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ABSTRACT

Wood-living beetles make up a large proportion of forest biodiversity and contribute to important ecosystem
services, including decomposition. Beetle communities in managed southern boreal forests are less species rich
than in natural and near-natural forest stands. In addition, many beetle species rely primarily on specific tree
species. Yet, the associations between individual beetle species, forest management category, and tree species are
seldom quantified, even for red-listed beetles. We compiled a beetle capture dataset from flight intercept traps
placed on Norway spruce (Picea abies), oak (Quercus sp.), and Eurasian aspen (Populus tremulae) trees in 413 sites
in mature managed forest, near-natural forest, and clear-cuts in southeastern Norway. We used joint species
distribution models to estimate the strength of associations for 368 saproxylic beetle species (including 20
vulnerable, endangered, or critical red-listed species) for each forest management category and tree species. Tree
species on which traps were mounted had the largest effect on beetle communities; oaks had the most highly
associated beetle species, including most of the red-listed species, followed by Norway spruce and Eurasian
aspen. Most beetle species were more likely to be captured in near-natural than in mature managed forest. Our
estimated associations were compatible — for many species — with categorical classifications found in several
existing databases of saproxylic beetle preferences. These quantitative beetle-habitat associations will improve
future analyses that have typically relied on categorical classifications. Our results highlight the need to prioritize
conservation of near-natural forests and oak trees in Scandinavia to protect the habitat of many red-listed species
in particular. Furthermore, we underline the importance of carefully considering the species of trees on which
traps are mounted in order to representatively sample beetle communities in forest stands.

1. Introduction

and in which no recent management actions have taken place (Hjaltén
et al., 2012; Kraut et al., 2016; Hilmers et al., 2018; Jacobsen et al.,

Wood-living (saproxylic) beetles are of particular importance for
conservation of forest biodiversity; they are highly diverse and provide
important ecosystem services such as decomposition (Ulyshen, 2016).
Yet, they are known to be sensitive to intensive forest management due
to their reliance on deadwood (Grove, 2002; Miiller et al., 2013;
Ulyshen, 2018). Mature managed forests harbor fewer beetle species
than natural and ‘near-natural’ forests, which have never been clear-cut
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2020). Little is known about the effects of management on most indi-
vidual species, and some species are likely much more sensitive than
even these overall richness patterns suggest. The quality of managed
forests also varies throughout their lifespan; clear-cuts briefly harbor
increased beetle richness, for example, including many species that are
excluded from managed forests when they mature (Simila et al., 2002).

Boreal forest ecosystems make up nearly a third of Earth’s forest
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cover and are important for biodiversity, carbon storage, and forest
products (Gauthier et al., 2015). Management intensification in this
region, however, can have negative impacts on biodiversity. Forest
management practices, which change many forest characteristics such
as tree age, structural heterogeneity, amount of deadwood, and forest
patch size (Penttila et al., 2004; Regnery et al., 2013; Heikkala et al.,
2016; Ameztegui et al., 2018), affect the suitability of these forests for
many species (Heikkala et al., 2016; Laaksonen et al., 2020). At the same
time, society increasingly values forest biodiversity (Borrass et al.,
2017).

Forest management not only impacts forest structure but also causes
changes in tree species composition, including reducing the proportion
of deciduous trees in mixed southern boreal forests (Martikainen et al.,
2000; Schelhaas et al., 2003; Vanha-Majamaa et al., 2007). This is
important for wood-living beetle species, because many of them are
associated with certain tree species. Management intensification ho-
mogenizes forest communities and shifts tree species composition away
from mixed forests, which also contain deciduous trees, towards spruce
monocultures (Gauthier et al., 2015). These changes mean that it is
increasingly important to quantify and understand beetle species’ re-
quirements. This is particularly true for red-listed species, many of
which are linked to tree species like oaks that are not favored in current
management priorities (Koch Widerberg et al., 2012).

