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Abstract

Veteran deciduous trees are a rare element in today’s central European managed forests
due to intensive forest management over the last 200 years, resulting in a loss of dead
wood habitats like tree hollows. Saproxylic beetle species depend on dead wood, and
habitat specialists, such as species relying on tree hollows, are largely threatened. To better
understand how to protect saproxylic beetle assemblages in tree hollows at a landscape
scale we collected beetles from tree hollows in three forest regions in Bavaria (Germany)
using emergence traps. We related landscape composition at spatial scales of 300-5000 m
around the tree hollows to beetle diversity in the hollows using CORINE satellite data. We
also modelled four dispersal-associated morphological traits as well as functional diversity
indices of the beetles in relation to landscape composition. The proportion of deciduous
forest surrounding the tree hollows had positive effects on species richness of saproxylic
beetles in two of the three study regions. Positive effects on threatened species were more
pronounced than effects on total species richness at all spatial scales. Relationships be-
tween functional diversity and landscape composition only partly confirmed our expecta-
tions regarding better dispersal ability of beetles in isolated habitat patches. Morphological
traits of saproxylic beetles did not yield any significant results. Our study indicates that
threatened saproxylic beetles react more sensitively to landscape compositional changes
than common species. In the light of ongoing habitat fragmentation, efforts to protect
threatened saproxylic beetle species should not only include single forest stands but focus
on a landscape scale and support connectivity of forest patches.
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Introduction

Hollow deciduous trees are keystone structures hosting a high arthropod diversity but have
been declining in numbers in central European managed forests for decades due to inten-
sive forest management (Wetherbee et al. 2020). Modern forestry has substantially changed
the tree species- and age-compositions of central European forest fragments over the last
200 years from old-growth deciduous beech- and oak-forests to younger conifer-dominated
forests (Gossner et al. 2013; Seibold et al. 2015) and dramatically reduced the number of
veteran deciduous trees (Lindenmayer et al. 2012; Miiller et al. 2014; Sverdrup-Thygeson
et al. 2017), resulting in a loss of dead wood habitats like tree hollows (Thorn et al. 2020).
The formation of tree hollows most likely takes place in veteran deciduous trees where they
can persist for several hundred years (Siitonen 2012). Ranius et al. (2009a) showed that 50%
of oak trees (Quercus robur) in southern Sweden that were 200-300 years old had hollows,
while oak trees that were less than 100 years old rarely had hollows (less than 1%). Tree
hollows are created when mechanical damage causes injuries of the tree bark and heart-rot
fungi access the wood (Siitonen 2012; Mico6 2018).

Saproxylic beetles, i.e., those depending on dead wood or organisms living in dead wood
for at least one part of their life cycle (Speight 1989), are important for ecosystem function-
ing in forest ecosystems as they promote wood decomposition through mutualistic relation-
ships with fungi and microorganisms (Stokland et al. 2012; Ulyshen 2016), which drives
element cycling and productivity (Gossner et al. 2013). However, due to the loss of dead
wood habitats in central European forests, many saproxylic beetle species are endangered or
have already gone extinct (Seibold et al. 2015; Thorn et al. 2020). Saproxylic beetle species
that are specialized on a certain dead wood habitat such as tree hollows are exceptionally
threatened, with about 75% of tree-hollow specialist species being listed in the Red List of
Germany (Schmidl and Biiche 2018).

To effectively protect saproxylic beetles in tree hollows, it is needed to not only acknowl-
edge the beetles’ habitat requirements at local scales (see Ranius et al. 2009b; Koch Wider-
berg et al. 2012; Quinto et al. 2014; Mic¢ et al. 2015; Mico 2018; Schauer et al. 2018b;
Henneberg et al. 2021), but also how landscape composition at larger spatial scales influ-
ences saproxylic beetle assemblages in tree hollows (Franc et al. 2007; Miiller and Gossner
2010; Ranius et al. 2015). Landscape composition is considered a key factor explaining
species richness patterns at different spatial scales (Tscharntke et al. 2012; Gonthier et al.
2014). Habitat availability at landscape scale has been shown to be of high importance
for species assemblages in old trees (Sverdrup-Thygeson et al. 2014). Some studies have
emphasized the importance of the surrounding landscape for local saproxylic beetle species
richness (Qkland et al. 1996; Franc et al. 2007). In a study from southern Sweden, Gotmark
etal. (2011) found that local dead wood amount was the main predictor of total species rich-
ness of saproxylic beetles in dead oak trees. In contrast, the availability of woodland habi-
tats at landscape scale was the main predictor of species richness of threatened saproxylic
beetle species (Gotmark et al. 2011). Similarly, Ranius et al. (2011) also surveyed saproxylic
beetles in oaks in southern Sweden and found that the occurrence of threatened species was
positively affected by large-scale occurrence of oaks, indicating that they needed conserva-
tion efforts at larger spatial scales than common species. However, we still have limited
knowledge of the relationship between saproxylic beetle diversity in forests and landscape
factors at different spatial scales (Sverdrup-Thygeson et al. 2014), even though understand-
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ing scale dependency is crucial for the management of natural resources and conservation
of biodiversity (Miiller and Gossner 2010; Tscharntke et al. 2012; Mic6 et al. 2013; Ranius
et al. 2015).

