
Biological Conservation 201 (2016) 92–102

Contents lists available at ScienceDirect

Biological Conservation

j ourna l homepage: www.e lsev ie r .com/ locate /b ioc
Deadwood enrichment in European forests – Which tree species should
be used to promote saproxylic beetle diversity?
MartinM. Gossner a,⁎, BeateWende b, Shaun Levick c, Peter Schall d, Andreas Floren b, Karl Eduard Linsenmair b,
Ingolf Steffan-Dewenter b, Ernst-Detlef Schulze c, Wolfgang W. Weisser a

a Terrestrial Ecology Research Group, Department of Ecology and EcosystemManagement, School of Life SciencesWeihenstephan, Technische UniversitätMünchen, Hans-Carl-von-Carlowitz-Platz
2, D-85354 Freising-Weihenstephan, Germany
b Department of Animal Ecology and Tropical Biology, Biocenter, University of Würzburg, Am Hubland, D-97074 Würzburg, Germany
c Max-Planck Institute for Biogeochemistry, Hans-Knoell Str. 10, D-07745 Jena, Germany
d Department of Silviculture and Forest Ecology of the Temperate Zones, University of Göttingen, Büsgenweg 1, D-37077 Göttingen, Germany
⁎ Corresponding author.
E-mail address: martin.gossner@tum.de (M.M. Gossne

http://dx.doi.org/10.1016/j.biocon.2016.06.032
0006-3207/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 January 2016
Received in revised form 23 June 2016
Accepted 28 June 2016
Available online xxxx
Modification of natural ecosystems has threatened biodiversity worldwide, with forests suffering especially.
Strategies aimed at mitigating such loss in forests often include enrichment of deadwood, a critical resource for
many decomposer species. However, it remains unclear how deadwood can best be enriched tomost effectively
promote the diversity of saproxylic species. In this study, we investigated saproxylic beetle diversity in experi-
mentally exposed deadwood logs of 13 different tree species across 30 forests in three regions of Germany. We
testedwhether gamma-diversity differs between tree species andwhether the alpha-diversitywithin an individ-
ual log depended onwhether logs were placed in unmanaged beech forests, managed beech forests, or managed
conifer forests. We found significant differences in gamma- and alpha-diversity of saproxylic beetles among tree
species, but the ranking of tree species differed between regions, suggesting differences in regional beetle species
pools. Randomization tests aiming to identify howmany andwhich deadwood logswould need to be exposed to
best conserve saproxylic beetle diversity, showed that the overall diversity of beetles increasedwith the number
of tree species exposed, due to turnover of beetle species between tree species. However, some species (e.g.
Carpinus) and species combinations (e.g. Carpinus-Picea) reached exceptionally high beetle diversity. Alpha-di-
versity was higher in conifer than in beech forests, but did not differ between managed and unmanaged beech
forests. Canopy cover above logs and average stand temperature strongly influenced alpha-diversity, suggesting
that environmental conditions thatmay be affected bymanagement act as habitatfilters for species assemblages.
We conclude that deadwood enrichment strategieswould bemost effectivewhen combining particular tree spe-
cies that support highest diversity.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Modification of natural ecosystems has caused a loss of biodiversity
worldwide (Newbold et al., 2015). In forests, management has led to a
quantitative decrease of several constituents of old-growth forests,
such as large reductions in the amount of deadwood and in the numbers
of ‘veterans’ i.e. very old trees. This holds particularly true if manage-
ment has been very intensive (Bauhus et al., 2009; Lindenmayer et al.,
2012). As a consequence, animal communities in managed forests
may differ from those of unmanaged forests (Bengtsson et al., 2000;
Lassauce et al., 2012). Deadwood is important for forest biodiversity:
one quarter of all forest species are saproxylic, i.e. depend on deadwood
(Speight, 1989; Stokland et al., 2012). The lack of deadwood inmanaged
r).
forests has hence repeatedly been shown to decrease biodiversity
(Lassauce et al., 2011; Müller and Bütler, 2010) and to change the func-
tional composition of communities (Gossner et al., 2013b; Seibold et al.,
2015b). As an example, in Germany, 27% of saproxylic species are
threatened (Seibold et al., 2015b).

Several conservation strategies consequently focus on the enrich-
ment of deadwood in forests (Hutto, 2006; Hyvarinen et al., 2006).
One strategy is to cease production in forests. However, setting aside
enough and sufficiently large areas of forest is difficult if not entirely im-
possible due to economic interests and needs. This particularly concerns
densely populated areaswith limited forest reserves such as Central Eu-
rope, where cessation of logging would potentially result in an in-
creased import of wood from other regions, causing conservation
problems in those regions. In addition, managed forests may need a
long time before pre-management levels of deadwood will be reached,
due to the low natural tree mortality of medium aged-stands that are
typical for most managed forests (Holzwarth et al., 2013; Sebek et al.,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocon.2016.06.032&domain=pdf
http://dx.doi.org/10.1016/j.biocon.2016.06.032
mailto:martin.gossner@tum.de
http://dx.doi.org/10.1016/j.biocon.2016.06.032
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/bioc


93M.M. Gossner et al. / Biological Conservation 201 (2016) 92–102
2013) and due to rapid decomposition of most deciduous tree species
(Pietsch et al., 2014). Another strategy to enrich deadwood is to use har-
vest operations to leave someof the crownsor stems in the forest. This is
the strategy currently favored in several countries where large natural
disturbances such as windthrow are rare or – as in the case of insect
pest outbreaks and forest fire – are prevented by all means. However,
this strategy is increasingly threatened due to the increasing demand
for wood for energy production (Bouget et al., 2012). The amount of
deadwood necessary to preserve the diversity of saproxylic species is
still under discussion (Lassauce et al., 2011).

Several fundamental questions on the dependence of saproxylic
beetles on deadwood are still open. One most basic question concerns
the degree of specialization: Are they mostly generalists accepting a
wide variety of host species, or do they resemble herbivores showing
a similar degree of host specialization? Up to now, no reliable answer
could have been given to this question.

