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Abstract Following disturbances, early-seral stages of
forests provide a variety of structures. Whether this variety is
a short-term phenomenon or influences forest succession for
several decades or even longer is not known. We tested the
hypotheses that after spruce dieback caused by bark beetles,
a high spatial heterogeneity of stand structures will persist
within stands and among stands even in advanced early-seral
stages and that species taxonomical and functional diversity
measures will reflect this heterogeneity. We used a
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chronosequence of unmanaged forests in the Berchtesgaden
National Park (Germany) consisting of mature undisturbed
spruce stands (control), stands belonging to an initial earlyseral stage (*3 years after disturbance) and stands in an
advanced early-seral stage (*20 years after disturbance).
We analysed diversity and heterogeneity of these forest
stands including stand structure, species density, species
composition and functional–phylogenetic diversity of vascular plants, wood-inhabiting fungi and saproxylic beetles
within plots, among plots of the same successional stage and
among stages. Stands of the advanced early-seral stage were
characterized by a high spatial heterogeneity of structural
attributes, such as crown cover, regeneration density and
spatial distribution of trees. Among-plot taxonomic beta
diversity was highest in the advanced early-seral stage for
beetles, but lowest for fungi, while beta diversity of plants
among plots remained unchanged during succession. The
mosaic of successional stages initiated by bark beetles
increased the gamma diversity of the study area, especially
for fungi and beetles. Our findings support the hypothesis
that structural heterogeneity continues for at least two decades at stand and landscape scales and that species turnover
among successional stages is a major mechanism for gamma
diversity in forests after bark beetle disturbance.
Keywords Natural disturbances  Beta diversity  Vascular
plants  Wood-inhabiting fungi  Saproxylic beetles 
Northern Limestone Alps

Introduction
Early successional stages following large-scale forest disturbances, such as wild fires, insect infestations and storms,
have been recently recognized as valuable phases of forest
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biodiversity (Swanson et al. 2011, 2014; Donato et al.
2012; Beudert et al. 2015). Compared to mature pre-disturbance stands, early-seral stands considerably differ in
biotic and abiotic stand conditions. For example, higher
solar radiation at ground level, more extreme temperatures
and accelerated nutrient fluxes in the soil were reported
(Sousa 1984; Roberts 2004; Swanson et al. 2011). The
structural diversity of these stands is determined by legacies from the pre-disturbance phase that include dead wood
and co-dominating diverse vegetation such as herbs, shrubs
and trees (Zenner 2005; Swanson et al. 2011, 2014).
Early-seral stands not only have an increased structural
heterogeneity (Seidl et al. 2016), but also show an
increased species diversity (Bouget and Duelli 2004;
Campbell and Donato 2014; Swanson et al. 2014; Beudert
et al. 2015). The greater diversity in early-seral stands
compared to that of mature pre-disturbed forest stands has
most often been observed as an increase in species density or species richness at the alpha diversity level
(Bouget and Duelli 2004; Müller et al. 2008; Campbell
and Donato 2014). In an earlier investigation of the
20-year development of various taxonomic–functional
groups of flora, fauna and fungi after a bark beetle-induced spruce dieback, we found a higher level of spatial
clustering of the trees on plot level (Winter et al. 2015b),
and a significant increase in species density (sensu Gotelli
and Colwell 2001) over time—especially of taxa dependent on light, nutrients or dead wood (Winter et al.
2015a). At the same time, structural and diversity attributes are expected to vary greatly among plots of the
same post-disturbance stage. On landscape scale, the
spatial distribution of different successional stages creates
a mosaic of different forest habitats due to different forest
structure. All three scales of spatial variation, namely
within-plot heterogeneity (as a measure of alpha diversity,
driven, for example, by differences in micro-topography
and legacies), among-plot heterogeneity (as a measure of
beta diversity, driven, for example, by differences in
altitude, aspect and seed sources) and among-stage
heterogeneity (another measure of beta diversity, driven
by different levels of bark beetle activity over decades),
contribute to the overall diversity of the study area
(gamma diversity) and are regarded as key attributes that
drive regional successional patterns.
Donato et al. (2012) hypothesized that the rate and
pattern of tree canopy closure following stand-replacing
disturbances determine the direction of further forest succession: (1) dense and synchronous tree establishment
truncates the diverse early-seral phase quickly (conventional pathway), (2) sparse or protracted tree establishment
allows structurally diverse conditions to develop (analogous precocity pathway due to certain structural similari-
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ties to old forests), and (3) lack of tree canopy closure
causes this diversity to persist throughout succession to the
old-growth stage (homologous precocity pathway). A
recent modelling approach for the forests of the Yellowstone National Park after large high-severity fires in 1988
supports the idea of persistent variation in post-fire tree
density and size, increasing spatial variability of forests
(Seidl et al. 2016). An understanding of successional patterns and possible alternative pathways that determine the
occurrence and longevity of an early-seral phase after a
natural forest disturbance is crucial for management of
naturally disturbed forests.
Any kind of habitat heterogeneity at all three scales—
stand, stage and landscape—should increase the diversity
of species communities in terms of taxonomy, but also in
terms of functional diversity, in line with the habitat
heterogeneity hypothesis (MacArthur and MacArthur
1961). The ability of species to survive in communities
within a given environment is defined to a large extent
by their traits inherited through the evolution of lineages
(Graham et al. 2009; Ndiribe et al. 2014). The more
homogenous a habitat locally or on the landscape scale,
the more uniform the taxonomic and functional composition we have to expect. The analysis of functional traits
provides a method to test the translation of heterogeneous habitats via niches in more functional diverse
communities (Müller et al. 2014; Seibold et al. 2016).
Here we focused on the change in beta diversity of
vascular plants, wood-inhabiting fungi and saproxylic
beetles after canopy opening caused by bark beetle disturbance in an alpine national park. We assessed stand
structure, species density, species composition and functional–phylogenetic diversity of species assemblages in
mature spruce forests (control), initial early-seral vegetation (*3 years after severe bark beetle outbreak) and
advanced early-seral vegetation (*20 years after severe
bark beetle outbreak) in unmanaged montane forests. We
tested the expectation that the bark beetle-induced spruce
dieback leads to heterogenization of spatial stand structure
on both local (within stand) and landscape scales (between
stands) and that this structural heterogeneity would
increase the taxonomic beta diversity of species assemblages as well as the functional–phylogenetic beta diversity
in the initial early-seral stage. We further expected that this
increased heterogeneity of structure and species composition would still persist in an advanced early-seral stage
(Fig. 1). Such a pattern would support the homologous
precocity pathway hypothesized by Donato et al. (2012) at
least for the first two decades after disturbance. Moreover,
we were interested on the contribution of the different
successional stages in our study to overall gamma
diversity.