Besides the loss of dead wood habitats in central European forests, fragmentation of for-
est regions has been identified as another major driver of the decline of saproxylic beetle
diversity (Ranius 2002; Brunet and Isacsson 2009; Lachat and Miiller 2018). Since medi-
eval times, forest areas in central Europe have decreased greatly, resulting in a fragmented
mosaic of unconnected forest patches of different sizes and distributions (Riither and Walen-
towski 2008; Miiller and Gossner 2010). Most saproxylic beetle species that prefer moder-
ately to highly decayed wood are assumed to have low host-tree preferences, meaning they
inhabit tree hollows in different deciduous tree species (Milberg et al. 2014; Vogel et al.
2021). While tree hollows can occur in most deciduous tree species, they are less common
in coniferous trees (Larrieu and Cabanettes 2012) because the strong resin flow of conifers
contains compounds that are toxic to potential intruders and usually closes injuries of the
bark effectively (Siitonen 2012; Milberg et al. 2014). Hence, for saproxylic beetles living
in tree hollows, the landscape surrounding focal tree hollows is composed of patches of
potentially suitable habitat (i.e., deciduous forest) and non-habitat (i.e., coniferous forest
and open land).

As fragmentation of the landscape has resulted in isolated forest patches that are mostly
surrounded by highly contrasting environmental matrices (Shepherd and Brantley 2005;
Miiller and Gossner 2010), saproxylic beetles must cover the distance between two habitat
patches by dispersal. Based on the vulnerability of specialized species to habitat fragmenta-
tion (Oleksa et al. 2013; Sverdrup-Thygeson et al. 2017), one would expect the proportion
of suitable habitat in the surrounding landscape to be of much larger importance for habitat
specialists than generalists. Accordingly, many saproxylic beetle species that are special-
ized in long-lasting dead wood structures appear to not be able to overcome the distances
between forest patches by dispersal (Ranius and Hedin 2001; Jonsson 2012; Oleksa et al.
2015). Jonsson (2000) argues that high and continuous availability of these dead wood
structures in ancient times may have led to low selection pressures for efficient dispersal
among highly specialized saproxylic beetle species. Therefore, these ancient environmental
conditions may have led evolution towards species with narrow habitat demands and low
dispersal abilities (Jonsson 2000; Komonen and Miiller 2018). Species specialized in long-
lasting habitats like tree hollows are assumed to be especially limited in their dispersal abil-
ity (the “stability-dispersal hypothesis”; Kirby and Drake 1993; Nilsson and Baranowski
1997; Hedin et al. 2008; Oleksa et al. 2013; Percel et al. 2019). The relationship between
degree of specialization and species’ dispersal ability is still subject to discussion (Martin
and Fahrig 2018), but several studies on invertebrates have suggested that highly special-
ized species have lower dispersal abilities than generalist species (Entling et al. 2011; Car-
nicer et al. 2013; Dapporto and Dennis 2013; Stevens et al. 2014; Dahirel et al. 2015). Thus,
many rare saproxylic beetles that specialized in temporally stable but rare habitats like tree
hollows might be dispersal-limited, as their ability to establish new populations far from
present ones has been shown to be low (Ranius and Hedin 2001; Hedin et al. 2008; Janssen
et al. 2016; Percel et al. 2019).

Although we still lack species-specific details on dispersal abilities of most saproxylic
beetle species (Feldhaar and Schauer 2018), certain morphological traits of beetles have
been assumed to be related to dispersal ability (Gomez-Rodriguez et al. 2015). Body size of
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beetles has been shown to be a highly integrative trait representing metabolic rate, demo-
graphical properties but also dispersal ability as beetle species with a large body size are
expected to be better dispersers (Hagge et al. 2019). Additionally, dispersal ability has been
assumed to be positively associated with long wings relative to body size, low wing load
relative to body size, and high wing aspect ratio (wing length divided by wing width) of
beetle species (Hagge et al. 2021; Burner et al. 2023). Human land use can filter species
assemblages by selecting against species with particular morphological traits, e.g., through
habitat fragmentation and/or ecological degradation of forests (Hagge et al. 2021).

It has been proposed that instead of focusing solely on species richness, the diversity of
functional traits of species within a community (functional diversity) should be studied to
gain insights on the ecosystem functions and services provides by it (Hooper et al. 2005;
Cadotte et al. 2011; Gagic et al. 2015). Furthermore, these functional traits can be response
traits that can be analyzed to gain knowledge on potential habitat filters and biotic interac-
tions. A considerable amount of research has been done on predictors of saproxylic beetle
species richness in hollow deciduous trees (Ranius 2002; Widerberg et al. 2012; Quinto et
al. 2014; Mico et al. 2015; Mico 2018; Schauer et al. 2018b; Henneberg et al. 2021), but
predictors of functional diversity have remained largely unexplored (Wetherbee et al. 2020).
It is unknown how landscape composition surrounding focal tree hollows affects dispersal-
associated morphological traits of the saproxylic beetle communities or their functional
diversity, but we expected communities in tree hollows that are located in isolated forest
patches or more fragmented forest regions to shift towards species with a better dispersal
ability, i.e., beetles with relatively larger body size, longer wings relative to body size, lower
wing load, and a higher wing aspect ratio (Hagge et al. 2021; Burner et al. 2023).

