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A B S T R A C T

Herbivorous insects play an important role in forest ecosystems, but their response to forest management is not
well known. We tested how various aspects of forest management affect the abundance and species richness as
well as the community composition of herbivorous insects in temperate European forests, applying a large scale
approach that included 126 forests in three regions, two forest strata (understory and canopy), and three her-
bivorous guilds (xylophages, leaf chewers, plant suckers). Forest management was characterized by a recently
developed silvicultural management index, stand developmental stage, and dominating tree species. We sampled
more than 44,710 individuals of 698 species of herbivorous Coleoptera and Hemiptera. Overall, forest man-
agement caused shifts in herbivore community composition. Responses of abundances and species richness
varied between feeding guilds and forest strata. Forest management intensity had opposing effects on herbivores
in the two forest strata, with abundances tending to be negatively affected in the canopy layer but positively in
the understory. Effects on species richness were weak overall and only significant in plant suckers, with slightly
higher species richness at high management intensities. Stand developmental stage of beech forests mainly
impacted plant suckers, with abundance increasing with stand age. However, a general positive effect of stand
age on forest herbivores can be suggested, as abundances of all feeding guilds responded positively to stand
biomass. Oak forests were found to harbor a significantly higher species richness of leaf chewers and the highest
abundance of plant suckers compared to all other stands. And while canopies of pine stands exhibited low
abundances of leaf chewers, they were found to have positive effects on plant sucker species richness compared
to pure beech stands. Our results show that management intensity significantly alters the species composition
and abundances of forest herbivores, albeit effects vary depending on forest stratum. This strongly suggests that
the forest canopy needs to be considered for a reliable estimation of the consequences of forest management on
herbivorous insects. Decisions on tree species composition should be made diligently, as they have significant
impact on the abundance and species richness of some forest herbivores and, consequently, also on the eco-
system processes they shape.

1. Introduction

Forests are important ecosystems in Europe, covering 32.8% (Forest
Europe, 2015) of the terrestrial surface and having steadily increased
since 1990 (Keenan et al., 2015). Due to their high structural and
compositional complexity, forests provide habitats for a large variety of
plant and animal species. While almost all European forests have a long
history of anthropogenic land use, pristine forests are rare. In Germany,
only 1.9% of forested areas are protected and excluded from manage-
ment and another 0.4% are unmanaged without formal protection

(Engel et al., 2016). The remaining 98% of forests in Germany are
subject to some type of forest management, and most have been for
many centuries (Bengtsson et al., 2000). After large-scale deforestation
due to overexploitation in the early and war reparations in the late
modern period, forestry shifted towards conifer trees with high silvi-
cultural potential. This led to Norway spruce (Picea abies L.) and Scots
pine (Pinus sylvestris L.) becoming the dominant tree species even out-
side their natural ranges (Röhrig et al., 2006), replacing naturally
dominating European beech (Fagus sylvatica L.).

Even though forestry and policy increasingly promote more ‘natural’
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management strategies by applying selective cutting, pursuing native
tree composition, and allowing natural regeneration, age-class forests
remain the most common forest type in Central Europe. They are
characterized by uniform stands of even-aged trees with a homo-
geneous structure and microclimate (Stark and Schmidt, 2008), thereby
lacking many old-growth features such as deadwood and small-scale
disturbances (Meyer and Schmidt, 2011). Through their lower within-
stand structural complexity, age-class forests are assumed to promote
lower biodiversity than uneven-aged forests, but this has been ques-
tioned recently by Schall et al. (2018a), who showed a higher diversity
in age-class forests when larger spatial scales are considered. Managed
forests, however, generally provide fewer ecological niches than un-
managed forests at the stand level, contributing to a local decline in
biodiversity (Paillet et al., 2010). This is particularly apparent in taxa
depending on key resources linked to old-growth forests such as sa-
proxylic beetles (Seibold et al., 2015). By controlling species composi-
tion (Jactel and Brockerhoff, 2007; Vehviläinen et al., 2007), forest
structure (Müller et al., 2007) and age (Jeffries et al., 2006) as well as
the amount and type of available deadwood (Seibold et al., 2015),
forest management strongly impacts biodiversity. These changes in
biodiversity and community composition, in turn, may have con-
sequences for ecosystem functioning (Cardinale et al., 2006). High
biodiversity has been shown to enhance ecosystem functioning and to
increase the ecosystem's resilience (Naeem and Li, 1997; Allan et al.,
2013; Soliveres et al., 2016; van der Plas et al., 2016). One such
function is insect herbivory, a key process for nutrient cycling in forest
ecosystems (Janzen, 1981; Schowalter, 2011).

In addition to nutrient dynamics (Loreau, 1995), herbivory also
affects transpiration rates (Cunningham et al., 2009), even at non-
outbreak levels (Stadler et al., 2001), plant community composition
(Frost and Hunter, 2008), and might promote pathogen invasion
(Hatcher, 1995). Through their position in the food chain, herbivorous
insects relay effects to both higher and lower trophic levels in the
ecosystem (Schmitz, 2008). Defoliation rates by herbivorous insects
vary depending on ecosystem and forest type, but rarely exceed 10% in
temperate deciduous forests during non-outbreak situations
(Schowalter and Lowman, 1999) while reaching up to 100% during
outbreaks (Coulson and Witter, 1984), thereby affecting timber pro-
duction. Herbivores are influenced by several abiotic and biotic factors,
and the relative role of bottom-up vs. top-down effects is still discussed
controversially (Walker and Jones, 2001). Bottom-up forces can be, on
the one hand, plant-specific such as host plant quality (Awmack and
Leather, 2002), which is affected by water supply (Huberty and Denno,
2004) and nitrogen availability for the plant, as well as plant vitality
and defense mechanisms (Holmes et al., 1979; Barbosa and Krischik,
1987). On the other hand, herbivore abundance and diversity might be
driven by habitat availability or plant diversity (Sobek et al., 2009a;
2009b). Important top-down forces are predator (Rosenheim, 1998),
pathogen and parasitoid pressure (Dwyer et al., 2004). However, other
environmental factors such as carbon dioxide level (Whittaker, 1999)
have also been shown to be important drivers of herbivore abundance
and diversity.

Many of these factors are to some degree conditioned by the regime
of management measures a forest ecosystem is subject to. Forestry de-
termines tree species composition, a major driver of herbivore com-
munity composition (Sobek et al., 2009a). Management effects on
herbivores have also been shown for stand age (Schowalter, 1989) and
forest structure in general (Schowalter et al., 1986), and may indirectly
impact herbivory through changes in microclimate (Classen et al.,
2005) or tree reproduction success (Zvereva et al., 2010). These
changes in the biotic and abiotic makeup of a forest ecosystem in-
evitably affect species interactions (Bailey and Whitham, 2003), al-
tering the herbivore community and its functions. Intensely managed
forests might host fewer herbivore species due to a more uniform stand
structure and lack of microhabitats (Lawton, 1983; Bengtsson et al.,
2000). Due to the negative effects on herbivore antagonists, forest

management may, in turn, reduce pest control (Costanza et al., 1997)
and thus enable massive insect herbivore outbreaks (Battisti, 2008).