Eur J Forest Res (2017) 136:357–373
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Fig. 1 Hypothesized changes
in beta diversity of stand
structural elements, vascular
plants, wood-inhabiting fungi
and saproxylic beetles at three
stages of bark beetle-induced
forest succession. Mature:
mature spruce forest, Initial ES:
initial early-seral stage, Adv.
ES: advanced early-seral stage.
Beta diversity is defined here as
among-plot heterogeneity of
one successional stage on the
landscape scale and can
therefore be a measure of both
structures and species

Materials and methods

Study design

Study area

For this study, we sampled three different stages of forest
succession (Fig. 1, Winter et al. 2015a): undisturbed secondary spruce stands of an age of 80–250 years (mature
stage), stands affected by bark beetles within the last five
years (initial early-seral stage) and stands infested
17–25 years ago in the 1990s (advanced early-seral stage).
Each stage was sampled on six different plots in two altitudinal zones (montane: 700–1200 m a.s.l.; high montane:
1200–1400 m a.s.l.) on both south- and north-facing slopes
adding up to a total of 72 plots.
In the initial and advanced early-seral stage sites, circular study plots (0.05 ha) were located in the centre of
forest gaps resulting from bark beetle attack. In mature
stage spruce stands, study plots (0.05 ha) were located on
grid points of the national park forest inventory grid
(Konnert and Siegrist 2000) in areas dominated by spruce
and closest to selected forest gaps resulting from bark
beetle attack (for details, see Winter et al. 2015a). The
study plots were distributed over the entire spruce-dominated area of the national park (Fig. 2). The triplicate plots
of the three different successional stages are located close
to each other, and therefore, no significant differences in
the spatial distribution among the three successional stages
could be detected. The mean distances (±twofold standard
error) among plots of one stage were 7748 m (±539 m) for
the mature stage, 7648 m (±576 m) for the initial earlyseral stage and 7292 m (±539 m) for the advanced earlyseral stage.

Berchtesgaden National Park, founded in 1978, is located
in south-eastern Germany in the Northern Limestone Alps
and covers an area of 20,800 ha (Fig. 2) with an altitudinal
gradient from 603 to 2713 m a.s.l. (Nationalpark Berchtesgaden 2001). The mean annual temperature ranges from
?7 to -2 °C. Annual precipitation values vary between
1500 and 2600 mm (Spandau 1988). The natural forest
type in the mid-elevation zones of the region is mixedmontane European beech (Fagus sylvatica) forests with
Norway spruce (Picea abies) and silver fir (Abies alba,
Köstler and Mayer 1974). Historically, centuries of high
demand for timber from the salt mining industry greatly
altered the natural tree species composition in all accessible
parts of these forests (von Pechmann 1932). As Norway
spruce ensured better timber floating and burning conditions, the alterations favoured pure Norway spruce stands
(Knott et al. 1988; Konnert and Siegrist 2000). Following
the winter storms in 1990, about 100 ha of spruce stands in
the park were affected by bark beetle (primarily Ips
typographus). This led to nearly 100% mortality in patches
of up to 1 ha in size (Winter et al. 2015b). The outbreak
ceased naturally at the end of the 1990s (Nationalpark
Berchtesgaden 2001). The winter storms Kyrill in 2007 and
Emma in 2008 initiated bark beetle infestation of approximately 400 ha of spruce forest, which lasted until 2014
(Winter et al. 2015b).
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Fig. 2 Topographical map of Berchtesgaden National Park showing
the position of the 72 study plots in the spruce-dominated areas of the
park. The map inset in the upper left indicates the location of the

national park in south-eastern Germany. The study plot design
illustrates the surveying method with main plots of 0.05 ha and eight
subplots of 1 m2

Data collection

gap conditions, which affect, for example, the availability
of light (Ammer 1996; Lehnert et al. 2013; Winter et al.
2015a), whereas saproxylic fungi as decomposers and
saproxylic beetles as predominant consumers primarily are
expected to benefit from the dead-wood legacies of the
preceding spruce stand (Saint-Germain et al. 2007; Müller
et al. 2008, 2010; Bässler et al. 2012; Winter et al. 2015a).
Vascular plants were mapped once on each of the 72
study plots in May–July 2012 or May–July 2013 following
the method of Braun-Blanquet (1964). Each 0.05 ha study
plot was mapped separately from its eight associated subplots (Fig. 2, small graph). Wood-inhabiting fungi were
sampled on 36 study plots during a 3-week period in
August and September 2013 (main season of fructification). The macroscopic survey of fruiting bodies was
standardized per plot to 90 min. Dead-wood substrates
(tree, snag, log, stump, branches) were sampled according
to their relative frequency on a plot, with as many objects
as possible within the time frame (Bässler et al. 2010).
Fungi were identified to the species level in the field or in
the laboratory (Winter et al. 2015a). Beetles were sampled
during the growing season in 2012 (May–September) using
two pitfall traps and one flight-interception trap per plot

A detailed description of the sampling can be found in
Winter et al. (2015a). On 36 of the 72 study plots (3
replicate plots per combination of stage, zone and aspect),
structural attributes, vascular plants, wood-inhabiting fungi
and saproxylic beetles were recorded. On the other 36
plots, only structural attributes and vascular plants were
recorded. Stand structural attributes were measured following standard forest measurement procedures (Konnert
and Siegrist 2000) and included crown cover within the
plot, tree bole location, diameter at breast height, and
height of all trees taller than 2 m on the study plots;
regeneration parameters were measured on subplots (for
details, see Winter et al. 2015b).
The three investigated taxonomic groups were chosen
because of their high diversity and functional importance in
forests and their sensitivity to disturbance. The three
groups belong to different trophic levels and are expected
to react differently to stand-replacing disturbances in
changes in their species composition and functional
diversity of species assemblages. Specifically, vascular
plants as primary producers respond mainly to the forest
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of the study sites as explained in Supplementary Method 1.
The three phylogenetic trees are shown in Supplementary
Figures 2a–c. In order to homogenize the phylogenetic
information available, the calculated distance matrices of
the trees were standardized to a range of 0–1 prior to further calculations.