Many saproxylic beetle species are associated not only with certain
tree species, but also with certain forest management categories (Hjaltén
et al., 2012; Miiller et al., 2015). Although differences in overall beetle
species richness among different management categories have been well
documented, current understanding of the sensitivity of saproxylic
boreal forest beetle species to intensive forest management is based
primarily on expert opinion (Dahlberg and Stokland, 2004; Dahlberg,
2011; Seibold et al., 2015), although experimental approaches are
becoming more common in central Europe (Miiller et al., 2015; Miiller
et al., 2020; Vogel et al., 2020). Yet, these qualitative lists of beetle-
management category and beetle-tree associations, even if helpful and
accurate, may mask large differences in the strengths of beetle-habitat
associations among saproxylic species. Furthermore, host tree associa-
tions can differ depending on management practices and geographic
area (Miiller et al., 2015). Hence, it is increasingly important to quantify
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the actual strength of association, preferentially within the natural
context.

To quantitatively estimate the associations between wood-living
beetle species, several tree species, and several forest management
types, we compiled a dataset of wood-living beetle captures from flight
intercept traps placed on Norway spruce (Picea abies), oaks (Quercus sp.),
and Eurasian aspen (Populus tremulae) trees in mature managed forests,
near-natural forests, and clear-cuts in southeastern Norway. We asked:

(a) What is the strength of associations between beetle species and
each of several tree species and forest management categories?

(b) To what extent is each beetle species associated with certain
forest management categories and tree species?

(c) Are red-listed beetle species more likely to be associated with
certain tree species or forest management categories, and which
of each are most important?

2. Methods
2.1. Beetle sampling

We compiled data from past work (Burner et al., 2020; Jacobsen
et al., 2020) in which we used flight intercept traps to sample beetles in
413 sites in southeastern Norway (Fig. 1). Flight intercept traps were
placed in three forest management categories (mature managed forest,
recent clear-cuts, and near-natural forests) and hung in Norway spruce
(Picea abies), Eurasian aspen (Populus tremulae), and oaks (Quercus sp.)
trees (hereafter ‘trap tree’), as well as free-hanging. The spruce and
aspen trees in which traps were hung were all located in coniferous-
dominated southern boreal forest, typically dominated by spruce and
pine, but with some (mostly boreal) deciduous tree species. The oaks in
which traps were hung were typically further south in Norway, in forests
with a mix of coniferous and deciduous trees. Proportions of each trap
tree were roughly comparable among the forest management categories
(Supplemental table S1). Sampling took place from 1998 to 2019, with
traps deployed from May to August and emptied several times during
this period. All samples from a given trap in a given year were pooled for
sampling. Sites were sampled for a mean of 2.5 years each, for a total of
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Fig. 1. Map of beetle capture sites in southeast Norway, showing forest management category (left) and trap tree (right) at each site. Inset map shows location in

northern Europe.
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1029 samples (Table S2) and median distance to nearest neighbor
among sites was 167 m. Most of the managed forest and clear-cut sites
were managed as sustainable production forests within the regulations
of the PEFC (the Programme for the Endorsement of Forest Certification
schemes, Norway, pefcnorway.org). Our near-natural forests have never
been clear-cut, are heterogeneous in horizontal and vertical structure,
and have older trees and higher deadwood volumes compared to
managed forest (Storaunet et al., 2005; Jacobsen et al., 2020).

Beetles were identified to species (taxonomy follows GBIF; gbif.org)
and categorized as red-listed according to the Norwegian Red List
(Henriksen and Hilmo, 2015). We included wood-living species that
were captured in four or more sites (n = 368), including facultative and
obligate wood-living species based on the Saproxylic Database (Dahl-
berg and Stokland, 2004), in our analyses. We also extracted species’
host tree preferences (Dahlberg and Stokland, 2004) and natural forest
association classifications (Dahlberg, 2011) from these databases to
compare them with our quantitative estimates.