Host specificity of saproxylic beetles has only rarely been studied,
with inconclusive results. In boreal forests, studies on the occurrence
patterns of threatened species suggested a great importance of particu-
lar tree species, e.g. from the genera Populus, Picea and Pinus, suggesting
host specialization (Lindhe and Lindelöw, 2004; Tikkanen et al., 2007;
Tikkanen et al., 2006). In contrast, studies on tree species preferences
in boreal and temperate forests suggest a lower degree of specialization
(Milberg et al., 2014; Toivanen and Kotiaho, 2010). A further common
perception is that the importance of tree species identity for host choice
of saproxylic species generally decreases with increasing wood decay,
because of the convergence of physical and chemical properties. How-
ever, differences between broadleaved and coniferous trees are as-
sumed to persist along the decomposition process (Stokland et al.,
2012).

One potential limitation of most studies on host specialization of
saproxylic species is that they are based on collections of existing dead-
wood pieces. Because managed temperate forests only contain a few
tree species, the diversity of deadwood in these forests is very limited
and hence the choice for beetles also very restricted. It is thus not possi-
ble to extrapolate beetle host range beyond the host species found in the
forest. Furthermore, we know little about whether saproxylic species
would accept a tree species that does not occur as a living tree in a par-
ticular forest, e.g. if they would also colonize deadwood from pine in a
pure beech or oak stand. If saproxylic species are indeed very host-spe-
cific, then their diversity will be limited by deadwood species diversity
and related to forest stand diversity and species composition.

In addition to host specificity, it is known that the abiotic and biotic
environment affects the community of saproxylic species in a particular
forest. Large differences in the composition of saproxylic communities
among forests and regions have been shown (Gossner et al., 2013a;
Müller et al., 2013; Müller and Gossner, 2010), but the causes for this,
independent of the availability of deadwood variation, are largely un-
clear. (Micro-)Climatic variables, such as temperature (e.g. sun-exposed
vs. shaded substrates), influence the development of insect species and
may affect their diversity (Gough et al., 2015; Lindhe and Lindelöw,
2004; Lindhe et al., 2005; Müller et al., 2015a; Sverdrup-Thygeson and
Ims, 2002).

In this study, we investigated saproxylic beetle communities colo-
nizing the deadwood of logs of 13 different tree species across 30 forests
in three regions of Germany using a large-scale experiment. About 1150
logs of N20 cm diameter were exposed. Wewere interested in whether
saproxylic species diversity during the early successional stage of dead-
wood decomposition depends on tree species identity, or on forest
management, i.e. management intensity (managed vs. unmanaged)
and forest type (coniferous vs. broad-leaved), which reflects the man-
agement decision of selecting a particular tree species. We tested this
at different spatial diversity scales; within and across region gamma-di-
versity, which combines log-scale alpha-diversity as well as species
turnover between logs (only tree species identity) and log-scale
alpha-diversity (tree species identity, management, region).
Furthermore we used forest stand-based temperature and subplot-
based canopy cover to test for the influence of microclimate on
saproxylic beetle diversity. We addressed the following questions:

1) Does alpha- and gamma-diversity of saproxylic beetles differ be-
tween tree species?

2) Is beetle diversity on tree species consistent between regions?
3) Which tree species and tree species combinations promote the

highest diversity of saproxylic beetles?
4) Does alpha-diversity depend on forest management and

microclimate?

2. Material and methods

2.1. Study regions

The experimentwas conducted in the framework of the Biodiversity
Exploratories Project (www.biodiversity-exploratories.de; Fischer et al.,
2010) comprising three regions; the UNESCO Biosphere Reserve
Schorfheide-Chorin (henceforth “SCH”) in the glacially formed low-
lands in north-eastern Germany (52°47′25″-53°13′26″N/13°23′27″-
14°08′53″E, about 1300 km2 in size, 3–140 m a.s.l.), the National Park
Hainich and surrounding area of the Hainich-Dün (henceforth “HAI”)
in the hilly lands of central Germany (50°56′14″-51°22′43″N/10°10′
24″-10°46′45″E, about 1560 km2, 285–550 m a.s.l.) and the UNESCO
Biosphere Reserve Schwäbische Alb (henceforth “ALB”) in the low
mountain range in south-western Germany (48°20′28″-48°32′02″N/9°
10′49″-09°35′54″E, about 420 km2, 460–860 m a.s.l.). With an annual
precipitation of about 520–580 mm, SCH is one of the driest parts of
Germany and has a mean annual temperature of 8.0–8.5C°. Most of
the region is covered by forests of pine Pinus sylvestris (39%), beech
Fagus sylvatica (12%) and oak Quercus petraea (9%). HAI (6.5–8.0 °C;
500–800 mm) is one of the largest continuous forest areas in Germany
and is dominated by broadleaf trees; conifers comprise only 12% of the
forest (pine Pinus sylvestris; spruce Picea abies; larch Larix decidua). ALB
(6.0–7.0 °C; 700–1000 mm) is a highly fragmented, mixed forest land-
scape dominated by beech Fagus sylvatica (46%) and spruce Picea abies
(24%).

2.2. Deadwood experiment

The Biodiversity Exploratory Long-term Deadwood experiment
(‘BELongDead’) was set up in 2009, in the framework of a long-term
study on the relationships between land use, biodiversity and ecosys-
tem processes (Fischer et al., 2010). In the study regions, nine (ALB),
nine (SCH) and twelve (HAI) research plots (100 m × 100 m) were
established, in total 30 plots. These were selected by a stratified random
sampling design from a total of N300 candidate plots per region (for de-
tails see Appendix A1). The stratified random selection of plots was also
used to reduce spatial autocorrelation problems. Each plot was in one of
three differently managed forest types with different levels of manage-
ment intensity: currently unmanaged beech forest stands, which were
previously managed up to 20–70 years ago; managed beech forest
stands; and managed conifer stands (spruce in HAI and ALB and pine
in SCH). Three replicates of each forest management intensity in each
region were studied, except in HAI, where three additional managed
beech forests were investigated, separating between even-aged and un-
even-aged management of beech forests. In this study, we only focused
on two forestmanagement decisions, i.e. notmanaging vs.management
and tree species selection, i.e. beech vs. conifer-oriented management.
Because no unmanaged conifer forests exist in the study regions, we
combined these two decisions in one variable “forest management”
with the three levels ‘unmanaged beech’, ‘managed beech’, ‘managed
conifer’.

