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ARTICLE INFO ABSTRACT

Keywords: Knowledge of habitat requirements of saproxylic insects and their response to habitat changes is critical for

Austria assessing the ecological impacts of forest management. Several studies have demonstrated a positive relationship

gh;“ate change of tree-species richness, deadwood volume, or structural diversity with saproxylic species diversity, while the
oleoptera

relationship with the abundance of potential pest species have often been negative. A better understanding of
which factors drive saproxylic insects” occurrence is therefore essential for deriving urgently needed thresholds
for key habitat conditions. We tested a rapid assessment method applicable at large scale based on recorded
feeding galleries and boreholes assessed during the Austrian National Forest Inventory to investigate the drivers
and habitat thresholds of different saproxylic insect families; i.e. Buprestidae, Cerambycidae, Curculionidae,
Siricidae, at multiple spatial scales; i.e. at the object, forest stand and landscape level. We modelled the relative
abundance of all insects and these families considering nineteen explanatory variables using ordinal logistic
regression models. Key habitat characteristics were identified using recursive partitioning. Our results revealed
complex interactions among influencing factors at different spatial scales. We showed that deadwood volume
was of surprisingly little importance. Instead, individual tree characteristics were of major importance,
demonstrating the value of resource quality and variability. The abundance of all saproxylic insect families
increased with advancing decomposition, on trees taller than 18 m, and above a living stand volume of 41
m®ha~!. Aiming to guide forest management, not only forest type-specific, but tree species-specific deadwood
management is needed, taking into account site-specific conditions, including temperature and precipitation. For
assessing temporal trends in insect colonization and habitat dynamics as well as the effects of forest management,
we propose a continuous monitoring of insect traces, including living but weakened trees. This will allow for
further thresholds that are urgently needed for maintaining biological diversity in forest ecosystems in the face of
climate change.
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Deadwood
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1. Introduction decomposing fungi, insects, spiders, bryophytes, lichens, birds, bats, and
other small mammals (Dittrich et al., 2014; Graf et al., 2022; Lassauce

Deadwood, that is non-living woody biomass not contained in litter etal., 2011; Rimle et al., 2017; Shorohova and Kapitsa, 2014). Together

(IPCC, 2006), is an important driver of biodiversity in forests (Siitonen,
2001). More than 25 % of forest-related species rely on deadwood
(Stokland et al., 2012), as it provides essential resources for obligate and
facultative deadwood-dependent (i.e. saproxylic) species such as wood-
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with fungi, insects represent the most diverse saproxylic taxa and are
important agents with regard to deadwood decomposition processes
(Seibold et al., 2021). Different decomposition stages, size classes and
different types of deadwood (e.g. snags, logs, crown deadwood, either
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sun-exposed or shaded) promote habitat heterogeneity and thus sap-
roxylic diversity (Harmon et al., 1986; Ranius and Jansson, 2000).

A multitude of studies have investigated habitat preferences of sap-
roxylic insects, and the results have been variable with respect to the
degree of habitat specialization of saproxylic species (e.g. Komonen
et al., 2016; Parisi et al., 2018; Seibold et al., 2016; Vanderwel et al.,
2006). Nevertheless, there is widespread agreement on the differences in
saproxylic species assemblages between broadleaved and coniferous
tree species (Stokland et al., 2012) as well as on the decreasing impor-
tance of host species relatedness as wood decomposition progresses (Lee
et al., 2014). In addition, some studies demonstrate a mostly positive
relationship of saproxylic diversity with tree species richness, deadwood
volume, and deadwood position (e.g. Bouget et al., 2021; Gossner et al.,
2016; Jaworski et al., 2019; Sippola et al., 2002). The most common
deadwood positions to be differentiated are standing and lying dead-
wood, with significant differences between both types found for
temperate forests in North America (Ulyshen and Hanula, 2009) and
France (Bouget et al., 2012). A qualitative characteristic of deadwood
that has hitherto received comparatively little attention, but is of
importance to saproxylic species, is bark cover (Dossa et al., 2016; Jones
et al., 2020). A significant positive relationship between beetle richness
and the amount of bark cover on standing and lying dead trees was
demonstrated by McGeoch et al. (2007) specifically for spruce and pine
dominated forests in Sweden.

Multiple drivers acting at different spatial scales are known to affect
the diversity of saproxylic beetles. The characteristics of individual trees
(e.g. species, position of deadwood, diameter) as well as of forest stands
(e.g. canopy cover, deadwood volume) influence microclimatic habitat
conditions by altering sun exposure, temperature and moisture over
different spatial scales (Stokland et al., 2012), factors known to strongly
influence the development and diversity of saproxylic beetle species (e.
g. Gossner et al., 2016; Miiller et al., 2020; Seibold et al., 2016). Lindhe
et al. (2005), for instance, found species richness of saproxylic beetles in
the Swedish hemi-boreal zone to increase with sun exposure, possibly
associated with canopy openness. The same trend has also been
observed for the richness and diversity of saproxylic beetles in conif-
erous, mixed spruce-fir-beech, and oak forests of Central Europe (Let
tenmaier et al., 2022; Parisi et al., 2016; Vodka and Cizek, 2013). The
positive influence of increasing resource availability (e.g. deadwood
volume) on saproxylic taxa, including wood-inhabiting fungi, epixylic
bryophytes and lichens, as well as saproxylic beetles, has been investi-
gated and documented by numerous studies (e.g. Bouget et al., 2014;
Haeler et al., 2021; Lassauce et al., 2011). Besides the amount of
deadwood resources, The habitat-amount hypothesis challenges tradi-
tional concepts that explain species richness within habitats, such as the
habitat-patch hypothesis, where species number is a function of patch
size and patch isolation. It posits that effects of patch size and patch
isolation are driven by effects of sample area, and thus that the number
of species at a site is basically a function of the total habitat amount
surrounding this site. We tested the habitat-amount hypothesis for
saproxylic beetles and their habitat of dead wood by using an experi-
ment comprising 190 plots with manipulated patch sizes situated in a
forested region with a high variation in habitat amount (i.e., density of
dead trees in the surrounding landscape). Although dead wood is a
spatio-temporally dynamic habitat, saproxylic insects have life cycles
shorter than the time needed for habitat turnover and they closely track
their resource. Patch size was manipulated by adding various amounts of
downed dead wood to the plots (—800 m? in total); dead trees in the
surrounding landscape (—240 km2) were identified using airborne laser
scanning (light detection and ranging). Over 3 yr, 477 saproxylic species
(101,416 individuals) were recorded. Considering 20-1,000 m radii
around the patches, local landscapes were identified as having a radius
of 40-120 m. Both Seibold et al. (2017) further found the size of forest
patches in Germany to be positively correlated with the richness of
saproxylic beetles, but this could not be confirmed in case studies con-
ducted in Swiss (Meyer et al., 2021) and Swedish forests (McGeoch et al.,
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2007). By contrast, increasing canopy cover and forest homogeneity -
both in terms of tree species and structure - have been identified as
factors negatively affecting deadwood-dependent insects, fungi, reptiles
and amphibians in a global meta-analysis (Seibold et al., 2015). In
addition, homogeneous and intensively managed forests are at risk of
population outbreaks of insects as known from several bark beetle spe-
cies associated with spruce or pine stands (Gandhi et al., 2022; Hlasny
et al., 2019). Increased host tree susceptibility in homogenous mono-
cultures is discussed as underlying mechanism (Jactel et al., 2021). If
trees in such forests are stressed, this frequently allows bark beetles to
overwhelm their defense mechanisms. Freshly felled trees, in combi-
nation with wind throws, provide large amounts of suitable breeding
substrate and increase bark beetle populations to outbreak levels but
also contribute to increases in deadwood stocks. This trend has inten-
sified in recent years and is likely to increase as climate change pro-
gresses (Thom et al., 2017b). In Austria, for example, salvage logging
accounted for 62 % of the total harvest in 2019, including damages
caused by snow, storm and particularly by bark beetle mass pro-
liferations (Glasberg and Strimitzer, 2020). The latter accounted for 4.7
million m® of timber in 2019, the second largest annual amount after
World War II. In 2018, the amount was 5.2 million m®, mainly of Picea
abies ((L.) Karst.) and primarily caused by Ips typographus (Linnaeus,
1758) as well as Pityogenes chalcographus (Linnaeus, 1761) (Steyrer
et al., 2020).

