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Summary
Deadwood decay employs a complex metabolism
and provides carbon and nutrients for soils. Although
being highly diverse, the contribution of the bacterial
deadwood colonizing community is underexplored
compared with the fungal one. Therefore, we performed an in-field mesocosm study and monitored
the bacterial communities in decaying experimental
Picea abies wood blocks and their underlying soil on
north- and south- exposed slopes in the Italian Alps
over a 2-year period. The faster deadwood decay at
the south-facing slope was associated with a higher
bacterial richness and a higher number of specialist
operational taxonomic units (OTUs) which were more
strongly correlated to environmental parameters than
other bacterial community members. With progressing decay, the wood and soil bacterial communities
became more similar in terms of richness, diversity
and evenness and especially at the south-facing
slope, they also became more similar in terms of
community composition. Exposure-specific OTUs
suggest wood-soil interaction. However, despite the
strong influence of exposure on the soil bacterial
communities, the P. abies wood blocks shared a
comparably high number of OTUs with the soil
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irrespective of the slope. At finer taxonomic scale,
we identified Pseudomonas, Microbacteria, Sphingomonas, Xanthomonas, Methylovirgula and Burkholderia as decay associated, although their functional
role needs further studies.

Introduction
Deadwood decay is essential for the functioning of forest
ecosystems (Stokland et al., 2012) and understanding its
underlying mechanisms, that is its dynamics, the decomposing organisms involved and the impact of environmental conditions, is crucial and of global ecological and
forest-economic relevance (Garbarino et al., 2015; Stutz
and Lang, 2017). Deadwood provides shelter and nutrition
to a wide range of saproxylic organisms and it largely
influences the global forest carbon (C) balance acting as
a temporal store estimated at 73 Pg C (Pan et al., 2011).
Moreover, there exists evidence of complex fungalbacterial interactions, both positive and negative, within
the deadwood environment, even though, the identity and
ecology of bacterial communities in decaying wood
remains underexplored compared with fungi which are
supposed to be the main deadwood decomposers
(Valášková et al., 2008; Sun et al., 2014; Hoppe et al.,
2015; Hervé et al., 2016; Johnston et al., 2016; Kielak
et al., 2016; Rinta-Kanto et al., 2016; Tláskal et al., 2017).
Several factors were found to govern the composition
of deadwood-inhabiting bacteria such as the stage of
wood decay, with a higher bacterial abundance and richness at advanced stages of wood decay (Hoppe et al.,
2015; Gómez-Brandón et al., 2017); the host tree species
and the forest management regime (Hoppe et al., 2015);
the physico-chemical properties of the wood, particularly
the remaining mass, density, pH, water content and C:N
ratio (Hoppe et al., 2015); and the soil type (Sun et al.,
2014). The latter authors observed that the bacterial
assemblage in experimental wood blocks from Norway
spruce [Picea abies (L.) Karst] was closely related to the
microbial community from the underlying soil, which suggests an edaphic origin of saproxylic bacteria or an
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Fig. 1. A. Non-metric multidimensional scaling (NMDS) of bacterial community data obtained by Illumina Miseq profiling based on Bray Curtis
similarity. Stress = 0.076 (R2 = 0.924). Site scores were coloured as follows: light grey = soil, brown = deadwood; light colours = north-exposure,
dark colours = south-exposure. The radius of the circles correlates to the accuracy of component prediction. Ellipses embracing sample groups
were drawn at a confidence level of 95% around group centroid for north- and south-exposure for soil samples, and decay time for deadwood
samples (t0 = 0 weeks, t1 = 12 weeks, t2 = 25 weeks, t3 = 52 weeks, t4 = 104 weeks). B. Effect of the experimental factors (substrate, time and
exposure) on the distances between samples according to Adonis analysis. The R-squared might be interpreted as size effect of the respective
factor while the p-value indicates the significance of such effect. [Color figure can be viewed at wileyonlinelibrary.com]

indirect influence of the soil environment, for instance via
alteration of the fungal community within deadwood.
Topographic features, particularly the slope exposure,
may also affect the deadwood decay process as recently
shown by Fravolini and colleagues (2016) during a
2-year field mesocosm monitoring of P. abies wood
decay along an altitudinal gradient ranging from 1200 to
2000 m above sea level (a.s.l.) in the Italian Alps. These
authors registered faster decay rates at the north-facing
slopes than at the south-facing ones up to an elevation of
1800 m a.s.l., due to the higher moisture and weathering
of the soils (higher clay minerals content) along with a
lower pH - favourable conditions especially for fungi – at
northern slopes. Nonetheless, at sites above 1800 m a.s.
l. moisture does not seem to be a limiting factor, and consequently temperature appears to play a more prominent
role leading to faster decay rates at south-facing slopes
(Egli et al., 2016; Fravolini et al., 2016). However, little
attention has been paid to bacteria in this study area.
The aim of the present study was to analyse the bacterial
community composition under the same experimental
conditions as Fravolini and colleagues (2016) by using
Illumina MiSeq sequencing in order to: (1) determine the
exposure-effects (north- vs. south-facing slope) on the
bacterial communities involved in the decay of P. abies
wood blocks and the underlying soil at an elevation of
2000 m a.s.l. (cold environment, relatively close to the
treeline); (2) identify bacterial groups, known as potential
key players in P. abies wood decay, at a finer taxonomic
scale.
We hypothesised that bacterial diversity and richness in
P. abies wood blocks and soil would be higher at the

south- than at the north-facing slope considering the
warmer and less acidic conditions at south-exposure. As
the wood’s integrity decreases with progressing decay,
offering a higher surface area and a higher nutrient variety,
more niches become available for microbial colonization
which can potentially be colonized by microbes present in
the surrounding soil. Therefore, we expected higher similarities in bacterial community composition between
P. abies wood blocks and the underlying soil as a function
of progressing wood decay.