On each plot deadwood logs of 13 tree genera (henceforth "tree spe-
cies" for simplicity) were exposed in three replicates (subplots). Tree
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species included Acer sp., Betula pendula Roth, Carpinus betulus L., Fagus
sylvatica L., Fraxinus excelsior L., Larix decidua Mill., Picea abies (L.) H.
Karst., Pinus sylvestris L., Populus sp., Prunus avium L., Pseudotsuga
menziesii (Mirb.) Franco, Quercus sp. and Tilia sp. All logs were approxi-
mately 4 m long and had a mean diameter of 31± 5.9 cm (SD). All logs
were cut in winter 2008/2009 in the state of Thuringia (Germany) and
then transported to each plot. The logswere placed in randomorder be-
side each other with a distance of ca. 1 m between logs. We carefully
followed a protocol to minimize the potential bias by colonization of
logs prior to translocation to the experimental sites (see Appendix
A1). Each plot received three sets of all 13 tree species (subplots).
Owing to limited supplies, a single P. avium log each was missing on
27 plots, a single Acer spp. on 2 and a single Fagus sylvatica on one of
the 90 subplots, resulting in 1140 logs that were exposed in the forests.
Two of the subplots were included in present study that had all species
except for 14 of the 30 research plots, where only one of the two sub-
plots had P. avium and two plots, where either only one F. sylvatica or
only one Acer was exposed resulting in 764 logs included in this study
(14 plots ∗ 13 species ∗ 2 logs = 364 logs, 16 plots ∗ 12 species ∗ 2
logs + 16 plots ∗ 1 species ∗ 1 log = 400 logs).
2.3. Saproxylic beetle sampling

Here we analyze data from the 1st (2010) to the 3rd year (2012)
after logs were exposed in the forests. We used closed emergence
traps (Appendix A1) to sample insects. These traps sample insects
emerging from the logs over a full season. Traps were installed in
March 2010 (first subplot) andMarch 2011 (second subplot). Sampling
vials were emptied monthly until the end of October and samples were
stored in 70% ethanol. In autumn traps were dismantled for the winter.
The traps were moved 35 cm down the log every year. Specimens were
sorted to order by student helpers and beetleswere identified to species
level by taxonomic specialists. Species were classified as saproxylic ac-
cording to Seibold et al. (2015b). For analyzing the effects on threatened
species we used the German Red List of Beetles (Supporting informa-
tion; Schmidl and Büche, 2016), which follows the International Union
for Conservation of Nature (IUCN) classification.We included all species
of the categories critically endangered (CR), endangered (EN), vulnera-
ble (VU) and near threatened (NT).

Thefirst subplotwas sampled in all years (2010 to 2012); the second
subplot was sampled from 2011 to 2012. In total of 379 logs were sam-
pled in 2010 and 764 logs from 2011 to 2012. Due to trap damage
caused by mice, which allowed beetles to escape, data from some logs
in 2012 had to be excluded from the analyses. Our final dataset consists
of 379 logs in 2010 (100% of all sampled logs), 730 logs in 2011 (96%)
and 637 logs in 2012 (83%).
2.4. Covariates

Because colonization and development of beetles might be affected
by microclimatic conditions, we used the mean temperature per plot
during the growing season (March–October 2009–2012) as a proxy
for forest stand-based microclimatic conditions and the canopy cover
above each subplot (20m radius) as a proxy for subplot-basedmicrocli-
matic conditions, as covariate (for details see Appendix A1).

Canopy cover was assessed by airborne LiDAR surveying, whichwas
conducted over the three study regions by Milan GmbH in 2008 (HAI)
and 2009 (ALB, SCH) during leaf-on conditions.We computed the forest
canopy cover of each subplot in a 20mcircle around each subplot center
at 2 m above ground (for details see Appendix A1).

We additionally tested for effects of forest stand-based deadwood
volume using data from a deadwood inventory in 2012 (see Kahl and
Bauhus, 2014). Deadwood volume ranged from 4 to 60 m3ha−1

(mean 25 ± 3 SE).
2.5. Statistical methods

To analyze our datawe used recently developedmethods for sample
size- and coverage-based rarefaction and extrapolation to be able to
compare gamma-diversity for Hill-numbers 0D (species richness), 1D
(Shannon diversity) and 2D (Simpson diversity; Chao et al., 2014; Jost,
2006). This allows us to analyze the effects of rare and common species
on diversity in a common framework. All analyses were performed in R
3.2.4 (R Core Team, 2016).

2.5.1. Gamma-diversity estimates
As raw data for diversity estimates we used the occurrence of beetle

species over one year as a replicate, i.e. for every log and every year the
number of individuals of a particular beetle species was summed up,
resulting in abundances of beetle species per log per year. The number
of samples for a given tree species (reference sample) was therefore
the total number of logs of that species sampled in a particular year.
Gamma-diversity was estimated for all regions together and separately
for each region using the iNEXT function in the iNext package (Hsieh et
al., 2014).

To obtain estimates of gamma-diversity for the 13 different tree spe-
cies we used a framework published recently (Chao et al., 2014). This
‘diversity accumulation curve’ framework extends methods for rarefac-
tion and extrapolation of species richness (species accumulation curve;
Colwell et al., 2012). It a) provides estimators for inter- and extrapola-
tion of higher order Hill numbers (Hill, 1973; Jost, 2006; see Appendix
A2), b) allows estimation of sample completeness (Chao and Jost,
2012) and therefore sample coverage-based estimation and c) uses a
bootstrapping method for constructing confidence intervals around
Hill numbers (Colwell et al., 2012). This facilitates the comparison of
multiple assemblages.