An adequate understanding of ecological factors at multiple spatial
scales driving saproxylic insects’ occurrence is necessary to derive ur-
gently needed threshold values for key habitat features and conditions
(Jaworski et al., 2019; Komonen and Miiller, 2018; Oettel and Lapin,
2020). Spatial scales refer to different levels that can be summarized at
individual trees (object-level), local forest stands (forest stand-level),
and the larger regional context (landscape-level). Habitat features and
conditions are often used as proxies for potential saproxylic activity
because of the difficulty of surveying saproxylic fauna due to expertise
required (Hopkins and Freckleton, 2002), but also for time and cost
effectiveness, especially at large spatial scales. More precise, but still less
costly than trapping, however, would be monitoring indirect activity, as
is already well established for many vertebrates, e.g. counts of feces,
tracks, or nests (Borrelli et al., 2020; Suarez-Tangil and Rodriguez, 2021;
Walker et al., 2016). Yet, this has rarely been tested for invertebrates
(Burns et al., 2014; Gollan et al., 2010; Schlick-Steiner et al., 2006).
Developing a rapid assessment method for assessing saproxylic activity
in deadwood by non-experts is therefore useful to support appropriate
management activities related to biodiversity conservation and pre-
vention of forest pest outbreaks.

Here, we assess how key habitat characteristics at multiple spatial
scales influence the abundance of saproxylic insect families in Austrian
forests using a large scale, rapid assessment method based on feeding
galleries and boreholes on standing and lying deadwood. Specifically,
we (1) quantified habitat availability and characteristics at the object,
forest stand, and landscape levels, (2) identified factors affecting the
abundance of individual saproxylic insect families, and (3) tested
whether habitat thresholds could be inferred for individual families. Our
hypothesis is that a rapid assessment method based on feeding galleries
and boreholes of saproxylic insects allows identification of habitat
characteristics important for saproxylic insects at object-, forest stand-,
and landscape levels. Consequently, we hypothesize that (I) saproxylic
insect abundance is primarily determined by deadwood resource avail-
ability and variability at object- and forest stand-level rather than
landscape-level characteristics; (II) insect abundance varies among tree
species and increase with resource availability, expressed in terms of
tree size or deadwood volume; (III) an open canopy enhances insect
abundance since canopy cover has been shown to affect saproxylic in-
sects through changes in sun exposure (Bouget et al., 2014); and (IV)
tree size, deadwood volume, and canopy cover show thresholds of
rapidly increasing habitat availability and quality. The importance of
habitat thresholds has been demonstrated, for example, for deadwood
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volume in saproxylic species (Miiller and Biitler, 2010).
2. Methods

2.1. Study area

Austria is a landlocked country in Central Europe with an area of
about 8.34 million ha. Along with Slovenia, it is one of the most heavily
forested countries in Central Europe, with a forest cover of almost 50 %
(4.02 million ha), of which 84 % (3.36 million ha) are under manage-
ment (BFW, 2022). Austrian forests span a wide range of elevations (120
m to 2,100 m a.s.].) and climates (continental Pannonian, Alpine, and
transitional central European climates) resulting in a considerable di-
versity of forest types (and thus tree species composition), ranging from
temperate lowland forests to subalpine forests (Russ, 2019). The main
tree species in terms of their share in growing stock include Norway
spruce (Picea abies (L.) Karst.) (60.2 %), European beech (Fagus sylvatica
L.) (10.3 %), European larch (Larix decidua Mill.) (7.1 %), Scots pine
(Pinus sylvestris L.) (5.9 %), and silver fir (Abies alba Mill.) (4.3 %). The
remaining share is accounted for by other coniferous (1.2 %) and
broadleaved (10.9 %) species (BFW, 2022).

2.2. Habitat characteristics at object, forest stand and landscape level

For our study, we used data from the Austrian National Forest In-
ventory (NFI), which is the primary source of forest information at the
national level for various purposes related to forestry as well as envi-
ronmental planning and policy (Tomppo et al., 2010). Since 1961, the
Austrian NFI has surveyed the domestic forest resources in eight survey
periods and provides data on many forest-related key parameters,
including various biodiversity indicators, such as standing and lying
deadwood, as well as stand structure, tree and shrub species diversity.
NFI data is collected on a network of permanent sample plots, arranged
at the corners of square-shaped clusters with a side-length of 200 m. The
clusters are located at the intersection points of a systematic 3.89 km x
3.89 km grid. The total grid consists of 5,582 clusters and therefore
22,236 sample plots, about half of which are located on forested land
(Gschwantner et al., 2010).

Here, we used data from the eighth Austrian NFI (2016-2020). NFI
data are gathered on sample plots, each consisting of a fixed-area circle
of 300 m?, angle-count sampling (Bitterlich, 1984, 1948), and a small
fixed-area circle of 21.2 m? (Gschwantner et al., 2010) and summarized
to object- (i.e. deadwood item), forest stand- (local) and landscape-
related (regional) variables. Object-level variables refer to single
standing sample trees and lying deadwood objects, forest stand-level
variables to local forest stand characteristics, and landscape-level vari-
ables to a larger spatial scale of a region. A description and summary of
all variables is provided in Table S1. For each standing tree and lying
deadwood object, the tree species, diameter [mm], height or length
[em], decomposition stage and bark cover were assessed. The latter was
summarized in three categories of less than 50 %, 50 to 99 % and 100 %
bark cover. Stem volume was estimated for living and dead standing
trees for each sample plot using the volume models described by Gabler
and Schadauer (2008). Volume estimates for lying deadwood were ob-
tained using Hubers’ formula (Huber, 1828).

v =1l 6
where: v = volume; dg 5; = mid diameter; 1 = length.