2.2. Analysis

To test for associations between beetle species, forest management
categories, and trap tree species, we applied hierarchical Bayesian joint
species distribution modelling (Ovaskainen et al., 2017; Ovaskainen and
Abrego, 2020). We fitted a set of three models to examine the differences
in beetle species captured among different trap tree species and forest
management categories. The first of these three models included trap
tree species as a categorical fixed effect, the second one had forest
management category as a fixed effect, and in the third model we
included both of these sets of fixed effect covariates. We used the full
presence/absence dataset and assumed a Bernoulli distribution and a
probit link function. One sampling unit consisted of one trap deployed
for an entire summer. To account for the temporal structure in our study
design, in which many sites were sampled in multiple years, each model
included site as a random effect. This random effect of site estimates a
common intercept for all sampling years at a given site, because most
sites were sampled in multiple years. To test for correlations between
species’ phylogeny and their responses to the covariates, we also
included a random effect of phylogeny based on the species-level insect
tree by Chesters (2017); missing species were added at random to the
correct genus (where present) or in several cases to the correct family
using package phytools (Revell, 2012). Models were fitted using a Gibbs
sampler using the default prior distributions from package Hmsc
(Tikhonov et al., 2020) in R (R Core Team, 2019).

Model fitting was conducted with high performance computational
resources provided by Louisiana State University (http://www.hpc.lsu.
edu). We sampled the posterior distribution with three MCMC chains,
each running for 5000 iterations, of which 2500 were discarded as burn-
in. Every fifth iteration was sampled from the remaining iterations,
resulting in 500 samples per chain. Convergence was assessed by
calculating effective sample size and the potential scale reduction factor,
as well as by visual inspection of the MCMC trace plots. Final models had
95% of scale reduction factors below 1.2, with a median value of 1.01.
We compared models using Tjur R? values from two-fold cross valida-
tion (folded on trap site) to rank models.

To assess the strength of the associations between each species and
the various trap trees and forest management categories, we used the
best fitting mode for the community to predict beetle communities at
2400 hypothetical new sites. These included 800 sites in each forest
management category; of each of those sets of 800, there were 200 sites
with each species of trap tree, as well as 200 sites with free-hanging
traps. The large number of sites was used to make sure that rare spe-
cies occurred sufficiently often in the simulated communities to calcu-
late their habitat associations with adequate precision. Model
predictions are more easily interpretable than are parameter estimates
for a single covariate because predictions incorporate information from
all fixed and random effects in the model (Purhonen et al., 2019). We
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repeated these predictions 1500 times using draws from the joint pos-
terior distribution of the model parameters.

In order to obtain relative association scores between a given beetle
species and each of the three trap tree types (oak, aspen, and spruce), we
calculated the proportion of sites occupied by that beetle species for
each of the three trap tree types in a given predicted iteration. We then
scaled these three proportions such that they summed to one to provide
a relative association score (Rutt et al., 2019) that was comparable
among species that differed in their occupancy rates. We repeated this
process for each of the 1500 predicted iterations, such that the resulting
scaled values represented the posterior distributions of these relative
association scores. We calculated these values for each beetle species; a
score of zero for a given trap tree type thus indicates that that particular
beetle species is never predicted to be captured there, and a score of one
indicates that the beetle species should be trapped exclusively in that
type of tree. A score of 0.333 indicates that a given beetle species is no
more (or less) associated with a given trap tree than expected by chance.
This facilitated three-way comparisons and plotting (Smith, 2017).
Species with 95% credible intervals (CIs) above 0.333 for one or more
tree types are considered specialists.

To calculate relative association scores for beetle species with mature
managed and near-natural forest categories we used a similar approach,
calculating the proportion of sites occupied in each of these two forest
management categories and scaling them to sum to one. In this case a
natural forest association score of 1 indicates that the beetle species
occurs only in natural forest, whereas a score of 0.5 indicates no asso-
ciation with either forest management category. A score of 0 indicates
that the beetle species occurs only in managed forests. Species with 95%
CIs above 0.5 for either forest management category are considered
specialists. We focus primarily on results from this two-way comparison,
rather than from a three-way comparison that includes clear-cuts
because we lack comparable reference trap sites in smaller natural
openings that occur in unmanaged forests. Such natural openings are the
natural forest analog of clear-cut sites, and would be needed to assess the
relative associations between early successional beetle species and
managed vs. natural forest. Nevertheless, we also include a supple-
mental analysis of three-way association scores (managed, near-natural,
and clear-cut; see supplemental material) because this does provide
some indication of the proportion of wood-living beetle species that rely
on early successional stages.

