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A B S T R A C T   

Microclimatic conditions in forests depend on canopy cover and thus differ between closed and open forests and 
similarly change along the vertical axis from the forest floor to the upper canopy. Yet, it is unknown whether this 
similarity in microclimatic conditions in forest gaps and the upper canopy provides equivalent habitats for wood- 
inhabiting species assemblages and thus, whether deadwood in the canopy is needed to maintain biodiversity. 
We tested this question for wood-inhabiting beetles, fungi and bacteria, using 150 branch bundles of Picea abies, 
Abies alba and Fagus sylvatica experimentally exposed along a vertical and horizontal gradient in microclimate: 
sun-exposed in the upper canopy and in gaps, half-shaded in the mid canopy and at the edge of forest gaps and 
shaded near ground under a closed canopy in a temperate forest in Central Europe. Variation partitioning showed 
that assemblage composition of all taxa was predominantly determined by tree species, followed by vertical 
stratum in beetles. Beetle assemblages at upper and mid-canopy formed a distinct community compared to those 
near ground. Fungal assemblages in the upper canopy were similar to those in gaps near the ground, while 
bacteria assemblages in the upper canopy were different only from those near ground under closed canopy. Our 
results indicate that the canopy stratum and sun-exposed deadwood enlarge the niche space for saproxylic or
ganisms. Conservation strategies should thus aim at retaining habitat trees of different tree species with dead
wood in the canopy as well as gaps with sun-exposed deadwood, e.g., after disturbances, to maintain 
biodiversity.   

1. Introduction 

A unique feature of forest ecosystems is their pronounced vertical 
structure. Forest canopies are the main place of forests-atmosphere in
teractions including carbon fixation (Nakamura et al., 2017). Canopy 
cover and structure determine microclimatic conditions in forests and 
thus play an important role for buffering effects of climate and weather 
(De Frenne et al., 2019; Zellweger et al., 2020). Moreover, the forest 
canopy is of extraordinary importance for biodiversity (Ozanne et al., 
2003; Floren and Schmidl, 2008). There is evidence that canopies 

harbour different species assemblages in various taxonomic groups 
compared to the near-ground stratum under a closed canopy (Unter
seher et al., 2005; Bouget et al., 2011; Weiss et al., 2019). At least in the 
tropics, the proportion of unique biodiversity of canopies can equal that 
near the ground (Stork and Grimbacher, 2006). However, due to their 
limited accessibility, our ecological understanding of canopies is still 
limited compared to other terrestrial habitats (Lowman and Wittman, 
1996; Floren and Schmidl, 2008). 

A central open question is whether habitats in the forest canopy and 
in forest gaps near the ground host similar species assemblages since the 
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upper canopy shares certain habitat characteristics with forest gaps. 
Especially solar radiation and thus temperature is more similar between 
the upper canopy and near the forest floor in gaps than between either of 
the two under a closed canopy (Sheehan et al., 2019; De Frenne et al., 
2019; Zellweger et al., 2019; Thom et al., 2020). For microclimate- 
sensitive taxa, the upper canopy and forest gaps may thus represent 
similar habitats. Wood-inhabiting species (saproxylics) are strongly 
determined by sun-exposure and thus assemblages differ along hori
zontal gradients of canopy cover near the ground (Krah et al., 2018; 
Müller et al., 2020; Rothacher et al., 2023) as well as in deadwood along 
vertical gradients from near the ground to the upper canopy (Unterseher 
and Tal, 2006; Ulyshen, 2011; Weiss et al., 2016, 2019; Seibold et al., 
2018b). However, while saproxylic assemblages have been studied 
along horizontal and vertical gradients of canopy cover separately, a 
comparison of assemblages between sun-exposed deadwood near the 
ground and in the upper canopy is missing. Saproxylics comprise 20–25 
% of forest-dwelling species across various taxonomic groups and are 
important for wood decomposition (Siitonen, 2012; Stokland et al., 
2012; Seibold et al., 2021; Graf et al., 2022b). Understanding how 
saproxylic assemblages respond to changes along horizontal and vertical 
gradients of sun-exposure in forests is therefore important to inform 
conservation strategies. 