Each sample plot was further categorized in terms of canopy cover
using four stand closure classes (gappy, open, light, closed) and forest
type based on the current stand-characterizing tree species. The
landscape-related slope steepness [%] was also recorded during the NFI
survey (Hauk et al., 2020). Annual mean temperature [°C] and annual
precipitation sum [mm], as well as summer mean temperature [°C] and
summer precipitation sum [mm] for June to August, were derived by
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using daily measurements (2016-2020) from weather stations of the
Central Institute for Meteorology and Geodynamics (ZAMG, 2020) and
interpolated for the NFI plots. To investigate the potential influence of
forest edges, we added information on the forest patch size [m?] in
which each sample plot is located and the distance to the nearest forest
edge [m], derived from a high-resolution map of forest cover with a grid
cell size of 1 m (BFW, 2020). In a pre-processing step, the forest cover
map was polygonized and the area and perimeters were calculated for
each forest patch. Forest patches were defined with a minimum size of
0.05 ha following the forest definition of the Austrian NFI (Hauk et al.,
2020). The forest patch area was estimated using different spatial se-
lection criteria depending on the type of intersection of a sample plot
with the forest map. The following four intersection types were distin-
guished: (1) the plot intersects a forest patch, (2) the plot with a 10 m
buffer intersects a forest patch, (3) the plot with a 10 m buffer intersects
multiple forest patches, and (4) the plot does not intersect with a forest
patch. The latter was not included in the analysis. To solve the problem
of multiple intersections per sample plot (3), we applied the nearest
neighbor criterion and selected the forest patch with the shortest dis-
tance to the plot centre. The distance to the nearest forest edge was
determined using the nearest neighbor method. Forest patch boundaries
were slightly simplified for this purpose: For each vertex or 10 m
segment, a point vector was generated at the polygon boundary. In
doing so, the nearest neighboring point on the forest patch border was
determined for each sample plot, and the length of the connecting line
was calculated. Missing results could be the result of inhomogeneities
between in situ and remote sensing data sets.

2.3. Saproxylic insect survey

A rapid assessment of saproxylic insect occurrence was conducted
systematically on two of four sample plots per NFI cluster, resulting in a
total of 1,444 sample plots. All standing dead trees of at least 105 mm in
diameter at breast height (dbh) were searched for insect traces up to a
height of 2 m. In addition, the first six lying dead objects of at least 100
mm mid diameter were examined for insect traces. In order to allow
family-level identification based on traces in deadwood, the assessment
of bore holes and feeding galleries of saproxylic insects was limited to
three decomposition stages. We focused on the habitat guild “fresh
deadwood”, according to Schmidl and Bussler (2004); (1) recently died,
(2) intermediate, and (3) advanced were examined for boreholes or
feeding galleries. The stages (4) severe and (5) very strong decomposed
deadwood were not examined.

If bore holes were detected, a piece of bark was carefully lifted to
better assess the holes or feeding galleries. The relative abundance of
insect families was classified into two categories “rare”, if a single and
“frequent”, if more than one borehole or feeding gallery was detected.
For each sampled insect trace, the type of bore dust (mealy or chipsy)
and the diameter of the boreholes or feeding galleries were categorized
according to their location (only between bark and wood or also in
wood) and size class (<5 mm or > 5 mm) following the field instructions
of the Austrian NFI (Hauk et al., 2020). In addition, photos were taken
for later verification and documentation. We identified different sap-
roxylic insect taxa belonging to the orders Coleoptera, Hymenoptera,
and Lepidoptera based on this information and the recorded tree species.
Identification was refined to the family or, where possible, the subfamily
level.

2.4. Statistical analysis

For analysis, we prepared a tree-wise data set including relative
abundances of insect traces (rare or frequent) per saproxylic insect
family and forest stand-level, as well as landscape-level information. All
analyses were performed in the R environment version 4.1.0 (R Core
Team, 2021) using the packages ggplot2 (Wickham, 2016), MASS
(Ripley et al., 2019), Ime4 (Bates et al., 2021, Bates et al., 2015), domir
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Table 1

Tree species, deadwood type and mean =+ standard deviation (SD) of diameter
(mm) and height or length (m), as well as the number of trees sampled as po-
tential host trees for saproxylic insect occurrence during the Austrian National
Forest Inventory (survey period 2016-2020).

Tree species Deadwood type  Diameter Height/length n
(mm) (m)
mean SD mean SD
Abies alba Lying 222 119 3.3 2.9 50
Standing 308 287 17.3 11.8 13
Larix decidua Lying 199 123 4.2 3.9 159
Standing 225 119 19.2 7.0 50
Picea abies Lying 172 91 2.9 3.3 1804
Standing 176 124 13.8 7.4 475
Pinus sylvestris Lying 176 85 3.5 3.5 98
Standing 261 87 18.7 5.8 64
Pinus nigra Lying 166 77 2.0 1.8 42
Standing 262 104 15.2 2.5 4
Other coniferous Lying 183 93 2.3 1.9 108
Standing 239 159 12.8 3.4 5
Carpinus betulus Lying 137 46 2.5 1.5 13
Standing 127 89 11.6 5.3 6
Fagus sylvatica Lying 166 75 3.2 3.5 240
Standing 276 227 16.7 8.6 34
Fraxinus sp. Lying 163 82 4.4 3.8 126
Standing 228 142 20.2 7.6 50
Prunus sp. Lying 171 65 3.7 4.6 14
Standing 162 103 13.2 8.7 8
Populus sp. Lying 228 130 5.9 4.9 24
Standing 360 213 24.7 10.4 4
Quercus sp. Lying 220 108 2.3 3.0 36
Standing 215 150 17.1 9.5 15
Other broadleaved  Lying 144 39 3.9 3.2 127
Standing 165 114 13.4 6.9 72
TOTAL 179 104 5.8 6.8 3641

(Luchman, 2020), and partykit (Hothorn et al., 2021).

We modelled the relative abundance of insect families considering
nineteen explanatory variables. These were grouped into host tree
characteristics (object level), (i) tree species, (ii) diameter, (iii) height or

lying
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length, (iv) position of deadwood, (v) decomposition stage, and (vi) bark
cover, forest stand characteristics (vii) forest type, (viii) canopy cover,
(ix) the occurrence of habitat trees, (x) standing living volume, (xi) dead
standing volume and (xii) dead lying volume, and landscape charac-
teristics (xiii) temperature, (xiv) precipitation, (xv) forest edge effects,
(xvi) distance to forest edge, (xvii) forest patch size, (xviii) slope
steepness, and (xix) relief.