3. Results

The model that included both trap tree and forest management
category covariates performed the best, based on predictive Tjur R?
values (Table 1). In comparing models with only one of these covariates,

Table 1

Joint species distribution models fitted to a wood-living beetle dataset from
southeastern Norway. The trap tree covariate included four levels (Aspen, Oak,
Spruce, and free-hanging), and forest management category included three
levels (mature managed, clear-cut, and near-natural forest).

Environmental Variance Mean Mean
covariates partitioning of explanatory Tjur  predictive Tjur
fixed effects* R%+ R%

Trap tree + forest 0.51 0.158 0.055
management
category

Trap tree 0.42 0.154 0.042

Forest management 0.16 0.156 0.012
category

" Variance partitioning of fixed effects shows how much of the model’s
explanatory power can be attributed to environmental covariates (the fixed ef-
fects), as opposed to the random effect of site.

" Mean explanatory Tjur R? refers to the mean of all species’ R? values in the
full fitted model. Mean predictive R? refers to the R? value of the model after
two-fold cross-validation, folded over the sampling units.
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the trap tree model outperformed the forest management category
model. There was a moderately strong signal of phylogenetic effects in
species responses to the covariates (95% CI: 0.28-0.59).

Many species showed strong associations with a single tree type
(Fig. 2). Of 368 species, 151 (41%) were predicted to have over half of
their captures in one type of tree (with at least 95% posterior support).
Oak had the greatest number of such associated species (n = 96), fol-
lowed by spruce (n = 48) and aspen (n = 7). Oak also had a large number
of very strongly associated species, including 53 species with over 80%
of their predicted occurrences in oak. Association scores for each species
are shown in Table S3. Of 20 red-listed species, five were predicted to be
trapped most often in spruce and 13 were predicted to occur exclusively
on oaks. Among trap trees, species richness was predicted to be similar
(95% CI) for traps placed on oak and spruce trees (means = 31.4 and
33.6 species, respectively; Fig. S1) in natural forest. Predicted richness
on aspen trees was 11.9 species lower than on spruce (95% CI:
4.4-19.5). Among forest management categories, species richness was

Aspen

Forest Ecology and Management 487 (2021) 119023

predicted to be 33.4 species for traps placed in near natural forest, and
1.3-8.5 species lower for traps in mature managed forests (95% CI;
Fig. S2).

Most species (n = 260, 70.7%) were more likely to be captured in
near-natural forest (mean association score of all species = 0.56 on a
scale from O to 1; Fig. 3) than in natural forest. For almost half of all
species (n = 136, 37.0%) the 50% CI indicated a positive association
with natural forest, compared with only 25 species (6.8%) in managed
forest. More conservative estimates are that 7.3% (27) and 0.8% (three)
of the species are associated with natural and managed forests, respec-
tively, as judged by the overlap of zero by the 95% ClIs. Beetle species
that were positively associated with oak trees have the highest mean
natural forest association scores (p = 0.60; Fig. S3), followed by spruce
(p = 0.55) and aspen (p = 0.49). All means differed (95% CI). Mean
natural forest association score of red-listed species was 0.03 higher than
other species (95% CI: —0.02 - 0.08).