(for details, see Winter et al. 2015a). The traps were
emptied monthly during the growing season, and beetle
specimens were determined to the species level by a specialist. Only saproxylic beetles, i.e. directly or indirectly
dependent on dead wood, were included in this analysis.
Functional dissimilarity of species

Statistical analyses
Finding the ecological traits relevant in the assembly process is still a challenge, particularly for taxa rich in species,
such as arthropods or fungi. We compiled published
information on ecological traits that have been shown to
mediate responses of species to changes in the forest
structure (Bernhardt-Römermann et al. 2008; Gossner et al.
2013; Bässler et al. 2014; Seibold et al. 2015; Heikkala
et al. 2016a; Thorn et al. 2016). Supplementary Method 2
and Supplementary Table 1 give an overview of all traits
included in the analysis, their attribution to the processes
persistence and regeneration, and their origin. However,
available traits are always incomplete in their information
on the ecological difference between species. Therefore,
Cadotte et al. (2013) proposed a stepwise implementation
of phylogenies in the dissimilarity matrix of species to
represent unmeasured traits conserved in the phylogeny, an
approach successfully applied for community response to
spruce forest dynamics (Thorn et al. 2016). We used the
phylogeny for saproxylic beetles published by Seibold
et al. (2015) and estimated phylogenies of plants and fungi

All statistical calculations were performed using R 3.1.0 (R
Core Team 2013). To assess horizontal stand structure, the
aggregation index R of Clark and Evans (1954) was calculated for the spatial distribution of live trees within each
plot, using data of tree bole location and the cumulative
distribution function method within the clarkevans function to correct for edge effects (package spatstat). Values
of R [ 1 indicate a regular/dispersed distribution relative
to random, while values of R \ 1 suggest clustering of the
trees on the plot relative to random. Regeneration density is
defined here as number of trees between 0.5 and 2.0 m in
height per hectare (for details, see Winter et al. 2015b).
Beta diversity is defined in this study as heterogeneity
among plots of the same successional stage and can
therefore be a measure of structures as well as of species.
Beta diversity of metric structural attributes was computed
with Euclidian distance.
In order to use the same diversity measure for trap data
(saproxylic beetles) and mapping data (vascular plants and

Table 1 Environmental variables applied and their fit to species composition of vascular plants, wood-inhabiting fungi and saproxylic beetles in
NMDS ordination
Environmental variable