Results and discussion
Bacterial communities of P. abies wood blocks and the
underlying soil clustered separately and as a function of
both exposure and time
Illumina analysis yielded a total of > 4.4 million reads and
the bacterial community composition of each of the
57 samples was represented by 30 001 reads after subsampling. The sequences were clustered into 10 411 different OTUs at 97% similarity. By sampling OTUs and
estimating Chao richness, rarefaction curves were not
fully saturated (Supporting Information Fig. S1) while they
reached full saturation sampling for the Shannon index.
Both the P. abies wood blocks and the underlying soil
showed distinct characteristics regarding their bacterial
community composition and abiotic parameters (Fig. 1A,
Supporting Information Figs. S2 and S3). Taking into
account that the observation period focussed on early
wood decay (up to 104 weeks, t4), the detected cellulose
and especially lignin degradation rates were small
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(Fravolini et al., 2016) (Supporting Information Fig. S6). In
spite of this fact, the bacterial community composition in
the wood underwent major changes (Fig. 1A). While the
soil bacterial community mainly differed depending on the
slope exposure, the deadwood community followed an
exposure-dependent time trajectory. Comparing centroid
distances in the ordination using Adonis analysis (Fig. 1B),
31% of the explained variance was attributed to the time
factor separating the earlier (t1 and t2) and the later
(t3 and t4) stages of initial wood decay (p = 1e-4). This
time trajectory of wood decay was also influenced by the
slope exposure (p = 1e-4) and even though the overall
effect size was small (7.4% variance), the interaction
between time and exposure clearly separated the wood
samples in the later decay stages (Fig. 1A). When the
community data were transformed into a presenceabsence matrix, the clustering was preserved (data not
shown). Here, the size effect of exposure (11% variance)
on the ordination was comparable to the time effect (10%
variance). The observed clustering was confirmed when
detrended analysis was applied and rare species were
downweighted (Supporting Information Fig. S4), indicating
that not only rare species and differential abundances
were responsible for the differences observed.
The fresh wood blocks (t0) clustered closer to the soil
in terms of bacterial community composition than to the
more decayed ones (Fig. 1A). The wood blocks were collected from one representative P. abies tree in the study
area, and as such could have been in contact with the
forest soil during felling and cutting. As freshly cut wood
is dense, the high similarity to soil was probably due to
the presence of soil bacteria on the wood surface. Therefore, the bacterial community of the wood blocks at t0
may not be exclusively representing the actual wood
degrading community. To avoid misinterpretation, t0 was
kept as an individual time point distinct from early (t1 and
t2) and later (t3 and t4) sampling points.
In order to gain a deeper insight into the different composition of the bacterial communities in the wood blocks
and their underlying soil at the early and late time points
and at the north- and south-exposed slope (Fig. 1A), both
the presence/absence and the abundance of taxonomic
groups was investigated in more detail. The majority of
sequences were annotated as Proteobacteria (Supporting
Information Fig. S5), which is in line with previous studies
on P. abies, Fagus sylvatica and Pinus sylvestris wood
decay (Valášková et al., 2008; Sun et al., 2014; Hoppe
et al., 2015; Hervé et al., 2016; Kielak et al., 2016; RintaKanto et al., 2016) and with other wood decay associated
environments such as leaf litter (Tláskal et al., 2016). Furthermore, Acido- and Actinobacteria were also found in
high richness and abundance (Supporting Information
Fig. S5). Actinobacteria are known to play a key role in
the early colonization and decay of deadwood logs
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(Hoppe et al., 2015), and the low pH in decaying wood
might explain the predominance and high OTU variety of
Acidobacteria as wood-associated bacteria (Valášková
et al., 2008; Kielak et al., 2016) (Supporting Information
Fig. S5). Also Planctomycetes were present in relatively
high abundances (Supporting Information Fig. S5),
accounting for 11% of all reads in the wood samples and
for 12% of all reads in soil samples, respectively
(Supporting Information Fig. S5), which has been
observed before in decaying P. abies (Fagervold et al.,
2014; Sun et al., 2014). In addition, several Planctomycetes OTUs were found to be unique for one sample
group, e.g. in either wood or soil, at either north- or southexposed samples or at only t0, early (t1 and t2) or later
(t3 and t4) time points of deadwood decay. However, the
role of Planctomycetes in deadwood decay remains
unclear.
Figure 2 lists all OTUs of the dataset according to their
taxonomic annotation on the y-axes (Fig. 2A–E). The categorical x-axis indicates by colour whether an OTU was
found specifically in wood or soil (first bar in each panel),
at north- or south-exposure (second bar of each panel) or
at the early or later stages of initial deadwood decay
(third bar of each panel). An OTU was considered affiliated to a certain substrate, time or slope exposure if it
was detected solely in the samples of this group (unique
OTUs) or if it was differentially overrepresented as identified by LEfSe (p-value < 0.05, lda > 2; Segata et al.,
2011). In all of the core phyla, OTUs with a specialized
affiliation were observed (Fig. 2A–E). These were not
only members of the rare biosphere, but also abundant
OTUs, that is, with high read count (> 0.5% of all reads).
These OTUs were often detected across sample groups
and can be seen as generalist species that can thrive
under a broad spectrum of environmental conditions
(Pandit et al., 2009). A number of 13 abundant, generalist
OTUs were found in all of the samples across all time
points and were differentially abundant in the wood
blocks as a function of decay (Supporting Information
Fig. S5C). Abundant Actino- and Acidobacteria OTUs
mainly appeared in the earlier time points (up to
25 weeks) confirming that Actinobacteria are among the
dominant early wood colonizers as pointed out by Hoppe
and colleagues (2015). Smaller unique and characteristic
OTUs, however, were found more frequently at later time
points (Fig. 2B and C). Many Proteobacteria OTUs,
including some abundant Proteobacteria OTUs, were
unique or overrepresented at the later decay stages,
especially at the south-facing slope (Fig. 2; Supporting
Information Fig. S5), despite the decreasing tendency of
Proteobacteria abundance over time (Supporting Information Fig. S5C). Unique and characteristic Planctomycetes OTUs were predominantly found in the soil
samples compared with a lower number in the wood
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Fig. 2. A–E. OTU occurrences during P. abies wood decay and the underlying soil at the north- and south-facing slopes over time. The overall
bacterial community across all samples was subdivided by taxonomic annotation. The y-axis indicates the number of OTUs within the respective
taxonomic group while the categorical x-axis illustrates whether this OTU was unique, characteristic or not specifically associated with a substrate
(soil vs. wood), north- vs. south-exposure or sampling time [initial t0, early time points (12, 24 weeks), later time points (52, 104 weeks)]. Unique
was defined as exclusively found within samples of this group and characteristic was defined as significantly overrepresented in one sample
group as determined by linear discriminant analysis size effect (LEfSe) algorithm (Segata et al., 2011) (LDA > 3, p < 0.05). F. Relation of OTUs
to environmental variables. The distribution of correlation coefficients (|r| > 0.5) between the abundances of OTUs present in at least three wood
samples and the environmental variables moisture content, cellulose content and pH is displayed. Colours associate the correlating OTU to a certain time point or slope exposure. The correlation coefficients were summarized over all environmental variables as the phylum annotation of the
correlating OTU and not the specific environmental variable affected the strength of the correlation or its directionality (Supporting Information
Fig. S8). [Color figure can be viewed at wileyonlinelibrary.com]