Populations of many saproxylic species have declined and around 
one-third of saproxylic species are today red-listed in Germany due to 
the reduction of deadwood stocks in managed forests (Grove, 2002; 
Müller and Bütler, 2010; Cálix et al., 2018; Thorn et al., 2020b). Species 
associated with sun-exposed deadwood exhibited a significantly higher 
risk of extinction compared to species associated with shaded deadwood 
(Seibold et al., 2015). Increasing the amounts of deadwood, also called 
deadwood enrichment, has thus become a central target of conservation- 
oriented multifunctional forest management (Gustafsson et al., 2012; 
Doerfler et al., 2018; Vítková et al., 2018). Here, the question whether 
sun-exposed deadwood in gaps near the ground hosts similar saproxylic 
assemblages as sun-exposed deadwood in the canopy has important 
practical implications, as it would help to simplify deadwood enrich
ment. Sun-exposed deadwood near the ground can be rather easily 
created in large amounts by retaining wood after harvesting or from 
natural disturbances. By contrast, it is more difficult to increase dead
wood amounts in the canopy and it comes with safety risks from falling 

branches for forest workers and visitors (Thorn et al., 2020b). However, 
if saproxylic assemblages differ between both habitats, amounts of both 
sun-exposed deadwood near the ground and deadwood in the canopy 
need to be increased simultaneously to fully support saproxylic 
biodiversity. 

The relevance of this knowledge gap is further emphasized since 
climate change increases the frequency and severity of natural forest 
disturbances (Seidl et al., 2014; Senf et al., 2021), thereby providing a 
huge potential to increase deadwood amounts for biodiversity (Thorn 
et al., 2020a). Larger-scale disturbance events, such as from storms or 
bark beetles, create forest gaps with high amounts of half-shaded to sun- 
exposed deadwood, if no salvage logging is applied (Viljur et al., 2022; 
De Frenne, 2023). Other disturbances agents, particularly drought, lead 
to increased senescence and mortality of single trees (Schuldt et al., 
2020; Meyer et al., 2022) creating half-shaded to sun-exposed dead
wood in the canopy. Despite the value of sun-exposed deadwood and 
standing dead trees for biodiversity, there is a heated debate among 
foresters and conservationists whether disturbance-affected trees should 
be cut to salvage the economic value and reduce safety issues or whether 
they should be retained as habitat for biodiversity (Müller et al., 2018b). 

To compare the impacts of sun exposure along both the vertical 
gradient (from near the ground to the upper canopy) and a horizontal 
gradient near the forest floor (from closed canopy forest to open forest 
gaps) on saproxylic biodiversity, we conducted an experiment in a 
temperate forest in Central Europe, comparing saproxylic assemblages 
along these gradients (Fig. 1). Bundles of branches were exposed along 
these gradients and wood-inhabiting beetles, fungi and bacteria as
semblages were sampled to capture a wide range of saproxylic biodi
versity. Moreover, to test for generality, we repeated the experiment for 
three common tree species. In particular, we hypothesized that i) di
versity and saproxylic assemblage composition change similarly along 
horizontal and vertical gradients for wood-inhabiting beetles, fungi and 
bacteria, respectively and that ii) sun-exposed deadwood near the 
ground in gaps and in the upper canopy hosts similar saproxylic 
assemblages. 

Fig. 1. Experimental design of branch deadwood bundles along the vertical axis (vertical stratum; upper canopy = sun, mid-canopy = half-shade) and the horizontal 
axis (closed canopy near the ground = shade, edge of forest gap near the ground = half-shade, centre of forest gaps near the ground = sun) to study saproxylic 
biodiversity of beetles, fungi and bacteria. 
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2. Materials and methods 

2.1. Study area and experimental design 

Our study was conducted in the Bavarian Forest National Park, 
Germany (48◦54′N, 13◦90′E; approx. 650–900 m a.s.l.). We selected ten 
stands in mature montane mixed forests dominated by Norway spruce 
(Picea abies), European beech (Fagus sylvatica) and silver fir (Abies alba). 
The ten stands are scattered over an area of 243 km2 and thus, the spatial 
distance between stands ranged from 0.1 to 30 km. Spatial distance 
between trees was included as control variable in the analyses (see 
below). In each stand, we selected the largest silver fir tree that ranged 
above the surrounding trees as a living pole. Arborists cut off the top of 
these trees at a diameter of 12 cm and a height of 26 m to 47 m, 
depending on the maximum height of the tree, and attached an 
aluminium arm with a line for pulling up loads at the top of the living 
pole (for details see Müller et al., 2013). 

