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Abstract. 1. Deadwood provides a variety of habitats for saproxylic beetles. Whereas the
understanding of the drivers promoting saproxylic beetle diversity has improved, the process
of deadwood colonisation and beetle’s potential to trace resources is poorly understood.
However, the mechanisms facilitating deadwood detection by saproxylic beetles appears to
be essential for survival, as deadwood is usually scattered in time and space.
2. To investigate whether saproxylic beetles distinguish before their arrival on poten-

tial hosts between alive trees and deadwood (lying, stumps, standing), deadwood
arrangement (aggregated, distributed) and different heights on standing resources
(bottom= 0.5 m, middle= 4–5 m, top= 7.30–11.60 m), we sampled saproxylic beetles
with sticky traps in a deadwood experiment.
3. We found on average 67% higher abundance, 100% higher species numbers and

50–130% higher species diversity of colonising saproxylic beetles consistently for all
deadwood types compared to alive trees with a distinct community composition on lying
deadwood compared to the other resource types. Aggregated deadwood arrangement,
which is associated with higher sun-exposure, had a positive effect on species richness.
The abundance, species number and diversity, was significantly higher for standing
deadwood and alive trees at the bottom section of tree trunks. In contrast to living trees,
however, the vertical position had an additional effect on the community composition on
standing deadwood.
4. Our results indicate that saproxylic beetles are attracted to potential deadwood hab-

itats and actively select specific trunk sections before arriving on potential hosts. Further-
more, this study highlights the importance of sun-exposed resources for species richness
in saproxylic beetles.

Key words. Deadwood, experiment, host discrimination, host selection, microclimate,
saproxylic beetles, vertical stratification.

Introduction

Deadwood plays an important role for forest biodiversity by pro-
viding a huge variety of habitats for saproxylic species.
Saproxylic species obligatorily depend on deadwood during at
least one stage of their life cycle (Speight, 1989). Within the
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community of saproxylic insects, the order Coleoptera repre-
sents a major and highly diverse taxa (Grove, 2002). Saproxylic
beetle species show different preferences in host selection, which
include tree species identity and decay stage (Stokland, 2012;
Müller et al., 2020), wood diameter (Siitonen & Stokland,
2012) and microclimate (Jonsson & Stokland, 2012; Seibold
et al., 2016; Müller et al., 2020). In addition, it is known that
saproxylic beetle species specialise in standing, lying or stump
deadwood (Hjältén et al., 2010). Whereas associations between
deadwood types and species numbers as well as species compo-
sitions could be observed with respect to the place for their larval
development (Jonsell & Weslien, 2003; Gibb et al., 2006;
Hedgren, 2007; Hjältén et al., 2010; Bouget et al., 2012), it is
not yet known whether this biodiversity pattern is also reflected
in the habitat selection process, that is, whether saproxylic bee-
tles are able to distinguish their preferred host while flying and
specifically land on it. The mechanism determining the recogni-
tion of deadwood resources is not yet fully understood. For
instance, two hypotheses are being used as possible explanation
for the host selection of bark beetle species. For some species,
resource discrimination seems to occur after landing by asses-
sing their suitability due to short-range olfactory and gustatory
cues, named as the random landing hypothesis (Hynum &
Berryman, 1980; Moeck et al., 1981). Other species are sup-
posed to be guided to their preferred habitat by associated emis-
sions of volatile organic compounds (VOC), named as the
primary attraction hypothesis (Anderson, 1977; Tunset
et al., 1993; Brattli et al., 1998). However, the two hypotheses
are not mutually exclusive. The emission of VOC by deadwood
resources facilitates the detection on stand scale but not the pre-
cise localisation of the source. Potential hosts are assessed after
landing, hence, mistaken landings on neighbouring non-hosts
occur (Saint-Germain et al., 2007). Long- and short-distance ori-
entation might also rely on the processing of cues originating
from different sources, such as decaying wood or pre-colonised
fungi; a strategy which seems to be used by saproxylic species
of Heteroptera (Seibold et al., 2014; Koban et al., 2016). The
specialisation of saproxylic beetles on specific habitats for food
intake or reproduction requires continuous resource availability
and the ability of the species to track deadwood. Narrow habitat
requirement ranges of saproxylic beetles suggest that there are
various abiotic and biotic factors and chemical processes during
the decay that induce the emission of different VOC bouquets
bearing the respective information (Holighaus & Schütz, 2006;
Leather et al., 2014).
It is well established that the degree of canopy cover influ-

ences the degree of solar radiation and thus modulates microcli-
matic conditions within the forest stand (Kermavnar et al., 2020;
Müller et al., 2020; Thom et al., 2020) and deadwood objects
(Forrester et al., 2012), which might influence the colonisation
process of saproxylic beetles. For instance, canopy openness
leads to increased air temperatures, which can implicate higher
soil temperature, whereas the concomitant higher rainfall and a
decreased transpiration can increase soil moisture (Muscolo
et al., 2014). Sunlight reaching the ground in large canopy gaps
is significantly higher than in scattered small canopy gaps, con-
siderably influencing temperature and vapour pressure deficit
(Thom et al., 2020). In contrast, forest floors under closed

canopy exhibit lower mean temperatures and are buffered
against high temperature fluctuations (De Frenne et al., 2019).