We used ordinal logistic regression models (function “polr” from the
MASS package) to test the relationship between saproxylic family
abundances and the nineteen tree, plot and landscape characteristics as
explanatory variables without assessing variable interactions. Standing
living volume, standing deadwood volume and lying deadwood volume
were included as (log x 4+ 0.01) transformed values. Models were tested
for collinearity by means of variance inflation factors (VIF) and in case of
variable combinations with high multicollinearity the less important
variable was excluded. Final model selection was performed by single-
term deletion with the “dropl” function (Bates et al., 2021, Bates
et al., 2015). A term was considered significant if its Chi>-statistic p-
value was <0.05. To evaluate model performance, we plotted the single
predictor variables against their smooths. Additionally, we calculated
root mean squared error (RMSE) and Nagelkerke R? (Bo et al., 2006). On
the basis of Nagelkerke R?, a dominance analysis from the “domir”
package was run to determine the relative importance of single variables
and groups of object, forest stand, and landscape-level characteristics.
We modelled the relative abundance of all saproxylic insects, the hy-
menopteran family Siricidae, and the Coleopteran families Ceram-
bycidae, Buprestidae and Curculionidae. For the latter, separate models
for the subfamilies of bark- and wood-breeding Scolytinae are provided
in the supplementary material. Modelling was not possible for rarely
recorded families, such as Lymexylidae, and Ptinidae.

Finally, we used recursive partitioning to derive thresholds for the
most important habitat characteristics of the different saproxylic fam-
ilies to allow practical management recommendations. In doing so, the
conditional inference tree method “ctree” from the partykit package was
applied with a predefined minimum criterion = 0.95 as control
parameter to determine the relationship between significant input

standing
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Fig. 1. Number of lying deadwood objects (n = 2,841) and standing dead trees (n = 800) recorded as potential host trees during the Austrian National Forest
Inventory (2016-2020) in decomposition stages “recent” (wood hard, fine branches present), “intermediate” (wood hard, most fine branches absent) to “advanced”
(wood softer, no branches remaining) and with bark cover classes 0-49 %, 50-99 %, 100 %.
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Forest types
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Fig. 2. Map of Austria showing forest ecoregions (according to Kilian et al. (1994)) and sample plots of the Austrian National Forest Inventory on which a rapid
assessment of saproxylic insect traces was conducted during the observation period (2016-2020). Different colours indicate the respective forest type (n =

1,444 plots).

variables (habitat characteristics at object, forest stand and landscape
level) and the response variable (insect family abundance). Trees were
fitted using the Bonferroni correction. We created multivariate condi-
tional inference trees (CTREEs) including all variables selected for the
respective best regression model to account for interaction effects.
Therefore, characteristics of the categorical variables ‘forest type’, ‘tree
species’, and ‘relief” were summarized as shown in Table S2 to obtain
easily interpretable results. We chose 10-fold cross-validation to eval-
uate model prediction performance. Accuracy of classification was
calculated as percentage of correct classification. CTREEs were con-
structed for all insects together, the hymenopteran family Siricidae, and
the Coleopteran families Cerambycidae, Buprestidae and Curculionidae.
Additionally, CTREEs were built for the Curculionidae subfamily bark-
and wood-breeding Scolytinae.

3. Results
3.1. Habitat characteristics at object, forest stand, and landscape level

A total of 3,641 standing and lying deadwood objects in 1,444 NFI
plots were examined for saproxylic insect occurrence. The most frequent
species were the conifers Picea abies (n = 2,279), Larix decidua (n = 209),
Pinus sylvestris (n = 162), and Abies alba (n = 63), along with the
broadleaved Fagus sylvatica (n = 274). Details on all investigated tree
species are presented in Table 1. Tree diameters and height (or length in
case of lying objects) was on average (mean + SD) 179 + 104 mm and
5.8 &+ 6.8 m, respectively.

Generally, lying deadwood objects (n = 2,841) were more numerous
than standing dead trees (n = 800). The decomposition of lying trees was

also more advanced than that of standing trees, where primarily recent
or intermediate stages were recorded. Bark cover categories were evenly
distributed across the categories “less than 50 %” (n = 1,088), “50 to 99
%” (n = 1,362) and “100 %” (n = 1,191). As decomposition progressed
bark cover decreased, an observation that applies equally to standing
and lying trees (see Fig. 1).

At forest stand level, twelve different forest types were distinguished.
The distribution of NFI sample plots (n = 1,444) classified by forest
types in Austria is illustrated in Fig. 2. Living wood volumes showed a
heterogeneous distribution with a mean and standard deviation of
227.84 + 268.52 m>ha~l. The per plot lying deadwood volume was
twice as high as the standing deadwood volume, with 30.14 + 42.55
m>ha~! and 16.43 + 36.05 m>ha~!, respectively. The sampled trees
were primarily in forests with closed (n = 2460, 68 %) to light (n = 818,
22 %) canopy cover; open (n = 289, 8 %) or clustered canopy (n = 74, 2
%) conditions occurred less frequently.

In accordance with Austria’s varied geomorphology, the sampled
trees were predominantly found in relief sites on upper to lower slopes
(n = 3419). Flat terrain (n = 200) and sites near streams (n = 22)
occurred only rarely. The mean size and standard deviation of the forest
patches is 13,783 + 20,582 ha and showed a mean distance of 204 +
184 m SD to the closest forest edge. For the observation period, we
determined a mean annual temperature of 7.34 + 2.06 °C and an annual
precipitation sum of 1,229 + 355 mm based on interpolations for the
NFI plots. The mean values for summer temperature and sums of sum-
mer precipitation covered a range from 9.3 to 22.4 °C and 101 to 905
mm respectively.
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Table 2
Total number of sample plots surveyed, and number as well as proportion of
sample plots with insect traces [yes/no] per forest type.

Forest types Total n of n of plots with Proportion of plots with
plots insect traces insect traces

Spruce-fir-beech 543 378 69.6
forest

Spruce-fir forest 180 133 73.9

Montane spruce 80 56 70.0
forest

Subalpine spruce 199 159 79.9
forest

Pine forest 19 14 73.7

Beech forest 187 110 58.8

Oak forest 12 7 58.3

Oak-hornbeam forest 91 51 56.0

Riparian forest 22 17 77.3

Other coniferous 33 29 87.9
forest types

Other mixed forest 11 5 45.5
types

Other broadleaved 67 53 79.1
forest types

TOTAL 1,444 1,017 70.4

3.2. Traces of four saproxylic insect families

Overall, we found 2,770 insect traces belonging to the orders Cole-
optera (n = 2,624, 94.7 %), Hymenoptera (n = 143, 5.2 %), and Lepi-
doptera (n = 3, 0.1 %). Wherever possible, identification was further
refined to family or subfamily level, resulting in traces of the hyme-
nopteran family Siricidae (n = 143), as well as of five Coleopteran
families, namely Buprestidae (n 127), Cerambycidae (n = 670),
Curculionidae (n = 1,780), Lymexylidae (n = 33), and Ptinidae (Ano-
biidae) (n = 17). For Curculionidae, a refined assignment was possible,
distinguishing between the subfamily Scolytinae and other subfamilies,
as well as between bark-breeding (n = 1,392) and wood-breeding (n =
370) species. For the analysis, we focused on family-level information.
However, we added additional analyses for bark- and wood-breeding
Scolytinae in the supplementary material. Data on Lepidoptera were
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excluded from further analyses due to small sample size.