blocks. While unique OTUs were mainly present in the
north-exposed soil (Fig. 2D), around half of the Planctomycetes OTUs unique to wood were only found at the
south-facing slope in the later stages of decay. Planctomycetes constitute a deep branching lineage of the bacterial phylogenetic tree and are known for their genome
variability and cell compartmentalization (Youssef and
Elshahed, 2014). In addition to their reported lignolytic
potential (DeAngelis et al., 2011), these special features
might support their establishment in a variety of ecosystems and ecological niches, probably also able to perform unique functions.
Emphasizing the complexity of the P. abies wood
blocks and the underlying soil bacterial communities, the
hierarchy of phyla by number of OTUs was unaffected by
both time and exposure (Supporting Information
Fig. S5A–C). Nevertheless, a total of 2067 OTUs were
unique for soil and 1306 unique for wood. The taxonomic

distribution of these unique OTUs differed as a function
of decay time and slope exposure (Fig. 2, Supporting
Information Fig. S5D). While at the north-facing slope the
number of unique OTUs in the wood samples decreased
from 84 to 56 with progressing decay, their number
increased from 78 to 404 at the south-facing slope
(Fig. 2). These unique OTUs might be seen as specialists
which need specific habitat conditions to survive and
potentially play key roles in terms of ecosystem functioning. This could be an indication that niche-based mechanisms rather than stochastic processes are driving the
bacterial community composition at the later decay
stages and primarily at the south-facing slope. This is
achieved by selecting specific microbial groups based on
their ability to inhabit and exploit new niches available
over wood decay progression as pointed out by Kielak
and colleagues (2016). Moreover, the distribution of
unique and characteristic OTUs across several phyla,
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Fig. 3. Correlation between richness and Shannon diversity of OTUs belonging to Proteobacteria (A), Actinobacteria (B), Acidobacteria (C), all other
bacterial phyla (except Proteobacteria, Actinobacteria and Acidobacteria) (D) and all OTUs (E). By definition, richness and Shannon diversity of a given
community are linearly dependent. Fresh (not decayed) wood blocks (t0) are indicated as black stars. The coloured lines present the visualization of the
linear correlation of richness and Shannon diversity for north- and south-exposed slopes and the correlation statistics are given in each panel. (F) Model
specifications estimating the effect of the time and the exposure on the ratio of richness and diversity of the overall bacterial community (E) and the
respective taxonomic groups displayed in (A–D). SS: Sum of squares. For each bacterial group (A–E), one model was calculated and the effect size of
the factor (time, exposure and time × exposure) was standardized to the total sum of squares. [Color figure can be viewed at wileyonlinelibrary.com]

especially at the later stages of decay (Fig. 2), indicates
that several functional niches become available to bacteria during the process of deadwood decay, assuming a
connection between the functional potential of an organism and its taxonomy.
South-exposed P. abies wood blocks were
characterized by higher bacterial richness and diversity
and by a higher similarity to the underlying soil
Although the taxonomic distribution at phylum level was
comparable among all of the samples (Supporting Information Fig. S5), soil samples were more diverse (mean
Shannon index = 5.77) and had a higher OTU richness
(mean richness = 2473 OTUs) compared with the P. abies
wood blocks (mean Shannon index = 4.04, mean richness = 1462 OTUs) (see also Fig. 3). The faster wood
decay rates (decay constant rates: north = 0.003  0.016
y−1; south = 0.046  0.028 y−1) found at the south-facing
slope at such altitudes (Supporting Information Fig. S6;
Fravolini et al., 2016) were accompanied by higher bacterial community richness and diversity than at the

comparable north-facing slope (richness = 930 OTUs,
Shannon index = 5.82; Fig. 3). In fact, at south-exposure
the bacterial richness and diversity in the wood blocks
(Shannon index = 3.42, richness = 2519 OTUs) were
comparable to the underlying soil at the later decay
stages. This is consistent with a previous study on
F. sylvatica from Hoppe and colleagues (2015) and on
Abies faxoniana from Chang and colleagues (2017) in
which they observed that bacterial richness potentially
increases as decay progresses. Moreover, it is also in line
with previous findings on fungal species richness on
P. abies logs obtained by 454 pyrosequencing where the
fungal community in wood becomes increasingly species
rich along the decay gradient and more similar to fungal
communities in soil (Mäkipää et al., 2017).
Both measures, diversity and richness, are known to
positively affect ecosystem stability: The more diverse,
the less sensitive is an ecosystem to environmental
changes (Lynch et al., 2004). An additional characteristic
found tightly related to ecosystem stability is evenness
(Wittebolle et al., 2009; Mikkelson et al., 2011; Thibaut
et al., 2013) which indicates the distribution of species’
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abundances within an ecosystem. Irrespective of the
slope exposure, soil samples showed a higher evenness
(Pielou’s index = 0.738) compared with the P. abies
wood blocks, in which evenness strongly increased with
progressing decay (Pielou’s evenness index on average = 0.461 and 0.624 at early and late decay stages,
respectively) as also observed for leaf litter decay
(Tláskal et al., 2016). Moreover, in terms of exposure the
south-facing slope was characterized by a more even
bacterial community than the comparable north-facing
one (Pielou’s index = 0.609 and 0.520 at south- and
north-exposure, respectively). Taken together the results
of community richness, diversity and evenness, the soil
might be interpreted as the more stable environment in
terms of bacterial community composition while the wood
ecosystem increased stability over time and such
increase was more pronounced at the south-facing slope.
Another indicator for community stability was the homogeneity within the bacterial communities of sample
groups as estimated using betadisper analysis, which
can be interpreted as an equivalent for Levene’s test of
the equality of variances. The homogeneity of the soil
bacterial communities was lower compared with the
wood community (p = 0.001 on 999 permutations). The
homogeneity of the wood bacterial communities followed
an interaction effect and increased from north- to southexposure and from early to late decay stages (p = 0.002
on 999 permutations).
The relation of richness and diversity was linear when
all the bacterial phyla were considered (Fig. 3A); as well
as when the phyla Proteo-, Acido- and Acidobacteria were
considered separately (Fig. 3B–D), or excluded from the
total bacterial community (Fig. 3E). Modelling the effect of
both the time and the exposure on the ratio of richness
and diversity, neither of them had a significant effect on
the phyla of Actino- and Acidobacteria (Fig. 3B, C, and F).
The independence of Acido- and Actinobacteria richnessdiversity ratio with regard to the time and the exposure
might suggest a lower dependency of members of these
two phyla from organisms belonging to the other bacterial
phyla and/or a lower sensitivity of these phyla to environmental changes during wood decay. The latter might point
toward Acido- and Actinobacteria occupying more general
niches within the deadwood habitat which are less frequently available at the north-facing slope owing to lower
decay rates (Supporting Information Fig. S6). This is in
line with the fact that members of these phyla are known
to possess enzymes involved in the breakdown of cellulolytic material (Lladó et al., 2016) which are relevant
throughout all stages of deadwood decay. Brown and
Chang (2014) also found evidence of bacteria, that is,
Actinobacterium amycolatopsis sp. 75iv2, with lignindecomposing abilities. Interestingly, the presence and the
differential abundances of Actinobacteria OTUs observed