Natural disturbances of larger scale and the associated death of
trees create not only canopy gaps but also larger amounts of
aggregated deadwood (Müller et al., 2010). Grouped deadwood
might facilitate olfactory as well as visual identification of hosts
by saproxylic beetles (Sverdrup-Thygeson & Ims, 2002; Saint-
Germain et al., 2007). Since in some species the integration of
visual and olfactory cues mediate the host selection process
(Strom et al., 1999; Campbell&Borden, 2006, 2009;Mayfield&
Brownie, 2013), it is likely that deadwood will be easier to detect
for beetles in open areas than it would be among many non-hosts
in dense forests (Sverdrup-Thygeson & Ims, 2002). Conse-
quently, canopy openness and the spatially dense accumulation
of deadwood originating from natural events might positively
mediate the host colonisation process and thus, promote species
diversity.

Temperate forest stands can be generally stratified into differ-
ent horizontal layers, which bear not only different microclimatic
conditions but also different microhabitats and species interac-
tions (Bouget et al., 2011). Many arthropod taxa become less
abundant, species rich or diverse with increasing height above
the forest floor (Müller & Goßner, 2010; Ulyshen, 2011). Stand-
ing deadwood represents a heterogenous resource, exhibiting
almost twice as many microhabitats per tree than alive trees
(Vuidot et al., 2011), possibly because standing deadwood
decomposes variably due to vertical microclimatic variations.
A study by Levy (1982), which examined the fungal colonisa-
tion of fence posts, showed that the standing deadwood (albeit
without root connection) can be divided in sections differing in
terms of moisture content and fungal communities.

In order to explore whether the diversity patterns found for
saproxylic beetles colonising deadwood is also reflected during
host-seeking process, we used sticky traps on different deadwood
types and alive trees in an experiment with plots of different dead-
wood arrangement and with traps in three different heights. We
tested the following three hypotheses. (i) We expect that
saproxylic beetles can distinguish between alive trees and different
deadwood types before their arrival (i.e., while flying or before
accessing the potential host by crawling from the ground), result-
ing in higher abundances, higher species numbers, increased
diversity and a distinct community composition of colonising
saproxylic beetles on deadwood compared to alive trees (primary
attraction hypothesis). (ii) The higher degree of canopy openness,
that is, higher sun-exposure, and the spatially dense accumulation
of deadwood on plots with an aggregated deadwood arrangement
positivelymediates the microclimatic conditions. Hence, we antic-
ipate higher abundance, increased species numbers and diversity
and a different species composition of saproxylic beetles on plots
with open canopy and aggregated deadwood than on those with
closed canopy and distributed deadwood. (iii) We assume that
saproxylic beetles are able to detect the vertically different micro-
climatic conditions on standing deadwood. Therefore, we expect a
vertical distribution pattern of abundance, species number and
diversity and a change of species composition between different
height levels on standing deadwood and alive trees. We anticipate
that the pattern will be more pronounced on standing deadwood
than on alive trees.
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Materials and methods

Study site and experimental design

Our study is part of a deadwood experiment encompassing a
set of plots with five replications (hereinafter referred to as
blocks) originating from the BioHolz project (www.bioholz-
projekt.de) (for details, see Thom et al., 2020). Four blocks
are located in the Bavarian Forest National Park and one in a
nearby forest in Thurmansbang, in south-east Germany. In
2015, plots had been established which all are dominated by
European beech (Fagus sylvatica L.). Each plot covers an area
of 50 m � 50 m (i.e., 2500 m2) of which �25% of basal area
had been manipulated in order to create deadwood in two dif-
ferent arrangements entailing different canopy covers. The
manipulation had either been applied to a group of trees in the
plot centre (25 m � 25 m, 625 m2), resulting in aggregated
deadwood accumulations, or to individual trees spread ran-
domly across the plot, resulting in a distributed deadwood
arrangement. Consequently, the plots exhibited one large or
several small canopy gaps, that is, a more open or closed can-
opy (Fig. Fig. 1). A study carried out on the same study plots
showed that on the plots with distributed arrangement of dead-
wood sunlight reaching the ground is limited to 3–10%,
whereas on plots with aggregated arrangement of deadwood
on average �15% of sunlight reach the ground (Thom et

al., 2020). In addition, forest floors under closed canopy do
not only exhibit lower mean temperatures but are also buffered
against high temperature fluctuations (De Frenne et al., 2019).
Hence, canopy openness, which modulates microclimatic con-
ditions on stand and resource-level, is therefore often used as
surrogate for microclimatic conditions on the plots (Seibold
et al., 2016). On the other hand, this manipulation entails
different spatial distributions of deadwood (aggregated
vs. distributed), which might result in differences in VOC con-
centration and composition on the plot, possibly influencing the
colonisation process. Both factors are represented by the vari-
able aggregated and distributed arrangement and hereinafter
referred to as such.