In this study we address the following hypotheses: (I) Landscape composition surround-
ing the focal tree hollows will strongly influence saproxylic beetle species richness in the
hollows. We expect tree hollows surrounded by a larger proportion of unsuitable habitats
(e.g., open land or forest dominated by conifers) to harbor saproxylic beetle communities
with lower diversity. (II) Landscape composition will have a stronger effect on threatened
saproxylic beetle species in tree hollows compared to total species richness of saproxylic
beetles as threatened species may have a lower dispersal ability. (IIT) Functional diversity
of morphological traits that are associated with dispersal ability will be related to land-
scape composition surrounding the focal tree hollows. Beetle communities in isolated forest
patches or fragmented forest regions are expected to contain a higher proportion of species
with a better dispersal ability, reflected by morphological traits associated with dispersal,
than communities in less isolated forest stands.

Materials and methods

Study sites

The study was conducted in 2018 and 2019 in three Bavarian (Germany) state forest manage-
ment districts (Bayerische Staatsforsten, BaySF): Ebrach (N 49°50', E 10°29"), Fichtelberg
(N 49°59', E 11°50"), and Kelheim (N 48°55’, E 11°52"). These state forest management dis-

tricts were selected because they each display the full range of management intensity from
strictly protected forest reserves to intensively managed forests. The three study regions also
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represent a gradient in tree-species composition from semi-natural mostly deciduous beech
and oak forests (Ebrach) to mixed forests (Kelheim) and mostly coniferous forests with a
high proportion of planted Picea abies trees (Fichtelberg). The latter is typical for central
European forests that are managed for wood production (Miiller et al. 2008). Thus, the
landscape surrounding the focal tree hollows in the three study regions differed significantly
regarding the proportion of potentially suitable habitat (i.e., deciduous forest) around the
tree hollows (see Fig. 1, Table S5).

The BaySF forest management district Ebrach in the Steigerwald in northern Bavaria
consists of temperate deciduous forest stands (app. 1000 km?, mean annual temperature:
7-8 °C, mean annual precipitation: 850 mm [Béssler et al. 2014]). The dominant tree spe-
cies is European beech Fagus sylvatica (43% cover), followed by oak (Quercus robur and
Q. petraea, 20%). Deciduous trees cover more than 70% of the forest district area (Miiller
et al. 2008). The altitude of sampled trees ranged from 324 to 482 m above sea level (a.s.l.).

The BaySF forest management district Fichtelberg is located in the low mountain range
Fichtelgebirge and consists of mainly coniferous forest stands (app. 157 km?, mean annual
temperature: 5-6 °C, mean annual precipitation: 1000-1500 mm [BaySF 2017]), and is
characterized by humid, sub-alpine climate. The dominant tree species is Norway spruce
P. abies (80% cover), followed by European beech (7%) (BaySF 2017). The altitude of
sampled trees ranged from 525 to 873 m a.s.l.

The BaySF forest management district Kelheim consists of forest stands that are mixed
in tree-species composition with 56% coniferous and 44% deciduous trees (app. 179 km?,
mean annual temperature: 7-8 °C, mean annual precipitation: 650—850 mm [BaySF 2015]),
and is characterized by sub-oceanic climate. Some smaller forest stands in Kelheim are
rather isolated, with high proportions of non-forested area (open land, agriculture, towns)
surrounding them. The dominant tree species is Norway spruce (44% cover), followed by
European beech (29%) (BaySF 2015). The altitude of sampled trees ranged from 396 to
566 m a.s.l.

In each of the three forest management districts, we randomly selected between 41 and
50 European beech trees bearing tree hollows (Ebrach: 50, Fichtelberg: 43, Kelheim: 41)
that were distributed over the whole area of each forest management district (see Henneberg
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Fig. 1 Habitat proportion (i.e., proportion of deciduous forest) surrounding the focal tree hollows at
radii of 300-5000 m in the three forest regions Ebrach, Fichtelberg, and Kelheim in Bavaria (Germany).
Ebrach: n=50 tree hollows, Fichtelberg: n=43, Kelheim: n=41
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etal. 2021) (Fig. S1-S3). Tree hollows were selected if they contained at least 2 cm of wood
mold at the bottom of each tree hollow, and the diameter at breast height (DBH) of the
hollow-bearing tree was larger than 20 cm. Tree hollows included both trunk rot-holes with
wood mold and trunk base rot-holes with ground contact (Larrieu et al. 2018). For safety
reasons maximum height above the forest floor of the lowest point of the hollow entrance
was restricted to 350 cm. The minimum distance between two sampled trees was set to
200 m, and the minimum distance to the forest edge was set to 100 m. Tree hollows match-
ing the criteria were randomly selected in each forest stand by assigning each tree hollow in
a given stand a number and rolling a die (see Henneberg et al. 2021).

Sampling method and identification of saproxylic beetles

After selection of tree hollows in February and March (Ebrach/Fichtelberg: 2018, Kel-
heim: 2019), all hollows were closed with black acrylic mesh to prevent vertebrates like
birds or bats from using them as nesting place. The black acrylic mesh also did not allow
insects to pass through. During the sampling period from April to September (18 weeks), all
sampled hollows were closed with black cloth and emergence traps (modified from Gouix
and Brustel 2012) that allow effective sampling of tree hollow arthropod communities as
only individuals emerging from the tree hollows can be trapped (Schauer, Steinbauer et al.
2018). The collecting bottles contained ethanol absolute (>99.8% EtOH) and were emptied
biweekly. A beetle taxonomist (Boris Biiche) determined all beetles to species-level (see
Henneberg et al. 2021).