We placed five bundles of freshly cut branches in each stand and 
exposed them for a full growing period from April to September 2016 to 
give saproxylic species the opportunity to colonize the deadwood. 
Branches were all cut from vital trees originating from one forest stand 
within the study area to minimize potential difference of endophytic 
species pools. The first bundle was attached immediately below the 
aluminium arm in the upper canopy, fully exposed to the sun (upper 
canopy = sun), the second bundle was placed in the mid-canopy in half- 
shade (mid-canopy = half-shade), the third bundle was attached to a 
wooden pole 1 m above ground next to the tree with the two canopy 
bundles (closed canopy near the ground, = shade), the fourth bundle 
was attached to a wooden pole 1 m above ground at the edge of the next 
forest gap (edge of forest gap near the ground = half-shade) and the fifth 
bundle to a wooden pole 1 m above ground at the centre of the same 
forest gap (centre of forest gap near the ground = sun; Fig. 1). Bundles 
near ground were suspended from wooden poles to assure that no 
bundle had soil contact or was shaded by ground vegetation to obtain 
gradients in sun exposure along vertical and horizontal gradients that 
are not confounded with effects of soil contact and shading by the herb 
layer. The actual above-ground height of the bundles in the mid- and 
upper canopy varied between stands depending on the height of the live 
crown base and the height of the trees (mid-canopy: 10 m to 30 m; upper 
canopy: 25 m to 46 m). The distance between the silver fir tree with the 
two canopy bundles and the next forest gap ranged from 100 m to 600 
m. Each deadwood bundle consisted of five thin branches (1 cm to 3 cm 
diameter) and three thicker branches (4 cm to 8 cm diameter) of each of 
the three tree species (24 branches per bundle) with a length of 60 cm. 
Bundles were wrapped tightly with mesh wire to ensure that no 
branches were lost. We retrieved all bundles from the trees at the end of 
September 2016 and separated the branches of the different tree species 
for each bundle. 

2.2. Species sampling of beetles 

All eight branches of one tree species of each bundle were placed in 
one of 150 non-transparent PVC barrels (50 cm diameter and 90 cm 
length) for three years until October 2019 to sample emerging beetles. 
Barrels were placed under a roof at ambient temperature to provide 
shade and avoid overheating; barrels had an opening covered by a fine 
mesh to allow air circulation on both ends. A transparent collecting jar 
filled with ethanol was mounted to each barrel to collect and preserve 
emerging beetles attracted to the light. Collecting jars were emptied 
regularly, and all beetles found inside the barrels were collected and 
added to the sample. All beetles were sorted and identified to species 
level by B. Büche (Berlin, Germany). 

2.3. Molecular-based sampling of fungi and bacteria 

Before the beetle sampling from the eight branches per tree species 

and bundle, we randomly selected two of the thin and one of the thicker 
branches to sample putative species of fungi and bacteria (OTUs; see 
Hagge et al., 2019; Hoppe et al., 2016; Moll et al., 2018). Each branch 
was fully cross-section drilled with a 0.6 cm wood drill in the centre and 
sawdust of the three branches per tree species were pooled in one 
sample. To minimize the effect of microorganisms occurring on the 
surface of the branches, we mechanically cleaned the point of drilling 
with ethanol. To avoid cross-contamination between different samples, 
the wood drill was mechanically cleaned and flamed after each sample. 
Sawdust samples were stored in clean plastic bags and transferred to a 
freezer at − 40 ◦C. 

DNA isolation from homogenized wood samples, PCR amplification 
and next generation sequencing (Illumina MiSeq, v2, 2 × 250 bp) were 
conducted by Microsynth AG (Switzerland). For fungi the internal 
transcribed spacer region II (ITSII) with the primer system ITS3/ITS4 
(ITS3: GCATCGATGAAGAACGCAGC; ITS4: TCCTCCGCTTATTGA
TATGC; 5′-3′) and for bacteria 16S rRNA V4 (16S) with the primer sys
tems 515F/806R (515F: GTGCCAGCMGCCGCGGTAA; 806R: 
GGACTACHVGGGTWTCTAAT; 5′-3′) were used. For bioinformatic ana
lyses we followed Hagge et al. (2019). In brief, OTU building locus 
specific primer sequences were trimmed from sequences and forward 
and reverse reads were merged. Quality filtering of merged reads 
allowed a maximum of one expected error per merged read and dis
carding reads containing ambiguous bases (e.g. “N”). Chimeric reads 
and singletons (OTUs with only one read) were removed from the se
quences. OTUs were clustered based on 97 % similarity. 