We estimated species diversity curves for Hill-numbers based on
sample size and sample coverage. Coverage is defined as the proportion
of the total number of individuals in an assemblage that belong to spe-
cies represented in the sample (Chao et al., 2014). The reference sample
size for sample size-based estimates was the number of logs sampled of
a tree species in a particular year. At q= 0 (0D), rare and abundant spe-
cies are weighted equally (species richness), at q = 1 (1D), species are
weighted in proportion to their frequency in the sampled community
and at q = 2 (2D) abundant species receive more weight relative to
their frequency. Diversity of beetles emerging from the 13 different
tree species was compared for a range of base sample sizes (BSS) and
base sample coverages (BSC), to assess robustness of findings. In BSS
samples are standardized on the basis of sample sizes and in BSC on
the basis of sample completeness. If sample coverage differs strongly
between different tree species, the diversity (BSS) of beetles might be
underestimated on those tree species that have low sample coverage
relative to the other tree species. In this case, it can be tested if estimates
of diversity for the tree species changewhendiversity is standardized to
common sample coverage (BSC). In the main manuscript we present
(1) Chao's BSS (Chao et al., 2014), that is, the higher value of the mini-
mum doubled reference sample size and the maximum reference sam-
ple size among tree species and (2) Chao's BSC (Chao et al., 2014), that
is, the higher value of the minimum coverage for doubled reference
sample size and the maximum reference coverage among tree species.
For details see Appendix A2. Significant differences in gamma-diversity
between tree specieswere judged bynon-overlapping confidence inter-
vals (Schenker and Gentleman, 2001).

We then estimated gamma-diversity of particular tree species com-
binations, to test the effects of exposing deadwood of particular combi-
nations of tree species in a forest, for combinations of two, three, four up
to all 13 tree species. To do so, we first randomly sampled a fixed num-
ber of log-years for each tree species based on the tree species with the
lowest sample size using the sample function in the data.table package
(Dowle et al., 2015). This was necessary to equalize sample size and
thus sampling effort for each tree species in each tree species
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combination. We then calculated the estimated beetle diversity at
BSS = 208 for all tree species combinations. To test for effects of differ-
ent tree species richness on the diversity of saproxylic beetles we com-
pared the richness categories (single trees, twofold, threefold etc.
combinations) by permutation tests using 1000 randomizations. Finally
we ranked the tree species combinations according to their estimated
species richness.

2.5.2. Alpha-diversity estimates
To analyze the drivers of saproxylic beetle communities at the log

scale we also calculated three q-levels based on Hill numbers, 0D (spe-
cies richness), 1D (exponential of Shannon's entropy) and 2D (inverse
of Simpson's concentration) following Jost (2006), using the diversity
function in the vegan package (Oksanen et al., 2016). Importantly,
each log was treated as a replicate. We used the diversity per log and
year as response variables. Independent variables were the fixed factors
tree species, region, forest type and year of sampling, which is a proxy
for decay progress and the continuous predictors canopy cover, temper-
ature and deadwood amount. Additionally we tested for two-fold inter-
actions between tree species and the other independent variables.

We applied the multimodel inference approach as proposed by
Grueber et al. (2011). We first formulated a global mixedmodel includ-
ing all fixed effects and the nested structure of data, subplot within plot,
was considered in the random term. This was done using the lme func-
tion in the nlme package (Pinheiro et al., 2016). We used diagnostic
plots to estimate model performance and transformed data when nec-
essary (species richness was log transformed). All continuous variables
were scaled to zero mean and unit variance. Using Akaike information
criteria corrected for small sample size (AICc) we selected thosemodels
from all possiblemodelswithΔAICc b2 (substantial support) andΔAICc
2–7 (some support) as suggested by Burnham et al. (2011) by using the
get.models function implemented in the package MuMIn (Bartoń,
2016). The subset of models was then averaged using parameter esti-
mate and Akaike weight of each model with the model.avg function of
the package (Grueber et al., 2011). Akaikeweight of eachmodel provide
another measure of the strength of evidence for each model and repre-
sent the ratio of delta AICc values for each model relative to the whole
set of candidate models. It indicates the probability that the model is
the best among the whole set of candidate models. The relative impor-
tance of each independent variable was assessed by calculating the cu-
mulative Akaike weights of models containing a particular predictor.

To test for spatial autocorrelation of diversity measures within and
among regions we used the correlog function in ncf package
(Bjornstad, 2016) based on 1000 randomizations.

3. Results

3.1. Beetle emergence and overall diversity

In total we sampled 71,881 individuals of 426 saproxylic beetle spe-
cies (1D = 111; 2D = 60) emerging from 764 tree logs between 2010
and 2012. Abundance and diversity was highest in SCH (24,234 Ind.,
0D = 333; 1D = 128; 2D = 77), followed by HAI (29,019; 241; 72;
41) and ALB (18,628; 194; 58; 33). 28 species occurred exclusively in
ALB, 42 in HAI and 134 in SCH. At Chao's base sample size (BSS) of
934 (double the number of log-years) diversity was also estimated to
be highest in SCH (0D = 377; 1D = 131; 2D = 78) followed by HAI
(256; 72; 42) and ALB (223; 59; 33). For a complete list of sampled spe-
cies see Appendix A3.

Estimated overall sample coverage for the 1746 log-yearswas 0.994,
which means that about 0.6% of the total individuals in the assemblage
are likely to belong to undetected species. In the ALB, estimated sample
coverage was 0.987 (542 log-years), in HAI 0.988 (737) and in SCH
0.989 (467).

The tree species with the lowest reference sample sizewas the cher-
ry tree with 104 log-years and thus we used BSS of 208 log-years (ALB:
62; HAI: 90; SCH: 56) for comparisons among all trees species. The cor-
responding calculated Chao's base sample coverage was 0.954 (ALB:
0.931; HAI: 0.945; SCH: 0.921), which means that 4.6% (6.9%; 5.5%;
7.9%) of the total individuals in the assemblage belong to undetected
species. For details see Appendix A2.

Sampled beetles comprised 209 individuals of 42 endangered spe-
cies (categories EN, VU, NT). No critically endangered species (CR)
were observed. We found more endangered species in SCH (127 indi-
viduals, 37 species), than HAI (64, 13) and ALB (18, 6). Of these 27 oc-
curred exclusively in SCH, 3 in HAI and 1 in ALB.

3.2. Beetle gamma-diversity among tree species

Overall gamma-diversity based on BSS significantly differed be-
tween tree species, indicated by non-overlapping confidence intervals
(Fig. 1). Beetle species richness (q = 0) was higher in Carpinus (262;
CI 240, 283) and Picea (244; 225,262) than in Populus (193; 178, 207),
Fraxinus (185; 168, 202) and Pseudotsuga (179; 165; 193). Fagus (220;
203, 237) was intermediate, with higher species richness than Fraxinus
and Pseudotsuga, but lower diversity than Carpinus.