Herbivorous insects can be classified into different trophic guilds
according to their feeding habits, such as chewers and suckers of living
leaves, plant reproductive organs, stems or roots, and xylophagous in-
sects feeding on fresh, dying or dead wood. Due to their differing
ecological niches, they might not be affected equally by forest man-
agement, with potential consequences for the insect herbivore com-
munities and thus the functioning of forest ecosystems. Based on their
meta-analysis of experimental studies, Zvereva et al. (2010) concluded
that sap feeders might constitute a more severe overall negative influ-
ence on plant performance than is the case for defoliators due to the
lower ability of woody plants to compensate for sap-sucking damage.
Furthermore, herbivores show preferences for certain strata of forests
(Floren et al., 2014; Gruppe et al., 2008; Seibold et al., 2018) and thus
canopy and understory communities might respond differently to forest
management (Gossner et al., 2014b).

In this study, we investigated the importance of different factors
related to forest management for insect herbivore communities. We
conducted a large-scale study on herbivore abundance and species
richness in three regions of Germany including a total of 126 forest
plots of varying management intensities. We tested the following hy-
potheses:

Hypothesis 1. Increasing management intensity (a) causes higher
abundance of herbivorous insects due to habitat homogenization that
might result in a less effective control by antagonists (Paine, 1980;
Schmitz et al., 2000), while (b) negatively affecting species richness of
herbivores because of the more uniform stand structure and the lack of
microhabitats. These changes may also be reflected by a change in
species composition along the management intensity gradient.

Hypothesis 2. Herbivore abundance and species richness as well as
community composition differ between developmental stages of age-
class forests due to differences in structure and habitat availability. Due
to habitat heterogeneity, we expect structurally rich age classes like
timber-stage stands with regeneration to support the highest levels of
herbivore species richness but lower abundances compared to younger
and more homogeneous stands.

Hypothesis 3. The dominating tree species strongly affects the
abundance, species richness and community composition of
herbivores due to differences in herbivore diversity among and the
existence of specialists for European tree genera (Brändle and Brandl,
2001). We expect oak and mixed stands to support the highest species
richness.

Hypothesis 4. We expect the effects of management intensity,
developmental stage and focal tree species to differ between the
canopy and the understory due to differences in herbivore species
composition (Ulyshen, 2011) and strata being unequally affected by
forest management practices.

2. Material and methods

2.1. Study sites

We conducted our study in three different geographic regions in
Germany (Fischer et al., 2010): the Schwäbische Alb (Swabian Moun-
tains) in the southwest (09°10′49′′–09°35′54′′E; 48°20′28′′–48°32′02′′
N), the Hainich-Dün in the center (10°10′24′′–10°46′45′′E;
50°56′14′′–51°22′43′′N), and the Schorfheide-Chorin in the northeast
(13°23′27′′–14°08′53′′E; 52°47′25′′–53°13′26′′N). Altitude decreases
from 460 to 860m a.s.l. in the Schwäbische Alb to 285–550m a.s.l. in
the Hainich-Dün and 3–140m a.s.l. in the Schorfheide-Chorin. In the
Schwäbische Alb, the mean annual temperature is 6.0–7.0 °C and the
mean annual precipitation is 700–1000mm, in Hainich-Dün 6.5–8.0 °C
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and 500–800mm, and in Schorfheide-Chorin 8.0–8.5 °C and
500–600mm. Forests in all three regions would naturally be dominated
by European beech.

Unmanaged beech and managed broad-leaved, conifer and mixed
forest plots were selected from 500 candidate sites using a stratified
random sampling design after surveys of soils, vegetation, and man-
agement, covering the whole range of forest management intensities on
the characteristic soils of the respective region while also considering
additional criteria such as a minimum distance of 200m between plot
borders (see Fischer et al. (2010) for additional details on site selec-
tion). Plot selection yielded 50 experimental plots of 100m×100m in
each of the three regions. All plots were representative of a larger forest
stand and thus a larger management unit, with no replication inside
management units. From this pool, we selected suitable subsets for the
testing of our hypothesis, totaling 126 sites (Table 1). This was neces-
sary since not all management types (selection-cutting forestry only
practiced in Hainich), age-classes (only timber-stage stands available in
Schorfheide) or different dominating tree species (oak and beech-pine
restricted to Schorfheide) occurred in all regions. Our final dataset
comprised 80 even-aged mature stands of various tree species in either
managed or unmanaged forests for the first hypothesis and 53 managed
beech stands of varying developmental stages for the second hypoth-
esis. The subset for the testing of the third hypothesis consisted of 32
managed timber-stage stands of differing tree species within a single
region (Table 1).

While shaped by human activity in the past, all studied unmanaged
forests were set aside 20–70 years ago. Managed forest plots included
stands of differing tree species composition, either dominated by beech,
spruce, or pine and in the Schorfheide-Chorin region also mixed stands
of beech and pine as well as oak-dominated stands (Quercus petraea
(Matt.) Liebl.). Due to different soil and climatic conditions, the focal
conifer species differs among regions, with occurrence of pine restricted
to the Schorfheide region and spruce-dominated stands restricted to the
Alb and Hainich regions. All managed stands consisted of conventional
age-class forests, where stands are made up of trees belonging to the
same cohort that are typically harvested either via target diameter
cuttings, i.e. single trees or groups of trees are harvested when a certain
targeted diameter is reached, or by thinning and clearing as part of a
shelterwood system. All mixed and conifer plots were timber-stage
stands. Managed beech plots were further divided into the

developmental stages “thicket” (< 30 years), “pole wood”
(30–50 years), “timber” (> 90 years) and “timber with regeneration”,
an intermediate stage characterized by 10- to 20-year-old beech
thickets growing under the opened canopy of old trees (for details on
plot characterization and distribution among regions, see Table 1).

In order to quantify management intensity, we employed the silvi-
cultural management intensity indicator (SMI) developed by Schall and
Ammer (2013). It combines information about a given stand's tree
species, age and wood biomass into a continuous measure of the
management intensity status. This indicator has shown to be a reliable
measure of forest management intensity and is preferable to simple
structural attributes when exploring the effects of management in-
tensity on biodiversity (Gossner et al., 2014c).

2.2. Insect sampling

In 2008, flight-interception traps were installed in three randomly
selected plot corner subplots (10m×10m) of each experimental plot.
Two traps were installed in each subplot, one in the outer crown area of
the calculated vertical center of the canopy layer (Kowalski et al., 2011)
and the second trap 1.5m above the ground (henceforth ‘understory’).
Traps were made up of a crossed pair of transparent plastic shields
measuring 40 cm×60 cm, with funnels opening into sampling jars at
the bottom and at the top (Gossner and Ammer, 2006). As sampling
fluid we used 3% CuSO4 solution with a drop of detergent to reduce
surface tension. Traps were emptied five times from May to October
and arthropods were transferred to 70% ethanol. We sorted arthropods
to taxonomic orders or families in the laboratory and sent target taxa to
taxonomic specialists for species-level identification. We focused on
herbivorous beetles (Coleoptera), true bugs (Hemiptera: Heteroptera)
and cicadas (Hemiptera: Auchenorrhyncha). Herbivores were classified
into xylophages, leaf chewers (both Coleoptera) and plant suckers
(Hemiptera), based on their main feeding habit during larval and adult
stage (Nickel, 2003; Böhme and Lucht, 2005; Wachmann et al.,
2004–2012). Two samples of the three traps per strata and plot were
randomly picked for each month and further processed, with the third
sample serving as substitute in cases of trap or sample loss. The samples
were pooled per stratum and plot for further analyses.

Table 1
Number of study plots per region, management type, developmental stage and main tree species for each of the three statistical models; model 1 ‘management
intensity’, model 2 ‘age-class’ and model 3 ‘tree species’. For details, see main text.