2.4. Statistical analyses 

All analyses were performed in R version 4.3.0 (<www.r-project.or 
g>). To discriminate and quantify the roles of sun exposure (i.e., 
shade = 1, half-shade = 2, sun = 3), vertical forest stratum (i.e., near the 
forest ground = 1, mid-canopy = 2, upper canopy = 3), tree species (i.e., 
Norway spruce, silver fir, European beech) and space (Euclidean dis
tance) between assemblages of beetles, fungi and bacteria, we calculated 
distance/dissimilarity matrices based on a framework of Hill numbers 
(or the effective number of species) (Hill, 1973; Chao et al., 2014a). Hill 
numbers are parametrized by a diversity order q, a number that de
termines the measures' sensitivity to species relative abundances. This 
framework for orders q = 0, 1 and 2 unifies three well-established 
indices of biodiversity. The Hill number of order q = 0 reduces to spe
cies richness in which the abundance of species is ignored. The Hill 
number of order q = 1 reduces to Shannon diversity, that of order q = 2 
to Simpson diversity; these two measures can be respectively interpreted 
as the effective number of common and dominant species. 

When there are multiple assemblages, this framework can be applied 
to decompose the Hill numbers of a pooled assemblage (gamma di
versity) into its within-assemblage mean-diversity component (alpha 
diversity) and between-assemblage component (beta diversity). Then 
beta diversity can be monotonically transformed to obtain two general 
classes of the abundance-sensitive diversity measures (Chiu et al., 2014). 
We used Sørensen-type measures to quantify the compositional dissim
ilarity between species communities (Chiu et al., 2014; Chao et al., 
2014a) from different tree species and deadwood positions. Setting q =
0 yields the classic richness-based Sørensen index, which weighs all 
species equally (thus focusing on individuals of rare species); setting q =
1 yields the abundance-based Horn index, which weighs all individuals 
equally; that is, each species is weighed according to its abundance 
(focusing on common species); and setting q = 2 yields the abundance- 
based Morisita–Horn index, which is very sensitive to highly abundant 
species (focusing on dominant species in the assemblages) but assigns 
little weight to rare species (Chiu et al., 2014). Such a variation in the 
focus from rare species to dominant species is particularly interesting in 
deadwood assemblages, where many species are rare, and rare species 
are often threatened (Seibold et al., 2015), but some dominant species 
drive major ecosystem processes, e.g. the enzymatic decomposition by 
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fungi (Baldrian et al., 2016; Hagge et al., 2019). Variation partitioning of 
assemblage distance-based dissimilarity for beetle, fungi and bacteria 
respectively for the orders q = 0, 1 and 2 were performed with varpart 
function of the R package vegan (Oksanen et al., 2016) based on the 
adjusted R2, taking into account the number of terms in the model 
(Borcard et al., 1992). 

To discriminate the overall and pairwise differences of tree species 
identities and deadwood position on the assemblage composition of 
beetle, fungi and bacteria was tested using non-parametric multivariate 
analysis of variance (Anderson, 2001). These analyses were done for the 
entire dataset of beetles, fungi and bacteria respectively and for the 
subsets of each pairwise comparisons between deadwood positions 
based on the Bray–Curtis dissimilarity distances and including stand as a 
grouping factor, constraining the permutations within the group with 
the adonis function of R package vegan (Oksanen et al., 2016). The ob
tained p-values were adjusted by a Bonferroni correction. 

To estimate gamma diversity of beetles, fungi and bacteria for each 
of the five deadwood bundle positions and for the tree species, we used 
the sample-based rarefaction-extrapolation approach, which estimated 
the rate of increase in the number of species with increasing number of 
samples and extrapolated the number of species to twice of our actual 
sample size. Calculations were performed with the R package iNEXT 
(Chao et al., 2014b) for the three components of species diversity 

represented by the Hill numbers. Significant differences in estimated 
species diversity were judged by non-overlapping confidence intervals 
(Schenker and Gentleman, 2001). 

3. Results 

We sampled 62,590 individuals from 93 saproxylic beetle species 
over three years, 561 OTUs from 32,573 reads of fungi and 1201 OTUs 
from 113,025 reads of bacteria. 