Landscape composition assessed via CORINE satellite data

To calculate the proportion of suitable habitat at radii of 300 m to 5000 m around the focal
tree hollows we used CORINE satellite data of the three study regions (CORINE high reso-
Iution layer: Dominant Leaf Type (DLT), Copernicus Programme, European Environment
Agency 2018). The utilized DLT high resolution layer is based on Sentinel-2 A and -B times
series (Level-2 A data) satellite data with a spatial resolution of 10 m x 10 m. Using the
software ArcGIS Desktop (version 10.8, ESRI 2018) we calculated circular buffers around
each tree hollow with the radii 300 m, 500 m, 1000 m, 1500 m, 2000 m, 3000 m, 4000 m,
and 5000 m. These spatial scales were not randomly selected or chosen through physical
constraints (see Jackson & Fahrig 2015) but were based on biological reasons (Holland et al.
2005). Dispersal distances of saproxylic beetles, although known for only a few species, are
assumed to range from a few meters to a few kilometers (Feldhaar and Schauer 2018), and
we chose the range of spatial scales accordingly. As most saproxylic beetles are not assumed
to be host-specific regarding tree species but rather specialized in dead wood of either decid-
uous or coniferous trees (Milberg et al. 2014; Vogel et al. 2021), proportion of deciduous
forest in the surrounding landscape can be used as a proxy for suitable habitat for hollow-
dwelling beetle species. Furthermore, tree hollows are far more common in deciduous than
in coniferous trees (Larrieu and Cabanettes 2012; Siitonen 2012). Therefore, we classified
deciduous forests as potential “habitat” and the proportion of coniferous forest and open
land as “non-habitat”. We calculated the proportion of deciduous forest (=habitat propor-
tion) for each circular buffer around the focal tree hollows as well as the overall proportion
of forest. Habitat proportion around the tree hollows was then used as explanatory variable

@ Springer



Biodiversity and Conservation (2025) 34:1811-1831 1817

in generalized linear models (GLM) with species richness or morphological trait indices of
saproxylic beetles in tree hollows as dependent variable. We also included the overall forest
proportion as covariable in the models to better isolate the effect of potential habitat.

We are aware that focusing solely on surrounding habitat and forest proportion at differ-
ent spatial scales to explain saproxylic beetle species richness in tree hollows would repre-
sent a strong simplification of the ecological interactions in managed forests. Furthermore,
it is difficult to isolate the effects of the surrounding landscape from effects of local tree
hollow quality. Therefore, we included two statistically significant covariates from our pre-
vious study (see Henneberg et al. 2021) that represent local habitat quality, namely “size of
tree hollow entrance” and “height of hollow entrance above the ground”, to improve model
performance and better define the relationship of hollow-dwelling saproxylic beetles with
surrounding habitat proportion. Some studies have suggested that there are no interactive
effects of local habitat quality with landscape habitat proportion, but that each additively
influence saproxylic beetle species richness (Seibold et al. 2017; Cours et al. 2022; Traylor
et al. 2023).

Morphological traits and functional diversity of saproxylic beetles

Morphological traits of beetle species that were sampled in the tree hollows were analyzed
using the comprehensive trait database generated by Hagge et al. (2021). In this database,
32 morphological traits of 1,170 saproxylic beetle species mostly collected in Europe were
measured directly and five additional traits (wing load, wing aspect, mandibular aspect
ratio, total hairiness, and body roundness) were calculated based on the measured values (a
detailed measurement protocol and the morphological trait database of saproxylic beetles
are published on Dryad Digital Repository https://doi.org/10.5061/dryad.2fqz612p3; Hagge
et al. 2021).

To analyze the effects of landscape composition on single morphological traits that are
associated with better dispersal ability (large body size, long wings relative to body size,
low wing load relative to body size, high wing aspect ratio) (Hagge et al. 2021), we calcu-
lated community-weighted means (CWM) for each of the four traits and for each tree hol-
low using the function weighted mean in the stats package.

Based on the same four morphological traits, we calculated three functional diversity
indices that measure different aspects of functional diversity, using the dbFD function in
the R package FD (Laliberté and Shipley 2014): (1) Functional dispersion (FDis) represents
the mean distance in multidimensional trait space of individual species to the centroid of
all species; it can account for species’ abundances by shifting the position of the centroid
toward the more abundant species and weighting distances of individual species by their
relative abundances (Laliberté and Legendre 2010). FDis is the multivariate analogue of
the weighted mean absolute deviation (MAD); this makes the index unaffected by species
richness by construction (Laliberté and Legendre 2010). (2) Functional evenness (FEve)
measures the regularity of distribution and relative abundance of species in the functional
trait space (Villéger et al. 2008). (3) Functional richness (FRic) represents the range of traits
in a community quantified by the volume of functional trait space occupied (Villéger et al.
2008).
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Statistical analysis