Plants

Fungi

NMDS
1

NMDS
2

-0.58

0.82

0.75

0.67

2

Beetles

NMDS
1

NMDS
2

0.10*

-0.19

0.70***

-0.36

R

2

NMDS
2

R2

R

NMDS
1

0.98

0.41***

-0.66

0.75

0.93

0.00

0.63

-0.78

0.05
0.10

Time since spruce dieback

AGE

Elevation

ELEV

0.49***

Slope aspect

ASP

-0.81

0.58

0.04

0.94

-0.34

0.05

0.40

-0.92

Slope inclination

INCL

0.86

0.51

0.24***

-0.97

-0.24

0.01

0.92

0.40

Litter cover on plot

LITTER

0.45

-0.89

0.09*

-0.60

-0.80

0.33**

0.44

-0.90

0.09

0.20*

Moss cover on plot

MOSS

-1.00

-0.08

0.23***

0.24

-0.97

0.16

-0.72

-0.69

0.05

Cover of dwarf shrubs on plot

DWARF

-0.76

-0.65

0.11*

0.99

0.15

0.06

-0.89

-0.46

0.32**

Mean height of ground
vegetation

VEG

–

–

–

-0.77

0.63

0.27**

-0.55

0.83

Dead-wood volume

VOL

-0.46

0.89

0.04

-0.70

0.71

0.27**

Dead-wood decay stage

DECAY

-0.74

0.68

0.01

0.98

-0.18

Nitrogena

N

-0.86

0.52

0.41***

-0.99

Lighta

L

0.98

0.19

0.50***

0.63

Temperaturea

T

-0.91

-0.42

0.54***

-1.00

0.04

Moisturea

F

-0.49

0.87

0.45***

-0.77

0.63

a

0.36***

0.62

0.78

0.07

0.03

-1.00

0.00

0.29**

0.11

0.22*

-0.28

0.96

0.19*

0.77

0.21*

0.14

0.99

0.03

0.14

-0.95

0.31

0.06

0.06

-0.70

0.72

0.22*

Abundance-weighted mean Ellenberg indicator value of ground vegetation; significance: \0.05*, \0.01**, \0.001***
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wood-inhabiting fungi), we used species densities, i.e. the
number of species per specified collection unit (here, study
plot; Magurran 2004), as a measure of alpha diversity. In a
parallel analysis, we standardized the number of species
observed to the number of individuals (for the abundance
data set of beetles), respectively, records (for the data set of
plants and fungi), sampled, using rarefied species accumulation curves (Gotelli and Colwell 2001). To estimate
overall gamma diversity, we estimated the extrapolated
species densities of the single successional stages and
combined the species pool of all three stages using the
function specpool with incidences in sample sites and the
following estimators: Chao (Chao 1987), jackknife and
bootstrap (Smith and van Belle 1984; package vegan). To
estimate the contributions of the different spatial scales to
measured gamma diversity, we additively partitioned the
species communities using the adipart function (package
vegan). Using this function, mean values of alpha diversity
at lower levels of sampling hierarchy (within subplots/plots
and among plots of the same successional stage) are
compared to the total number of species in the entire data
set (gamma diversity). Average alpha components were
weighted with sample abundances to calculate the weighted averages of species richness. Each of the level-specific
estimates was then compared to null distribution, generated
with complete randomization (10,000 random distributions
among samples at all hierarchical levels) and used to test
the null hypothesis that the observed alpha and beta
diversity are obtained by a random distribution of individuals among samples at all hierarchical levels. Statistical
significance was assessed by the proportion of null values
that are greater than, or smaller than, the actual estimate
after Bonferroni correction (Roff 2006).
To compare the heterogeneity of species composition of
the three successional stages, samples were ordered by
dissimilarity using non-metric multidimensional scaling
(NMDS, Legendre and Legendre 1998) with function
metaMDS (package vegan) based on Bray–Curtis distance.
In order to approach normal data distribution, the cover
values of vascular plants were square-root-transformed and
abundances of fungi and beetles were log ?1 transformed
prior to analysis (Leyer and Wesche 2007). Functions betadisper and permutest (packages vegan) were applied to
test on significant differences among the species compositions of the three successional stages. To quantify the
impact of known environmental conditions on the species
composition, the unconstrained NMDS ordination graph
was overlaid with environmental variables. The non-correlated environmental variables (r \ 0.6) were fitted onto
the NMDS ordination with maximum correlation to the
NMDS pattern using the envfit function (package vegan). A
permutation test (with 10,000 repetitions) was calculated to
test the hypothesis of a relationship among environmental
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variables and species composition (Table 1). Two additional Spearman rank correlation matrices were calculated
based on structural attributes and species densities,
respectively, dissimilarities of plots concerning structural
attributes and species composition, to test for relations
among structural attributes and diversity attributes on alpha
and beta diversity scale.
To test the effects of disturbance and succession on the
functional composition of the species assemblages, we calculated the functional distance of all traits, the phylogenetic
distance and, finally, a distant matrix that integrated both of
theses measures in one (functional–phylogenetic distance
matrix) following the method of Cadotte et al. (2013).
Functional dissimilarity was calculated using Gower distance and abundance data (function gowdis, package FD);
the phylogenetic distance was calculated using patristic
distance and incidence data so that the genetic information
of rare species, which contribute essentially to total species
numbers (see Supplementary Tables 2a–c), would not be
underestimated (function distTips, package adephylo). The
functional distance matrix was combined stepwise with the
phylogenetic distance matrix by a weighting parameter
(a) to obtain a functional–phylogenetic distance matrix
(function funct.phylo.dist, package pez). When a = 0, the
functional–phylogenetic distance matrix only includes
functional distances, and when a = 1, the functional–phylogenetic distance matrix only includes phylogenetic distances. At intermediate values of a, both functional and
phylogenetic distances contribute to the functional–phylogenetic distance matrix. We varied a between 0 and 1 in
steps of 0.05, resulting in 20 steps, whereas the best a was
determined by the highest adjusted R2 (see below). For the
final functional–phylogenetic distance matrix, we calculated
the standardized effect size of the mean pairwise distance of
the species within one assemblage with the function ses.mpd
(package picante) as a measure of functional–phylogenetic
alpha diversity. The standardized effect sizes describe the
difference between the distances in the observed communities versus null communities generated with 999 randomizations of the tip labels. Values close to 0 show random
dispersion, values \0 point towards clustering, and values
[0 indicate overdispersion within assemblages (Pausas and
Verdú 2010). The final distance matrix was defined by the
highest adjusted R2 of the linear model explaining the
standardized effect size of the mean pairwise distance for the
three successional stages. For plants, the best a value was
calculated for the species composition on the 0.05 ha main
plots, but applied for both scales, the subplot and the plotscale, in order to get comparable values for both scales.
Among-plot functional–phylogenetic diversity of the same
successional stage was calculated with function comdist
(package picante) as a measure of functional–phylogenetic
beta diversity.

Eur J Forest Res (2017) 136:357–373

The assumption of independence of the target variables
among the three succession stages was assessed by means
of resampling-based multiple testing for all calculations of
alpha diversity and beta diversity (Westfall and Young
1993). The p values obtained by this procedure were
adjusted for multiple comparisons utilizing a step-down
max-T approach (Algorithm 2.8 in Westfall and Young
1993). For each response variable, a post hoc test (Tukey’s
all-pair comparisons) was also applied to assess the differences of the rank-transformed response variables
between each pair of categories (packages multcomp and
coin). The level of significance for all statistical inferences
was defined as a B 0.05.

Results
Structural heterogeneity
Mean values of crown cover, horizontal stand heterogeneity
(R) and dead-wood volume differed significantly between
the mature stage and the initial and advanced early-seral
stages (Table 2). Even though regeneration density was
significantly higher in the advanced early-seral stage than in
the two preceding stages, crown cover remained lower than
that of the mature stage. The spatial distribution of trees on
the plots was more heterogeneous in the initial and advanced
early-seral stands. In all three successional stages, trees were
spatially clustered (R \ 1), but the clustering was significantly more evident in the two early-seral stages than in the
mature stage. Stands of the initial early-seral stage were
characterized by higher and less-decayed dead wood than
either of the other successional stages. The number of tree
species of dead wood did not significantly differ among the
successional stages (Table 2).
The variation of stand structural attributes among plots
of the same successional stage revealed highest values for
crown cover and regeneration density in the advanced
early-seral stage. Crown cover and regeneration density
were not correlated (Table 3). The heterogeneity values for
spatial distribution of trees and dead-wood volume were
higher for both post-successional stages than for the mature
stage. The heterogeneity of dead-wood species composition and decay stage was highest for the mature stage, that
of dead-wood diameter was highest in the mature stage and
advanced early-seral stage, and that of dead-wood height
was highest in the mature stage and initial early-seral stage
(Table 2).
Species density
For direct comparison to values of beta diversity, we
present mean values of structural attributes and species
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densities in Table 2. The species density of vascular
plants was higher on the 1 m2 subplots of the advanced
early-seral stage than on subplots of the mature stage and
initial early-seral stage; the same trend was observed at
the plot level. The mean species densities of wood-inhabiting fungi were not significantly different among the
successional stages. The species density of saproxylic
beetles was the highest during the initial early-seral stage.
For details on alpha diversity measures, see Winter et al.
(2015a).
Species composition
Stress values of 0.25–0.22 showed an adequate fit of the
NMDS ordination procedures based on rank abundances of
the three species groups on the two-dimensional scale
(Fig. 3). The ordination of plants did not explicitly differentiate the species composition among the three successional stages. The species composition of fungi differed
between the mature and the initial early-seral stage, and the
species composition of beetles was significantly different
in the advanced early-seral stage compared to the two
preceding stages. The species overlap was largest for vascular plants (Fig. 3a); fungi and beetles showed larger
differentiations, with the highest beta diversity of woodinhabiting fungi in the mature stage (Fig. 3d) and the
highest beta diversity of saproxylic beetles in the advanced
early-seral stage (Fig. 3g). While the co-variables deadwood volume, dead-wood decay stage, height of ground
vegetation, cover of dwarf shrubs and age since spruce
dieback showed the highest degree of correlation to species
composition of fungi (Fig. 3f) and beetles (Fig. 3i) in the
ordination, plant species were ordinated along a thermal
gradient, as illustrated by clustering of the study plots of
elevation and aspect class and by the high loading of the
co-variables Ellenberg temperature indicator value and
elevation (Fig. 3c).
Additive diversity partitioning revealed a constant and
significantly higher beta diversity proportion among the
successional stages for all three species groups than
expected by chance, whereas the alpha component was
always lower than expected. Beta diversity among plots
contributed significantly more to overall gamma diversity
than expected by chance for plants, but not for fungi or
beetles (Fig. 4). The extrapolation of species densities
indicated a high number of unseen species of wood-inhabiting fungi and saproxylic beetles in our study. The
combined analysis of species assemblages of all three
successional stages as extrapolated species densities leads
to overall species (gamma) diversity, exceeding those of
the single stages for wood-inhabiting fungi and saproxylic
beetles, but not for vascular plants (Supplementary
Table 3).
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[n/ha]