Region Management Developmental stage Tree species Mean SMI Model 1 Model 2 Model 3

Schwäbische Alb Managed Timber Spruce 0.33 ± 0.02 12 – –
(age-class) Thicket Beech – 8 –

Pole wood – 7 –
Timber 12 12 –
Timber with regeneration – 6 –

Unmanaged Beech 5 – –

Sum 29 33 –
Hainich-Dün Managed Timber Spruce 0.15 ± 0.02 4 – –

(age-class) Thicket Beech – 5 –
Pole wood – 4 –
Timber 8 8 –
Timber with regeneration – 3 –

Unmanaged Beech 13 – –

Sum 25 20 –
Schorfheide-Chorin Managed Timber Pine 0.20 ± 0.01 12 – 12

(age-class) Timber Pine-beech – – 6
Timber Beech 7 – 7
Timber Oak – – 7

Unmanaged Beech 7 – –

Sum 26 – 32
All regions 80 53 32
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2.3. Covariates

We used variables of forest structure and plant community as cov-
ariates in our analyses (Boch et al., 2013). Forest inventories were
performed in the center of each plot (circles of r= 12.62m for
trees > 29.9 cm, r= 7.98m for trees > 19.9 cm &<30.0 cm, and
r= 5.64m for trees 7.0–19.9 cm diameter at breast height, DBH).
Covariates included stand biomass (basal area in m2 ha−1), living
biomass (solid volume of trees > 7 cm DBH; m3 ha−1), tree density
(number of trees per hectare DBH > 7 cm), stand height (90th quantile
of tree height), and coarse (CWD; length > 0.5m, diameter > 0.2m)
and fine (FWD; diameter > 0.05m) woody debris (m3 ha−1).

Plant composition was assessed by a plant survey in 20m×20m
subplots in the center of each plot twice (spring and summer) in 2008.
All vascular plants, including shrubs and trees, were identified and the
percentage cover of each species was estimated. Covariates included the
canopy cover as the cover of the tree layer > 5m (sum of the covers of
tree layer 1 and 2; henceforth cover tree layer), the number of vascular
plant species (species richness), and Shannon plant diversity using the
highest cover estimate from the spring and summer surveys (Boch et al.,
2013).

2.4. Data analysis

Due to the unbalanced distribution of silvicultural management
intensities, developmental stages and main tree species in the sampling
regions, we used three different models to test our hypotheses. All
analyses were performed in R 3.3.1 (R Core Team, 2018).

2.4.1. Selection of covariates
To reduce the number of covariates and assure their independence,

we first conducted a Principal Component Analysis (PCA) by using the
prcomp function to calculate a singular value decomposition of the
centered data matrix. This is generally the preferred method for nu-
merical accuracy. In all three PCA-analyses (based on data sets used for
models 1–3; see below), the first three axes explained about 70% of
total variability. The variables that correlated strongest with each of
these axes were selected as covariates in the models (see Supplement S1
for details).

2.4.2. Linear mixed effect models
We applied linear mixed effect models using the lme function in the

‘nlme’ package (Pinheiro et al., 2018), as the response variables were
not poisson-distributed but fitted the normal distribution after trans-
formation. Response variables for all models were either abundance or
species richness of xylophagous, leaf chewing and sap sucking herbi-
vores as key descriptors of herbivore communities. After the above
described covariates that varied between models, we included SMI
(model 1), developmental stage (model 2) and main tree species (model
3) as the respective fixed-effects explanatory variables. Each model
included an interaction term between the fixed effect and stratum
(canopy or understory). When modeling the effects of management
intensity and developmental stage on abundance and species richness of
herbivores, we added sampling region to the interaction term. All
models contained a plot-level identifier as random factor to account for
pseudoreplication within plots. When analyzing the effects on species
richness, we used the logarithmized measure of abundance as covariate
to test if effects on species richness are explained by differences in the
number of sampled individuals (Gotelli and Colwell, 2001). Non-sig-
nificant terms were removed step-wise in order of least significance,
resulting in minimum adequate models. The main variables of interest
(fixed effects), namely SMI, stand developmental stage, and the main
tree species, were not removed even when non-significant. Both de-
pendent and explanatory variables were log-transformed if necessary to
meet model requirements. In case of significant interaction effects be-
tween forest stratum and developmental stage or tree species, post-hoc

pairwise comparisons were conducted using the ‘emmeans’ package
(Searle et al., 1980).

In our first model (‘management intensity’), we aimed at analyzing
the influence of forest management intensity (measured by SMI) using
managed conifer forests, managed beech forests, and unmanaged beech
forests. This analysis was based on a total of 80 plots (only timber stage;
Table 1). Selected covariates for model 1 were plant species richness,
stand biomass, and tree density. Model 1 was specified as follows:

∼ + +

+ ∗ ∗

lme(y plant species richness stand biomass tree density

region stratum SMI)

On 23 out of the 80 plots, insect sampling was repeated in the two
subsequent years, with plots being nearly equally distributed among
regions. Additional models with the reduced data set for the years 2008
to 2010 were calculated to test for consistency of effects across the
years and thus generalizability of management effects, using identical
model specifications.

In our second model (‘age-class’), we compared different develop-
mental stages of age-class beech forests. We focused on the two regions
where all four different developmental stages occurred (Table 1):
thicket, pole wood, timber, and timber with regeneration. Selected
covariates for model 2 were stand biomass, tree density and coarse
woody debris (CWD). Model 2 was specified as follows:

∼ + +

+ ∗ ∗

lme(y stand biomass tree density CWD

region stratum age-class)

In our third model (‘tree species’), we analyzed the effect of main
tree species on herbivore communities. Therefore, we focused on a
single developmental stage of age-class forests (timber stage) in the
only region where age-class forestry is performed in four different forest
types in terms of dominating tree species; pine, mixed pine and beech,
beech, and oak (Table 1). Selected covariates for model 3 were plant
species richness, tree density and stand biomass. Model 3 was specified
as follows:

∼ + +

+ ∗

lme(y plant species richness tree density stand biomass

stratum tree species)

To analyze effects on herbivore community composition, we con-
ducted a non-metric multidimensional scaling for each model, based on
Bray-Curtis distance matrices using the ‘vegan’ package (Oksanen et al.,
2018). We tested for significant effects of our explanatory variables on
the species composition of insect herbivores using the function adonis in
the ‘vegan’ package. The same variable transformations as for the linear
mixed models were applied. The nested structure of our data was
considered by using region in the strata argument.

3. Results

In 2008, we sampled 32,286 individuals of 620 species in total. With
15,017 individuals, leaf chewers were the most abundant, followed by
plant suckers with 9,018 and xylophages with 8,251 individuals.
Species richness was highest in xylophages (227 species), followed by
plant suckers (201) and leaf chewers (192). In the canopy we sampled
more individuals (18,325 vs. 13,961) but less species (457 vs. 492) than
in the understory. Abundance and species richness of xylophages were
slightly lower in the canopy (3,742; 172) than in the understory (4,509;
184). In leaf chewers, abundance was similar in the canopy (7,412) and
the understory (7,605), but species richness was higher in the unders-
tory (168) than in the canopy (135). In plant suckers, more individuals
and species were found in the canopy (7,171; 150) than in the un-
derstory (1,847; 140). Regarding all models, increasing the number of
sampled individuals significantly increased species richness (Table 2).
All results reported for species richness measures are therefore derived
from models that are corrected for abundance. The smaller dataset of 23
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plots from 2008 to 2010 comprised 12,424 individuals of 486 species.