Sample coverage at Chao's BSS in Tiliawas significantly lower than in
the other tree species. For Tilia, it was estimated that 5.3% of the total in-
dividuals in the assemblage belong to undetected species, whereas the
estimated mean of the other tree species was 3.4% ± 0.001SE. When
using base sample coverage (Chao's BSC: 0.956), gamma-diversity
(q = 0) of Tilia (Mean: 250; Min: 222; Max: 278) was higher than the
other tree species, except for Carpinus (232; 216; 247), Picea (228;
211; 244) and Larix (209; 193; 225) (Fig. A4-1). Thus, for Tilia the ad-
justed values based on BSC differed from those obtained with BSS. For
the other tree species results remained consistent, independent of the
diversity measure used (i.e. BSS, BSC) (Table A4-1).

Changing the weight of rare and abundant species greatly changed
the ranking of tree species, except Carpinus (1D = 102 species; 2D =
60) which remained the most beetle species diverse tree species.
When increasing weighing of frequent species by increasing Hill num-
bers from 0D (species richness) to 2D (Shannon-diversity), the relative
importance of Picea (1D = 86, 2D = 44) decreased from position 2 at
0D to position 11 at 1D to position 13 at 2D, indicating a steeper beetle
rank-abundance curve for spruce, with many rare species, relative to
the other tree species (Fig. A4-5). In contrast, Pinus (1D = 89; 2D =
54) increased from position 10 (0D) to 5 (1D) to 2 (2D). Also Larix
(1D = 86; 2D = 49) and Pseudotsuga (1D = 86; 2D = 49) increased in
their ranking from position 7 to 4 to 3 and 13 to 10 to 8, respectively.
This shows that Picea is more important for rare species, whereas
Pinus, Larix and Pseudotsuga are more important for common species.
All other tree species, such as Fagus, did not show a consisting trend in
their ranking (Figs. A4-2 & A4-3).

Threatened species showed similar among tree species patterns
compared to all species, except for a higher importance of Pinus and
lower importance of Picea (Fig. A4-4). Due to the low abundance and
frequency of threatened species the confidence intervals were large
and difference between species therefore not significant. Fraxinus was
the only species that showed a significantly lower gamma-diversity of
threatened species than the other tree species.

3.3. Effects of region on beetle gamma-diversity

When estimating gamma-diversity separately for each region, the
ranking of tree species depended on the region (Fig.1). However,
Carpinus showed a consistently high species richness across regions
(rank 1 in ALB and SCH; rank 2 in HAI). Estimated gamma-diversity of
Carpinus was 1.4 times higher than that of the least beetle species-rich
tree species (ALB: Populus; HAI: Fraxinus; SCH: Pseudotsuga). Prunus
showed relatively higher species richness in HAI only (rank 1; ALB:12;
SCH:9) and Picea in SCH (rank 2; ALB:5; HAI:6). The species richness
of Fraxinuswas relatively low in HAI (rank 13) and SCH (12), compared



Fig. 1. Gamma-diversity (q = 0) of saproxylic beetle species sampled on 13 different tree species across three regions (All regions) and for each region separately (years 2010–2012
combined). Sample-based extrapolation to a total of 208 (Schw. Alb: 62; Hainich-Dün: 90; Schorfheide-Chorin: 56) log-years (double of the lowest sample size, i.e. Prunus) (bottom of
each figure) and sample coverage at this base sample size (top of each figure) including 95% confidence intervals obtained by bootstrapping based on 200 replications. Please note
different y-axis scales. Gray dots indicate broadleaf and black dots conifer trees.

96 M.M. Gossner et al. / Biological Conservation 201 (2016) 92–102
to ALB (8), Larix in HAI (rank 12;ALB:10; SCH:8) and Pseudotsuga in SCH
(rank 13; ALB:11; HAI:9). The regional distinction in Pseudotsuga was
even more conspicuous in coverage-based estimates (13;1;1).

The ranking was only slightly modified when increasing the
weighing of abundant species from 0D to 2D (Figs. A4-2 & A4-3). In all
regions the rank of Picea decreased (ALB:5,10; HAI:6,12; SCH:2,6)
while the rank of Populus in ALB (13,4), that of Larix in HAI (12,5) and
that of Pinus in SCH (10,3) increased.

3.4. Beetle gamma-diversity for combinations of tree species

Themore tree species combined, the higher thepotential gamma-di-
versity that can be achieved, indicating species turnover among tree
species (Fig. 2; for significant differences based on permutation tests
see Table A5-1). However, a few single species and/or two- or three-
species combinations showed a higher gamma-diversity than other
tree species combination when total deadwood amount was kept con-
stant. The combinations with the highest estimated number of species
are shown in Fig. 2. Carpinus (only ALB) and combinationswith Carpinus
supported the highest species richness of beetles. Across regions and in
ALB and SCH, Picea appeared to be the most effective additional species
in a mixture (in addition to Carpinus) to promote saproxylic species
richness. In HAI, Pinus, Fagus and Prunus were more important than
Picea. In SCH Quercus also contributed substantially to overall species
richness, in addition to Carpinus and Picea. Overall these results suggest
that combinations including Carpinuswith either Picea or Pinus aremost
effective in promoting high beetle species richness.

When weighing abundant species more strongly by increasing Hill
numbers, gamma-diversity still increased with increasing number of
tree species combined (Figs. A5-1 & A5-2). Also the relative importance
of Carpinus remained, except SCH, where Quercus (1D; Fig. A5-1) and
Fagus and Tilia (2D; Fig. A5-2) increased in importance. Interestingly,
also Fraxinus (overall and ALB) and Pseudotsuga (HAI) contributed
more strongly to gamma-diversity when increasing q-levels. This
shows that Carpinus especially contributes to the gamma-diversity of
rare species while other tree species are equally or even more (in
SCH) important in contributing to a high diversity of more abundant
species. For a full list of tree species combinations and their gamma-di-
versity, see Table A5-2 to A5-5.