Variation partitioning of assemblage dissimilarity showed total 
adjusted R2 ranging from 0.23 up to 0.56 including sun exposure, ver
tical forest stratum, tree species and space as predictors for all taxa. 
Assemblages were mostly determined by tree species for all three taxa, 
followed by vertical forest stratum for beetles and space for fungi and 
bacteria (Fig. 2). In all taxa, a larger proportion of variance was 
explained by tree species when focusing on common species (q = 1) and 
dominant species (q = 2) compared to the focus on rare species (q = 0). 
For beetles, 9.1 % of variance was explained by deadwood position 
(vertical forest stratum and sun-exposure) focusing on rare species and 
shifted to 4.9 % and 3.0 % for common and dominant species, respec
tively. For fungi and bacteria, space had higher relevance focusing on 
rare species and were lower for common and dominant species (Fig. 2). 
The shared explained variance of two predictor sets was almost zero for 

Fig. 2. Explained variances of assemblage dissimilarity determined in a distance-based redundancy analysis using the Sørensen (q = 0, focusing on rare species), 
Horn (q = 1, focusing on common species) and Morisita-Horn (q = 2, focusing on dominant species) indexes in an increasing weighting of abundant species for 
assemblages of beetles, fungi and bacteria. The R2 are adjusted values. 
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all taxa and all values of q, underlining the independence of our pre
dictor sets (Fig. 2). 

Changes in saproxylic assemblage composition did not follow similar 
patterns along the vertical and horizontal gradients of sun exposure 
(Fig. 3). Beetle assemblages at upper and mid-canopy were distinct 
compared to those near ground. Beetle assemblages near the ground did 
not differ between closed canopy, edge of forest gap and centre of forest 
gap (Fig. 3, Supporting Information Appendix S1). Fungal assemblages 
in the upper canopy were similar to those in the centre of forest gaps, 
while assemblages in the upper canopy were different from those near 
the ground in closed canopy and at the edge of forest gaps. Bacteria 
assemblages differed only between the upper canopy and near ground 
under closed canopy (Fig. 3, Supporting Information Appendix S1). The 
assemblage composition of all three taxa differed between European 
beech, silver fir and Norway spruce (Supporting Information Appendix 
S1). 

Changes in gamma diversity did not follow similar patterns along the 
vertical and horizontal gradients of sun exposure (Fig. 4). Overall, 
gamma diversity did not differ strongly between the five deadwood 
positions in all three taxa focusing on rare species (Fig. 4). However, for 
beetles, gamma diversity tended to be higher in gaps, followed by the 
canopy strata and near-ground under half-shaded and shaded conditions 
for q = 0. This order shifted towards higher gamma diversity in shaded 
deadwood near ground when common and dominant species were given 
more weight. For fungi, shaded and sun-exposed deadwood near-ground 
had higher gamma diversity than sun-exposed deadwood in the upper 
canopy for q = 0. Further, a clear difference was found for fungi focusing 
on common and dominant species with lower species diversity for the 
deadwood positions in the upper and mid canopy compared to the three 
deadwood positions near the ground. For bacteria, gamma diversity of 
dominant species was highest near-ground under half-shaded condi
tions. Gamma diversity of beetles was higher for Norway spruce than for 
silver fir and European beech, except for q = 2, where silver fir ranked 
between Norway spruce and European beech (see Supporting Informa
tion Appendix S2, Fig. S2.1). Gamma diversity of fungi and bacteria was 
similar at q = 0, but significant differences occurred for q = 1 and 2. 
Here, fungal gamma diversity decreased from Norway spruce to silver fir 
to European beech, while for bacteria, spruce and silver fir ranked 
similarly and only European beech had lower gamma diversity. 

4. Discussion 

Based on experimental deadwood exposed along vertical and hori
zontal gradients of sun exposure in temperate forests, we found that 

patterns in assemblage composition and gamma diversity differed be
tween the vertical and the horizontal gradient in sun exposure for wood- 
inhabiting beetles, fungi and bacteria, respectively. For saproxylic bee
tles, deadwood in gaps near the ground forms a habitat distinct to 
deadwood in the upper canopy. However, assemblages of fungi and 
bacteria were similar in the upper canopy and in gaps near the ground. 
Tree species identity was the predominant driver of species assemblages 
in all three taxa, followed by vertical stratum in beetles and spatial 
distance between sampling locations for fungi and bacteria. The demand 
of both, sun-exposed deadwood in the canopy and near the ground, to 
conserve the entire diversity of saproxylic assemblages have clear im
plications for forest disturbance management and deadwood enrich
ment strategies. 