3.1. Effects of management intensity (model 1)

Forest management intensity measured by SMI had a significant
effect on the abundances of all three surveyed feeding guilds of herbi-
vorous insects (Table 2; Fig. 1A, C, E), with the direction of the effect
depending on the forest stratum.

3.1.1. Xylophages
Along the management intensity gradient, the abundance of xylo-

phages in the understory more than quadrupled, ranging from a mean
of 15.5 ± 2.59 predicted individuals (number of individuals ± SE) at
the lowest SMI to 67.2 ± 16.7 individuals at the highest. There was no
effect on xylophages in the canopy, with 21.0 ± 3.5 individuals at SMI
zero and 21.4 ± 5.3 at SMI 0.67. This general trend was confirmed in
the smaller samples of subsequent years (Table S2-1; Figure S2-1A, C,
E), although with considerably higher variance. No effect of SMI on
xylophage species richness was found for the main dataset and for the
reduced dataset (Fig. 1B; Figure S2-1B, D, F), with constantly around 15
predicted species along the SMI gradient. Regions differed in the overall
abundance of xylophages, with 68.0 ± 5.0 individuals in Schorfheide
compared to only 19.6 ± 1.7 in Hainich and 16.4 ± 2.0 in the Alb.

Plant species richness affected the abundance of xylophages negatively
in the main dataset and the smaller subsets of 2009 and 2010, but
coefficients were not significantly different from zero (Table 3; Table
S2-2) when fitted after the other variables. All other covariates had no
effect.

Species composition of xylophages was significantly driven by re-
gion, stratum, SMI, and their interactions (Table S3-1; Fig. 2A), with
considerable overlap between the communities of all three regions for
plots with lower SMI but somewhat diverging species composition be-
tween regions Alb and Hainich on the one hand and Schorfheide-Chorin
on the other hand for higher-intensity management.

3.1.2. Leaf chewers
The effects of forest management intensity on leaf chewers de-

pended on the stratum. We found no effect of SMI on the abundance of
leaf chewers in the understory, where predicted numbers ranged from
51.1 ± 8.3 to 50.3 ± 12.4 along the SMI gradient, but a significant
negative effect on canopy leaf chewers (Table 3; Fig. 1C), with
68.2 ± 11.1 predicted leaf chewers at SMI zero and only 14.9 ± 3.7
individuals at SMI 0.67. However, leaf chewer abundance did not re-
spond consistently across the years, with no effects and overall negative
effects on abundance in 2009 and 2010, respectively (Table S2-3;
Figure S2-2C, E). Species richness of leaf chewers was positively

Table 2
Results of linear mixed models testing for effects of forest management on the abundance and species richness of insect herbivores for models 1 to 3. Forest structure
and herb layer plant species were included as covariates and a plot-level identifier was included as random factor. The order of variable exclusion is indicated by
superscript numbers. Please note that some non-significant effects remained in the most parsimonious model.

Xylophages Leaf chewers Plant suckers

Model 1 “management intensity”

Variable Abundance† Species richness† Abundance† Species richness† Abundance† Species richness†

Abundance not tested F1,79=1059.22*** not tested F1,78= 71.62*** not tested F1,79= 256.73***
Nr. plant species† F1,75= 40.19*** F1,73= 0.005 F1,74= 10.31** F1,75= 3.067 F1,71= 1.92 F1,73= 0.015

Stand biomass F1,73= 0.244 F1,76= 0.087 F1,74= 7.30** F1,73= 0.665 F1,71=16.25*** F1,74= 0.347

Tree density† F1,74= 0.095 F1,77= 1.649 F1,73= 2.613 F1,74= 1.466 F1,71=8.01** F1,75= 3.408

Region F2,75= 55.21*** F2,74= 0.096 F2,74= 21.20*** F2,76= 22.91*** F2,71=8.26*** F2,76= 12.50***

Stratum F1,78= 4.58* F1,78= 0.408 F1,76= 6.12* F1,78= 29.31*** F1,74=171.79*** F1,78= 0.176

SMI F1,75= 4.92* F1,78= 0.39 F1,74= 5.61* F1,76= 0.08 F1,71=6.00* F1,76= 10.16**
Region : stratum F2,76= 3.103 F2,75= 0.292 F2,76= 5.40** F2,76= 1.334 F2,74=5.92** F2,76= 0.644

Region : SMI F2,71= 0.632 F2,71= 0.464 F2,71= 1.482 F2,71= 0.693 F2,71= 1.14 F2,71= 0.403

Stratum : SMI F1,78= 14.44*** F1,77= 0.043 F1,76= 14.65*** F1,75= 0.052 F1,74=6.71* F1,75= 0.142

Region : stratum : SMI F2,74= 0.091 F2,73= 0.581 F2,74= 1.051 F2,73= 1.341 F2,74= 2.98 F2,73= 2.401

Model 2 “age class”

Variable Abundance† Species richness† Abundance† Species richness† Abundance† Species richness†

Abundance not tested F1,52=1052.87*** not tested F1,48= 14.43*** not tested F1,52= 207.34***
Stand biomass F1,47= 5.32* F1,46= 0.106 F1,47= 6.89* F1,47= 7.23** F1,46=12.57*** F1,45= 0.105

Tree density† F1,45= 0.285 F1,47= 0.207 F1,45= 0.064 F1,45= 0.204 F1,45= 0.115 F1,47= 2.308

CWD† F1,46= 1.106 F1,45= 0.005 F1,46= 1.035 F1,46= 1.525 F1,46=4.60* F1,46= 0.276

Region F1,47= 12.84*** F1,48= 0.618 F1,47= 3.88 F1,47= 27.98*** F1,46=26.35*** F1,48= 20.71***
Stratum F1,52= 4.98* F1,51= 2.029 F1,51= 25.95*** F1,48= 15.04*** F1,52=120.54*** F1,51= 1.307

Age class F3,47= 0.67 F3,49= 0.65 F3,47= 1.23 F3,47= 1.39 F3,46=4.14* F3,48= 0.36
Region : stratum F1,48= 0.262 F1,50= 0.783 F1,51= 4.22* F1,47= 0.693 F1,51= 3.134 F1,47= 1.122

Region : age class F3,42= 2.003 F3,42= 1.604 F3,42= 0.252 F3,42= 0.482 F3,42= 1.493 F3,42= 1.744

Stratum : age class F3,49= 2.304 F3,47= 0.882 F3,48= 1.863 F3,48= 4.50** F3,48= 1.112 F3,48= 1.683

Region : stratum : age class F3,45= 0.171 F3,44= 0.561 F3,45= 0.341 F3,44= 1.241 F3,45= 0.631 F3,44= 0.531

Model 3 “tree species”

Variable Abundance† Species richness† Abundance† Species richness† Abundance† Species richness†

Abundance not tested F1,30=112.18*** not tested F1,30= 6.27* not tested F1,27= 130.59***
Nr. plant species F1,27= 6.22* F1,25= 0.02 F1,26= 3.03 F1,27= 3.684 F1,26=8.27** F1,27= 1.973

Tree density† F1,25= 0.022 F1,25= 1.97 F1,26= 6.14* F1,26= 0.473 F1,26=29.13*** F1,25= 0.031

Stand biomass F1,26= 0.123 F1,25= 0.44 F1,25= 0.151 F1,25= 0.022 F1,25= 2.782 F1,26= 0.512