The importance of tree species and their combinations changed
when focusing on threatened species. In particular, combinations of
Pinus, Tilia and Prunus showed highest gamma-diversity (Fig. A5-3).



Fig. 2. Gamma-diversity (q = 0) of saproxylic beetles for the 13 different tree species and all twofold, threefold etc. tree species combinations across three regions (All regions) and for
each region separately (years 2010–2012 combined). Sample-based extrapolation to a total of 208 (Schw. Alb: 62; Hainich-Dün: 90; Schorfheide-Chorin: 56) log-years. For each tree
species we sampled randomly the number of logs that was available for the tree species with the lowest sample size (i.e. Prunus) prior to analyses and combined the same number of
log-years for each tree species in tree species combinations. The black diamonds show the means per tree species richness. The ten tree species combinations with the highest
estimated gamma-diversity are indicated by numbered black dots. For a full list of tree species combinations and their gamma-diversity, see Tables A5-2 to A5-5.
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Confidence intervalswere, however, large and overlapping (Table A5-6)
and thus do not allow for a final conclusion.

3.5. Effects of region, management and climate on beetle alpha-diversity

The most important predictors of alpha-diversity (all q-levels and
threatened species) at the log scale were year since harvesting, forest
management, region and tree species (highest importance after model
averaging; Table 1).

Alpha-diversity was higher in SCH than in HAI and ALB, for all q-
levels (Figs. 3, A6-1 to A6-3). Diversity measures were spatially
autocorrelated, positively within regions and between HAI and SCH
and negatively between ALB and HAI/SCH, suggesting differences in
local beetle species pools in ALB and HAI/SCH (Fig. A6-4). We found a
higher diversity in conifer compared to beech forests when focusing
on all species (0D,1D), but decreasing richness of threatened species
from unmanaged beech to managed conifer forests (Table 1, Figs. A6-
3, A6-5). This was observed for all studied tree species (no interaction
tree species x forest type, Table 1).

Among broadleaf trees, highest alpha-diversity was found in
Carpinus (all q-levels, RL-species), among conifers in Picea (0D) and
Pinus (1D, 2D, RL-species). Fraxinus (all q-levels, RL-species),
Pseudotsuga (0D, RL-species) and Picea (2D, RL-species) showed lowest
alpha-diversity (Figs. 3, A6-1 to A6-3). There was an interaction be-
tween tree species and region (0D, RL-species), with Prunus and Acer
being higher in HAI than in ALB, all other tree species had higher
alpha-diversity in ALB than HAI (Figs. 3, A6-1, A6-2). This resulted in a
changed ranking of tree species according to their alpha-diversity.
While Acer had a much higher ranking in ALB and HAI (0D:3) than
SCH (0D:10), Prunus had a higher ranking in SCH and HAI (0D:2; 1D:3)
than in ALB (0D:6; 1D:8) and Tilia in SCH (0D:6; 1D:5) than HAI
(0D:12; 1D:8) and ALB (0D:13; 1D:13).

There was also an interaction between tree species and collection
year, for all q-levels (Table 1). While Picea and Pinus (latter only 0D)
showed highest species richness in the first year, all other tree species
showed highest diversity in the second year (Fig. 3). For 1D and 2D no
difference between the first two years were observed for Betula,
Carpinus, Fagus, Quercus and Pinus (Figs. A6-1 & A6-2). When abundant
species were more strongly weighted (2D) some tree species, such as
Quercus, Fagus and Prunus, even showed highest diversity in the third
year (Fig. A6-2). The lower difference between minimum and maxi-
mumvalue ofmean species richness in the third year (5.7 species) com-
pared to the first (7.6) and second year (8.7) indicate that diversities of
tree species might converge with time, although this was not observed
for higher q-levels.

Additionally, temperature, canopy cover and deadwood volume ex-
plained a substantial part of the variation in observed alpha-diversity.
Alpha-diversity was additionally affected by our covariates. Alpha-di-
versity increased with increasing forest stand-based temperature and
it also increased when subplot-based canopy cover decreased. Surpris-
ingly deadwood amount was negatively related to alpha-diversity
(Table 1, Figs 4 & A6-6 to A6-8). These results were consistent,
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independent of tree species, theweighting of rare and abundant species
andwhether all species or threatened specieswere analysed. For 2D and
threatened species, however, a significant interaction between tree spe-
cies and temperaturewas observed (Table 1, Fig. A6-9), i.e. while all tree
species showed an increase in beetle diversity with increasing temper-
ature, the slopes differed between tree species, with steepest increases
observed in Fagus and Prunus and flattest in Picea.

There was no interaction between tree species and forest manage-
ment. Thus, the species identity of the deadwood was more important
than whether surrounding forest was beech or spruce dominated, for
saproxylic beetle species richness. Forest management thus only affect-
ed diversity through its effect on climatic conditions, i.e. lower canopy
cover in conifer compared to beech forests (LME; F = 7.62, p = 0.01).

4. Discussion

In total, we sampled 426 saproxylic beetle species emerging from
logs of 13 different tree species during the first three years of wood de-
composition. This corresponds to 30% of ca. 1400 saproxylic beetle spe-
cies known from Germany (Seibold et al., 2015a). As 33% of all
saproxylic beetle species, i.e. around 462 species, are described to colo-
nize fresh deadwood (Schmidl and Bußler, 2004) and our estimated
sampling coverage is N99%,we conclude that in our study the saproxylic
beetle fauna was sampled in an appropriate way.

Our first finding is that both gamma-diversity across all sites and
alpha-diversity at the individual log scale, of saproxylic beetles consis-
tently differed among tree species, indicating host specialization.
Carpinuswas the tree species that, unexpectedly, supported the highest
number of saproxylic beetle species, also of threatened species. The di-
versity a particular tree species supported was largely unaffected by
the forest in which the logs were exposed, which is the second main
finding of our study. In contrast, the ranking of tree species differed be-
tween regions, indicating regional differences in species pools. Our third
finding is that a very high richness of saproxylic species can be support-
ed when logs of a single suitable tree species, in particular Carpinus, or
particular combinations of two or three tree species, especially Carpinus
and a conifer, are exposed in a forest. This is despite the fact that the
overall diversity of saproxylic beetles increased with the number of
tree species exposed, due to the large differences between tree species
in the diversity of beetles they support and the differences in overlap
in beetle communities between tree species. Our fourth finding is that
alpha-diversity at the log scale is affected by microclimatic conditions,
i.e. subplot-based canopy cover and stand-based average temperature.
Finally, our study also shows that the exact results depend on the type
of diversity measure considered, due to different behaviors of rare and
abundant species and common and threatened species. In the following,
we will discuss these findings one by one.