Regeneration density

[cm]

[m]

Dead-wood diameter

Dead-wood height

1.3 ± 0.18a

11.0 ± 0.60a

-1.9 ± 0.54a

17.5 ± 3.10b

0.4 ± 0.66a

25.8 ± 4.10a

73.8 ± 6.10a
0.0 ± 0.51a

-0.4 ± 0.18a

-1.1 ± 0.69a

13.2 ± 3.40ab

0.1 ± 0.57a

24.3 ± 5.30a

83.7 ± 5.60b
1.0 ± 0.45b

-0.1 ± 0.17a

13.0 ± 0.70b

3.2 ± 0.17a

9.6 ± 1.09a

37.9 ± 2.60a

457.0 ± 81.2b

1.2 ± 0.17a

0.6 ± 0.08b

4208.0 ± 2106b

29.6 ± 10.5b

Adv. ES

:

;

–

:

–

–

–
–

–

–

;

–

–

:
:

–

:

;

:

–

–

–

–

–

:

–

0.2 ± 0.03a

0.33 ± 0.01a

0.65 ± 0.03a

0.24 ± 0.01a

0.74 ± 0.03a

0.60 ± 0.01a
0.53 ± 0.00a

0.45 ± 0.01a

0.64 ± 0.02a

1.2 ± 0.11a

0.9 ± 0.08a

1.4 ± 0.15a

0.1 ± 0.01a

0.5 ± 0.04a

0.5 ± 0.05a

:
–

–
;

Mature stage

0.4 ± 0.04a

D2

–

;

D1

0.31 ± 0.01b

0.65 ± 0.03a

0.24 ± 0.01a

0.63 ± 0.02b

0.60 ± 0.01a
0.52 ± 0.00b

0.45 ± 0.00a

0.61 ± 0.01b

0.5 ± 0.06b

0.7 ± 0.06a

0.8 ± 0.07b

0.8 ± 0.07b

0.1 ± 0.01b

1.4 ± 0.23b

0.2 ± 0.04a

0.3 ± 0.03b

Initial ES

Heterogeneity/beta diversity

0.32 ± 0.01b

0.80 ± 0.02b

0.27 ± 0.01b

0.69 ± 0.02c

0.60 ± 0.01a
0.51 ± 0.00c

0.47 ± 0.00b

0.64 ± 0.01a

0.5 ± 0.06b

0.4 ± 0.04b

1.1 ± 0.10a

0.7 ± 0.06b

0.1 ± 0.01b

1.0 ± 0.11b

1.3 ± 0.19b

0.9 ± 0.08c

Adv. ES

:
–

;

:

:

–
;

:

:

–

;

–

–

;

–
;

–

;

;

–

–
:

;

–

;
:

–

:

:

D2

:

–

;

D1

a = 0, FPD includes only functional distances; a = 1, FPD includes only phylogenetic distances
* Mean values/alpha diversity values are presented here for direct comparison with values of heterogeneity/beta diversity only; for details, see Winter et al. 2015a

FPD, functional–phylogenetic distance; a, weighting parameter, which weights the contributions of functional and phylogenetic distances in the final FPD matrix

Given are the means ± twofold standard error. Different lowercase letters indicate significant differences among the three successional stages. D illustrates the development of the parameters
from the mature stage to initial early-seral (ES) stage (D1) and from the initial early-seral stage to advanced early-seral (Adv. ES) stage (D2) with increasing (:), decreasing (;) or invariant
values (–). Stand structural values (excluding dead-wood species) are calculated as mean values and as mean Euclidean distances (heterogeneity). Species values are calculated as species
densities (alpha diversity) and as mean Bray–Curtis dissimilarities of species composition (beta diversity). The functional–phylogenetic distances (FPD) are calculated as standardized effect
size of the mean pairwise distance (alpha diversity) and as mean pairwise distance of Gower/patristic distances (beta diversity)

11.7 ± 2.80a
-1.4 ± 0.98a

Species composition

FPD (a = 0.0)

Saproxylic beetles (36 plots)

24.2 ± 3.90a
-0.2 ± 0.51a

Species composition

69.3 ± 5.00a
0.9 ± 0.47a

FPD (a = 0.0)

Wood-inhabiting fungi (36 plots)

Species composition
FPD (a = 0.05)

Vascular plants (72 plots)