Stratum F1,31= 13.71*** F1,30=12.02** F1,28= 12.29** F1,30= 4.58* F1,31=32.63*** F1,27= 0.47
Tree species F3,27= 0.53 F3,25= 2.65 F3,26= 1.52 F3,28= 8.66*** F3,26=11.04*** F3,28= 2.82
Stratum : tree species F3,28= 0.271 F3,27= 2.191 F3,28= 6.81** F3,27= 2.151 F3,28= 1.601 F3,27= 4.53*

*** p < 0.001; ** p < 0.01; * p < 0.05; “ns” p > 0.05; †log-transformed variable.
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affected by management intensity in the canopy in 2009, with the op-
posite effect in the understory (significant interaction SMI× Stratum;
Table S2-3; Figure S2-2D). We found no significant effect of SMI on
species richness in 2008 and 2010 (Table S2-3; Figure S2-2B, F). Re-
garding the abundance of leaf chewers, regional effects interacted with
stratum, with higher abundances in the understory compared to the
canopy in Schorfheide and Hainich, but opposite direction in the Alb.
Leaf chewer species richness was higher in both Schorfheide
(9.6 ± 0.4) and Hainich (8.3 ± 0.4) compared to the Alb
(6.6 ± 0.3). Plant species richness and stand biomass significantly af-
fected leaf chewer abundances in the main dataset, but their

coefficients were not significant if fitted after all other predictors in the
main dataset (Table 3). The smaller datasets of 2008 and 2010 con-
firmed positive effects of plant species richness and negative effects of
stand biomass on leaf chewer abundances (Table S2-3), while tree
density showed a negative effect on the abundance but a positive effect
on species richness (Table S2-3).

Leaf chewer communities were affected by SMI in interaction with
both regions and strata. The Schorfheide region and both other regions
differed drastically in the community composition of leaf chewers
(Table S3-1; Fig. 2B).

Fig. 1. Results of model 1 “management intensity” showing the effects of silvicultural management intensity SMI on abundance and species richness of herbivorous
insects. Curves are model predictions with a 95% confidence interval, keeping all covariates that are included in the final model at their mean values. The effects are
separated by stratum (blue= canopy; green= understory; black= consistent effect among strata). Dashed gray line= no significant effects of SMI. Data points are
coded by region (circles=Alb; triangles=Hainich; squares= Schorfheide) and stratum (black=understory; white= canopy). Please note that y-axes of the
herbivore abundance-models were log-transformed for better visibility of the effects.

J. Leidinger et al. Forest Ecology and Management 437 (2019) 232–245

237



3.1.3. Plant suckers
In plant suckers, management intensity significantly affected both

the abundance and the species richness, but effects on abundance de-
pended on stratum (Table 2; Table 3). Predicted canopy plant sucker
abundance decreased by over 72% from 49.2 ± 9.2 individuals at low
to 13.5 ± 4.2 at high management intensity. In contrast, the abun-
dances in the understory were much lower overall and slightly in-
creased from 10.7 ± 2.0 at low to 13.5 ± 4.2 at high management
intensity (Fig. 1E). The analysis of 2009 data supported the findings of
different effect directions on plant sucker abundance in the understory
and canopy (Table S2-1; Table S2-4; Figure S2-3A, C). Only an overall
effect of SMI could be detected in 2010, with negative slopes in two out
of the three regions (Table S2-4; Figure S2-3E). Plant sucker species
richness showed a positive response to management intensity over all
strata and regions (Fig. 1F) in 2008 and 2009 (Table S2-4; Figure S2-3B,
D), but no response in 2010 (Table S2-4; Figure S2-3F). The effect was
weak overall, with an increase from 9.4 ± 0.7 to 10.8 ± 1.2 species
along the management intensity gradient in 2008. Tree density nega-
tively affected the abundance of plant suckers in 2008 and 2009
(Table 3; Table S2-4). The stand biomass affected abundance of plant
suckers in every year, but coefficients were not significantly different
from zero when fitted with the other covariates (Table 3; Table S2-4).
Plant species richness remained in every final model regarding abun-
dance of plant suckers, but showed a significant positive effect only in
the small 2008 dataset (Table 3; Table S2-4).

As the other insect herbivore guilds, community composition of
plant suckers was significantly driven by the interaction of region,
stratum, and SMI, with clear overlap between communities of lower-
intensity plots but marked differences between communities of high-
management intensity stands (Table S3-1; Fig. 2C).

3.2. Effects of age-class in beech forests (model 2)

3.2.1. Xylophages
Xylophagous beetle abundance and species richness did not sig-

nificantly differ between developmental stages of beech age-class for-
ests (Table 2; Fig. 3A, B). However, xylophage abundance was lower in
the understory (10.7 ± 1.3 individuals) compared to the canopy
(14.8 ± 1.4). Stand biomass had a positive effect on xylophage abun-
dance, although regression coefficients were non-significant when fitted
after the other explanatory variables (Table 4). Even though there was

extensive overlap between xylophage communities of different age
classes, there were significant differences in species composition. Stand
biomass and deadwood availability in the form of coarse woody debris
were important drivers of species composition (Table S3-1; Figure S3-
1A).

3.2.2. Leaf chewers
For leaf chewers, species richness, but not abundance, differed be-

tween developmental stages. This effect interacted with stratum, with
higher species richness in the understories of pole-wood (11.3 ± 0.8
species) and timber with regeneration (11.2 ± 0.9) stands compared to
the canopies of timber (7.9 ± 0.5) and timber with regeneration
(7.6 ± 0.6) stages (Table 2; Table 4; Fig. 3C, D). As with xylophages,
leaf chewer abundance was significantly lower in the understory
(33.4 ± 2.8 individuals) compared to the canopy (56.2 ± 5.3). Stand
biomass influenced leaf chewer abundance and species richness but
coefficients were non-significant when fitted after the developmental
stage variable (Table 4). Developmental stage and stand biomass were
significant drivers of leaf chewer species composition, the former in
interaction with region (Table S3-1; Figure S3-1C).

3.2.3. Plant suckers
In plant suckers, abundance was higher in timber-stage stands with

regeneration (50.7 ± 12.4 individuals) compared to thickets
(23.0 ± 9.0) and pole-woods (23.1 ± 9.5), with intermediate values
for timber without regeneration (40.0 ± 9.7; Table 2; Table 4; Fig. 3E).
Plant sucker abundance, but not species richness, was significantly
lower (9.0 ± 0.8 individuals) in the understory than in the canopy
layer (59.2 ± 9.1; Table 4). Dead wood availability and stand biomass
remained in the most parsimonious model for the abundance of plant
suckers but their coefficients were not significantly different from zero
(Table 2; Table 4). Community composition of plant suckers was sig-
nificantly affected by a three-way interaction of region, stratum and age
class (Table S3-1; Figure S3-1E). Stand biomass was a significant driver
of plant sucker communities (Table S3-1).

3.3. Effects of tree species (model 3)

3.3.1. Xylophages
Neither xylophage abundance nor species richness was significantly

affected by the main tree species (Fig. 4A, B). However, effects of main

Table 3
Regression coefficients and standard errors of linear mixed models testing for effects of forest management on the abundance and species richness of insect herbivores
for model 1 “management intensity”. Forest structure and herb layer plant species were included as covariates and a plot-level identifier was included as random
factor.