in the soil samples as a function of exposure (Fig. 2B,
Supporting Information Fig. S5B, C) were also accompanied by differences in richness and diversity (Fig. 3B).
This might result in a differential colonization of north- versus south-exposed wood samples that ultimately affect
the dynamics of deadwood decay. However, further
experiments are needed to provide a more detailed and
mechanistic picture.
Nevertheless, the ratio of richness and diversity for
Proteobacteria, as well as for the overall bacterial community was strongly influenced by the time and the exposure (Fig. 3A and D–F). This strong interaction effect
underlines the relevance of the diverse and rich community, especially of Proteobacteria, for deadwood decay,
considering the faster decay observed at the south-facing
slope. Interestingly, the sole effect of the decay time was
insignificant for all of the models calculated (Fig. 3F). This
consistent ratio of richness and diversity over time suggests that the ecosystems at both the north- and the
south-facing slopes are functioning ecosystems with different dynamics of deadwood decay.
Overall, the bacterial community of the initial wood
blocks (t = 0) shared more observations with the soil samples, especially from the south-facing slope, than with the
other wood samples (Fig. 4A and B; see also Fig. 1)
(p < 4e-15). At the earlier stages of wood decay (up to
25 weeks), the bacterial community of the P. abies wood
blocks was quite unique and shared the lowest number of
OTUs with the soil and the wood samples with higher
degree of decay (Fig. 4) (p = 4e-4). Despite being more
diverse, the bacterial community of the south-exposed
early wood samples had a lower number of shared observations with the other sample groups compared with its
northern counterpart (Fig. 4) (p = 1.3e-14). Nevertheless,
the number of shared observations largely increased in the
south-exposed wood samples at the later sampling points
(Fig. 4B) (p < 2e-16). Taken together, these findings link a
more diverse bacterial community with a higher number of
specialist OTUs to faster deadwood decay rates at the
south-facing slope.
Supporting the potential role of wood-soil interaction suggested by Sun and colleagues (2014), our wood samples
shared a comparable number of OTUs with the underlying
soil at both slopes (Fig. 4). This could indicate that (1) at
the initial stage common soil bacteria are entering the wood
blocks and only with progressing decay a specialized community evolves; (2) saproxylic bacteria thriving on deadwood at the latest stages are colonizing the soil especially
when dry conditions, as found at south-facing slopes, facilitate aerial spreading. This contributes to the high number
of saproxylic bacteria in the soil, which accounted for ~
70% of the total soil bacterial community (Fig. 4C). In addition, OTUs unique for the north- and the south-facing slope
that were not detected in the wood blocks at t0 were found
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Fig. 4. Development of bacterial communities during P. abies wood decay
as shared observations between sample groups (wood, north soil and south
soil). A, B. Shared bacterial OTU
observations between deadwood and
soil samples as well as between deadwood samples were displayed. Error
bars illustrate standard deviation. From
left to right, the charts display the estimated shared observations of deadwood samples collected at the northand the south-facing slopes respectively. Categorical time points are as
follows: t0 = time point zero,
early = wood samples collected after
12 and 25 weeks, and late = wood
samples collected after 52 and
104 weeks (as in agreement with
Fig. 1). C. Shared and unique observations between sample groups as
numbers of OTUs. [Color figure can
be viewed at wileyonlinelibrary.com]

in both soil and wood samples at the early (12 and
25 weeks) and later stages (54 and 104 weeks) of sampling (Fig. 4C). This supports the concept that slopedependent environmental conditions and soil community
composition determined to some extent the bacterial community composition in the deadwood. These findings corroborate the hypothesis of Baas Becking (1931) that
everything is everywhere but the environment selects (see
also Beijerinck, 1913; Nagler et al., 2016) (Fig. 4C).

Environmental parameters differentially affected wood
bacterial communities
In order to link bacterial community composition and colonization to the physico-chemical characteristics of the
P. abies wood blocks (Supporting Information Fig. S4), a
linear model was calculated. The distinct clusters
observed in the NMDS ordination (Fig. 1A) were correlated to the environmental characteristics measured in
the same wood blocks by Fravolini and colleagues
(2016) using bioenv (rank correlation) and envfit (linear
assumption) functions in R (vegan). Moisture, pH and cellulose were chosen as explanatory model variables given
their importance in wood decay dynamics as shown in
Fravolini and colleagues (2016). Cellulose content was
correlated to pH (r = 0.52, p = 0.0052) and moisture content (r = 0.61, p = 0.0008) respectively. Although these
correlations violate the assumption of linearly independent variables, they are unlikely to interfere with the conclusion whether or not the environmental variables have
an impact on the bacterial ordination. Both approaches
(bioenv and envfit) confirmed that differences in bacterial
community composition could be explained to some
extent by moisture, cellulose and pH. The moisture content of the wood samples had the largest effect on the