Within the remaining gaps on the plots, three different dead-
wood types from beech (lying, standing and stump deadwood)
had been created in four different combinations which were rep-
licated in aggregated and distributed deadwood arrangement,
respectively (Thom et al., 2020). Standing deadwood was cre-
ated by cutting the treetop below the first strong branch of the
crown. To create lying deadwood, beeches were felled and their
remaining stumps were considered as additional independent
deadwood type. For this study, 10 plots of the experiment were
chosen, which comprise all three deadwood types (Fig. Fig. 1).
On each plot, eight sampling positions representing different
resource types and different vertical positions were selected
(Fig. Fig. 1).

Fig 1. Sampling design. Colonising saproxylic beetles were sampled in a deadwood experiment using sticky traps. Half of the 10 experimental plots were
treated with an aggregated deadwood arrangement (left panel) and half with a distributed arrangement (right panel). The 10 plots were arranged in a block
design with one aggregated and one distributed plot per block. On each plot eight sampling positions representing different resource types and different
vertical positions were selected.
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Data collection

In order to investigate the process of deadwood colonisation,
we recorded the arrival of saproxylic beetles on different
resource types by using sticky traps. The traps consisted of a
plastic sheet of 14.8 � 10.5 cm (ISO 216: A6), which was
attached to selected objects and subsequently, glue-brushed
(transparent insect glue, F. Schacht GmbH & Co. KG,
Germany). Albeit smaller sample sizes compared to other sam-
pling methods, sticky traps are useful for studying the approach
and colonisation of deadwood by saproxylics because this sam-
pling technique captures insects as they land on the traps
(Collins et al., 2002; Saint-Germain et al., 2006, 2007; Eichholz
et al., 2019). This clearly distinguishes them from other passive
methods such as flight intercept and stem emergence traps,
which produce larger samples sizes but also catch significant
numbers of non-saproxylic individuals passing through the for-
est stand or saproxylic species that already had detected and
colonised the substrate, respectively (Alinvi et al., 2007). More-
over, the abandonment of baiting techniques allowed testing for
the random landing hypothesis and primary attraction hypothesis
without distorting the results. However, in addition to specimens
that have landed on the deadwood, sticky traps probably catch
species and individuals that arrive on deadwood by crawling
from the forest floor onto potential hosts or that have developed
and emerged from the substrate beforehand.
We sampled during the years 2017 and 2018,which represent the

second and third year after the deadwood creation in the experi-
ment. In total, 160 sticky traps per year were used and left in place
for 1 week at the beginning of June, which is the time of the highest
activity of saproxylic beetles for the study region. The daily mean
temperature recorded by a nearby climate station (Zwiesel) was
16.5 �C and 17.5 �C during the sampling period in 2017 and
2018, respectively (long-term mean of 1998–2018 for this time
period 15.2 �C, Deutscher Wetterdienst, DWD). We sampled on
standing deadwood (beech whose treetops had been removed),
lying deadwood (obtained by felling beeches with removed tree-
tops), stump deadwood (remaining from the downed trees) and sur-
rounding alive beeches, respectively (Fig. 1). In order to test for
vertical distribution of saproxylic beetles, we attached sticky traps
at different heights on standing deadwood and alive trees. There-
fore, sticky traps were attached on standing deadwood choosing
the stem section near the ground at 50 cm height (bottom section),
at 4 m height representing the middle of the trunk (middle section)
and 50 cm below the cutting edgewith height ranging between 7.30
and 11.60 m across the plots (top section). To ensure consistency
within plots, the height of the trap at the top section installed on
deadwood (50 cm from the cutting edge) was transferred to the
alive tree, accordingly. To avoid pseudo-replication, one trunk/tree
per height was chosen (Fig. 1). The variable representing the height
of the trap is hereinafter referred to as vertical position. Per study
object and vertical position, we attached a sticky trap each to the
north- and south-facing side of the trunk. On lying deadwood, the
sticky traps were placed on the upper side at a distance of 50 and
100 cm from the cutting edge. In analyses, each of these pairs of
sticky traps were considered as one sample. All captured beetles
were counted, freed from glue with washing solvent and preserved
in 70% ethanol. For our analyses, we included only beetles

classified as strictly saproxylic according to the reference list for
Germany (van Schmidl & Bußler, 2004).