Xylophages Leaf chewers Plant suckers

Fixed effects and covariates: Abundance† Species richness† Abundance† Species richness† Abundance† Species richness†

(Intercept) 2.24 ± 0.37*** 0.54 ± 0.07*** 3.39 ± 0.41*** 1.38 ± 0.13*** 3.91 ± 0.59*** 0.73 ± 0.10***
Abundance not tested 0.61 ± 0.02*** not tested 0.19 ± 0.03*** not tested 0.36 ± 0.02***
Nr. plant species† −0.06 ± 0.12 – 0.17 ± 0.11 – 0.15 ± 0.12 –
Stand biomass – – −0.01 ± 0.01 – −0.01 ± 0.01 –
Tree density† – – – – −0.22 ± 0.09* –
Hainich 0.50 ± 0.15*** – −0.21 ± 0.19 0.29 ± 0.06*** −0.78 ± 0.30* 0.13 ± 0.06
Schorfheide-Chorin 1.65 ± 0.17*** – 1.05 ± 0.20*** 0.24 ± 0.05*** −0.30 ± 0.40 0.32 ± 0.06***
Canopy 0.30 ± 0.16 – 0.87 ± 0.24*** −0.19 ± 0.04*** 1.41 ± 0.29*** –
SMI 2.19 ± 0.57*** −0.08 ± 0.12 −0.02 ± 0.57 −0.04 ± 0.14 −1.03 ± 0.69 0.51 ± 0.16**
Interactions:
Hainich : canopy – – −0.78 ± 0.23** – 0.38 ± 0.37 –
Schorfheide : canopy – – −0.98 ± 0.22*** – −0.01 ± 0.44 –
Hainich : SMI – – – – 0.99 ± 1.12 –
Schorfheide : SMI – – – – 3.13 ± 1.42* –
Canopy : SMI −2.16 ± 0.57*** – −2.25 ± 0.59*** – −0.31 ± 0.77 –
Hainich : canopy : SMI – – – – −2.69 ± 1.38 –
Schorfheide : canopy : SMI – – – – −3.21 ± 1.66 –

*** p < 0.001; ** p < 0.01; * p < 0.05; “ns” p > 0.05; “–” not included in final model, †log-transformed variable.
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tree species on xylophage species richness were only marginally not
significant (p < 0.10), owed to a higher species richness in pine-beech
stands (21.8 ± 2.3 species) compared to pure pine stands (20.3 ± 1.4;
Table 2) that was significant in a post-hoc test (p= 0.031). Xylophages
were more abundant and diverse in the understory (78.3 ± 7.7 in-
dividuals and 24.8 ± 1.1 species) compared to the canopy layer
(52.2 ± 6.3 individuals and 18.3 ± 0.9 species; Table 5). The number
of vascular plant species positively impacted the abundance and species
richness of xylophages, but coefficients were non-significant when
fitted with tree species (Table 5). Xylophage communities showed sig-
nificant differences between tree species and strata and were driven by
the number of vascular plant species and tree density (Table S3-1;
Figure S3-1B).

3.3.2. Leaf chewers
Tree species significantly affected both the abundance and the

species richness of leaf chewers (Table 2), in the case of abundance
additionally in interaction with stratum. Leaf chewer abundance was

significantly lower in the canopy of pine stands (32.5 ± 5.4) compared
to the understories of pine (103.6 ± 17.2) and pine-beech stands
(100.7 ± 23.6) and the canopies of beech stands (105.8 ± 25.7;
Table 5; Fig. 4C). Oak stands showed a significantly higher species
richness (14.2 ± 1.0 species) compared to all other stand categories,
ranging from 8.5 ± 0.7 species in pine-beech stands to 9.9 ± 0.5
species in pine stands, irrespective of stratum (Table 5; Fig. 4D). Species
richness was significantly higher in the understory (11.5 ± 0.7) com-
pared to the canopy layer (9.5 ± 0.5), but the difference was small.
Vascular plant species richness had a positive effect on the abundance
of leaf chewers (Table 5). Different tree species exhibited significantly
different communities of leaf chewers (Table S3-1; Figure S3-1D) that
were additionally driven by vascular plant species diversity and tree
density.

3.3.3. Plant suckers
Plant suckers abundance and species richness were significantly

affected by a stand's main tree species (Table 2). The effect of tree

Fig. 2. Results of NMDS ordinations of communities of insect herbivores on the 80 plots of model 1 “management intensity”. Explanatory variables fit with function
envfit (package ‘vegan’) if significant in adonis calculations. Note that some explanatory variables were log-transformed (compare Table 2). NMDS plot for A
xylophages, k= 2, stress value= 0.262; B leaf chewers, k= 3, stress value= 0.183; C plant suckers, k= 3, stress value=0.173. Please note that stand biomass did
not significantly affect community composition in xylophages and is thus not shown in A.
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species on the abundance of plant suckers was independent of the
stratum. Abundance was significantly higher in oak stands
(93.3 ± 20.5 individuals) compared to beech stands (38.2 ± 7.1),
pine-beech mixtures (25.4 ± 5.1) and pine stands (23.3 ± 3.3;
Table 5; Fig. 4E). The effects of tree species on the species richness of
plant suckers depended on the stratum, with species numbers in the
canopies of beech stands (9.4 ± 0.8 species) being at least 30% below
levels found in pine stands (understory: 14.4 ± 1.2; canopy:
15.2 ± 1.1) and the canopies of pine-beech stands (14.8 ± 1.4;
Fig. 4F). Plant suckers in the understory (28.1 ± 4.6) were about half

as abundant as in the canopy layer (56.5 ± 10.5; Table 5). The species
richness of vascular plants had a positive effect on the abundance of
plant suckers, while tree density showed a negative effect (Table 5).
Plant sucker communities significantly differed between stands of dif-
fering main tree species in interaction with stratum (Table S3-1;
Figure S3-1F) and were significantly affected by vascular plant species
richness and tree density.

Fig. 3. Results of model 2 “developmental stage”, showing the effects of stand developmental stage (thicket, pole-wood, timber, timber with regeneration) on
abundance and species richness (the latter visualized by the residuals of a linear model with species richness as dependent variable and abundance as predictor) of
insect herbivores separated by forest layer (U=understory, C= canopy). Overall differences between developmental stages are indicated with capital letters.
Differences between developmental stages with a significant interaction effect of forest stratum are indicated with lower case letters. Regional differences are not
displayed.
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4. Discussion

We found that effects of forest management on insect herbivores
showed consistent directions across regions despite significant variation
in abundance and species richness of the different feeding guilds. The
effects depended very much on the forest stratum, with contrary effects
of management intensity on the abundance of herbivores observed in
the understory compared to the canopy. Stand age, i.e. beech stand
developmental stage, was of mixed importance for forest herbivore
abundance and species richness, with low leaf chewer species richness
in the canopy of timber-stage stands and an increase in plant sucker
abundance with increasing stand age. Oak stands exhibited a sig-
nificantly higher species richness of leaf chewers and abundance of
plant suckers compared to all other stands, irrespective of forest
stratum. While the canopies of pine stands harbored significantly fewer
leaf chewers compared to the understories of pine and pine-beech
stands as well as to the canopies of pure beech stands, pine and pine-
beech stands also showed significantly higher species richness of plant
suckers in the canopies compared to beech stands.

As herbivore communities, in particular their abundance but also
their species richness, may show high inter-annual fluctuations, prior-
itizing spatial extent and within-plot replication in a single year over
repeated measurements might be seen as limitation of our study. We
countered this limitation by additional surveys in a subset of 23 plots
during the two subsequent years. Our results show that effects derived
from our main dataset (Fig. 1) were often consistent over time (Figure
S2-1; Figure S2-2; Figure S2-3) despite high variability due to smaller
sample sizes and sometimes irregular responses depending on the sur-
veyed regions (e.g. S2-3E). We are thus confident that our main results
regarding the effects of management intensity on insect herbivores can
be extrapolated beyond the limited time frame of our main dataset.
Limitations remain for our findings regarding effects of age class and
dominating tree species. These results were based on a smaller number
of plots in a single year.