ordination (envfit r2 = 0.48, p = 0.001), followed by the cellulose content (envfit r2 = 0.39, p = 0.001). The fact that
moisture, cellulose and pH were covariates disabled a precise and accurate estimation of the size effect. Still, the differences in envfit r2 indicated a stronger effect of the
moisture than the cellulose content. The impact of wood
pH was smaller (envfit r2 = 0.33, p = 0.017), and when
investigated by bioenv function it did not improve the
model. This is in agreement with the findings from Hoppe
and colleagues (2015) who also found that pH did not substantially explain the shifts of the relative abundances of
the dominant bacterial phyla irrespective of the tree species (P. abies and F. sylvatica).
There is evidence for a close fungal-bacterial interaction within the deadwood environment as recently
reviewed by Johnston and colleagues (2016). The abundance of fungi, inferred from fungal 18S rRNA gene
abundances obtained by real-time PCR (qPCR; Bardelli
et al., 2017), was much higher in wood compared with
soil samples (meansoil = 9.6e8 copies gdry weight−1,
meanwood = 1.2e11 copies gdry weight−1, p = 1.9e-10).
Furthermore, it increased by two log-folds in the wood
blocks from t0 (meant0 = 3.1e9 copies gdry weight−1,
p = 0.004) to the early time points of wood decay and
remained stable until the end of the observation period
(104 weeks) (Supporting Information Fig. S7). No significant differences in fungal abundances as measured by
18S rRNA gene copy numbers were found between
north- and south-exposure. This underlines the relevance of bacterial deadwood decomposers already at
the early stage of decay (up to 104 weeks), because the
compositional changes in the bacterial community correspond to the increased decay rates at south- compared
with north-exposure. Moreover, no significant impact of
the fungal abundance on the bacterial community was
found (envfit r2 = 0.018, p = 0.769). Assuming a
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dependency of the deadwood-inhabiting bacteria on the
fungal deadwood decomposers, one would expect the
fungal abundance to influence the bacterial community
composition. In combination, the absence of such an
effect, no exposure difference in fungal abundances and
the observed differences in bacterial community composition may suggest that bacteria, independent of fungal colonization, are substantially involved in deadwood decay. It
is possible though that the metabolic activity of the colonizing fungi differed between sample groups. However, Mäkipää and colleagues (2017) reported low nitrogen content
in the decaying wood and although they found nitrogen
transport into the wood during late decay stages using stable isotope probing, no significant nitrogen transportation
was detected during the initial decay stage. The supposedly limited nitrogen availability in the early decay stages
of deadwood supports both the unchanged fungal abundances and the important role of bacteria. Further studies,
especially involving fungal and bacterial (enzymatic) activities are needed to explore the differential and combined
contributions of bacteria and fungi in deadwood decay.
In order to support the differential behaviour of the
main phyla (Fig. 2A–E) and to pinpoint those bacterial
groups potentially playing a key role in P. abies wood
decay, all OTUs detected in at least three wood samples
were correlated to moisture content, cellulose content
and pH (Fig. 2F, Supporting Information Fig. S8). Out of
8344 OTUs detected in the wood samples, 517 OTUs
were correlated (|r| > 0.5) to one of the three previously
mentioned environmental parameters. Interestingly, the
strength and the directionality of the correlation were
comparable across the environmental variables, but differed among phyla (Fig. 2F, Supporting Information
Fig. S8). A number of 104 OTUs were unique to wood of
which 53 were only found at the south-facing slope at the
later decay stages. Furthermore, there were 91 OTUs
unique to south-exposure which correlated to at least one
of the studied environmental variables, while those OTUs
characteristic for north-exposure were uncorrelated. In
conclusion, this supports that environmental conditions
partially determined the bacterial community assemblage
in the P. abies wood blocks associated with faster cellulose decay at the south-facing slope, which is in line with
the aforementioned niche-based mechanisms proposed
by Kielak and colleagues (2016).
Bacterial community members were correlated more
frequently in south- than in north-exposed P. abies wood
blocks
Correlation networks on different coefficient thresholds
were complex (Supporting Information Fig. S9) and OTUs
correlated strongly within and across phyla. Out of the
8861 OTUs appearing at least in three samples of the