Statistics

All statistical analyses were conducted in R 3.5.2 (www.r-
project.org). To increase sample size and yield sufficient num-
bers for abundance and number of species, datasets of 2017
and 2018 were merged. Pairs of sticky traps were pooled accord-
ing to resource and vertical position, resulting in a dataset of
80 species assemblages (i.e., species by trap matrix). In order
to investigate mechanisms influencing the colonisation process,
we built four mixed effects models using the ‘glmer’ function
in the add-on package ‘lme4’ (Bates et al., 2015) with either
abundance or number of species of saproxylic beetles as
response variable. First, a model each was built to test the rela-
tionship to the variables resource type (i) and deadwood arrange-
ment (ii). Second, we modelled abundance or species richness as
a function of the vertical position of the traps differentiating
between alive tree and standing deadwood (iii). To account for
site and tree individual related variation due to the experimental
design, study site and tree ID were added as random terms to the
model (Baayen, 2012). Based on the experimental design, we
built separate models implementing respective subsets of the
data with Poisson distribution. The model that tested the effect
of resource type and deadwood arrangement was based on
data obtained from stump and lying deadwood and traps attached
to the bottom section of standing deadwood and alive tree. In
contrast, for an impact of vertical position, only data from alive
trees and standing deadwood were included. Post hoc Tukey’s
tests were used to determine pair-wise comparisons among
resource types and vertical positions using the ‘glht’ function
which is included in the R package ‘multcomp’ (Hothorn
et al., 2008).

For species diversity analysis, a sample-based rarefaction/
extrapolation based on the framework of Chao et al. (2014),
which is implemented in the R package ‘iNEXT’ (Hsieh
et al., 2019), was used. Species accumulation curves of three
diversity indices, species richness, Shannon diversity and Simp-
son diversity, were computed for the different resource types,
vertical positions and deadwood arrangements using sampling-
unit-based incidence data. Species richness (q = 0) weights all
species equally regardless of their relative abundance, that is,
rare count as much as common species. Shannon’s entropy index
(q= 1) and the inverse of Simpson’s concentration index (q= 2)
can be interpreted as the effective number of common and dom-
inant species, respectively. Accumulation curves of different
orders of q were created for the different resource types, vertical
positions and deadwood arrangements. Non-overlapping confi-
dence intervals are considered as significant different at a level
of 5% among the estimated species richnesses (Chao &
Jost, 2012).

The effect of resource type, deadwood arrangement and verti-
cal position on the community composition of colonising
saproxylic beetles was tested by non-parametric multivariate
analysis of variance using distance matrices with the ‘adonis’
function implemented in the ‘vegan’ package with 1000
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permutations (Anderson, 2001). In order to analyse the commu-
nity composition on resource types and deadwood arrangements,
subsets of the data were used that only comprise sticky traps that
had been attached at the bottom section of standing deadwood
and alive tree, on stump and lying deadwood. The analysis of
changes in community compositions along the vertical positions
of traps was performed separately for standing deadwood and
alive trees and included data that were grouped accordingly.
Each analysis was conducted for the entire group (resource type,
vertical position and deadwood arrangement) and community
changes among subsets of the groups were tested by pairwise
comparisons, namely between the four resource types and three
vertical positions, based on the Bray–Curtis dissimilarity dis-
tances. Regarding the experimental design, block was included
as a grouping factor, constraining the permutations within the
group. The obtained P-values were adjusted in order to control
the false discovery rate for multiple testing following the method
of Benjamini and Hochberg (1995).

The indicator species analysis (IndVal) (Dufrêne & Legen-
dre, 1997) was computed as a further means in order to examine
the specificity of families among deadwood arrangements,
resource types and vertical positions on standing resources. This
method provides an indicator value (IndVal) for each family as
percentage based on measures of specificity (abundance) and
fidelity (frequency of occurrence) (Dufrêne & Legendre, 1997).
These values were computed, using the ‘labdsv’ package
(Roberts, 2019). Indicator species values were computed using
the subsets of the data analogously to prior described statistical
analysis. The obtained P-values were adjusted applying the
method of Benjamini and Hochberg (1995).

Results

In total, 122 species of strictly saproxylic beetles (1223 individ-
uals) were sampled (for the species list, see Table S1). Merging
the total number of traps across orientations (north and south)
and sampling periods, resulted in 80 samples that exhibited on
average 6 � 5 species of saproxylic beetles (15 � 26 individ-
uals; mean � SE).

Colonisation of deadwood by saproxylic beetles

The mixed-effect models revealed that the abundance of colo-
nising saproxylic beetles was on average �67% and the species
number �100% higher on deadwood compared to alive trees
(Fig. 2; Table S2). Also, species diversity of colonising
saproxylic beetles on deadwood were consistently higher on
deadwood than on alive trees for all three values of q {0,1,2},
that is, for species richness, Shannon diversity and Simpson
diversity, respectively (Fig. 4 and S1; Table S4). The confidence
intervals of the species accumulation curve of deadwood and
alive trees converge and overlap with increasing order of q,
respectively (Fig. S1). Thus, predominantly rare species were
driving higher species diversity on deadwood resources com-
pared to alive trees. Among the three different deadwood types
of standing, lying and stump deadwood, we found no differences
in abundance, species number and species diversity of colonis-
ing saproxylic beetles (Fig. 2 and Fig. 4; Tables S2 and S4). Mul-
tivariate analysis of variance showed significant differences in
terms of community composition between lying deadwood and

Fig 2. Effects of resource type and deadwood arrangement on abundance and species number of colonising saproxylic beetles. Abundance and number of
species of colonising saproxylic beetles (a, c) of different resource types (alive tree, lying deadwood, stump deadwood, standing deadwood) and (b, d) of
the two different deadwood arrangements (aggregated, distributed). Significance codes above and under the boxplots indicate significant differences
according to the fitted mixed effect model and the pairwise comparison of means (Tukey), respectively. Significance codes: ***≤0.001; **≤0.01;
*≤0.05. Note log scaled y-axis.
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all other deadwood types and marginal difference between lying
deadwood and alive trees (Table 1).
The indicator analysis identified the families Staphylinidae

and Cerylonidae with a significant indicator value for lying dead-
wood (Table S5). The family Monotomidae was associated with
standing deadwood. The family characteristic for stump dead-
wood was Cantharidae (Table S5).