4.1. Effects of stratum and region on herbivorous insects

We found significant differences in abundance or species richness

between forest strata for all three herbivore guilds in mature stands.
Species composition of all guilds also differed significantly between the
understory and the canopy. In temperate forest ecosystems, a pro-
nounced vertical stratification of insect communities has been observed
(Gruppe et al., 2008; Ulyshen, 2011). Generally, the observed higher
abundance of xylophages in the understory compared to the canopy
supports previous findings and might be attributable to a higher
availability and diversity of deadwood on the forest floor compared to
the canopy (Seibold et al., 2018). Our results further suggest that this is
even more accentuated in intensively managed stands with shorter
rotation periods. The higher abundance and species richness of leaf
chewers in the understory might reflect a response to the higher plant
species richness with many herbaceous species in the understory, con-
sidering the overall tree species-poor situation in Central Europe (Boch
et al., 2013). In contrast, plant suckers were significantly more abun-
dant in the canopy layer, which also resulted in greater species richness.
This group was mainly composed of Heteroptera (86% of individuals
and 63% of species in 2008), which are known to peak in abundance
and species richness in the more sun-exposed parts of the forest, such as
the upper canopy and forest edges (Gossner, 2009).

Since the three surveyed regions differ in climate, soil conditions
and tree species composition (Fischer et al., 2010), species pools were
expected to be different (Gossner et al., 2014a), likely affecting guild
responses to forest management. The confounding of tree species with
region with respect to the management intensity model, where pine
stands are restricted to the Schorfheide region and spruce only occurs in
the Hainich and Alb regions, theoretically presents limitations to our
approach. However, the SMI measure in itself includes information on
tree species identity and interactions of the regions with our main
variables of interest remained generally scarce and rarely displayed
major divergences in effect directions. Due to our focus on forest
management effects on forest herbivores, regional differences will not
be further discussed.

4.2. Effects of forest management on herbivorous insects

Abundances of feeding guilds showed either no reaction at all or a
positive reaction to increasing management intensity in the understory,

Table 4
Regression coefficients and standard errors of linear mixed models testing for effects of forest management on the abundance and species richness of insect herbivores
for model 2 “age class” (with developmental stages thicket, pole-wood, timber, timber with regeneration). Forest structure variables were included as covariates and
a plot-level identifier was included as random factor.

Xylophages Leaf chewers Plant suckers

Fixed effects and covariates: Abundance† Species richness† Abundance† Species richness† Abundance† Species richness†

(Intercept) 1.58 ± 0.19*** 0.22 ± 0.06*** 3.01 ± 0.17*** 1.28 ± 0.13*** 1.56 ± 0.24*** 0.64 ± 0.10***
Abundance not tested 0.74 ± 0.02*** not tested 0.24 ± 0.04*** not tested 0.41 ± 0.03***
Stand biomass 0.01 ± 0.01 – 0.00 ± 0.01 −0.00 ± 0.00 0.01 ± 0.01 –
Tree density† – – – – – –
CWD† – – – – 0.11 ± 0.06 –
Hainich 0.57 ± 0.16*** – −0.06 ± 0.17 0.30 ± 0.05*** −0.71 ± 0.14*** 0.28 ± 0.06***
Canopy 0.34 ± 0.15* – 0.67 ± 0.13*** 0.03 ± 0.07 1.50 ± 0.14*** –
Pole wood 0.28 ± 0.27 0.01 ± 0.06 0.34 ± 0.24 0.13 ± 0.10 0.14 ± 0.25 −0.06 ± 0.09
Timber 0.25 ± 0.32 −0.01 ± 0.05 0.55 ± 0.29 −0.03 ± 0.12 0.69 ± 0.29* −0.03 ± 0.08
Timber w. regeneration 0.39 ± 0.29 −0.07 ± 0.06 0.36 ± 0.26 0.12 ± 0.11 0.78 ± 0.27** −0.09 ± 0.10
Interactions:
Hainich : canopy – – −0.43 ± 0.21* – – –
Hainich : pole wood – – – – – –
Hainich: timber – – – – – –
Hainich : timber w. regeneration – – – – – –
Canopy : pole wood – – – −0.23 ± 0.11* – –
Canopy: timber – – – −0.21 ± 0.09* – –
Canopy : timber w. regeneration – – – −0.41 ± 0.11*** – –
Hainich : canopy : pole wood – – – – – –
Hainich : canopy : timber – – – – – –
Hainich : canopy : timber w. regeneration – – – – – –

*** p < 0.001; ** p < 0.01; * p < 0.05; “ns” p > 0.05; “–” not included in final model, †log-transformed variable.
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which is in line with Hypothesis 1. The positive response to forest
management is most likely a consequence of a more homogeneous
habitat that might result in a less effective control by antagonists due to
fewer niches (Paine, 1980; Schmitz et al., 2000; Hypothesis 1). Top-
down controls are known to exert even greater influence on insect
herbivores than resource availability (Vidal and Murphy, 2018). Effects
in the canopy, however, displayed a contrary pattern, with no responses
at all or negative responses to management intensity (Fig. 1A, C, E).
Both trends were largely confirmed for xylophages, leaf chewers and
plant suckers by smaller datasets from the two subsequent years
(Figure S2-1A, E, Figure S2-2C, E, Figure S2-3A, E) and are in line with

previous findings of negative effects of management intensity on ca-
nopy herbivores (Gossner et al., 2014c).

These patterns of strata-dependent responses to forest management
are in line with Hypothesis 4. The observed differences in abundance,
species richness and community composition of herbivores between the
understory and canopy (Table S3-1) confirm findings by previous stu-
dies (Seibold et al., 2018; Gossner et al., 2014b) and can be explained
by niche differentiation (Ulyshen, 2011). Differing effect directions in
the understory and the canopy are likely caused by differing sensitivity
of these communities to forest management. The differences might,
however, also be due to the understory being disproportionately

Fig. 4. Results of model 3 “tree species”, showing the effects of main tree species on abundance and species richness (the latter visualized by the residuals of a linear
model with species richness as dependent variable and abundance as predictor) of insect herbivores, separated by forest layer (U=understory, C= canopy). Overall
differences between tree species are indicated with capital letters. Differences between tree species with a significant interaction effect of forest stratum are indicated
with lower case letters. Regional differences are not displayed.
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affected by management measures, which open the canopy and con-
sequently lead to increased light availability and higher cover and
species richness of herbs, thus affecting herbivore communities. Low-
intensity plots in our dataset include unmanaged stands that have been
abandoned for not more than 20–70 years (Schall et al., 2018a). Thus,
they mostly consist of mature stands that have preserved characteristics
of managed stands, with deadwood and light availability and overall
structural heterogeneity largely differing from pristine forests due to, so
far, limited disturbances. In addition, larger amounts of woody debris in
the form of stumps and harvesting residues and disturbances in more
intensively managed stands are also a possible explanation for the
consistently positive management intensity effects on xylophage
abundance in the understory. Fewer leaf chewers and plant suckers in
the canopy of intensively managed stands might partly reflect pre-
ferences for deciduous stands, since coniferous stands usually are ex-
posed to higher management intensities. Within tree functional group
this could however be a consequence of changes in top-down or bottom-
up forces along the management intensity gradient.