When we considered forest management category associations

@®/® Non-endangered
O Vulnerable
O Endangered
@ Critical

<=== Spruce

Fig. 2. Relative association scores of wood-living beetle species with the three tree species on which traps were mounted. Black points represent ‘specialist’ species,
which have 95% credible intervals that reflect association with one or more tree species (i.e. have posterior intervals that do not overlap the plot center, which is
marked by a green triangle). Species represented by grey points are not associated with any trap tree (95% CI). Each point represents the median estimate for a single
beetle species, and the size of the point is proportional to the species’ log-transformed prevalence in the whole dataset. Red-listed species are colored according to
their red-list category and have their relative size doubled for visibility; all red-listed species have posterior intervals that exclude the plot center with the exception of
the yellow and orange dots just left and right of the center, respectively. Points closer to the plot corners have strong associations with a single trap tree. Many red-
listed species are clustered in the oak corner, as are an additional 47 specialist species that are not on the Norwegian Red List (see jittered points in zoomed inset).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Predicted near-natural forest association scores for 368 wood-living beetle species from southeastern Norway. A score of ‘1’ indicates that all captures are
predicted to occur in near-natural forests, a score of ‘0.5’ means to be trapped in mature managed or near-natural forest, and a score of ‘0’ indicates that all captures
are predicted to occur in near-natural forests. Values are estimated from Bayesian joint species distribution models (JSDMs) that include both forest management
category and trap tree species as fixed effects. Species that occur on the Norwegian Red List (Henriksen and Hilmo, 2015) are marked as indicated. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

including clear-cuts (a 3-way comparison), some species were also
positively associated with clear-cuts (Fig. S4 and Table S3). Of 131
species that had 95% CIs favoring one or more forest management cat-
egories, 58 (44.3%) species were predicted to have over half of their
occurrences in clear-cuts, 34 (26.0%) species in natural forests, and no
species in mature managed forests.

Species considered by Dahlberg (2011) to be associated, highly
associated, and non-associated with natural forest did not differ in their
mean natural forest association scores (95% CIs; Fig. S5). Our estimated
tree associations for many beetle species correspond to those indicated
by the Saproxylic Database (Dahlberg and Stokland, 2004). Of 141
species listed as using or preferring conifers that were included in our
dataset, we found that 51% were associated with conifers, 24% with
deciduous trees, and 25% had no clear association (95% CI). Of 137

Table 2

species listed as using or preferring deciduous trees, we found that 60%
were associated with deciduous trees, 12% with conifers, and 28% had
no clear association (Table 2).

4. Discussion

We found a stronger relationship between beetle species occurrences
and individual tree species than with different forest management cat-
egories, although both had strong effects. Most of the beetle species were
most likely to occur in near-natural forest and very few species were
most likely to occur in mature managed forests (Figs. 2 and 3). Among
tree species, oaks had more apparent specialist species (species found to
disproportionately occur on them) than did spruce, and both had many
more than aspen. Red-listed species were slightly more strongly

Relationship between expert-derived host tree preferences of 368 wood-living beetle species (columns) from the Saproxylic Database (Dahlberg and Stokland, 2004)
and median estimated tree association scores from our joint species distribution model (rows). Values represent the number of species. In the Saproxylic Database,
species are classified as either ‘using’ or ‘preferring’ deciduous or coniferous trees. Species preferring either oaks, aspen, or a mix of both from our model were
combined in the deciduous category. Underlined values represent agreement on tree type association between empirical values and the Saproxylic Database.

Model-estimated median association* Conifers, prefer Conifers, use Deciduous, prefer Deciduous, use Unknown
Spruce, >2/3 28 25 0 7 8

Spruce, >1/3 9 10 3 6 6
Deciduous, >2/3 4 10 20 44 36
Deciduous, >1/3 9 11 3 15 15

No association 14 21 4 35 25

* Scores from our study, representing % of species captures predicted to occur in a given tree type; species with no association are those for which the 95% credible

interval included 0.333 for each tree type (see Fig. 2).
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associated with natural forest, and many were captured only on oak
trees.