10.0 ± 0.70a
-0.2 ± 0.19a

2.0 ± 0.18b

3.3 ± 0.37a

Species composition

19.8 ± 1.80b

37.4 ± 1.90a

7.0 ± 2.20a

35.0 ± 3.90a

686.0 ± 86.0b

1.2 ± 0.23a
41.8 ± 12.9a

0.7 ± 0.14b

467.0 ± 428a

10.0 ± 3.90b

Initial ES

0.9 ± 0.04a

533.0 ± 369a

76.9 ± 4.80a

Mature stage

FPD (a = 0.05)

Vascular plants (72 9 8 subplots)

Dead-wood decay stage

[m3]

Dead-wood volume

Dead-wood species

R aggregation index

[%]

Unit

Crown cover

Stand structure (72 plots)

Parameter

Mean values/alpha diversity*

Table 2 Mean values and heterogeneity of stand structures and alpha and beta diversity of vascular plants, wood-inhabiting fungi and saproxylic beetles of the three successional stages
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Fig. 3 NMDS ordination diagrams of vascular plants, wood-inhabiting fungi and saproxylic beetles. The ordination of study plots,
species composition and correlating environmental variables is based
on one ordination per species group, but is illustrated in three graphs
(rows 1–3) for clarity. The standard deviations of the averages of
study plots of the same successional stage are depicted as the
confidence interval (ellipse) in the first row and are a measure of beta

365

diversity. The plotted names in graphs b, e and h are the combined
first four letters of the genus name and the first four letters of the
species name (e.g. Festalti = Festuca altissima); only a selection of
the most common species is plotted for clarity (Supplementary
Tables 2a–c). The definitions of the abbreviations of the environmental variables are given in Table 1
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Fig. 4 Percentage of total species richness of vascular plants, woodinhabiting fungi and saproxylic beetles explained by alpha and beta
components of diversity on different scales: subplots (for vascular
plants only), plots, successional stages and total study area. Contributions to total diversity for each scale were determined by additive
partitioning of diversity. The total species richness for each of the

species groups (gamma diversity) is indicated by the number at the
top of each bar. The symbols within the bars illustrate the test results
of diversity estimates from additive partitioning against null estimates
using complete randomization (-: significantly smaller; ?: significantly larger than expected from null model; n.s.: no significant
differences)

Functional–phylogenetic diversity

tree aggregation among plots of the same successional
stage did positively correlate to the heterogeneity of plant
species composition (Table 4). No measures of forest stand
structure did show any significant correlation to the species
density of wood-inhabiting fungi, but there was a negative
relationship between species density of plants and species
density of fungi (Table 3). The heterogeneity of fungi
showed a significant negative correlation to the heterogeneity of tree aggregation and dead-wood volume, but
positive correlation to the heterogeneity of dead-wood
diameter and decay stage and the heterogeneity of plant
species composition (Table 4). Species density of saproxylic beetles was negatively correlated to crown cover
(Table 3). Heterogeneity of beetle species composition
showed, however, a positive relationship to the heterogeneity of crown cover, as well as to the heterogeneity of
regeneration density and plant species composition. Significant negative correlation coefficients occurred between
the heterogeneity of dead-wood species composition, deadwood height, dead-wood decay stage and the heterogeneity
of beetle species composition (Table 4).

Statistical models for standardized effect sizes reached
highest adjusted R2, when based only on functional distances in case of wood-inhabiting fungi and saproxylic
beetles (a = 0) or almost completely on functional distances in case of vascular plants (a = 0.05; Table 2).
Functional–phylogenetic beta diversity did increase during
succession for plants among subplots (within-plot heterogeneity) and for wood-inhabiting fungi, while it did
decrease for plants (among-plot heterogeneity) and
saproxylic beetles (Table 2). As indicated by standardized
effect sizes of functional–phylogenetic diversity larger than
zero, plant assemblages on plots were overdispersed in the
mature and the advanced early-seral stage, while saproxylic
beetle assemblages were clustered in all successional
stages and wood-decaying fungi did not significantly differ
from a random distribution (Table 2).
Interactions between forest structure, vascular
plants, wood-inhabiting fungi and saproxylic beetles
Spearman rank correlations between structural attributes
and species groups showed significant positive relationships between regeneration density, spatial aggregation of
trees (clustering) and plant species density, but a significant
negative relationship between crown cover and plant species density (Table 3). Also the heterogeneity of spatial
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Discussion
Early successional stages that follow large-scale forest
disturbances have been recognized as valuable phases of
forest diversity (Swanson et al. 2011, 2014; Donato et al.

-0.78***
-0.39***
-0.57***
0.42***
-0.28*
0.00
-0.53***

DW volume [m3]

DW diameter [cm]

DW height [m]
DW decay

Plants [n]

Fungi [n]

Beetles [n]

-0.33

-0.19

0.31**

-0.28*
0.38**

0.12

-0.02

-0.11

-0.23

Regeneration
density

-0.09

0.12

-0.45***

-0.19
0.13

-0.24

-0.46***

-0.06

R aggregation
index

0.09

-0.27

0.26*

0.07
-0.16

-0.04

0.11

Dead-wood
species

0.21

0.06

0.11

0.74***
-0.46***

0.43***

Dead-wood
volume

-0.24

-0.13

0.28*

0.10
0.24*

Dead-wood
diameter

0.19

0.07

-0.05

-0.71***

Dead-wood
height

-0.52**

-0.20

0.15

Dead-wood
decay

0.04

-0.43**

Plants

0.16

Fungi

eucl.
eucl.

bray

eucl.

eucl.

eucl.

eucl.

bray

bray

bray

Regeneration density
R aggregation index

DW species

DW volume

DW diameter

DW height

DW decay

Plants

Fungi

Beetles

0.65***

0.26

0.21

-0.27*

-0.49***

0.28*

-0.02

-0.23*

0.70***
0.02

Crown
cover

0.65***

0.28

0.19

-0.28*

-0.40***

0.18

0.04

-0.29*

-0.04

Regeneration
density

0.17

-0.36*

0.26*

-0.48***

-0.38**

-0.38**

0.58***

-0.58***

R aggregation
index

-0.55***

-0.20

-0.15

0.68***

0.51***

0.40***

-0.62***

Dead-wood
species

0.20

-0.68***

-0.02

-0.58***

-0.33**

-0.36**

Dead-wood
volume

0.03

0.35*

-0.12

0.29*

0.08

Dead-wood
diameter

-0.47**

0.08

-0.07

0.47***

Dead-wood
height

-0.35*

0.39*

-0.01

Dead-wood
decay

0.43**

0.40*

Plants

Signif. codes (p values are not adjusted for multiple comparisons): \0.05*, \0.01**, \0.001***; DW dead wood; eucl.: Euclidian distance; bray: Bray–Curtis dissimilarity

Positive correlation values indicate a positive relationship between the heterogeneity of the one attribute to the heterogeneity of the other attribute

eucl.