4.1. Vertical stratification of saproxylic assemblages 

Consistent with previous canopy research (Lodge and Cantrell, 1995; 
Unterseher et al., 2005; Unterseher and Tal, 2006; Bouget et al., 2011; 
De Smedt et al., 2019), we observed that saproxylic assemblage 
composition in the upper canopy differed from that near the ground 
under a closed canopy in both beetles and fungi. Moreover, our results 
showed that this is also the case for wood-inhabiting bacteria. So far, this 
vertical structuring of bacteria assemblages was only reported for as
semblages of the phyllosphere (Herrmann et al., 2021). Saproxylic as
semblages also differed in diversity between vertical strata, but 
taxonomic groups appear to show different patterns. For saproxylic 
beetles, previous studies found higher species numbers (alpha diversity) 
in the canopy than near ground in dead branches in temperate forest 
(Seibold et al., 2018b) and using flight-interception traps in tropical 
forests (Stork and Grimbacher, 2006; Weiss et al., 2019), but also the 
opposite (Vodka et al., 2009; Bouget et al., 2011) or mixed results 
(Sheehan et al., 2019) were reported. In our study, gamma diversity 
tended to be higher near the ground than in the canopy, but differences 
were weak, which is in line with findings of Müller and Goßner (2010). 
Studies on vertical biodiversity stratification in forests are absent for 
bacteria and scare for fungi, where there are limited to qualitative shifts 
in the species assemblages (Lodge and Cantrell, 1995; Nunez, 1996; 
Unterseher et al., 2005; Unterseher and Tal, 2006; Boddy et al., 2008) 
rather than differences in alpha or gamma diversity. We found lower 
diversity of fungi in the canopy compared to the near-ground stratum, 
particularly for typical and dominant species, and a similar trend for 
bacteria. One possible explanation for this is that deadwood in the 
canopy, particularly sun-exposed deadwood, desiccates faster than 
deadwood near the ground (Sheehan et al., 2019). Another possible 

Fig. 3. Effect of branch deadwood bundles position along the vertical axis (upper canopy = sun, mid-canopy = half-shade) and the horizontal axis (closed canopy 
near the ground = shade, edge of forest gap near the ground = half-shade, centre of forest gaps near the ground = sun) on assemblage composition of beetles, fungi 
and bacteria. Deadwood bundles in distinct circles indicates different community composition between positions (ADONIS adjusted p-values less than 0.05, Sup
porting Information Appendix S1). 
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explanation is a higher colonization of deadwood by soil-inhabiting 
fungi and bacteria for deadwood near the ground (proposed in Eng
lmeier et al., 2023). The congruent diversity patterns of wood-inhabiting 
fungi and bacteria, observed in this study, could be explained by close 
associations between these groups during the process of deadwood 
decomposition (Christofides et al., 2019; Tláskal et al., 2021). Overall, 
our results support the general notion that the canopy in temperate 
forest represents a distinct habitat compared to the forest floor that is 
inhabited by species adapted to this environment. While the canopy 
seems to be a habitat characterized by a high beetle diversity equal to 
that near the ground and similarly also in other insect taxa (Floren and 
Schmidl, 2008; Müller et al., 2018a), it likely is a rather harsh envi
ronment for fungi and bacteria (Nunez, 1996; Krah et al., 2022) and thus 
characterized by lower diversity in temperate forests. 

4.2. Effects of canopy cover on saproxylic assemblages near the forest 
floor 

Differences in assemblage composition between sun-exposed and 
shaded deadwood near ground or at the forest floor were reported 
frequently for beetles (Hjältén et al., 2007, 2012; Vodka et al., 2009; 
Seibold et al., 2016; Vogel et al., 2020, 2021), fungi (Bässler et al., 2010; 
Horák et al., 2016; Krah et al., 2018; Brabcová et al., 2022) and bacteria 
(Hagge et al., 2019). Our results seem to contrast these earlier findings 
since we observed no significant differences in assemblage composition 
between the three horizontal positions near ground for all three taxa. 
However, Vogel et al. (2020) also found no differences in fungal 
assemblage composition between sun-exposed and shaded logs and 
Hagge et al. (2019) reported weak differences in bacteria assemblage 
composition between sun-exposed and shaded deadwood. For 