4.1. Differences in diversity among tree species

Our results are in line with studies showing that species richness of
herbivores on trees varies greatly among tree species (Brändle and
Brandl, 2001) which also applies to saproxylic beetles (Müller et al.,
2015b). Carpinus among broadleaf and Picea among conifers were the
most beetle species rich tree genera, which is in contrast to expert
knowledge compiled in text books, suggesting that Quercus and Pinus
are most important for saproxylic beetle diversity (Müller et al.,
2015b).Webelieve that thismajor difference betweenour and previous
studies is due to (a) a bias in the literature, whereby previous attention
was focused mainly on Quercus and Pinus and (b) low deadwood avail-
ability of many of the species included in our study, e.g. Carpinus, due to
their low availability in current forests. The high diversity on Carpinus
might at least partly be due to its high rate of decomposition, also
shown by highest CO2-emmisions among the studied tree species
(Kahl et al., 2015). This might allow species of later successional stages
to colonize the Carpinus wood relatively early (see also, Müller et al.,



Fig. 3. Interaction plots showing effects of region and tree species (left) and year and tree species (right) on saproxylic beetle species richness (q= 0; shown asmeans± SE per log). Blue
colors represent broadleaf. Black color native conifer and red color exotic conifer species. Arrows highlight tree species showing effects contrasting themain trend. Insets showmain effects
of region, year and tree species. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2015b). A detailed analysis of the preferences of individual beetle spe-
cies will be published elsewhere (Gossner et al., pers. comm.).

In contrast, Fraxinus and Pseudotsuga had overall low gamma- and
alpha-diversity, particularly when giving strong weight to rare species
(0D). Fraxinus is amember of the familyOleaceae, a phylogenetically iso-
lated tree lineage within Central Europe, with a very specific chemical
composition resulting in a herbivore community with low diversity
and a high degree of specialization (Brändle and Brandl, 2001).
Pseudotsuga menziesii was introduced to Europe from North America
in the 18th century and is lacking an original insect fauna. Although ad-
aptations of European insect species to Pseudotsuga have already been
observed, the overall diversity, in particular of specialized species, is
still lower compared to its natural range and tomost native tree species
Fig. 4. Effect of canopy cover on subplot-level as proxy of microclimatic conditions (left) and
Regression lines show predictions from linear mixed effects models.
of Central Europe, partly explained by phylogenetic conservatism
(Gossner et al., 2009; Roques et al., 2006). Populuswas also comparably
poor in species in our study. In other regions, such as Finland (Kouki et
al., 2004), the UK (Rotheray et al., 2008) and Canada (Hammond et al.,
2004) Populus is considered an important tree species for saproxylic in-
sects, which emphasizes that the most effective tree species for
saproxylic diversity conservation might differ between region, but fur-
ther studies including a range of deadwood species are needed to con-
clude if this is really the case.

Our study shows that the differences between tree species persisted
for the first three years after exposure. Early successional species with a
one-year generation such as many bark beetles have been reported to
use logs in the first few years (Raffa et al., 2015). Other species that
temperature on forest stand-level (right) on saproxylic beetle species richness (q = 0).
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are abundant in early decay stages of logs need more than one year to
complete larval development, such asmany Cerambycids and therefore
hatch only in the second or third year after exposure, even if they lay
their eggs soon after tree death (Linsley, 1959). These two processes
may be the reason whywe observed the highest beetle species richness
in the second year (third year after harvesting), for most tree species.
Exceptions to this pattern were observed in Picea and Pinus, where di-
versity was highest in the first year, followed by a decrease in species
richness. For conifer trees, a high overall proportion of fast-developing
fresh-wood dwellers has been reported, in particular scolytids (Saint-
Germain et al., 2007b). This difference to broadleaf trees has been pro-
posed to result fromdifferences in secondary chemistry, mechanical de-
fense or the typical stand dynamics of tree species. Conifer stands are
characterized by stand-replacing dynamics (windthrow, insect out-
breaks) which provide periodically a large amount of freshly-killed
trees and thus might have favored the evolution of stressed-host insect
species.

4.2. Management effects

An important aim of the BELongDead experiment is to test the effect
of forest management, i.e. unmanaged vs. managed forests and conifer
vs. beech forests, on deadwood decay and diversity. We found signifi-
cant differences between forestmanagement types with highest overall
diversity found in conifer forests, but highest threatened species rich-
ness in unmanaged forests. This suggests that forest abandonment in
forest landscapes characterized by intensive management history does
not promote overall diversity, but particular threatened species might
profit. However, we found the same ranking of tree species with respect
of their beetle diversity independent of whether the logs were placed in
a beech forest or a pine or spruce forest. This suggests that beetle diver-
sity was not affected by whether logs were in a stand of the same spe-
cies or in a stand where the species did not occur. This suggests that
saproxylic beetles of early decay succession have a very good host find-
ing ability (Johansson et al., 2006; Ranius et al., 2011; Saint-Germain et
al., 2007a). A caveat is that for the other species, in particular oak,we did
not compare diversity of saproxylic beetles in oak logs in oak stands vs.
other stands.

Themost likely driver of the observed differences between broadleaf
and conifer forests are differences in microclimatic condition between
these forest types (see below). Deadwood pools of studied forest stands
had only weak effects on beetle assemblage of exposed logs.