Our finding that four in ten beetle species are strongly associated
with one or several tree species in our dataset has important implica-
tions for conservation. As forest management intensification has led to a
homogenization of forests in Scandinavia, spruce monocultures are
increasingly common (Penttila et al., 2004). This is detrimental to the
many oak specialist species, which even prior to the advent of large-
scale clear-cut forestry had suffered from a reduction in the abun-
dance and extent of oak trees in the region due to timber demand from
shipbuilders (Vevstad, 1998). Red-listed species in particular are
threatened by the continued loss of these oak trees (Pilskog et al., 2018).
Oaks are concentrated in the southern part of our study area and
spatially segregated from our sites with other trap trees, so some beetle
species that appear to be associated with oaks could rather simply be
more common in this southern region or in stands with a larger pro-
portion of deciduous trees and some additional uncommon deciduous
species. But, the strength of apparent specialization of many oak-
associated beetles in our models, and the relative similarity of the for-
est stands in which we sampled each type of trap tree (nearly all stands
in our study contained a mixture of some deciduous and coniferous
trees), suggest that a large proportion of these beetle species are true oak
associates.

Our results contrast with those of Milberg et al. (2014), who detected
relatively few strong associations between beetle species and several
deciduous tree species in southern Sweden. This difference could result
from higher similarities between the larger number of temperate de-
ciduous trees species there, compared to our contrasting mixed decid-
uous and coniferous temperate and boreal tree species in Norway. Our
dataset lacked traps set in birch (Betula sp.) and pine (Pinus sp.), two
other tree species common in boreal forests, so it is possible that some of
our apparent specialist beetles on sampled tree species also occur on
these other trees. Pine and birch likely also have specialists of their own
that we missed with our current sampling (Jonsell et al., 2004).
Nevertheless, we show strong positive (and negative) associations be-
tween many beetle species and tree species in southern boreal forests.
Very rare species, necessarily excluded from our models, may also
exhibit strong associations with one or more tree species or management
category.

Forest management category is also an important axis of variation in
beetle communities, with many species occurring more commonly in
near-natural forests. A clear pattern of natural forest association
emerges for the majority of species (Fig. 3); as expected, our CIs are wide
because of the large proportion of rare species that is common in
biodiversity datasets. This association with near-natural forests fits with
previous findings that wood-living beetle communities in near-natural
forest are more species rich and have higher abundance (Paillet et al.,
2010; Jacobsen et al., 2020). Unlike prior studies, however, we have
quantified association scores for 368 species, providing a list of species
most likely to be highly sensitive to intensive forest management,
including many red-listed species (Table S3).

Species identified as associated with natural forests in Nordic forests
based on expert knowledge and reviews of literature (Dahlberg, 2011)
were not more highly associated with natural forest than other species in
our study, highlighting the need for a quantitative list for use by forest
managers. However, we found that many of our beetle — tree association
estimates corresponded fairly well to expert opinion-based classifica-
tions from Nordic forests in the Saproxylic Database (Dahlberg and
Stokland, 2004), although for about one quarter of the species with
listed associations that we tested we did not detect any association with
tree species; in some cases this may be due simply to our small number of
captures of particular species. Our results provide tree species associa-
tion scores from capture data alone, and should be supplemented with e.
g. larval surveys to document the actual use of these trees by various life
stages for each species. Qualitative expert opinion is a valuable source of
information for poorly known taxa, but empirical validation should be
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attempted whenever possible. Such sampling should cover the full range
of common tree species.

Natural and near-natural forests continue to disappear in Scandi-
navia (Felton et al., 2019). Conservation of a diverse selection of those
remaining forests that have never been clear-cut, including a cessation
of management activities to allow them to develop near-natural char-
acteristics (Paillet et al., 2010), should be a priority for nature conser-
vation. In addition to the wildlife species that rely on heterogenous
natural stands of these forests, the lack of large expanses of old natural
forest make it difficult to study another group - ‘gap’ species that
specialize on natural disturbances within boreal forest landscapes. The
presence of a subset of beetle species that occur in our dataset primarily
in clear-cuts (Fig. S4) points to the existence of many such gap species,
but comparable abundance data from natural forest openings are lack-
ing. Natural openings in unmanaged forest are richer in deadwood than
are clear-cuts (Junninen et al., 2006; Djupstrom et al., 2012; Heikkala
et al., 2016), and likely provide better habitat for many of these species.
Nonetheless, a subset of these gap species may be more resilient to
current stand-replacing forestry techniques than are the majority of
beetle species.