Fig. 4. Sample-based rarefaction (solid lines) and extrapolation (dotted lines, up to twice the actual sample size) of the data for beetles, fungi and bacteria for the five 
different branch deadwood bundle positions. The 95 % unconditional confidence intervals (transparent shading) are shown. Species diversity was estimated for Hill 
numbers: q = 0 (species richness, left panel), q = 1 (exponential of Shannon's entropy index, middle panel) and q = 2 (inverse of Simpson's concentration index, right 
panel). Solid symbols represent the total number of reference samples. 
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saproxylic beetles, most studies comparing assemblages between gaps or 
open and closed forest used traps, such as flight interception traps, 
which are activity traps not restricted to certain deadwood objects and 
thus, higher flight activity and the availability of other resources can 
influence the results (see Lettenmaier et al., 2022 for a discussion). 
However, studies which used emergence traps mounted on large- 
diameter deadwood confirmed effects of canopy cover on assemblage 
composition of saproxylic beetle assemblages (Vogel et al., 2020; Let
tenmaier et al., 2022). Studies rearing beetles from branches reported 
mixed findings including significant (Vodka et al., 2009; Hardersen 
et al., 2020; Vogel et al., 2021) and non-significant differences in 
assemblage composition between open and closed forest (Vogel et al., 
2020), similar to our study. Sun exposure increases microclimatic het
erogeneity in large-diameter deadwood which has been identified as the 
driver of high beetle diversity in forest gaps (Lettenmaier et al., 2022). In 
contrast to large-diameter deadwood, sun exposure may not increase 
microclimatic heterogeneity in branches, but rather lead to fast desic
cation which may negatively affect larval development. Depending on 
the climatic conditions of a study region, this could have weaker or 
stronger effects on beetle assemblages and thus explain contrasting re
sults of different studies. 

Deadwood bundles in our study were placed one meter above ground 
to create vertical and horizontal gradients of sun exposure that are not 
confounded by effects of soil contact and shading by the herb layer on 
microclimate in deadwood. These conditions are representative for 
deadwood originating from break down of entire trees (e.g., due to wind 
throw; Thorn et al., 2016) or complete tree crowns are retained to in
crease deadwood amounts. Under these conditions, many branches do 
not have soil contact. Soil contact and shading by the herb layer, how
ever, are further potentially important drivers of saproxylic commu
nities (Mäkipää et al., 2017; Jaroszewicz et al., 2021), and thus further 
studies are needed to disentangle their effects from those of sun- 
exposure. 

4.3. Similarities between assemblages in forest gaps and in the canopy 

To our knowledge, microclimatic conditions in gaps near the ground 
and in the upper canopy have not been measured yet, but solar radiation 
is likely the same and thus, temperature may be similar (but see further 
discussion below). Considering these similarities between deadwood in 
the upper canopy and near the forest floor in forest gaps, we hypothe
sized that both habitats are inhabited by similar assemblages. Our re
sults confirm this hypothesis for fungi and bacteria, as their assemblage 
composition did not differ significantly between both habitat types, but 
not for saproxylic beetles which differed in assemblage composition. 
This indicates that deadwood in gaps near the ground and in the canopy 
represent distinct habitats, at least for part of the saproxylic assem
blages. One possible explanation for this could be that further factors 
beyond solar radiation alter deadwood quality in the canopy. Higher 
wind speed, for example, could lead to faster desiccation of deadwood in 
the canopy. Another possible explanation could be differences in 
accessibility of deadwood in the canopy versus deadwood near the 
ground due to species-specific limitations in dispersal or due to differ
ences in source populations in close vicinity of the exposed deadwood 
bundles (Graf et al., 2022a; Englmeier et al., 2023). These potential 
effects of limitations in dispersal and population density could be 
different between species groups with in general higher dispersal ability 
of fungi compared to beetles (Komonen and Müller, 2018) and may 
explain our mixed results for saproxylic beetles, fungi and bacteria. The 
mixed results for saproxylic beetles, fungi and bacteria highlight the 
necessity of multitrophic approaches in community ecology and con
servation biology (Seibold et al., 2018a). 