Crown cover

Beta

0.24

Fungi

Table 4 Spearman rank correlation matrix on structural, floristic, fungal and faunistic attributes based on mean dissimilarities of structural attributes and species composition per study plot
compared to other plots of the same successional stage

Signif. codes (p values are not adjusted for multiple comparisons): \0.05*, \0.01**, \0.001***; DW dead wood

0.59***
0.01

DW species [n]

-0.05

Crown
cover

R aggregation index

Regeneration density [n/ha]

Crown cover [%]

Alpha

Table 3 Spearman rank correlation matrix on structural, floristic, fungal and faunistic attributes based on (mean) values of structural attributes and species densities per study plot
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2012; Beudert et al. 2015). Our study supported the
hypotheses of a homologous precocity pathway for most
structural attributes for the first two decades. Taxonomic
beta diversity values of saproxylic beetles and functional
beta diversity values of wood-inhabiting fungi reflected the
increasing spatial heterogenization in these early-seral
stages. Vascular plants showed a high spatial variation of
taxonomic and functional species composition after disturbance at the stand level as well, but not at the landscape
level.
Increasing spatial heterogeneity of forest structure
In our study, we found that two decades after the bark
beetle-induced spruce dieback, trees were spatially clustered and both crown cover and regeneration density
showed a high among-plot heterogeneity exceeding those
of the mature stage, which indicates a high diversity of
stand structures on the landscape scale. The initial earlyseral stage could be, however, rather characterized as a
short-term phase of structural homogenization concerning
light conditions, indicated by the low heterogeneity of
crown cover values. The observed spatial heterogeneity in
regeneration density in the advanced early-seral stage
might be due to some extent to the effects of elevation—
regeneration density was significantly higher 20 years after
the disturbance on montane plots than on high montane
plots (Winter et al. 2015b). Generally, high beta diversity
in a successional stage could be a consequence of high
general heterogeneity, e.g. topographic heterogeneity on
the landscape scale, or the result of different successional
pathways. We aimed at minimizing the possible bias
caused by topographic differences in the study area by
systematically sampling at different altitudes and aspects
and nearby positions of the triplicate plots of the three
different successional stages. Therefore, we assume that
the results indicating increasing beta diversity during succession can be largely attributed to different successional
pathways or at least different rates of succession.
All dead-wood parameters except dead-wood volume
showed the highest heterogeneity in mature stands. Both
decay stage and dead-wood height are linked to time since
tree dieback (Storaunet and Rolstad 2002; Zielonka 2006).
The dieback of single trees in the unmanaged stands of the
mature stage is not linked to one specific temporal event or
to one cause of death of numerous trees, unlike the largescale dieback in the post-disturbance stands. This uniform
dieback time in the post-disturbance stands might explain
why the densities of the studied wood-inhabiting species
did not react to the strongly increasing dead-wood volumes
as would be expected from previous studies (Sippola et al.
2004; Küffer and Senn-Irlet 2005; Lonsdale et al. 2008;
Bässler et al. 2012, 2016; Heilmann-Clausen et al. 2015;
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Heikkala et al. 2016a). Dead-wood characteristics determine the colonization of many species dependent on dead
wood (e.g. Saint-German et al. 2007 and discussion below),
but partly also influence forest succession by protecting
forest sites against rockfall and avalanche release on steep
slopes (Kupferschmid Albisetti et al. 2003) and as a
seedbed that supports establishment and survival of spruce
seedlings at higher elevations (Zielonka 2006; Winter et al.
2015b). We assume that the parameters regeneration density, crown closure and dead-wood volume are of prime
importance in determining further forest succession at the
landscape scale, in support of our hypothesis of structural
diversity. However, as direct measurement of stand structural attributes does not capture all characteristics of forest
heterogeneity (Ewald 2002), we analysed taxonomic and
functional–phylogenetic diversity measures of different
species groups as indirect indicators of habitat complexity
(Cadotte et al. 2013).
High spatial variation of plant composition
at the stand level but not at the landscape level
It is well known that the species density of ground vegetation can increase with increasing light (Ammer 1996;
Bernhardt-Römermann et al. 2015) and that improved light
availability in the early-seral stage promotes light-demanding species (Lehnert et al. 2013; Winter et al. 2015a).
Even small-scale disturbances that cause only minor
changes in light and soil conditions can result in considerable changes in ground-layer vegetation in mountain
spruce forests (Holeska 2003) when propagules of vascular
plants are abundant and ensure a rapid establishment of
highly competitive species (Davis et al. 2000; Reilly et al.
2006). Our vegetation data showed a significant increase in
species density of vascular plants at the alpha diversity
level on subplots and plots during the first two decades of
bark beetle-induced forest succession—favoured by high
levels of light availability (low crown cover) and clustered
regeneration patterns—but no changes in among-plot beta
diversity. Neither the NMDS ordination of species composition nor the among-plot heterogeneity of functional–
phylogenetic diversity in the advanced early-seral stage
supported the hypothesis of an increased beta diversity of
vascular plant assemblages with time since disturbance.
Plant species composition was ordinated along a thermal
gradient in the NMDS, as indicated by clustering of study
plots of elevation and aspect class and by the high loading
of the co-variables Ellenberg temperature indicator value
and elevation. Even though mean-weighted structural
heterogeneity was highest in the advanced early-seral stage
in our study, all plots seem to offer at least small amounts
of relevant structures for plant species diversity (e.g. full
light gradient, Ammer 1996). This might also explain why
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extrapolated gamma diversity of vascular plants, representing the mosaic of all three successional stages in the
study area, did not consistently exceed the diversity of the
single stages (Supplementary Table 2). Plant species beta
diversity of our study area is, however, expected to
increase once the canopy of some montane forest stands is
completely closed, while the canopy of others remains
open for longer periods.