Insect traces were recorded on 1,017 out of 1,444 sample plots (70
%), with diverging proportions per forest type. Generally, the proportion
of sample plots with insect traces was higher in forest types dominated
by coniferous species (70-80 % of plots), than in those dominated by
broadleaved species (56-59 %) except for riparian forests (77 %) and
other broad-leaved forest types, as shown in Table 2.

Regarding tree species, we found that A. alba (75 %), Populus sp. (70
%), Fraxinus sp. (65 %) as well as P. abies (64 %) were mostly attractive
to saproxylic insects. By contrast, C. betulus and Quercus sp. had the
lowest percentage of insect traces with 40 % and 50 %, respectively.
Interestingly, A. alba also had a high proportion of individuals with more
than one insect trace, at 30 % (Fig. 3).

Individual insect families generally exhibited a similar distribution
on standing and lying dead trees, except for Siricidae, which were
mainly detected on lying trees (Fig. 4). It was hardly possible to identify
host species preferences based on our chosen rapid assessment. How-
ever, family richness varied among tree species. Among standing dead
trees, the lowest insect family richness was recorded on C. betulus and
the highest on F. sylvatica. The latter was also true for F. sylvatica lying
trees, while lying Prunus species harbored the lowest insect family
richness. Interestingly, no Curculionidae were detected on standing
Pinus nigra (Fig. 4). Traces of Curculionidae belonged mainly to the
subfamily Scolytinae, as shown by their high proportion of traces (see
Fig. S1a). Scolytinae traces were found on lying deadwood of all tree
species and on standing dead trees of all species, except P. nigra and
C. betulus. In contrast, traces of other Curculionidae were only found on
standing A. alba and lying P. nigra. Traces of wood-breeding Scolytinae
were most frequently detected on lying deadwood and on broadleaved
tree species (C. betulus, Quercus sp., F. sylvatica, Populus sp.), while bark-
breeding Scolytinae preferred P. abies, Fraxinus sp. and other coniferous
trees as hosts (see Fig. S1b).

The overall and family-specific models revealed distinct patterns of
influencing drivers relating to object, forest stand and landscape char-
acteristics. An overview of significant model predictors is provided in
Table 3 and full model details can be found in Table S3. The proportion
of variance explained by all insects’ model was 10 %, family models
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Fig. 3. Proportion of tree individuals with their relative abundance of insect traces (0 = no trace, 1 = one bore hole or feeding gallery, 2 = more than one bore hole
or feeding gallery) per tree species. On 1,363 trees, no traces were found, while one trace was recorded on 472 trees and more than one trace on 1,806 individuals

during the Austrian National Forest Inventory observation period 2016-2020.
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Fig. 4. Proportion of saproxylic insects identified at family level (belonging to the orders Hymenoptera and Coleoptera) and their proportion per tree species in
standing (n = 444) and lying dead (n = 1,834) objects. The number in brackets refers to the respective number of objects per tree species.

Table 3

Relative importance of different spatial scales at the object, forest stand and landscape level and individual variables which were included in the final regression models
of all insects, as well as the hymenopteran family Siricidae and the coleopteran families Buprestidae, Cerambycidae, and Curculionidae. For the latter further precise
modeling was possible for the subfamily Scolytinae living in wood and bark. RSME and Nagelkerke pseudo R? values are provided to evaluate model performances.
Relative dominance was calculated based on Nagelkerke R? values using the R package “domir”. Details on full models and variable characteristics are provided in
Table S3.

C i C ioni S q Scolvti
Models All Siricidae Buprestidae o 7 o bark' Woo ;
Scales - object 0 0340070l o6 0680 0350 0490 063
relative forest stand Bl o3l 0.22 | 0.21 023 015 0.1
importance landscape B o340 ooolll  o34H o1 o4« os3clE 0.26
tree species 0.097 0.275 0.365 0.295 0.383 0.339
diameter 0.140 0.070
object height/length 0.046 0.051 0.204 0.040
position of DW 0.263
decomposition stage 0.193 0.104 0.061 0.028
bark cover 0.109 0.316 0.101 0.073 0.293
forest type 0.246 0.181 0.213 0.212 0.138 0.074
canopy cover
layer composition
forest stand nr of habitat trees
) living volume 0.046 0.017 0.015
Variables - standing dead wood volum 0.028
I'::::‘r’;n“ lying dead wood volume 0.024 0.032
relief 0.071 0.073 0.045 0.048
slope 0.136 0.164 0.115 0.153
size of forest area 0.061 0.029
edge effect (0,1) 0.021 0.190 0.018
distance to forest edge 0.029 0.026
landscape mean annual temperature 0.044 0.151 0.053
mean summer
temperature 0.036 0.037 0.056 0.031
annual precipitation sum  0.080 0.052 0.095 0.070
summer precipitation sum 0.047
Model RSME 0.848 0.589 0.58 0.582 0.644 0.582 0.577
performance R2 0.103 0.112 0.046 0.11 0.102 0.157 0.147

ranged from 6 % for Buprestidae to 11 % for Cerambycidae. Subfamily decomposition stage (19 %) at object scale, forest type (24 %) and

models for bark- and wood-living Scolytinae showed better perfor- resource availability (living volume (5 %)) at forest stand scale, slope
mances with 15 %. Relative abundance of overall insect traces was (13 %) and annual precipitation (8 %) at landscape scale (see Table S3:
mainly affected by tree species (relative importance: 10 %), and Model “all”). The abundance of Siricidae, was significantly affected by
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Fig. 5a. Multivariate conditional inference tree (CTREE) constructed from the variables selected for the final regression model for all insects. The nodes represent a
split of the data into significantly different partitions. The significance of the split was predefined with a minimum p-value of 0.05 after Bonferroni correction. The y-
axis shows the relative abundance probability (0 — absent, 1 — rare (one insect trace found), 2 — common (more than one insect trace found)). The variable values
splitting the dataset are indicated on the tree branches: (a) decomposition: decomposition stage (1 — recent, 2 — intermediate, 3 — advanced), (b) annualPrec: annual
precipitation sum in mm, (c) foresttype: forest types as broad(leaved), mix(ed), and conif(erous) forests, (d) height: height or length of the host tree (dm), (e)

livingVol: living wood volume in m®ha?

tree species (27 %) and position of deadwood (26 %) at object level,
being mainly found on coniferous tree species and in lying deadwood.
Consequently, forest type (18 %) was a significant variable at forest
stand level; traces were mainly found in coniferous forest types (spruce-
fir, subalpine and other coniferous forest types). Trace detection of
Buprestidae was enhanced at object level by declining bark cover (32 %)
and increasing tree height (20 %). Forest stand characteristics were not
significant. At landscape level, increasing annual temperature (15 %)
and lack of edge effects (19 %) increased their abundance. Ceram-
bycidae were mainly determined by object characteristics, namely tree
species (36 %), its decomposition (10 %) and bark cover (10 %). Traces
were more abundant with advancing decomposition and decreasing
bark cover. Tree species were mostly Pinus and Prunus species (lowest
probability on F. sylvatica). Tree species (29 %), along with forest type
(21 %) and slope (16 %) were the most important variables in the
Curculionidae model. Consequently, they were predominantly found on
Fraxinus sp., or P. abies and A. alba in riparian or coniferous forests at
either flat or steep slopes. Full model details for all families can be found
in Table S3.