Effect of deadwood arrangement on the colonisation process of
saproxylic beetles

The mixed-effect models showed no statistically significant
effect of deadwood arrangement on the abundance of colonising
saproxylic beetles. In contrast, species number was on average
25% higher in samples originating from aggregated compared
to distributed deadwood arrangement (Fig. 2; Table S2). For spe-
cies diversity, however, overlapping confidence intervals of the
accumulation curves of aggregated and distributed deadwood
arrangement indicated no significant differences for all values
of q (Fig. 4 and S1; Table S4). Furthermore, no effect of the
deadwood arrangement on the community composition of colo-
nising saproxylic beetles were detected, nor could be found any
association of families with a specific deadwood arrangement
(Tables 1 and S5).

Differences between vertical position in host selection of
saproxylic beetles

The mixed models indicate that there was a similar pattern of
vertical stratification of host-seeking saproxylic beetles on alive
trees and standing deadwood (Fig. 3). Abundance of saproxylic
beetles was generally higher on traps at the bottom section of
the trunk (Fig. 3; Table S3). Traps attached to the bottom
section of the trunk on alive trees and standing deadwood caught
on average �433% and �252% more individuals than the traps
attached to the middle and top section, respectively (Fig. 3;
Table S3). Similarly, traps attached to the bottom section of the
trunk on alive trees and standing deadwood captured on average
100% and �144% more species than the traps attached to the
middle and top section, respectively (Fig. 3; Table S3). Differ-
ences between the vertical position in terms of species diversity
estimates were more pronounced for standing deadwood than
alive trees (Fig. 4 and S1; Table S4). Species richness and spe-
cies diversity was estimated to be highest on the bottom
section of standing deadwood, followed by the middle
section and the top position (Fig. 4). The species accumulation
curves based on the samples frommiddle and top positions show
increasing divergence from q= 0 to q= 2 (Fig. S1). Thus, higher
species diversity of the middle compared to the top position is
predominantly driven by dominant species (q = 2). The effect
of the vertical position on the community composition differed

Table 1. Effects of resource type, resource arrangement and vertical position on the community composition of saproxylic beetles (Bray–Curtis dissim-
ilarity, ADONIS analyses). Next to overall effects pairwise comparisons between resource type (alive tree, lying deadwood, stump deadwood, standing
deadwood) and vertical position (bottom, middle, top) were presented. Differences in the community composition of beetle along the vertical position
were investigated for alive trees and standing deadwood separately. Bold values indicate significance (P < 0.05).

Comparison Variable F statistic Partial R2 Adj. P-value

Resource type and deadwood arrangement
Overall Resource type 1.518 0.114 0.013

Arrangement 0.502 0.013 0.975
Alive vs. lying deadwood Resource type 2.147 0.109 0.022

Arrangement 0.583 0.030 0.975
Alive vs. standing deadwood Resource type 0.940 0.050 0.975

Arrangement 0.971 0.051 0.975
Alive vs. stump deadwood Resource type 1.107 0.059 0.975

Arrangement 0.532 0.029 0.975
Lying deadwood vs. standing deadwood Resource type 2.152 0.108 0.013

Arrangement 0.821 0.041 0.975
Lying deadwood vs. stump deadwood Resource type 1.864 0.093 0.022

Arrangement 1.249 0.062 0.975
Standing deadwood vs. stump deadwood Resource type 1.076 0.058 0.975

Arrangement 0.473 0.026 0.975
Vertical position: alive tree
Overall Vertical position 0.994 0.080 0.661
Bottom vs. middle Vertical position 1.082 0.063 0.661
Bottom vs. top Vertical position 1.110 0.065 0.661
Middle vs. top Vertical position 0.767 0.052 0.673

Vertical position: standing deadwood
Overall Vertical position 2.455 0.159 0.004
Bottom vs. middle Vertical position 1.146 0.060 0.186
Bottom vs. top Vertical position 4.262 0.200 0.009
Middle vs. top Vertical position 2.363 0.122 0.022
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depending on the resource type considered. The analysis of the
variances showed no influence of the vertical position on the bee-
tle community on alive trees (Table 1). In contrast, significant
different communities between the bottom and top section and
the middle and top section could be found for standing dead-
wood, with Monotomidae having a significant indicator value
for the bottom section of the trunk of standing deadwood
(Tables 1 and S5).