It is important to note that our results provide a rather conservative
estimate of the true differences between mature managed and natural
forests, and thus likely underestimate the associations of most beetle
species with natural and near-natural forests. This is because researchers
typically select the best (most dead wood rich) sampling sites in
managed forest in order to be assured of catching more of the beetle
species that occur there, as we have done in the present study. Sampling
sites with coarse woody debris are chosen in near-natural forests as well,
but because such sites are rarer in mature managed forests (Jonsson
et al., 2016) this sampling site selection method likely overestimates the
habitat quality of managed forests. Furthermore, with data based on
flight intercept trap captures of (mainly adult) beetles rather than on
evidence of reproduction, it is possible that managed forests actually act
as population sinks for many species that do occur there. The same could
be true of clear-cuts, which have smaller and more ephemeral dead
wood than do natural forest gaps (Simila et al., 2002; Jonsell and
Schroeder, 2014; Heikkala et al., 2016). Further research should
examine differences in beetle reproduction at representative sites in
managed and natural forests.

In addition to informing conservation priorities, the importance of
choice of trap trees should inform research methodology. We do not
have precise information on the overall species composition of our sites,
although most were in mixed deciduous-coniferous stands, but traps that
were hung on one species of tree were likely to surrounded by trees of
other species (especially in the case of oak and aspen, which are seldom
the dominant tree species). Nevertheless, trap tree identity does to some
extent reflect the composition of the surrounding stand (especially
perhaps in the case of oaks, which can cooccur with other deciduous
species in more temperate parts of Norway), causing us to overestimate
the importance of the individual tree on which traps are placed. Also,
our association scores simply reflect a correlation between trap tree and
capture rates, without demonstrating that a particular tree species is
actually the preferred host tree for a given beetle species. That we see
such strong effects of trap tree identity in spite of these unknowns is
evidence of the strong effects of small-scale processes (on the order of
several meters) in determining beetle captures. This finding presents a
methodological challenge for future studies, because it means that
captures of many beetle species in a given trap may be influenced as
much by the species of tree that the trap is mounted on as by the forest
stand as a whole (Miiller et al., 2018). Additionally, the impact of
management activities may differ among species preferring different
host trees; a more systematic sampling design would allow for a test for
an interaction between trap tree and forest management type.

For studies that seek to understand forest stand level effects, we
suggest that traps in each forest stand should be placed on tree species in
proportion to their abundance in that forest stand. This is
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methodologically challenging, requiring either some forest inventory
measurements or complete randomization (which would perhaps
require impractically larger sample sizes to ensure that a purely random
sample converged on the true distribution of tree species). Another op-
tion would be to sample multiple tree species at each site and then test
whether results are robust to differences in trap tree selection. At a
minimum, studies that have imbalanced designs, in which trap tree is
confounded with other variables of interest, should attempt to correct
for trap tree species by including it as a covariate in models (as we’ve
done here) along with the other covariates of interest.

5. Conclusions

We have demonstrated the importance of both trap tree identity and
forest management category on beetle communities sampled in southern
boreal forests. This has important implications both for conservation
prioritization and for research methodology. From a conservation
perspective, the shift towards even-aged spruce monocultures that has
characterized forestry in boreal regions (Schelhaas et al., 2003) is likely
damaging to many taxa that rely on other tree species; oak trees (which
occur at low densities near their northern range limits in the southern
boreal forest) are of particular importance for many obligate oak
inhabiting species, including many red-listed beetles. Monocultures may
also be less resilient to ongoing bark beetle outbreaks (Dobor et al.,
2020). Natural and near-natural forests are also critical for many species
and should be given particular attention in conservation management.
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