest structural elements.
Abundances of species and taxa are the result of numerous
biological processes in response to varying habitat requirements. Thus, the same habitat characteristic will evoke different responses in different organisms and it is unlikely that
a single structural element is beneﬁcial for all insect taxa.
Nevertheless, our study demonstrates that multi-layered forest stands with increased habitat heterogeneity have higher
insect abundances. Although it is unclear how this translates
to species diversity on different spatial scales, the current
conversion in continuous-cover forestry in Europe from
even-aged, often conifer-dominated forests to uneven-aged,
mixed species stands can increase the abundance of a wide
range of insect taxa in the midstorey and is possibly one
strategy to halt insect decline in forests.
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