All analyses were performed with the software R, version 4.4.1 (R Core Team 2024). To
test for spatial independency of the data, spatial autocorrelation of the explanatory variables
was analyzed in each of the three forest regions using the function Moran.I in the package
APE (Paradis et al. 2004). Since spatial autocorrelation of the explanatory variables was
detected, we included a second-order trend surface to the models by adding the geographic
coordinates and their interaction to account for spatial autocorrelation (Hothorn et al. 2011).
To test for differences in habitat proportion surrounding the focal tree hollows in the three
study regions, an ANOVA was implemented and followed by a post-hoc pairwise t-test.
Generalized linear models (GLM) with Poisson (log-link) error distribution were imple-
mented to analyze the influence of surrounding habitat proportion on total species richness
of saproxylic beetles in the tree hollows and on species richness of the subset of threatened
saproxylic beetles, i.e., species of category G (threatened to an unknown extent) and higher
(G, VU, EN, CR) in the Red List of Germany (Ries et al. 2021) or the Red List of Bavaria
(2006). Two parameters of local tree hollow quality that have been shown to have a sig-
nificant influence on species richness in the hollows in a previous study, namely “size of
tree hollow entrance” and “height of the hollow entrance above ground” (see Henneberg
et al. 2021), were included as explanatory variables in the models to be able to isolate the
effect of the surrounding landscape from local habitat quality. GLMs with Gamma (log-link)
error distribution were implemented to test the influence of surrounding habitat proportion
and local habitat quality (“size of the entrance”, “height above ground”) on community-
weighted means (CWM) of saproxylic beetles’ dispersal-associated morphological traits
(body size, relative wing length, relative wing load, wing aspect) and functional diversity
indices (FDiv, FEve, and FRic). For each study region and each response variable, an inde-
pendent GLM was fitted for each radius of surrounding habitat proportion (300 m, 500 m,
1000 m, 1500 m, 2000 m, 3000 m, 4000 m, 5000 m). Models with a Poisson error distribu-
tion were tested for overdispersion using the function dispersion.test in the package AER
(Kleiber and Zeileis 2008). If overdispersion was detected, a negative binomial distribution
was applied using the function glm.nb in the package MASS (Ripley et al. 2013). To clarify
the statistically significant results of models with FRic as dependent variable in Fichtelberg
and Kelheim, CWM of body size and relative wing length of beetle communities of the
15 tree hollows with the lowest proportion of habitat in their surroundings was compared
to those of the 15 hollows surrounded by the largest proportions of habitat in each of the
two forest regions using t-test. Distribution of all model residuals was inspected visually.
Explanatory variables of surrounding habitat proportion that showed a significant relation-
ship with the dependent variable in the GLMs were visualized using the package visreg
(Breheny and Burchett 2017). All analyses were performed for total species richness of
saproxylic beetles as well as species richness of the subset of threatened species according
to the Red List of Germany (Ries et al. 2021) or the Red List of Bavaria (2006). To visual-
ize and compare the saproxylic beetle species richness and species composition in the three
forest regions, a Venn diagram was generated showing total species richness of saproxylic
beetles and species richness of threatened saproxylic beetles using the package VennDia-
gram (Chen and Boutros 2011).
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Results
Landscape composition (300-5000 m radius)

The proportion of deciduous forest and therefore the proportion of suitable habitat at radii of
300 m to 5000 m around each tree hollow differed strongly between the three forest regions:
ANOVA p<0.001 (df=2, F=52.61) (pairwise t-test: Ebrach - Kelheim: p<0.01, Ebrach
- Fichtelberg: p<0.001, Kelheim - Fichtelberg: p<0.001) (Table S5). In Ebrach the pro-
portion of deciduous forest around the focal tree hollows was much higher across all radii
compared to the other two forest regions. In Fichtelberg, where the tree-species composition
is dominated by coniferous tree species, surrounding habitat proportion was close to zero
across all radii around the tree hollows (Fig. 1).

Saproxylic beetle species composition

A total of 254 species (5880 individuals) of saproxylic beetles were collected from the
134 tree hollows (Ebrach: 196 species, n=50 tree hollows; Fichtelberg: 74 species, n=43;
Kelheim: 107 species, n=41) (Table S4). 52 species (20.5%) were regarded as threatened
(Ebrach: 41 species (20.9%), Kelheim: 27 species (25.2%), Fichtelberg: 9 species (12.2%)
(Ries et al. 2021). Species richness and species composition differed substantially between
the three forest regions (Fig. 2).

Ebrach forest management district

In Ebrach there was no relationship between total species richness of saproxylic beetles in
the tree hollows and the proportion of suitable habitat surrounding the hollows at any spatial
scale from 300 m to 5000 m (Table S1).

Fig.2 Venn diagram comparing

the saproxylic beetle species rich- Ebrach
ness (threatened species richness)
and species composition in the
three forest regions in Bavaria,
Germany. Ebrach: 196 species (41
threatened species) (n=50 tree
hollows), Fichtelberg: 74 species
(9 threatened species) (n=43),
Kelheim: 107 species (27 threat-
ened species) (n=41)

__ Kelheim

Fichtelberg
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When only the 41 threatened saproxylic beetle species were included in the models, the
relationship with habitat proportion surrounding the focal tree hollows was much more pro-
nounced. There was a significant positive relationship between surrounding habitat propor-
tion and species richness of threatened saproxylic beetles for all radii ranging from 300 m
to 5000 m around the focal tree hollows (Fig. 3, Table S1). The pseudo-R? values, showing
the explanatory power of the models, ranged from 0.114 (»=500 m) to 0.194 (»=5000 m)
(Fig. 3, Table S1).

Fichtelberg forest management district

In Fichtelberg there was no relationship between total species richness of saproxylic beetles
in the tree hollows and the proportion of suitable habitat surrounding the hollows at any
spatial scale from 300 m to 5000 m (Table S1).