Detailed models on bark- and wood-breeding Scolytinae revealed
additional insights. Among object characteristics tree species (39 %) and
bark cover (7 %), at forest stand level forest type (14 %), and at land-
scape level slope steepness (11 %) and summer temperature (3 %)
influenced bark-breeding Scolytinae strongest. Traces were found on
coniferous (P. abies, Larix decidua, Pinus sp.) but also Fraxinus sp. with a
higher bark proportion, since their traces disappear as bark detaches and
decomposition progresses. The abundance was high in riparian forests,

. Model prediction performance was tested using 10-folds cross-validation with an average classification accuracy of 48.9 %.

other broadleaved forests, spruce and spruce-fir forests at predomi-
nantly steep slopes and with increasing summer temperatures. By
contrast, traces of wood-breeding Scolytinae were recorded predomi-
nantly on deadwood objects with detaching bark (29 %), which repre-
sented one of the most important drivers together with tree species (34
%), forest type (7 %) and slope (15 %). Fraxinus sp. and F. sylvatica, in
particular, were colonized by wood-breeding Scolytinae, mainly in
beech and spruce-fir forests with increasing summer temperatures and
in flat terrain.

3.3. Habitat thresholds for saproxylic families

CTREE for all insects shows that for precipitation sums below 1,017
mm, insect traces were recorded more often in coniferous forest types
than in mixed and broadleaved forest types as shown in Fig. 5a. At
higher precipitation sum, insect abundance probability generally
increased with intermediate decomposition and dead trees higher than
18.0 m or above a living stand volume of 41 m®ha . For deadwood in an
advanced stage of decomposition, the threshold lies at a tree height of
1.8 m. The results indicate a complex interaction of variables.

Less complex trees were built for individual families. Trace detection
of Siricidae increased on lying dead trees at annual precipitation sums of
less than 1,099 mm and on trees higher 13.1 m. At higher precipitation
totals, traces were found on objects with decreasing bark cover (see
Fig. 5b).

Although Buprestidae abundance was generally low, traces were
found more frequently on trees with lower bark cover (0-49 %). At
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Fig. 5b. Multivariate conditional inference tree (CTREE) constructed from the variables selected into the final regression model for Siricidae. The nodes represent a
split of the data into significantly different partitions. The significance of the split was predefined with a minimum p-value of 0.05 after Bonferroni correction. The y-
axis shows the relative abundance probability (0 — absent, 1 — rare (one insect trace found), 2 — common (more than one insect trace found)). The variable values
splitting the dataset are indicated on the tree branches: (a) DWposition: position of deadwood as lying or standing, (b) annualPrec: annual precipitation sum in mm,
(c) height: height or length of the host tree (dm), (d) bark: bark cover (1 — 0-49%, 2 — 50-99%, 3 — 100%). Model prediction performance was tested using 10-folds

cross-validation with an average classification accuracy of 96.1%.

higher bark cover, detection probability increased at mean annual
temperatures above 6.7 °C (see Fig. 5¢).

As bark cover decreased, trace detection of Cerambycidae was
highest on trees with a diameter above 187 mm and in coniferous forests
as shown in Fig. 5d. Below this threshold diameter, detection probability
increased on conifers with advanced decomposition. At 100 % bark
cover, abundance probability increased at summer precipitation sums
greater than 694 mm.

Annual precipitation was the most important variable for Curculio-
nidae providing the first and second split of the dataset (see Fig. 5e),
with abundance highest at precipitation totals greater than 1,671 mm.
At precipitation amounts less than 985 mm, traces were found primarily
in flat terrain. As slope gradient increased, recent decomposition stages
were decisive. At precipitation totals above 985 mm and below 1,671
mm, detection increased as decomposition progressed, and summer
temperatures exceeded 14.1 °C. Further specification was possible for
the subfamilies bark- and wood-breeding Scolytinae (see Fig. S2a and
S2b). Bark-breeding Scolytinae were recorded predominantly on co-
nifers in areas with annual precipitation totals above 1,523 mm and on
steep slopes (>100 %). By contrast, wood-breeding Scolytinae were
mainly detected on trees with low to moderate bark cover and on
broadleaved species.

4. Discussion

Our study provides novel insights into the role of habitat availability
and characteristics for saproxylic insects at different spatial scales in
Austrian forests. Using a large-scale, rapid assessment of feeding gal-
leries and boreholes, we quantified key habitat characteristics for

saproxylic insects and provide thresholds for relative abundance of in-
sect families at the interface of biodiversity conservation and forest
protection. Our analyses of four insect families (and two subfamilies)
revealed complex interactions among influencing factors at the object,
forest stand, and landscape levels, and allowed the definition of
thresholds demonstrating the value of the rapid assessment for future
large-scale studies.

In line with our hypothesis (I), individual tree characteristics, such as
tree species, decomposition stage, and bark cover were of major
importance, demonstrating the value of resource quality and variability
(e.g. Gossner et al., 2016; Oettel et al., 2020). We found, contrary to
hypothesis II, that deadwood volume was of comparatively little
importance although being a widely used indicator of forest biodiversity
(e.g. Lassauce et al., 2011).

4.1. Tree characteristics are the primary drivers of saproxylic families

We found factors at all spatial scales to be important for the abun-
dance of overall occurrence of insect traces. Closer examination of in-
dividual families revealed that tree characteristics, such as tree species,
decomposition stage, and bark cover were most important for the ma-
jority of them (except Curculionidae being mainly driven by landscape
characteristics). Further, stand level forest type and landscape charac-
teristics, such as slope steepness, precipitation, and temperature were
important drivers influencing all families except Buprestidae. For the
latter, forest stand characteristics did not matter, while they responded
significantly negatively to forest edge adjacency.

Insect traces varied among tree species, as hypothesized (II), with the
highest numbers observed on broadleaved species Populus sp. and
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Fig. 5¢c. Multivariate conditional inference tree (CTREE) constructed from the variables selected for the final regression model for Buprestidae. The nodes represent
a split of the data into significantly different partitions. The significance of the split was predefined with a minimum p-value of 0.05 after Bonferroni correction. The
y-axis shows the relative abundance probability (0 — absent, 1 — rare (one insect trace found), 2 — common (more than one insect trace found)). The variable values
splitting the dataset are indicated on the tree branches: (a) bark: bark cover (1 — 0-49%, 2 — 50-99%, 3 — 100%), and (b) annualTemp: mean annual temperature in
°C. Model prediction performance was tested using 10-folds cross-validation with an average classification accuracy of 96.5%.