dataset, 5554 OTUs had at least one correlation with
another OTU above |r| = 0.8 (Supporting Information
Fig. S10). Additionally, more than 75% of all correlations
above 0.5 were positive and there were no negative correlations with |r| > 0.71. This suggests that the bacterial
community associated with P. abies deadwood decay
was quite interconnected and bacteria were associated
with each other. Interestingly, at the south-facing slope,
none of the OTUs characteristic for the wood samples in
the later decay stages were negatively correlated
strengthening the potential relevance of bacterial interactions in deadwood decay at this slope.
The unique or overrepresented OTUs in the P. abies
wood blocks were less integrated into the network at the
north-facing slope (12 and 33 OTUs at early and later
stages, respectively) than at the south-facing one
(27 and 462 OTUs at early and later stages, respectively)
(Supporting Information Fig. S5). Indeed, an OTU characteristic for north-exposure had a lower number of correlation partners in comparison with an average
characteristic OTU from south-exposure (meanN = 16
partners/992 average richnessN, meanS = 89 partners/1594 average richnessS, p = 1.5e-5). Along with a
higher number of specialist OTUs at the south-facing
slope, the connectivity of characteristic OTUs increased
from the early to the later decay stages (p = 0.0076)
(Supporting Information Fig. S9). This emphasizes that
probably both environmental conditions and bacterial
interactions influenced initial P. abies deadwood decay
and raises the question to what extent these two driving
forces are interconnected.
A variety of bacteria were identified as potential key
players in P. abies deadwood decay
An in-depth look at the taxonomic classification of OTUs in
the P. abies wood blocks was performed considering:
(i) characteristic OTUs from the north- and the south-facing
slopes at early and later decay stages (unique or overrepresented as identified by LEfSe and detected in at least three
independent samples); (ii) OTUs correlated to at least one
of these characteristic OTUs (r > 0.8); (iii) abundant OTUs
(read abundance > 0.5% of all reads in the dataset);
(iv) highly connected OTUs (> 100 connections in the correlation network) and (v) OTUs correlated to an environmental parameter with influence on the bacterial community
profile (moisture, cellulose and pH). In sum, there were
1754 OTUs, the majority of which were unclassified at
genus level and 125 unclassified at phylum level. The full
list can be found in Supporting Information Table S1.
Four OTUs were repeatedly identified as potential key
players by high read abundance, high correlation to the
studied environmental parameters and overrepresentation in the wood blocks at the earlier time points (up to
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25 weeks) independent of the slope exposure. They were
classified as Microbacteriaceae (Actinobacteria), and
members of the Proteobacteria, Pseudomonas, Sphingomonas and Enterobacteriaceae.
In our study, 106 OTUs were annotated as members of
Xanthomonadales and 42 as Pseudomonadales. Out of
these, 40 Xanthomonadales OTUs and 24 Pseudomonadales OTUs appeared to be unique to the P. abies wood
samples and were more abundant in south- than in northexposed wood samples. Kielak and colleagues (2016)
found that the early stage of Pinus sylvestris wood decay
was dominated by these two bacterial groups which are
known for their fast growth and high metabolic versatility,
and have been found to be associated with wood-feeding
beetle larvae (Reid et al., 2011). Hervé and colleagues
(2014) also observed that Xanthomonadaceae was one of
the most abundant bacterial families detected by pyrosequencing in F. sylvatica deadwood. Indeed, members of
this family have previously been found to be strongly associated with decaying wood under both field and laboratory
conditions (Folman et al., 2008; Zhang et al., 2008; Valášková et al., 2008), regardless of the host-tree specificity
(Hervé et al., 2016). While in our study, Xanthomonadales
seemed to be linked to early decay stages, there was no
time effect on the presence of Pseudomonadales OTUs,
which is in disagreement with Sun and colleagues (2014)
who reported that the successional abundance of Pseudomonas decreased with incubation time.
Due to low nitrogen availability in deadwood it has
been hypothesised that wood-inhabiting fungi might benefit from associations with nitrogen-fixing bacteria to meet
their nitrogen requirements for vegetative and generative
growth (Merrill and Cowling, 1966; Johnston et al., 2016).
Hoppe and colleagues (2015) reported that diazotrophic
Alphaproteobacteria (Rhizobiales) accounted for up to
25% of the bacterial community in P. abies logs during
the intermediate and advanced stages of decay. Although
in our study they accounted for a smaller percentage
(altogether 10% of all reads), 206 different Rhizobiales
OTUs were detected. Hoppe and colleagues (2015)
found that the most abundant OTU was assigned to the
genus Methylovirgula, which has been shown to contain
the nifH gene. Likewise, Kielak and colleagues (2016)
also detected a higher abundance of these potential
nitrogen-fixing candidates (Rhizobiales, Methylovirgula)
at the middle and late stages, even though they did not
constitute the dominant groups in the overall community.
Although Methylovirga was detected in our experimental
P. abies wood blocks, their number and abundance was
low compared with previous studies. Despite the fact that
many OTUs could not be assigned at the genus level, we
found that the largest Rhizobiales OTUs were identified
as Bradyrhizobium (3.5%), Rhizobium (1.2%) and Tardiphaga (0.6%). While the abundance of Bradyrhizobium
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was higher in soil, Tardiphaga was more abundant in
wood; and, in general, the abundance of Rhizobiales
OTUs increased in the P. abies wood blocks as decay
progressed (p < 2.2e-16). We hypothesise that the underlying soil influenced which bacterial species were able to
thrive in the exposed wood blocks as the majority of Rhizobiales OTUs were detected in both wood and soil samples (152 out of 206 OTUs).
Bacteria belonging to Burkholderiales have also been
shown to be capable of nitrogen-fixation and efficiently
degrade cellulose and aromatic compounds (Štursová
et al., 2012). All these features suggest that Burkholderia
might play a relevant role during wood decay as previously pointed out by Sun and colleagues (2014) and Kielak and colleagues (2016). Burkholderiales OTUs found
in our dataset were numerous (238 OTUs), diverse and
accounted for more than 10% of all reads. The genera
Burkholderia (62 OTUs), Naxibacter (31 OTUs) and Massilia (7 OTUs) were frequently detected. Many OTUs
belonged to the families Oxalobacteraceae and Comamonadaceae. In contrast to other studies (Sun et al., 2014;
Hoppe et al., 2015), Burkholderiales were on average
more abundant in the earlier stages of P. abies decay
(p = 0.008). Interestingly, there were more Burkholderiales OTUs in the wood compared with the soil samples
(85 OTUs unique to wood, 22 OTUs unique to soil), but
the abundance of Burkholderiales OTUs was by trend
higher in the soil samples (p = 0.056), because the abundant Burkholderiales OTUs were overrepresented in soil.
Concluding, the study reveals a high and exposuredependent diversity of bacteria in P. abies deadwood at
the initial stage of decay. The strong correlation to both
the environment and between bacterial OTUs points
toward an underestimated role of bacteria in deadwood
decay, including polymer-degrading bacteria and
nitrogen-fixing bacteria as potential north-suppliers for
fungal deadwood decomposers; therefore, especially the
interaction of bacterial and fungal deadwood colonizers
needs further investigation to untangle possible crosskingdom competition and promotion. As many OTUs
could not be assigned at the genus level and little genetic
and metabolic information is available in the databases,
isolation studies are urgently needed to further identify
the functional potential and role of these unannotated
bacteria in the overall deadwood decay dynamics in forest ecosystems.

Experimental procedures
Study area and experimental set-up
The study sites were located at similar altitudes, that is at
1930 and 1995 m a.s.l. at the north- and the south-facing
slope, respectively, in the European Alps (Val di Rabbi,
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Trentino, northern Italy). They are part of an observation
network with a comprehensive characterization of the
soils (Egli et al., 2006; Bardelli et al., 2017), which are
classified as Episkeletic Podzol and Skeletic Umbrisol.
The mean annual temperature ranges from 8.2 C at the
valley floor (about 750 m a.s.l.) to about 0 C at 2300 m a.
s.l., and the mean annual precipitation ranges from
800 to 1300 mm (Sboarina and Cescatti, 2004).
At each study site a field experiment using soil mesocosms was set up as described in Fravolini and colleagues
(2016). Mesocosms ( 10.2 cm and 25 cm long PVC tubes)
were installed into the soil in the summer of 2012 and
placed > 1 m from large trees and > 0.5 m from adjacent
mesocosms, leaving a rim of about 1 cm at the surface.
Briefly, before the experiment started, the equally sized
(5 cm × 5 cm × 2 cm) wood blocks were cut from the same
log of one single forest tree growing in the same region
where the experiment was conducted. Until they were used
in the mesocosms, the blocks were stored in a dry place at
room temperature. All the wood blocks were equally treated
and had similar compositions at t0 (mass (n = 50):
22.5  3.1 g; volume (all blocks): 50 cm3; density (n = 50):
0.5  0.06 g/cm3; humidity (n = 50): 8.2%  2.01%; content
of cellulose (n = 5): 44.5%  4.53%; content of Klason lignin (n = 5): 30.4%  1.47%; content of total lignin (n = 5):
30.7%  1.49%). For molecular analysis, three wood blocks
were initially kept as controls and referred to as t0. Soil samples (n = 3; t0) were also collected in the surrounding area
of the mesocosms set up at both north- and south-facing
sites directly before placing the wood blocks. Initiating the
experiment, the wood blocks of Norway spruce [Picea
abies (L.) Karst] were placed on top of the soil mesocoms
1 year later (June 2013) and covered with the original topsoil cover (Supporting Information Fig. S10). After 12 (t1),
25 (t2), 52 (t3) and 104 (t4) weeks the mesocosms, that is
the wood blocks and the uppermost topsoil layer (0–5 cm),
were destructively sampled (three replicate mesocosms for
each time point). The top 5 cm refers to the soil fraction that
was in direct contact with the wood blocks from the very
beginning of the experiment. All the samples were placed
into polyethylene bags and transported on ice to the laboratory. The wood blocks were air-dried at room temperature in
an incubator for a couple of hours and the entire wood block
was cut-milled (4 mm; Fritsch-Pulverisette) to perform all
the analyses on the very same homogenous sample. The
soil was sieved (< 2 mm) and samples were stored at
−20 C upon analyses.
Physico-chemical parameters
The moisture content of wood and
determined by oven-drying for 24 h
was determined from water extracts
for soil and wood, respectively) by