Discussion

Colonisation of deadwood by saproxylic beetles

By sampling different deadwood types (lying, standing and
stump deadwood) and alive trees, we addressed the question
whether saproxylic host-seeking beetles are able to detect their
preferred habitat before their arrival on the potential hosts. The
analysis showed that all three deadwood types comprised higher
abundances, species number and species diversity of colonising
saproxylic beetles compared to alive trees. Consequently, our
results suggest that saproxylic beetles identify suitable dead-
wood habitats prior landing, supporting the primary attraction
hypothesis (Anderson, 1977; Tunset et al., 1993; Brattli
et al., 1998). The abundance and number of species among the
three deadwood types did not differ. However, resource type
had a significant effect on the species community with a distinct
species assemblage on lying deadwood compared to other dead-
wood types and alive trees.

Our findings are consistent with other studies, that investi-
gated the host detection mechanism of saproxylic beetles using

traps baited with billets of the species’ host tree (Tunset
et al., 1993; Brattli et al., 1998) and thus, supporting the primary
attraction hypothesis. In general, insects perceive their environ-
ment through processing of olfactory and gustatory signals. For
some saproxylic species host selection is based on ‘visual-
olfactory synergism’, albeit the interaction of cues reaches dif-
ferent degrees dependent on taxa and/or feeding guilds
(Campbell & Borden, 2009). Nevertheless, VOC are a key facil-
itator in host selection mediating a positive response of
saproxylic beetles to deadwood (Allison et al., 2004). VOC are
host-specific and their composition and emission rates change
with ongoing decomposition and vary due to biotic and abiotic
influences such as fungal or microbial attack or climatic factors
(Holighaus et al., 2007; Holighaus, 2012; Leather et al., 2014).

While our results show that saproxylic beetles visited dead-
wood resources twice as often than alive trees, in terms of indi-
viduals and species, a subset of the species assemblage
nonetheless landed on alive trees as well. Since there are no dif-
ferences in the species composition between alive trees and
deadwood in general, the host seeking appears to be random up
to a certain degree. Several studies provide empirical support
for the random-landing of saproxylic beetles by recording the
same abundances of bark beetles on vertical stems of hosts and
non-hosts (Berryman & Ashraf, 1970; Moeck et al., 1981).
However, it is assumed that the high concentration of olfactory
cues originating from different sources which are in close vicin-
ity one to each other affects the accuracy of short-range host rec-
ognition resulting in even distributions of individuals between
hosts and non-hosts (Saint-Germain et al., 2007). Accordingly,
our study also underlines that the primary attraction and random
landing hypotheses are not mutually exclusive.

Fig 3. Effect of vertical position on abundance and number of species of colonising saproxylic beetles. Abundance and number of species of colonising
saproxylic beetles (a, c) of three different vertical position on alive trees (bottom, middle, top) and (b, d) of three different vertical position on standing deadwood
(bottom,middle, top). Significance codes above and under the boxplots indicate significant differences according to thefittedmixed effectmodel and the pairwise
comparison of means (Tukey), respectively. Significance codes: ***≤0.001; **≤0.01; *≤0.05. Note log scaled y-axis.
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Our results suggest that host-seeking saproxylic beetles are
able to differentiate between lying deadwood and standing or
stump deadwood before their arrival. It is known that different
deadwood types support different species assemblages
(Jonsell & Weslien, 2003; Gibb et al., 2006; Hedgren, 2007;
Hjältén et al., 2010; Bouget et al., 2012; Müller et al., 2013).
The pattern that emerges in relation to the species compositions
on standing and lying deadwood (Gibb et al., 2006; Bouget
et al., 2012) or on standing and lying deadwood as well as stump
deadwood (Hjältén et al., 2010) are more precisely defined in
studies that investigate beetle emergence compared to our study
focusing on colonisation. Consequently, this might indicate that
the filtering effect on species composition (which results from
species specialisation) acts on several levels—species that land

on the object versus species that can develop successfully there.
Hence, the filter on species assemblages becomes stronger
towards the successful development of individuals within
deadwood.

The difference in species compositions is probably due to dif-
ferent water-temperature regimes among the deadwood types,
with higher moisture content and smaller temperature fluctua-
tions in lying deadwood compared to standing deadwood
(Pouska et al., 2016), which results in different fungal communi-
ties (Lindhe et al., 2004; Pouska et al., 2016; Pasanen
et al., 2019). Since many species of saproxylic invertebrates feed
on fungi in decaying wood (Stokland et al., 2012), it appears
obvious that the distinct species community of fungi in lying
deadwood is also reflected in the community of saproxylic