When only the nine threatened saproxylic beetle species were included in the analysis,
similar to Ebrach, the relationship with surrounding habitat proportion was much more pro-
nounced. There was a significant positive relationship between surrounding habitat propor-
tion and species richness of threatened saproxylic beetles for all radii ranging from 300 m
to 4000 m around the focal tree hollows (Fig. 4, Table S1). The pseudo-R? values, showing
the explanatory power of the models, ranged from 0.189 (#=4000 m) to 0.393 (»=500 m)
(Fig. 4, Table S1).
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Fig.3 GLMs of the Ebrach forest management district. Species richness of threatened saproxylic beetles
as dependent variable; habitat proportion at different radii around the focal tree hollows (n=50) as ex-
planatory variable. p<0.05 (*), p<0.01 (**). Pseudo-? values show the explanatory power of each model
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Fig. 4 GLMs of the Fichtelberg forest management district. Species richness of threatened saproxylic
beetles as dependent variable; habitat proportion at different radii around the focal tree hollows (n=43)
as explanatory variable. P<0.01 (**), p<0.001 (***). Pseudo-R? values show the explanatory power of
each model

Kelheim forest management district

In Kelheim there was no relationship between total species richness of saproxylic beetles in
the tree hollows and the proportion of suitable habitat surrounding the hollows at any spatial
scale from 300 m to 5000 m. There were also no significant relationships between surround-
ing habitat proportion and species richness when only the 27 threatened saproxylic beetle
species were included in the analysis (Table S1).

Effects of the proportion of suitable habitat around the tree hollows on
morphological traits and functional diversity of saproxylic beetle communities in
the hollows

There were no statistically significant relationships between surrounding habitat proportion
and the community weighted mean (CWM) of any single dispersal-associated morphologi-
cal trait.

Regarding functional diversity, we detected statistically significant relationships between
the beetles’ functional richness (FRic) and the proportion of suitable habitat at different
radii around the focal tree hollows in the forest regions Fichtelberg and Kelheim. In the
Fichtelberg forest region, the proportion of suitable habitat surrounding the tree hollows
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Fig. 5 GLMs of the Fichtelberg forest management district. Functional richness (FRic) of saproxylic
beetles as dependent variable; habitat proportion at radii of 3000 m, 4000 m, and 5000 m around the
focal tree hollows (n=43) as explanatory variable. p<0.05 (*), p<0.01 (**). Pseudo-R? values show the
explanatory power of the models
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at large spatial scales of 3000 m (p<0.05), 4000 m (p<0.01), and 5000 m (p<0.05) radius
showed a positive relationship with the beetles’ functional richness (Fig. 5, Table S2).
Pseudo- R? values showing the explanatory power of the models were 0.308 (»=3000 m),
0.418 (r=4000 m), and 0.429 (»=5000 m) (Fig. 5, Table S2). In the Kelheim forest region,
the proportion of suitable habitat surrounding the tree hollows at the smallest spatial scale of
300 m (p<0.05) showed a negative relationship with the beetles’ functional richness (Fig. 6,
Table S2). The pseudo-R? value showing the explanatory power of the model was 0.231
(Fig. 6, Table S2). There were no effects of surrounding habitat proportion on the other two
multi-trait-based functional diversity indices (functional dispersion, FDis; functional even-
ness, FEve) (Table S2).
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The t-test comparison of the CWM of body size and relative wing length of the 15 tree
hollows with the lowest proportion of habitat in their surroundings to those of the 15 hol-
lows surrounded by the largest proportion of habitat showed no statistically significant dif-
ferences. However, in Fichtelberg there was a trend towards larger body size (p=0.07) and
larger relative wing length (p=0.092) when there were low proportions of habitat in the
surroundings. In Kelheim no trend could be detected.

Discussion

To better understand how to conserve saproxylic beetle assemblages in tree hollows in cen-
tral European managed forests, we have tested the effect of the proportion of potentially
suitable habitat, i.e., deciduous forest, at spatial scales of 300—-5000 m around the focal tree
hollows, on species richness and dispersal-associated morphological traits of saproxylic
beetles in the hollows. We found positive relationships between species richness of threat-
ened species and surrounding habitat proportion in two of the three study regions, indicating
an increased sensitivity of threatened hollow-dwelling saproxylic beetles to surrounding
landscape composition. The highest explanatory power of surrounding habitat proportion
for species richness of threatened hollow-dwelling species was obtained in the Fichtelberg
study region characterized by the lowest proportions of suitable habitat of the three study
regions. Furthermore, we detected relationships between the beetles’ dispersal-associated
functional richness (FRic) and surrounding habitat proportion in two of the three study
regions. In the Fichtelberg study region, a connected forest region consisting of mostly
coniferous trees, FRic increased with surrounding habitat proportion, indicating better dis-
persal ability of hollow-dwelling saproxylic beetle species when there are low proportions
of potentially suitable habitat available in the surrounding landscape. In the Kelheim forest
region, characterized by small and isolated patches of forest, FRic increased with decreasing
surrounding habitat proportion, indicating no increasing dispersal ability of hollow-dwell-
ing beetle communities when habitat patches are surrounded by open land.