4.4. Importance of tree species effects and spatial distance 

Tree species identity is a major driver of herbivore and decomposer 

assemblages in forests since species have to adapt to plant-defence 
mechanisms and thus many species are specialized on certain plant 
taxa (Kennedy and Southwood, 1984; Brändle and Brandl, 2001; 
Unterseher et al., 2005; Moll et al., 2018; Leonhardt et al., 2019; Seibold 
et al., 2023; Kriegel et al., 2023). Our finding that tree species identity 
was the predominant driver of assemblage dissimilarity in all three taxa 
is therefore in line with general theory and, at least for saproxylic fungi 
and bacteria, with previous studies (Moll et al., 2018; Krah et al., 2018; 
Müller et al., 2020). However, for saproxylic beetles, studies with large- 
diameter deadwood found sun exposure to be a stronger driver of as
semblages than tree species identity (Müller et al., 2020; Vogel et al., 
2020). For smaller-diameter branches, however, effects of tree species 
were stronger than those of sun exposure (Vogel et al., 2020), similar to 
our results. This suggests that mechanisms driving saproxylic commu
nities differ between large- and small-diameter deadwood. The presen
tation of branches from three different tree species in a single bundle in 
our experimental setup did not negate the prevailing influence of tree 
species identity in our findings. Fungi and bacteria disperse passively, 
and given that beetles assess the suitability of deadwood upon landing 
through chemical cues (Saint-Germain et al., 2007), the colonization of 
an “incorrect” tree species is rather rare (Edelmann et al., 2022). 

The composition of species assemblages can differ between locations 
relative to the spatial distance between them due to dispersal limitation 
(Chase and Myers, 2011) and environmental differences (Baselga, 2008; 
Morlon et al., 2008). For assemblage composition of saproxylic taxa, 
relatively weak effects of spatial distance have been reported compared 
to tree species identity and forest stand characteristics, particularly at a 
scale similar to the one of our study (Müller et al., 2020; Vogel et al., 
2020; Seibold et al., 2023). Consistent with these studies, spatial dis
tance was of minor importance for saproxylic beetles and fungi. How
ever, for bacteria, spatial distance was more important and at q = 0, it 
had even slightly stronger effects than tree species identity. A recent 
meta study on distance-decay relationships of microbial communities 
showed large study-dependent differences in the strength of these re
lationships driven by ecological and methodological factors, with 
particular large variation between different studied environments and 
habitats (Clark et al., 2021). 

4.5. Conclusions and implications for management 

Our results show that saproxylic assemblages differ in composition 
and/or diversity between different vertical strata and between sun- 
exposed and shaded deadwood near ground. More specifically, sun- 
exposed deadwood in the canopy and near ground in forest gaps are 
not inhabited by the same species assemblages, at least not for beetles. 
Therefore, to promote saproxylic biodiversity, deadwood of different 
tree species is needed in different vertical forest strata and under 
different levels of sun-exposure. 

To increase amounts of canopy deadwood, forest management 
should aim at retaining standing dead trees and large, old trees with 
dead branches in the canopy (Gustafsson et al., 2012; Mölder et al., 
2020). Where natural tree mortality and senescence are low, canopy 
deadwood can be actively created by girdling living trees or by breaking 
parts of tree crowns (Vítková et al., 2018; Sillett et al., 2018; Sandström 
et al., 2019). Moreover, increasing numbers of stressed trees with partly 
dead canopies as well as half or fully dead trees due to disturbances, such 
as summer storms and drought, offer a large potential to promote 
biodiversity if such trees are retained (Cours et al., 2021, 2022, 2023). 
The amount of deadwood near the ground can be increased during 
harvesting operations by leaving parts of the felled trees as well as by 
retention of naturally fallen trees (Doerfler et al., 2018; Thorn et al., 
2020a). Deadwood near the ground should be present both under a 
closed canopy and in gaps. Sun-exposed deadwood near the ground 
created by disturbances should here be considered and at least partly be 
retained. Finally, assemblage composition of all three taxa differed be
tween tree species and thus, deadwood of different tree species should 
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be created or retained to promote overall biodiversity. 
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González, G., Gossner, M.M., Habel, J.C., Hébert, C., Heibl, C., Heikkala, O., 
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Rakotondranary, J.S., Ramanamanjato, J.-B., Rossi, L., Schmidl, J., Schulze, M., 
Seaton, S., Stone, M.J., Stork, N.E., Suran, B., Sverdrup-Thygeson, A., Thorn, S., 
Thyagarajan, G., Wardlaw, T.J., Weisser, W.W., Yoon, S., Zhang, N., Müller, J., 2021. 
The contribution of insects to global forest deadwood decomposition. Nature 597, 
77–81. 

Seibold, S., Weisser, W.W., Ambarlı, D., Gossner, M.M., Mori, A.S., Cadotte, M.W., 
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