soil samples was
at 105 C. The pH
(1:5 and 1:10, w/v
using a pH meter

Metrohm 744. The α-cellulose content from the wood
blocks was assessed following the protocol of Leavitt and
Danzer (1993) and Boettger and colleagues (2007).
DNA extraction
Total DNA was extracted from soil (0.2 g fresh weight,
fw) and wood samples (0.1 g fw) by using commercial
kits (MP, Biomedicals), FastDNA™ SPIN Kit for soil and
FastDNA® Kit, respectively, in combination with the Fast
DNA Instrument as described in Ascher and colleagues
(2009). In the case of wood samples, one ¼ ceramic
sphere (MP Biomedicals cat # 6540–424) was added to
the lysing tubes. All DNA extracts were purified using the
GeneClean procedure (Fast DNA™ SPIN Kit for soil).
Illumina MiSeq sequencing and bioinformatics pipeline
Bacterial communities were assessed by sequencing of
the V3–4 region of the 16S rRNA gene using the primer
pair 341F/802R (Lladó et al., 2015) on an Illumina MiSeq
flowcell using the 2 × 250 bp paired-end approach
(Microsynth AG, Switzerland).
The analysis of raw data (PRJNA427454) was performed in Mothur v.1.37.6 (Schloss et al., 2009). Samples
contained 80,000 33,000 reads on average after quality
filtering (trimming, primer removal) and the merging of
forward and reverse reads. PCR and sequencing errors
were removed following MiSeq SOP (Kozich et al.,
2013). Briefly, sequences were screened (max length of
300 bp, min length of 230 bp, no ambiguities and max
homopolymer of 8 nucleotides) and unique sequences
were aligned to the SILVA database (release 102)
(Yilmaz et al., 2014). Chimeric sequences were removed
using UCHIME (Edgar et al., 2011) implemented in
Mothur. After preclustering (using diffs = 4), operational
taxonomic units (OTUs) were generated on 97% similarity. After removing those OTUs < 5 reads, the final OTU
table was subsampled to the smallest sample size
(30 001 reads per sample). Sequences and OTUs were
classified using the RDP trainset reference database
(Wang et al., 2007) applying a cut-off of 80. Alpha diversity (richness, Chao, Shannon index, shared Chao and
rarefaction curves) was analysed in Mothur. The subsampled OTU table was used for all data analysis.
Statistical analyses
Non-metric multidimensional scaling (NMDS) was performed in R 3.2.5 (R Core Team) using the package
vegan (Oksanen et al., 2016) based on Bray–Curtis dissimilarity. Permutational multivariate analysis of variance
(McArdle and Anderson, 2001) was used to model the
influence of the experimental factors on the dissimilarity