Effects of surrounding landscape composition on species richness in the tree
hollows

We detected a positive relationship between surrounding habitat proportion and saproxylic
beetle species richness in the tree hollows, specifically regarding the richness of threatened
species in the Ebrach and Fichtelberg study regions. Threatened saproxylic beetle species
richness was positively affected by surrounding habitat proportion at spatial scales from
300 m to 5000 m around the focal tree hollows in the Ebrach study region that is character-
ized by the highest proportion of deciduous forest (i.e., potential habitat) surrounding the
tree hollows, and from 300 m to 4000 m around the focal tree hollows in the Fichtelberg
region that is characterized by the lowest proportion of deciduous forest surrounding the
tree hollows. These findings are in line with results of previous studies that reported posi-
tive relationships between the availability of dead wood habitats at a landscape scale and
saproxylic beetle species richness (Sverdrup-Thygeson et al. 2014), especially for threat-
ened species (Gotmark et al. 2011; Ranius et al. 2011). Total species richness of saproxylic
beetles was not affected by surrounding habitat proportion in any of the three study regions.
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The relationships between surrounding habitat proportion and species richness of threat-
ened saproxylic beetles in the Fichtelberg study region could be due to low proportions of
deciduous forest in that particular study region where few deciduous trees are scattered in a
matrix of coniferous forest. With such low proportions of potentially suitable habitat avail-
able in the surrounding landscape, even small numbers of deciduous trees in the surround-
ing of the focal tree hollows seem to matter as potential habitat for threatened saproxylic
beetle species. In general, the Fichtelberg study region showed the lowest species richness
of saproxylic beetles out of the three forest regions in our study which could be additionally
due to its sub-alpine climate. The results exemplify that conservation efforts should also
focus on increasing the proportions of deciduous trees in managed forests as tree hollows
will have a lower probability to be colonized by saproxylic beetle species if they are isolated
within a matrix of coniferous trees. In a context of overall low habitat amount, any addi-
tional amount of habitat would matter for species richness of saproxylic beetles. In forest
regions comprising mostly of coniferous trees, like the Fichtelberg study region, saproxylic
biodiversity might also benefit from an implementation of Triad landscape zoning as sug-
gested by Blattert et al. (2023). The authors state that saproxylic biodiversity might benefit
from a zoning of 20% intensively managed forest, 50% extensively used forest and 30%
strict forest reserves at the landscape level. This “land-sparing and land sharing” concept
could have strong positive effects on saproxylic biodiversity by adding suitable habitats
within intensively managed areas (Blattert et al. 2023). Extending the areas of strict forest
reserves where trees can grow older beyond the short rotation times of managed forests
would probably benefit hollow-dwelling saproxylic beetles as old forests have been shown
to be disproportionally important for saproxylic beetle biodiversity (Traylor et al. 2023).

Highly specialized species of saproxylic beetles, like tree hollow specialists that obliga-
torily depend on tree hollows, include a higher proportion of threatened species than gener-
alist species (Schmidl and Biiche 2018). Additionally, highly specialized saproxylic beetle
species rely more on certain habitat conditions and resources than generalist species (Miiller
et al. 2005; Gossner and Miiller 2011) and show a higher vulnerability to habitat fragmen-
tation (Sverdrup-Thygeson et al. 2017). Furthermore, it has been assumed that saproxylic
beetle species that are specialized in long-living habitats like tree hollows have evolved
rather low dispersal abilities (the “stability-dispersal hypothesis”) (Ranius and Hedin 2001;
Hedin et al. 2008; Jonsson 2012; Stevens et al. 2014; Oleksa et al. 2015; Percel et al. 2019).
Therefore, we expected threatened species to depend more on habitat availability within the
surrounding landscape (Gotmark et al. 2011; Jacobsen et al. 2015) and react more sensi-
tively to surrounding habitat proportion compared to generalist species (Sverdrup-Thygeson
et al. 2017). This expectation was confirmed in our study, underpinning that threatened
saproxylic beetle species need more conservation efforts at large spatial scales than common
species (Ranius et al. 2011).

In the Kelheim study region that is characterized by mixed forest stands containing
deciduous and coniferous tree species at an almost equal proportion, neither total species
richness nor threatened species richness was affected by surrounding habitat proportion.
This result could be accredited to the high heterogeneity in composition of forest stands
in that particular study region where patches of deciduous forest might be too fragmented
and small for vital populations of hollow-dwelling saproxylic beetles to persist (extinction
threshold hypothesis; Fahrig 2002).
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Our study shows that while all species of saproxylic beetles have to cope with the loss of
diverse dead wood habitats in central European forests, especially the threatened saproxylic
beetle species living in tree hollows react sensitively to surrounding landscape composi-
tion, making this group more vulnerable to habitat fragmentation, habitat degradation, and
habitat loss.