Fig 4. Rarefaction/extrapolation curves. Sample-based rarefaction (solid lines) and extrapolation (dashed lines) of colonising saproxylic beetle species
richness (Hill number of order q= 0) with 95% confidence intervals (shaded area). Comparison of interpolated/extrapolated species richness among dif-
ferent resource types (alive tree, lying deadwood, stump deadwood, standing deadwood), deadwood arrangements (aggregated and distributed) and three
different vertical positions separated for alive trees and standing deadwood (bottom= 0.5 m, middle= 4, top= 7.30–11.60 m). Analysis of the effect of
resource type and deadwood arrangement on species richness is based on traps attached to the bottom section of alive trees and standing deadwood, stump
and lying deadwood.
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beetles. Hence, host detection of lying deadwoodmight be partly
explained by different fungal assemblages and thus, by emis-
sions of distinct VOC profiles to which fungi can contribute
(Leather et al., 2014). Moreover, factors such as the missing root
connection to the soil of lying deadwood might accelerate the
decomposition (Jakuš, 1998), making them, at least during the
first years of decay, a more suitable habitat than standing and
stump deadwood, which might be able to defend themselves lon-
ger against fungi and insects. Sticky traps are a proper passive
sampling system to access species landing or crawling on dead-
wood object of different properties. However, the overall small
sample sizes compared to other insect trapping methods
(e.g., flight intersection traps, emergence traps) for saproxylic
beetles did not allow additional analyses of subsets
(e.g., families or feeding guilds) of our entire dataset. Further-
more, it is also noticeable that larger beetle species are nearly
absent from the samples which might indicate that they have
managed to escape from the sticky traps. Albeit the utilisation
of a consistent sampling system made it possible to test hypoth-
eses regarding differences between the sampled catches, this
might be a limitation of the method worth considering in future
application. Although this study cannot compressively and in
detail reveal the entire process of deadwood colonisation by
saproxylic beetles and particular the mechanisms behind con-
nected to chemoecology stays largely unresolved, it shows that
the biodiversity pattern can also be found during the colonisation
process.

Open canopy increases diversity of host-seeking saproxylic
beetles

Our study design with aggregated and distributed deadwood
arrangement is concomitant with two factors which might influ-
ence the colonisation process of saproxylic beetles. Both the
accumulation of deadwood in groups (aggregated arrangement)
and the concomitant higher degree of sun exposure on the plots
were expected to increase abundance and species number. Addi-
tionally, we anticipated a change in species composition. Our
results revealed that aggregated deadwood arrangement with
the concomitant canopy openness had a positive effect on spe-
cies number but not on abundance of host-seeking saproxylic
beetles. Species diversity was found to be higher on plots with
open canopy, albeit not significant. However, canopy openness,
which was used as a surrogate for microclimate, had no effect on
the species composition of saproxylic beetles.

The degree of sun exposure on deadwood influences species
composition of saproxylic beetles colonising deadwood
(Lindhe et al., 2005; Johansson et al., 2006; Vodka et al.,
2009; Seibold et al., 2016; Joelsson et al., 2018). This effect is
probably due the prevailing microclimatic conditions on stand
level and deadwood objects. On the one hand, canopy openness
mediates higher maximum temperatures and lower humidity
near the ground (Joelsson et al., 2018), on the other hand, it
increases annual evaporation rates of deadwood due to the higher
sun exposure (Lindhe et al., 2005).We expected that the effect of
sun exposure would also be reflected in the pattern of host-
seeking saproxylic beetles. However, our results revealed that

deadwood under closed canopy exhibits rather a subset of the
species assemblage of deadwood under open canopy, which
implies that sun exposed deadwood does not bear a different spe-
cies community of host-seeking saproxylic beetles. Neverthe-
less, the species number was found to be higher on plots with
aggregated arrangement of deadwood. This might be explained
by the higher degree of sun exposure, which has been found to
be a main driver of saproxylic beetle species richness (Ranius
& Jansson, 2000; Lindhe et al., 2005; Vodka et al., 2009). In
contrast to our expectations, abundance remained unaffected
by the arrangement of deadwood and/or the canopy openness.
In contrast, studies using flight intercept traps demonstrated that
deadwood exposed to sunny conditions exhibit higher abun-
dance (Seibold et al., 2016). However, at this point, it has to be
stressed that different sampling techniques only allow narrow
conclusion. It is possible that different scales of saproxylic bee-
tles’ behaviour, in particular the activity, colonisation process
or colonisation success, reflect different patterns among different
microclimatic conditions. Consequently, it is probable that the
significant higher species richness on plots with aggregated
deadwood arrangement is not an effect of generally more activity
in open canopy areas but reflects habitat preferences.

Second, besides sun exposure, the arrangement of deadwood
might also play an important role in host discrimination. Standing
and lying deadwood as well as stump deadwood grouped in a more
open areamight be easier to detect olfactory and/or visually by host-
seeking beetles than scattered within dense forest (Sverdrup-
Thygeson & Ims, 2002; Saint-Germain et al., 2007). In addition,
colonisation of deadwood in open areas might also be easier for
beetles, whose dispersal is facilitated by wind (Sverdrup-
Thygeson & Ims, 2002). Nonetheless, in this study no differences
in capture rates among deadwood arrangements could be detected.
This is consistent with an experiment where canopy cover was kept
constant and no significant difference in terms of abundance
between standing deadwood in aggregated and distributed arrange-
ment (except for Scolytinae during one sampling period) could be
found (Dufour-Pelletier et al., 2020).