Fraxinus sp., as well as on coniferous species Abies alba and Picea abies.
The high proportion of saproxylic species in Populus sp. is confirmed by
other studies reporting on their ecological value. Vogel et al. (2020)
have shown poplar deadwood to host the greatest saproxylic species
richness in an experiment in German forests. In light of our focus on the
habitat guild “fresh deadwood”, our results further reflect very well the
current European developments in the face of climate change, such as
spruce stands decline related to outbreaks of Ips typographus populations
(Kaminska et al., 2021; Netherer et al., 2019) and ash dieback caused by
the invasive pathogen Hymenoscyphus fraxineus (Hultberg et al., 2020;
Kjeer et al., 2012; Mitchell et al., 2014), with weakened trees likely to be
attacked by insects (Heinze, 2019). The high proportion of bark-
breeding Scolytinae on dead Fraxinus trees in our dataset supports the
study by Lenz et al. (2016) who found bark beetles such as Hylesinus
fraxini as secondary pests on ash trees weakened by Hymenoscyphus
fraxineus in forests of south-western Germany. The lowest number of
traces was detected on Quercus sp. and Carpinus betulus trees. The
comparatively low number of traces on oak is somewhat surprising,
since common oak (Quercus robur) is known to host a high diversity of
saproxylic beetles (Andringa et al., 2019; Brandle and Brandl, 2001;
Vogel et al., 2021). In this way, Andringa et al. (2019) found high sap-
roxylic family richness on deadwood of Quercus robur when comparing
colonization of twenty different tree species in different stages of
decomposition. However, the authors’ experiment demonstrated a high
variation in both family and species richness depending on the origin
(the site where a tree grew) of individuals of a given tree species. Vogel
et al. (2021) further found the highest alpha- and gamma-diversity in
Quercus petraea branches of early decomposition stages. Local conditions
related to factors known to influence saproxylic diversity, such as sun
exposure, could also differ (Ranius and Jansson, 2000; Vogel et al.,
2020). This indicates that varying environmental conditions leading to

varying internal features, such as diameter and decomposition stage as
well as interrelations among saproxylic species can lead to differences in
colonization (Victorsson, 2012; Weslien et al., 2011). Family richness
was highest on F. sylvatica trees and lowest on C. betulus. The latter
contrasts Gossner et al. (2016) and Vogel et al. (2020), who found a high
saproxylic beetle diversity on hornbeam. However, the number of ob-
jects examined in our study was quite low. In line with our findings,
Walentowski et al. (2014) found a high saproxylic beetle diversity on
beech compared to other species (Populus, Salix, Picea, Tilia, Ulmus)
during investigations in German forests.

4.2. The influence of availability and variability of resources

In addition to tree species, decomposition stage (models: all,
Cerambycidae, Curculionidae, bark-breeding Scolytinae) or bark cover
(models: Siricidae, Buprestidae, Cerambycidae, bark- and wood-
breeding Scolytinae) were relevant tree characteristics for coloniza-
tion. Lee et al. (2014) emphasized the importance of decomposition in a
study of beetle assemblages along a decomposition gradient in Alberta
(Western Canada), since most species occur only within a narrow range
of decomposition. In addition, Vanderwel et al. (2006) found a pattern
of variation in species across decomposition stages, confirming that the
habitat value of deadwood changes during decomposition. Bark cover,
which is closely linked to decomposition, proved to be important for
individual saproxylic families (models: Siricidae, Buprestidae, Ceram-
bycidae, bark- and wood-breeding Scolytinae) feeding on phloem and
xylem in trees (Ulyshen, 2016).

Jonsell et al. (1998) showed that in fact 31 % of saproxylic red listed
invertebrates in Sweden are directly dependent on bark as habitat.
Although many of them are not rare or threatened species, Gossner et al.
(2016) pointed out that early successional beetles are important for
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Fig. 5d. Multivariate conditional inference tree (CTREE) constructed from the variables selected for the final regression model for Cerambycidae. The nodes
represent a split of the data into significantly different partitions. The significance of the split was predefined with a minimum p-value of 0.05 after Bonferroni
correction. The y-axis shows the relative abundance probability (0 — absent, 1 — rare (one insect trace found), 2 — common (more than one insect trace found)). The
variable values splitting the dataset are indicated on the tree branches: (a) bark: bark cover (1 — 0-49%, 2 — 50-99%, 3 — 100%), (b) dbh: diameter at breast height or
mid diameter in mm, (¢) summerPrec: summer precipitation sum (June to August) in mm, (d) species: tree species as conifer or broadleaf, (e) foresttype: forest types
as broad(leaved), mix(ed), and conif(erous) forests, (f) decomposition: decomposition stage (1 — recent, 2 — intermediate, 3 — advanced). Model prediction per-
formance was tested using 10-folds cross-validation with an average classification accuracy of 81.4%.

ecosystem functioning and conservation. They can create entrance ports
for later successional species that are of conservation concern (Miiller
et al., 2008) or introduce fungi species (Stokland et al., 2012). For
Buprestidae and Cerambycidae, our results indicated an increase in
abundance with decreasing bark cover, although species of these fam-
ilies directly depend on bark as habitat. We believe that this relationship
is due to a higher detection probability when bark is becoming detached.
One survey, however, cannot adequately represent temporal succession
of insect colonization. We therefore propose a continuous monitoring of
insect traces, including also living but weakened trees. Regular moni-
toring activities, such as conducted by NFI, can help assess temporal
trends in colonization development of saproxylic families in the context
of forest stand characteristics, such as heterogeneity of tree species and
structures, as well as individual tree characteristics, such as decompo-
sition stage, bark cover, and tree fragmentation.

Our results show that resource variability is at least as important as
availability. The hypothesis (I) that insect abundance increases with
resource availability was only partly confirmed by our results. While
tree characteristics, such as height (or length in case of lying trees) or
diameter were significant variables in the model for all insects as well as
for the families Siricidae, Buprestidae, and Cerambycidae, forest stand-
related deadwood volume was of surprisingly low importance. In fact,
only all insects together were significantly affected by standing dead-
wood wood volume, wood-breeding Scolytinae and Siricidae by lying
deadwood volume. This contrasts with the results of many species-

11

specific surveys from boreal, temperate, and Mediterranean forests in
Europe indicating a significant effect of deadwood volume on saproxylic
beetles (Brin et al., 2009; Della Rocca et al., 2014; Lassauce et al., 2011;
Parisi et al., 2020). The latter even identified deadwood volume as the
most important variable for saproxylic species richness. On the one
hand, our focus on the habitat guild “fresh deadwood” could be an
explanation for this finding. Some species primarily colonize living but
weakened trees, as can be seen by the greater importance of living
volume for all insects. On the other hand, our rapid family-level
approach does not consider species richness or diversity, for which the
later decomposition stages and large diameter deadwood, correspond-
ingly the amount of deadwood, play a significant and often limiting role
(Gossner et al., 2013; Parisi et al., 2020).