Effects of landscape composition on dispersal-associated morphological traits and
functional diversity of beetles

Human land use can filter saproxylic beetle species assemblages by selecting against species
with particular morphological traits, e.g., through habitat fragmentation or ecological degra-
dation of forests (Hagge et al. 2021). We tested this assumption in our study system of three
forest regions. Our hypothesis was that tree hollows that are located in small and isolated
forest patches in fragmented forest regions (e.g., the Kelheim forest region), or those iso-
lated within a matrix of coniferous forest (e.g., in the Fichtelberg forest region), would con-
tain saproxylic beetle communities that shift towards species with a better dispersal ability
and morphological traits facilitating dispersal, compared to communities in large and con-
nected deciduous forest stands. This hypothesis was only partially confirmed in our study.
Few relationships between landscape composition and functional diversity were detected in
the forest region Fichtelberg, where small patches of deciduous forest were surrounded by
coniferous forest, and the fragmented Kelheim forest region, where forest patches were sur-
rounded by open land, agriculture, or towns. Results of other studies have also shown mixed
support for the expected effects of surrounding landscape parameters on saproxylic beetles’
dispersal-associated morphological traits like body size and wing morphology (Gibb et al.
2006; Bouget et al. 2015; Cours et al. 2022; Burner et al. 2023; Wetherbee et al. 2020). One
possible explanation could be that functional diversity metrics (except for FRic) are often
driven by the most common or abundant species and often do not reflect community-wide
trait-niche relationships (Burner et al. 2023). Another possible explanation is that there is
a large amount of unexplained phylogenetic signal, which indicates that important traits
(behavioral, physiological, or morphological) are not being accounted for and these may be
more important than, e.g., wing morphology (Burner et al. 2023).

In the mostly coniferous Fichtelberg forest region, functional richness (FRic) was posi-
tively related to the proportion of suitable habitat surrounding the focal tree hollows at
large radii of 3000 m, 4000 m, and 5000 m. Thus, when there were only small proportions
of deciduous forest embedded in a matrix of coniferous forest in the surrounding of a focal
tree hollow, the dispersal-associated FRic of beetle communities decreased. Hence, beetle
communities in tree hollows were more similar regarding their dispersal-associated traits
when availability of suitable habitat in the surroundings was very limited. However, “more
similar regarding their dispersal-associated traits” could suggest both better or worse dis-
persal abilities. Therefore, we compared the CWM of body size and relative wing length of
the 15 tree hollows with the lowest proportion of habitat in their surroundings to that of the
15 hollows surrounded by the largest proportions of habitat. Although the results were not
significant, the trend showed that with less suitable habitat (i.e., more coniferous forest) sur-
rounding a focal tree hollow, the CWM of the dispersal-associated traits body size and rela-
tive wing length of saproxylic beetle communities inhabiting the hollow were suggestive
of a possible increase. This trend supports our hypothesis that tree hollows that are isolated
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within a matrix of coniferous forest might contain saproxylic beetle communities that shift
towards species with a better dispersal ability.

In contrast, in the fragmented Kelheim forest region characterized by mixed deciduous
and coniferous forest stands surrounded by open land, FRic was negatively related to sur-
rounding habitat proportion at the smallest radius of 300 m around the focal tree hollows.
Thus, FRic in the tree hollows increased when proportions of suitable habitat surrounding
the focal tree hollows at small radii in this fragmented forest region decreased. Hence, beetle
communities were less similar regarding their dispersal-associated traits when availability
of suitable habitat in the near surrounding of a focal tree hollow was low. Since the Kelheim
forest region was fragmented and small forest patches were surrounded by open land, this
finding might indicate that some hollow-dwelling saproxylic beetle species do not readily
disperse across open land. The fact that this relationship was statistically significant only at
the smallest spatial scale of 300 m around the focal tree hollows might reflect the small size
of many forest patches in the fragmented Kelheim study region, as opposed to the large,
connected forest area in the Fichtelberg region. The comparison of CWM of body size and
relative wing length of the 15 tree hollows with the lowest proportion of suitable habitat to
that of the 15 hollows with largest proportions of surrounding habitat supported our assump-
tion: there was no difference in body size and relative wing length between the hollows with
low proportions of suitable habitat in their surroundings (i.e., more open land) and those
with larger proportions of forest surrounding them. This might imply that tree hollows that
are isolated and surrounded by open land do not contain saproxylic beetle communities
that shift towards species with a good dispersal ability as some species might not disperse
across open land. Therefore, beetle communities in isolated forest patches might benefit
from increased connectivity among suitable habitat patches as shown by Oleksa et al. (2015)
for saproxylic beetle communities in tree hollows in rural avenues. In the mostly coniferous
Fichtelberg forest region, although tree hollows were also surrounded by unsuitable habitat,
there was still forest (coniferous forest) surrounding the focal tree hollows which might not
hinder saproxylic beetle species with good dispersal abilities from reaching distant patches
of deciduous trees.

Conclusions

Implications for forest management and conservation practice that can be derived from
this study include the awareness that a higher proportion of potential habitat (in this study:
deciduous forest) will be especially beneficial for highly specialized and threatened saprox-
ylic beetle species. Therefore, an increase in the proportion of deciduous forest as well as an
increase in dead wood amount in central European forests will support threatened species of
saproxylic beetles that are most vulnerable and in need of effective conservation measures.

Moreover, as threatened saproxylic beetle species reacted more sensitively to large-scale
landscape composition than common species, efforts to protect threatened saproxylic beetle
species should not only include single forest stands but focus on the landscape scale, espe-
cially in the light of ongoing habitat fragmentation and forest degradation in central Europe.

Finally, results from more isolated habitat patches in the Fichtelberg and Kelheim forest
regions imply that some saproxylic beetle species might not readily disperse across open
land. Therefore, a general increase in forest connectivity by increasing linear woody struc-
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tures or forest cover — be it deciduous or coniferous forest — would greatly support the
dispersal of hollow-dwelling saproxylic beetle species.

Supplementary Information The online version contains supplementary material available at https://doi.org
/10.1007/s10531-025-03045-6.
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