© 2018 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 20, 3657–3670

Decaying spruce bacteria depend on time and slope
matrix using the Adonis function of vegan. The within
group homogeneity of sample groups was estimated in
dependence of the time and the exposure as distance to
centroid using the betadisper function in vegan. Pielous’
evenness was calculated as Shannon index/log
(richness).
The effect of both the time and the exposure on the
ratio between richness and diversity was modelled using
a linear approach by predicting the ratio in dependence
of the time and the exposure as factorized variables. The
relative contribution of the factor coefficient to the total
sum of squares (SS) was used to standardize size
effects. Effects were considered significant at a confidence interval of 95%.
Environmental variables were correlated on the ordination using functions envfit and bioenv in vegan. Variables
(moisture, cellulose and pH) with significant impact on
the ordination were then correlated with all the OTUs in
the dataset using the Spearman correlation. OTUs with a
correlation coefficient > 0.5 were further investigated.
Overrepresented OTUs in different sample groups were
identified using LEfSe (Segata et al., 2011) implemented
in Mothur. Only OTUs with a linear discriminant analyses
(LDA) log (score) > 3 and a significance within 95% confidence interval were considered for further investigation.
Correlations between OTUs present in at least three
samples were analysed applying Pearson correlation
coefficient. The correlation matrix was visualized in R
using igraph package (Csardi and Nepusz, 2006). Wilcoxon rank sum test was applied to determine if two samples differed. Differences were considered significant at a
confidence level of 95% (p < 0.05). Figures were produced in R, partially applying ggplot2 package
(Wickham, 2009).
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Supporting Information
Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:
Fig. S1. Rarefaction curves of bacterial community data
obtained by Illumina Miseq profiling. Plots A and C display
measures of the P. abies wood block samples and plots B
and D display measures for the underlying soil samples. In
plots A and B estimated richness calculated as Chao index
was sampled. Plots C and D show the actual measured richness of each sample, expressed as how many OTUs were
detected given a certain number of sequences sampled.
Fig. S2. Abiotic characteristics of the P. abies wood blocks
after 12 (t1), 25 (t2), 52 (t3) and 104 (t4) weeks of incubation
(in-field mesocosms) at the north (N)- and the south (S)- facing slopes. Upper left: moisture content. Upper right:
pH. Lower left: Klason lignin determined according to Dence
and Lin (1992). Lower right: cellulose concentration. Data
points with ‘NS’ exposure indicate sampling point t0 where
wood blocks have not yet been exposed.
Fig. S3. Abiotic soil characteristics at the north (N)- and the
south (S)- facing slopes after 12 (t1), 25 (t2), 52 (t3) and
104 (t4) weeks of incubation (in-field mesocosms). Upper
left: moisture content. Upper right: pH. Lower left: total carbon content. Lower right: total nitrogen content. Total carbon
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and nitrogen contents were analysed in oven-dried samples
by using a CHN-analyser (TruSpec CHN Makro/LECO).
Fig. S4. Decorana analysis of bacterial community data
obtained by Illumina Miseq profiling. Multidimensional character of bacterial OTU data was detrended and compressed
into two dimensions based on Bray Curtis measure. The
influence of rare OTUs on the ordination was downweighted
during analysis. Four axes were retained. Site scores were
coloured according to substrate with grey circles indicating
soil and brown circles indicating deadwood samples. Shades
of brown indicate north- (light) and south- (dark) exposure for
wood samples. Sample groups according to the experimental factors were drawn for north- and south-exposure for soil
samples and decay time for deadwood samples. Ellipses
embracing sample groups were drawn at a confidence interval of 95% around group centroid. Wood samples prior to
application to the in-field mesocosms (t0) are coloured in
black.
Fig. S5. Abundances and number of OTUs at phylum level
according to sample groups. Abundances based on subsampled, normalized read abundance were averaged across
sample groups giving major effect of substrate (A) and exposure on soil samples (B). For wood samples, the decay is a
function of exposure and time (C). The subfigure
(D) displays the taxonomic classification of only OTUs
unique to wood sample groups. The subfigure E illustrates
the phylum distribution of only OTUs correlating to an environmental parameter (with the absolute value of Spearman’s
rho > 0.5). Subfigure F illustrates the phylum distribution of
OTUs correlating to OTUs characteristic to a wood sample
group (left part of the subfigure) and the phylum distribution
of OTUs correlating to big OTUs (read amount > 0.5% of
total reads within the dataset) and highly correlated OTUs
[more than 100 connections in the correlation network (Fig. 5
and Supporting Information Fig. S6)]. Terminology: Freq.
before a category (x axis) indicates that the number of OTUs
within a phylum is given, independent of the OTUs’ abundance. Mean. indicates the numeric mean of abundances
across samples. Unique. implies that only OTUs absent in
all other sites are displayed. Total. implies that all of the
OTUs (independent of sample groups) are displayed. Normal. For better comparability, the phylum distribution of all
OTUs in the dataset is displayed. Deviations from this distribution might be interpreted as deviations from the expected
distribution.
Fig. S6. Physicochemical decay characteristics of P. abies
wood blocks as originally published by Fravolini and colleagues (2016). (Left) Weight (standard error) of the wood
blocks (placed into mesocosms) as a function of time (0–2 years), site (altitude) and exposure (north vs. south).
(Middle) Amount of cellulose (=concentration × dry weight of
wood block; weight  standard error) as a function of time
(0–2 years), site (altitude) and exposure (north vs. south).
(Right) Amount of lignin (=concentration × dry weight of
wood block; weight  standard error) in the wood blocks as
a function of time (0–2 years), site (altitude) and exposure
(north vs. south).
Fig. S7. Fungal 18S gene copy numbers (GCN) per gram of
dried weight according to Bardelli et al. (2017). The abundances of fungi in the wood and soil samples were observed
by the copy numbers of the fungal 18S rRNA gene quantified
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by qPCR. Differences were analysed by Wilcoxon rang sum
test. (A) Fungal GCN differed between wood and soil samples (p = 1.9e-10). (B) Fungal GCN did not differ between
north- and south-exposed soil. (C) Fungal GCN did not differ
between time points. (D) Fungal GCN did not differ between
north- and south- exposed wood blocks. (NS refers to t0,
because at this time point, the wood blocks have not been
exposed, yet.) (E) Fungal GCN increased from t0 to early
time points (p = 0.004) and remained stable until the end of
the observation period.
Fig. S8. Correlation of wood OTUs to the environmental variables of the wood blocks. The abundances of OTUs present
in at least three wood samples were correlated to the environmental variables moisture content, cellulose content and
pH. Significant correlations above |rho > 0.5| were considered of ecological interest. The plot displays the distribution
of correlation coefficients of the wood OTUs indicating the
association of the correlating OTU to a certain sampling
point or slope exposure. OTUs were associated to sample
groups by being either unique, characteristic [defined as significantly overrepresented in one sample group as determined by linear discriminant analysis size effect (LEfSe)
algorithm (Segata et al., 2011) (LDA > 3, p < 0.05)] or not
associated (shared).
Fig. S9. Correlation network of bacterial OTUs identified by
Illumina Miseq profiling in both P. abies wood blocks and
underlying soil. Correlations were calculated as Pearson’s
correlation on all OTUs in the dataset which were found in at
least three samples. Only correlations above a set threshold
were kept in the networks. The two columns of networks display the very same network in each row. The left and right

columns indicate OTUs overrepresented or unique to northand south-exposed P. abies respectively. The difference
between rows (A–D) is the threshold set for a correlation
between two OTUs in order to be ecologically meaningful:
(A) |r| > 0.6, (B) |r| > 0.7, (C) |r| = r > 0.8, (D) |r| = r > 0.9.
Fig. S10. Correlation network of selected bacterial OTUs
identified by Illumina Miseq profiling in both P. abies wood
blocks and underlying soil. In the network lines connect
OTUs indicating that the abundances of these OTUs correlate above a set threshold of r > 0.8, assuming that these
OTU correlations were of ecologically meaningful co-occurrences. Correlations were calculated as Pearson’s correlation on all OTUs in the dataset, which were present in at
least three independent samples. The picture drawn for the
integration (degree of connectivity) of OTUs characteristic for
P. abies wood blocks decay on north- (squares) and south(circles) facing slopes, was comparable across correlation
coefficient thresholds ranging from |r| > 0.6 to |r| = r > 0.9
(see also Supporting Information Fig. S9).
Fig. S11. Setup of the mesocosm experiment: Wood blocks
were covered with the original topsoil cover. At the northand the south-facing site a field experiment using soil mesocosms was set up as described in Fravolini and colleagues
(2016). Mesocosms ( 10.2 cm and 25 cm long PVC tubes)
were installed into the soil in the summer of 2012 and placed
>1 m from large trees and > 0.5 m from adjacent mesocosms, leaving a rim of about 1 cm at the surface. Equally
sized (5 cm × 5 cm × 2 cm) wood blocks of Norway spruce
[Picea abies (L.) Karst] were placed on top of the soil mesocoms 1 year later (June 2013) and were covered with the
original topsoil cover.
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