We further hypothesized that intensification of management results
in lower species richness of herbivores because of a more uniform stand
structure and lack of microhabitats (Lawton, 1983; Bengtsson et al.,
2000). This could not be confirmed by our findings, which showed no
significant effects of management intensity on xylophage or leaf chewer
species richness, and even increasing species richness for plant suckers
(Fig. 1B, D, F). As with herbivore abundances, possible effects of
management intensity might be masked due to the relatively young age
of the unmanaged stands. Plant suckers might be more effectively
driven by resource availability or tree species composition, as shown by
their significant positive response to oak and pine stands (Fig. 4E, F).

Plant sucking insect herbivores became significantly more abundant
with increasing stand age in age-class forests, with similar but non-
significant trends in both other guilds. These results are contrary to our
hypothesis of larger herbivore abundances in younger, structurally
more homogeneous stands (Hypothesis 2). Our gradient of increasing
stand age of beech-dominated stands might more accurately represent a
gradient of resource availability rather than habitat heterogeneity, ex-
plaining the shown increase in plant sucker abundance with stand age.
We also found stand biomass to be a significant predictor of abundances
of all herbivore guilds, even though regression coefficients were not
significantly different from zero when fitted after with age class
(Table 2; Table 3). Stand biomass is a suitable proxy for stand age until
stand maturity, with saturation reached at age 120–140 due to harvests
(Schall et al., 2018b). This suggests a general positive effect of stand age
for European beech forests. Jeffries et al. (2006), for example, showed
that density and species richness of herbivores increase with forest age,

making the case for longer rotation periods. This covariate effect and
the generally young age of managed age-class forests (with harvesting
cycles of 80–120 years) might have underestimated the effects of stand
developmental stage in our study. These results support forest man-
agement strategies that promote long rotation periods and stronger
management (crown thinning) in old timber stands (highest abundance
of plant suckers in timber with regeneration stands). The resulting less
dense canopies promote herbivore species richness, with additional
favorable effects on other organisms such as plants, deadwood-depen-
dent beetles in general, bees and wasps (Müller et al., 2007; Boch et al.,
2013). Even though age class affected only plant sucker abundances
directly, species composition of all herbivore guilds differed sig-
nificantly between stands of different age classes (Figure S3-1), con-
sistent with the concept of niche differentiation in stands that differ in
the resources and structures they provide.

Our study further emphasized the overall great importance of oak as
a driver of leaf chewer species richness as well as plant sucker abun-
dance and consequently species richness (Fig. 4D, E) compared to all
other tree species. This confirms that the establishment of forest stands
of a particular tree species or a combination of tree species affects the
abundance and species richness of herbivores, as well as their com-
munity composition, due to known differences in herbivore species
richness and preferences among European tree genera (Hypothesis 3;
Brändle and Brandl, 2001). Leaf chewer abundances were lower in pine
canopies compared to beech stands, possibly a consequence of their
preference for deciduous host species. But species richness of plant
suckers was higher in the canopies of pine and pine-beech stands
compared to canopies of pure beech stands (Fig. 4C, F). High species
richness of leaf chewers in oak stands and of plant suckers in pine and
pine-beech stands are in line with findings by Brändle and Brandl
(2001), where Quercus and Pinus have been shown to be among the
most species-rich tree genera in Germany regarding Coleoptera and
Heteroptera. This is explained by their high abundance in Germany
combined with their long-time presence since the end of the last gla-
ciation. The remarkable role of oak in supporting leaf chewers and plant
suckers has been described repeatedly and is reflected by the highest
number of specialists next to Salix (Gossner, 2008; Brändle and Brandl,
2001), making a stand's tree species composition a crucial decision in
forest management (Gossner et al., 2013a). The more open crown ar-
chitecture of oak and pine stands might favor light-demanding species
(Gossner, 2009) and evolutionary constraints might have led to a high
number of oak specialists (Sprick and Floren, 2008). We did not find
consistently higher abundances and species richness in mixed stands,
unlike previous studies by Gossner et al. (2013b) and Seibold et al.
(2016) that reported higher species richness of saproxylic beetles with

Table 5
Regression coefficients and standard errors of linear mixed models testing for effects of forest management on the abundance and species richness of insect herbivores
for model 3 “tree species” (with tree species beech, oak, pine, pine-beech). Forest structure and herb layer plant species were included as covariates and a plot-level
identifier was included as random factor.

Xylophages Leaf chewers Plant suckers

Fixed effects and covariates: Abundance† Species richness Abundance† Species richness Abundance† Species richness

(Intercept) 4.05 ± 0.18*** −11.78 ± 8.02 4.56 ± 0.78*** 2.00 ± 0.25*** 5.05 ± 0.82*** 0.85 ± 0.17***
Abundance not tested 7.86 ± 1.06*** not tested 0.08 ± 0.05 not tested 0.47 ± 0.05***
Nr. plant species 0.02 ± 0.01 0.18 ± 0.10 0.03 ± 0.01* – 0.04 ± 0.01** –
Tree density† – 0.32 ± 1.28 −0.08 ± 0.13 – −0.45 ± 0.14** –
Stand biomass – −0.01 ± 0.09 – – – –
Canopy −0.43 ± 0.12*** −3.08 ± 0.92** 0.15 ± 0.27 −0.13 ± 0.06* 0.65 ± 0.11*** −0.36 ± 0.12**
Oak 0.02 ± 0.18 −0.89 ± 2.06 −0.18 ± 0.30 0.40 ± 0.10*** 0.93 ± 0.25*** 0.03 ± 0.13
Pine −0.02 ± 0.17 −4.42 ± 2.35 0.13 ± 0.32 0.09 ± 0.09 −0.26 ± 0.28 0.06 ± 0.11
Pine-beech −0.20 ± 0.19 1.72 ± 2.21 0.10 ± 0.31 −0.07 ± 0.10 −0.02 ± 0.25 −0.07 ± 0.13
Interactions:
Canopy : oak – – −0.13 ± 0.38 – – 0.12 ± 0.16
Canopy : pine – – −1.31 ± 0.34*** – – 0.42 ± 0.15**
Canopy : pine-beech – – −0.38 ± 0.40 – – 0.51 ± 0.17**

*** p < 0.001; ** p < 0.01; * p < 0.05; “ns” p > 0.05; “–” not included in final model, †log-transformed variable.
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increasing tree species richness. A higher species richness of xylophages
in mixed stands would be consistent with the habitat-heterogeneity
hypothesis (MacArthur and Wilson, 2001), stating that higher habitat
diversity supports higher species richness. This lack of tree species
richness effects is in contrast with previous findings by Sobek et al.
(2009a), and might indicate that tree diversity effects on herbivores are
highly variable depending on the species identity of both trees and
herbivores (Vehviläinen et al., 2007).

5. Conclusion

Our results suggest that forest management strongly influences in-
sect herbivore abundances, species richness, and community composi-
tion. Effects are mediated mainly by management intensity as well as by
favoring particular tree species that support different levels of herbi-
vore species richness and specialists. Furthermore, forest management
affects herbivorous insects via forest age structure and canopy open-
ness. From our results, we can derive some general conclusions, despite
the many interacting factors and feeding guild-, forest stratum- and
region-specific responses. First, long rotation periods combined with
less dense canopies in mid and late developmental stages should be
promoted because these are beneficial for herbivorous insects (in beech
forests). Second, forest management should place special emphasis on
the composition of tree species, in particular the contribution of oak, as
well as on the age structure at the stand level and at a larger spatial
scale.
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