4.3. Stand-scale canopy cover vs landscape-scale temperature

Canopy cover has been identified as an important variable affecting
saproxylic insects in several studies (e.g. Bouget et al., 2014; Lachat
et al., 2016; Lindhe et al., 2005; Vogel et al., 2020), with more open
conditions promoting microclimatic heterogeneity (Lettenmaier et al.,
2022) and thus saproxylic insect abundance and diversity (Seibold et al.,
2016). Surprisingly and contrary to our expectations (hypothesis III),
canopy cover had no effect in our models. A reduced canopy cover is
generally associated with increased sun exposure (Lindhe et al., 2005;
Vogel et al., 2020) and consequently higher temperatures (Lettenmaier
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Fig. 5e. Multivariate conditional inference tree (CTREE) constiucted from the variables selected for the final regression model for Curculionidae. The nodes
represent a split of the data into significantly different partitions. The significance of the split was predefined with a minimum p-value of 0.05 after Bonferroni
correction. The y-axis shows the relative abundance probability (0 — absent, 1 — rare (one insect trace found), 2 — common (more than one insect trace found)). The
variable values splitting the dataset are indicated on the tree branches: (a) annualPrec: annual precipitation sum in mm, (b) slope: slope in grouped percentages 0-12,
(c) decomposition: decomposition stage (1 — recent, 2 — intermediate, 3 — advanced), (d) summerTemp: mean summer temperature (June to August) in °C, (e)
foresttype: forest types as broad(leaved), mix(ed), and conif(erous) forests. Model prediction performance was tested using 10-folds cross-validation with an average

classification accuracy of 54.4%.

et al., 2022), which is known to have a positive effect on saproxylic
species abundance and richness (Miiller et al., 2015). The positive in-
fluence of temperature, however, was also evident in our results
(models: all, Siricidae, Buprestidae, Curculionidae, bark- and wood-
breeding Scolytinae). Rising temperatures in combination with acute
drought have been reported to facilitate bark beetle outbreaks (Halsch
et al., 2021; Hlasny et al., 2019; Netherer et al., 2019). However, pre-
cipitation was of low significance in our results. In our threshold anal-
ysis, bark-breeding Scolytinae were predominantly detected in areas
with high precipitation totals and on steep slopes. We believe this is the
result of lower forest management activities on such difficult to access
sites. The Austrian Forest Act is very strict in terms of forest protection
measures and felling of trees infested by bark beetles is mandated by the
forestry authorities. This constitutes a difficult undertaking on steep and
inaccessible terrain, however, and infested trees are often left standing
on such sites.

4.4. Defining deadwood thresholds for forest management

The provision of thresholds serves as a basis for recommendations on
the conservation of species or, in the case of mass outbreaks, their
control through targeted conservation as well as forest management. A
widely accepted and often cited threshold when it comes to deadwood
dependent species is 20-50 m>ha ! for deadwood volume proposed by
Miiller and Biitler (2010), which should allow the majority of
deadwood-dependent species to persist. However, many studies have

confirmed that habitat quality and diversity are important in addition to
deadwood volume (e.g. Andringa et al., 2019; Janssen et al., 2016;
Sandstrom et al., 2019), and consequently call for further thresholds and
more detailed management recommendations.

No thresholds are currently available for individual families. How-
ever, the reported values are in the range of those we found here for
family richness. The abundance of all saproxylic insect families increases
with progressing decomposition (intermediate to advanced decomposi-
tion stages), a minimum tree height of 18.0 m — a threshold that inter-
estingly decreases with advancing decomposition to 1.8 m — and a living
stand volume of greater than 41 m®ha. Living volume is important
indicating the potential future habitat, since many early colonizers
already colonize weakened trees, either directly or indirectly through
fungal infestation.

For Siricidae, a threshold of 13.1 m tree height was determined to
increase their abundance. A threshold of tree height was further deter-
mined for Siricidae, indicating that above 13.1 m tree height their
abundance increased. Our values are similar to those published by
Karvemo et al. (2014) whose models show a positive correlation be-
tween tree height and bark beetle colonization above a threshold of
10-15 m tree height. For Cerambycidae, we were able to determine a
threshold of 18.7 cm tree diameter, slightly below the threshold value of
22 cm proposed by Della Rocca et al. (2014) for saproxylic beetle
richness in Italian floodplain forests.

The importance of diameter together with tree species, bark cover,
and decomposition stage as host tree characteristics is evident in several
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other studies (e.g. Gossner et al., 2016, 2013; Miiller et al., 2015;
Ulyshen and Hanula, 2009; Weslien et al., 2011). The importance of tree
height has been less well pointed out so far (Karvemo et al., 2014; Zumr
et al., 2021). Zumr et al. (2021) rather generally recommended leaving
high stumps in managed forests to increase saproxylic diversity. How-
ever, assuming that tree height is related to age, a number of studies
show a positive relationship between stand age and saproxylic richness
(e.g. Dollin et al., 2008; Irmler et al., 2010; Lassauce et al., 2013; Simila
et al., 2002).

Landscape-related climatic thresholds were identified at an annual
precipitation sum of 1,099 mm for Siricidae and of 985 mm for Curcu-
lionidae, below which abundance probability increased. Cerambycidae
appeared to be more sensitive to summer precipitation, with their
abundance probability increasing above 694 mm. The responses to
precipitation may indicate an upper limit for annual precipitation above
which conditions become unfavorable for saproxylic insects. A similar
trend has been observed in an Austrian case study, with saproxylic
beetle diversity responding negatively to increases in precipitation
(Thom et al., 2017a). Buprestidae were sensitive to mean annual tem-
perature and Curculionidae to mean summer temperature, occurring
more frequently above 6.7 °C and 14.1 °C, respectively. Such positive
responses to rising temperatures have also been reported by several
other studies (e.g. Gossner et al., 2013; Lachat et al., 2012; Miiller et al.,
2015). Lachat et al. (2012) found higher saproxylic beetle richness in
warm (mean annual temperature: 8.4 °C) compared to cool (mean
annual temperature: 6.8 °C) beech forests. The value at cool sites is close
to our reported annual temperature threshold. Following Miiller et al.
(2015), favorable temperatures can even buffer poor site conditions to a
certain extend.

5. Conclusions

Our rapid assessment of feeding traces indicates a complex interplay
of habitat characteristics at different spatial scales. While specific re-
quirements of single species cannot not be considered, it allows to define
thresholds of habitat characteristics for saproxylic insect families. Tree
characteristics, forest type and site conditions affect all saproxylic in-
sects, with thresholds being provided for tree height, dbh, living stand
volume, or temperature and precipitation. Aiming to guide forest man-
agement at the interface of forest protection and biodiversity conser-
vation, deadwood management should already consider the living stand.
Avoiding population outbreaks of single species, not only forest type-
specific, but also tree species-specific management is required. Finally,
site-specific conditions, including temperature and precipitation should
be taken into account. Ongoing monitoring of insect traces including
living trees, observing temporal trends, as well as considering forest
management impacts are therefore critical to define further thresholds
and enable their validation.
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