Vertical stratification of host-seeking saproxylic beetles on
resources

A vertical distribution pattern on standing resources
(i.e., standing deadwood and alive trees) in terms of abundance,
number of species, species richness or species composition indi-
cates that beetles are able to detect the different prevailing micro-
climatic conditions between different heights. Our results
suggest that there is vertical stratification on both, alive trees
and standing deadwood, with significantly higher abundance
and species number of saproxylic beetles at the bottom sections
(0.5 m above ground). Species richness and diversity decreases
with increasing trap height, that is, trunk sections. In contrast
to alive trees, there is an effect of vertical position on the species
composition of standing deadwood with different community
compositions between bottom and top positions and middle
and top positions of traps.

Vertical stratification of saproxylic beetle communities
between canopy and ground-level in forests is well established
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through previous research, albeit no consistent pattern can be
revealed for the general abundance or species richness
(Ulyshen & Hanula, 2007; Bouget et al., 2011; Maguire
et al., 2014; Holdsworth et al., 2016; Weiss et al., 2016). Focus-
ing on the vertical distribution during the colonisation process of
hosts, this study found stratification of saproxylic beetles in
respect of abundance and species number on standing deadwood
and alive trees, but different species compositions between
heights only on standing deadwood. This result is partly consis-
tent with the findings of Horn et al. (2020), who found higher
abundances of beetles occupying the lower section of the trunk.
However, in earlier studies diverging patterns have been
observed, which might arise from different species communities
belonging to different guilds, but also forest structure, composi-
tion or management practices and its influence on layer-specific
microclimatic conditions (Weiss et al., 2016; Berkov, 2018;
Ulyshen & Sheehan, 2019). Moreover, it has to be stressed that
the pattern of general activity (obtained by samples from flight
intercept traps), the colonisation process (obtained by sticky
traps) or colonisation success (obtained by rearing) do not neces-
sarily have to correspond to a common pattern of vertical strati-
fication. For instance, we cannot eliminate the possibility that
saproxylic beetles land on standing deadwood, irrespective the
association of habitat preferences and stem sections, and find
their favoured trunk section by moving up or down the stem.
However, taking in consideration that predators were observed
to actively search for prey by crawling up and down the trunk
(Hanula & Franzreb, 1998), the assessment of potential habitats
by saproxylic beetles prior landing appears plausible, because it
reduces time spend seeking and thus minimises opportunity
costs and predation risk (Pyke et al., 1977). Besides, it is likely
that some epigeal saproxylic species crawled onto the resources
from the forest floor and were subsequently captured by the traps
on the bottom section of the stem, consequently leading to higher
abundance and species richness. Nonetheless, high predation
pressure near the ground (Šipoš et al., 2013) leads to the assump-
tion that only species specialised on conditions characterising the
lower part of the trunk would risk to land or crawl on parts close
to the ground.
While the pattern of vertical stratification was similar on alive

trees and standing deadwood in terms of abundance and species
diversity, this does not apply for changes in species assemblages.
Consequently, we assume that saproxylic beetles approach
standing deadwood more specifically, that is, according to their
habitat preferences. This can probably be explained by the bee-
tles specialisation on different microclimatic conditions which
differ vertically on standing deadwood (Abrahamsson &
Lindbladh, 2006; Sheehan et al., 2019). Sticky traps attached
at the top position recorded less individuals and species and a dif-
ferent community, which is probably due to the drier conditions
of higher sections mediated by higher exposure to the sun and
wind (Shaw, 2004; Abrahamsson & Lindbladh, 2006; Sheehan
et al., 2019). The decreasing diameter, that is, the decreasing
ratio of surface and volume, intensifies the effect of sun and wind
(Lachat et al., 2013). The microclimatic conditions inside the
trunk directly affect the composition of wood-inhabiting fungi
community, which therefor differs between higher and lower
sections of the trunk (Levy, 1982; Heilmann-Clausen, 2001).

Practical implications for forest nature conservation

A better understanding of biodiversity patterns can help to
better protect and promote species diversity. Our study shows
that species diversity increases with habitat heterogeneity. It
highlights the value of different types of deadwood, especially
standing deadwood, for the diversity saproxylic beetles and
hence supports the recommendation to integrate more stand-
ing deadwood into forestry measures. We also advocate for
the provision of deadwood in both open and closed canopy
cover since it may support a considerable proportion of the
diversity of saproxylic beetles. For future research, it may be
of interest to measure atmospheric VOC concentrations emit-
ted from different deadwood types and under different envi-
ronmental conditions in order to explore their direct effects
on biodiversity patterns. The knowledge about the host colo-
nisation by saproxylic beetles enables us to specifically pro-
mote groups of saproxylic beetles, whose habitats are most
threatened by forestry, by creating diversified deadwood hab-
itats in managed forests. For instance, whereas the provision
of lying deadwood benefits rove beetles (Staphylinidae) and
minute bark beetles (Cerylonidae), stump deadwood supports
the family of soldier beetles (Cantharidae) and standing dead-
wood Monotomidae.
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