4.3. Regional differences

Gamma- as well as alpha-diversity was significantly higher in SCH
compared to ALB and HAI. This and our analyses of spatial autocorrela-
tion suggest different species pools in the three regions, whichwas larg-
est in SCH, possibly due to favorable climatic conditions (Continental
climate, warmest region during the growing season). SCH is also more
species-rich in other arthropod guilds (Gossner et al., 2014). In addition,
historic management may have shaped the saproxylic beetle species
pool. In the SCH region forests have, for several centuries, been primar-
ily managed to provide good hunting grounds for red deer (Cervus
elaphus) and roe deer (Capreolus capreolus), which probably allowed –
in contrast to the other regions- for a higher proportion of post-mature
trees and deadwood structures throughout the recent past. The almost
exclusive occurrence of beetle species of primeval forests (Müller et
al., 2005) in this region (ALB: 0 Ind.; HAI: 1 Ind.; SCH:19Ind./5 species;
Table A3-1) might be an indication for this.

4.4. Importance of microclimate

We found a significant positive effect of forest stand temperature
and a significant negative effect of canopy cover, on alpha-diversity of
saproxylic beetles. Studies in northern Europe have shown that open,
sunny, early successional sites are particularly important for saproxylic
(incl. beetle) diversity (Simila et al., 2002). Many oak specialists prefer
sun-exposed deadwood, among these many endangered species
(Franc and Gotmark, 2008; Ranius and Jansson, 2000), whereas
Carpinus is a shade-tolerant species of themid-story and thus associated
communitiesmight be adapted to shady conditions.Within the range of
canopy cover observed (N55%), we did not find an indication for this as
the diversity of both, Carpinus and Quercus increased with decreasing
canopy cover in our study.We can, however, not exclude, that the rank-
ing of tree species with respect to their beetle diversity might greatly
change when stands become more open and deadwood sun-exposed;
light demanding tree species such as oak and pine might become
more important for beetle diversity under these conditions. Lindhe et
al. (2005) for instance could show in Sweden that standing deadwood
of light demanding oak and aspen supports a much higher proportion
of species that showat least two-times higher densities in exposed com-
pared to shaded substrate than less light-demanding spruce. Further ex-
periments over the whole microclimatic range from open to shaded
sited are needed to clarify this. However, forestry in Central Europe is in-
creasingly developing uneven-aged beech forests during the last de-
cades, which are characterized by rather shady conditions. Thus, our
results are highly relevant for conservation strategies under current for-
estry conditions.

4.5. Tree species combinations and saproxylic species diversity

In our simulations, we investigated the effect of combining logs of an
increasing number of tree species on expected diversity of saproxylic
beetles. The relationship between gamma-diversity and the number of
tree species combinedwas positive and saturating. Such saturating rela-
tionships between plant diversity and the species richness of various
animal consumer groups (e.g. herbivores or predators) have also been
found in experiments manipulating plant species richness in grasslands
(up to 64 plant species, see Scherber et al., 2010). In contrast, previous
non-experimental studies in Central European forests have found posi-
tive linear relationships between tree species diversity and the diversity
of herbivorous beetles and true bugs (up to 11 tree species, see Sobek et
al., 2009a; Sobek et al., 2009b). One possible explanation for this dis-
crepancy are differences in the degree of specialization between herbi-
vores and saproxylics: the fast saturation in species richness in our
experiment with 13 tree species suggests that specialization in early
successional saproxylic species is lower than in foliar herbivores. Alter-
natively, there may be confounding factors in descriptive studies that
make it difficult to disentangle the effect of tree species richness from
the effect of other factors on herbivore diversity (Schmid and Hector,
2004). Biodiversity experiments, in which tree species richness is ma-
nipulated as the independent variable will be able to test whether the
relationship between tree diversity and herbivore diversity is linear or
saturating (Bruelheide et al., 2013).

Despite the overall increase in beetle gamma-diversity with the
number of tree species combined in the simulations, particular two-
and three-species combinations of tree species stood out that supported
as much beetle diversity as more species combinations. These were
combinations of Carpinus with some other species such as Picea. The
combinations differed between the different regions, because individual
tree species supported different saproxylic species diversity in different
regions, except for Carpinus that showed consistently high diversity in
all regions. Nevertheless, several two- and three-species combinations
are able to support most of regional diversity of saproxylic species, in-
cluding rare and common species (consistent for different q-levels).
For threatened species Pinus seems to be more important than Picea in
combination with broad-leaved tree species. It has to be considered,
however, that some rare specialists depend on additional tree species,
e.g. Fraxinus. In addition, the low number of individuals and species re-
sulted in large confidence intervals and caution against strong conclu-
sions for the threatened species.
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In contrast, data from our experiment in the coming years will un-
ravel the relationship between tree species diversity and gamma-diver-
sity of later-successional species.

4.6. Implications for nature conservation

Early successional beetles are very important from a conservation
and an ecosystem functioning perspective. Althoughmany of these spe-
cies are not threatened, e.g. most bark beetles, they form a large part of
overall saproxylic diversity. In addition, theymost likely affect later-suc-
cessional species by building entrance ports for other species. Thus they
can act as keystone species by creating habitats for species of conserva-
tion concern (Martikainen et al., 1999; Müller et al., 2008). Beside their
own boring activity they promote wood decomposition by introducing
fungi species (Hofstetter et al., 2015). Thus, a higher diversity of early
successional species is likely supportive for ecosystem functions and
for species of conservation concern.

Although standing deadwood is also of high importance for many
saproxylic species, lying deadwood can be more easily enriched during
regular harvesting activities. A main conclusion from our study on lying
deadwood is that saproxylic species diversity can best be increased by
delivering deadwood of particular tree species. Thus conservation strat-
egies should not only focus on increasing deadwood amount –which is
certainly important to support higher population densities of beetles–,
but also on increasing deadwood quality (Similä et al., 2003), in our
case tree species combinations that support diversity (e.g. Carpinus
and Picea). Our results suggest that leaving individual logs of subdomi-
nant species in the forestsmay result in a higher conservation success of
saproxylic species, than leaving larger amounts of dominant species, e.g.
when this is beech. Comparative experimental studies in which either
deadwood amount (by leaving deadwood of the dominant species in
the forest) or logs of favorable tree species combinations are enriched
will show if such a strategy can work in practice. Thereby it is crucial
to consider that additional tree species can contribute to the diversity
of rare and threatened species (e.g. Pinus in our study) and that regional
differences due to different species pools as well as (micro-)climate
conditions shape species assemblages.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.biocon.2016.06.032.
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