Combining functional and phylogenetic information of
species assemblages represents a valuable tool to account
for potentially important but unknown functional traits
(Cadotte et al. 2013). Phylogeny is considered to reflect
conserved unmeasured traits that interact with the assembly
mechanisms (Bässler et al. 2014). In our study, phylogeny
provided (almost) no additional information on the functional distance. This indicates that our results based on the
traits are robust and informative (Bässler et al. 2014). The
functional–phylogenetic alpha diversity of plants on the
plot level did increase from mature and initial early-seral to
advanced early-seral stage, and mature and advanced earlyseral stage were characterized by overdispersion.
Overdispersion in community assemblies, which represents
a lower relatedness than expected from the null model, can
indicate that competition between species is the prevailing
process (Webb et al. 2002; Hoiss et al. 2012). In contrast to
other disturbance agents, such as fire, flooding and volcanic
eruption, bark beetle infestation does not directly affect the
plant composition by extirpating plant species, but it can
indirectly affect species composition by altering major
ecological conditions and resources, such as light and
nutrient availability (Roberts 2004; Fischer et al. 2015).
However, overdispersion might also result from a relatively
high level of structural heterogeneity in all stages that
promote the establishment and survival of distant relatives,
rather than from the competitive exclusion of closely
related species (Li et al. 2015; Thorn et al. 2016).
Increasing functional beta diversity of woodinhabiting fungi
The species density of wood-inhabiting fungi is known to
increase with the amount and diversity of coarse woody
debris (Sippola et al. 2004; Küffer and Senn-Irlet 2005;
Lonsdale et al. 2008; Bässler et al. 2010, 2012, 2016;
Heilmann-Clausen et al. 2015). Unfortunately, the deadwood attributes were strongly correlated in our study, e.g.
there was a negative correlation between dead-wood volume and dead-wood decay stage (Table 3). Even though
the dead-wood volume significantly increased because of
bark beetle-induced spruce dieback in our study area,
neither dead-wood diversity nor decay stage heterogeneity
of dead wood increased during succession, which might
explain the constant species densities on the alpha diversity
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scale (Kebli et al. 2011). Moreover, large-scale disturbances interrupt the supply of fine woody debris, which has
been shown to substantially contribute to overall fungal
species richness in forests (Heilmann-Clausen and Christensen 2004; Bässler et al. 2010). Presumably, those relationships are also reflected in the NMDS ordination with
the largest heterogeneity of fungal species assemblages in
the mature stage. Wood-inhabiting fungi showed no significant values of overdispersion or clustering in any of the
successional stages. Therefore, neither the disturbance nor
the subsequent succession generally shifted the assembly
pattern towards habitat filtering (Bässler et al. 2016). The
environmental variables with highest explanatory power of
fungal species composition (time since spruce dieback,
dead-wood volume and height of ground vegetation) all
increased in value as succession proceeded, which might
explain the shift in species assemblies among the successional stages (in contrast to plant species composition) and
the highest values of functional beta diversity of woodinhabiting fungi in the advanced early-seral stage.
Increasing taxonomic beta diversity of saproxylic
beetles
From other studies, it is known that both the increased
amount of spruce dead wood and the opening of the canopy
caused by bark beetles have positive effects on the abundance of host-generalist and conifer-specialist guilds of
saproxylic beetles (Kopf and Funke 1998; Saint-Germain
et al. 2007; Müller et al. 2008, 2010). Consistent with these
results, we found highest numbers of saproxylic beetles in
the initial early-seral stage, following the availability of
fresh dead wood. This was, however, mainly driven by the
high abundances in the initial early-seral stage as shown by
the rarefaction curves. Species richness was highest in the
advanced early-seral stage (Supplementary Figure 1). All
successional stages showed clustering of the saproxylic
beetles assemblages. Clustering of closely related species
can be interpreted in terms of niche-related processes,
where only closely related species with similar, conserved
characteristics occur under given environmental filtering
conditions—in this case dead-wood parameters (Webb
et al. 2002; Hoiss et al. 2012). In contrast to our expectation, the pulse of fresh dead wood during the initial earlyseral stage did not lead to significantly increased clustering,
which was found, for instance, after retention cutting with
subsequent die-off of retained trees (Heikkala et al. 2016a).
The highest beta diversity values of species composition
of saproxylic beetles were found in the advanced early-seral
stage, thus supporting our hypothesis. The parameters time
since spruce dieback, height of vegetation cover and deadwood decay stage showed the highest correlation to species
composition of saproxylic beetles, similarly to the
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ordination of wood-inhabiting fungi. Both the generally high
level of light availability—indicated by the positive correlation to low values of crown cover—and also the diversity
of light conditions—indicated by the positive correlation to
the heterogeneity of crown cover and regeneration density—
appeared to positively influence the diversity of saproxylic
beetles on stand and landscape scale. Similarly to the relationship between the heterogeneity of dead-wood conditions
and fungal species diversity, the latter finding might at least
partly be explained by the habitat heterogeneity hypothesis,
which states that habitat heterogeneity is positively correlated with species diversity (e.g. MacArthur and MacArthur
1961; McElhinny et al. 2005; Stein et al. 2014; Seibold et al.
2016). Although the heterogeneity of most of the measured
conditions of dead wood was highest in the mature stage, the
high beta diversity of saproxylic beetle species in the
advanced early-seral stage might be a result of unmeasured
heterogeneous conditions of dead wood in this stage. Sunexposed dead wood, for example, is essential for various
saproxylic beetles species (Seibold et al. 2015). At the same
time, some of the increased diversity values might be a result
of generally higher levels of key structures, e.g. light
availability or dead-wood volume or a combination of both
factors: the availability of key structures and the presence of
heterogeneous conditions (Tews et al. 2004).
Mosaic of successional stages increases gamma
diversity on landscape scale
The results of these analyses are based on a chronosequence. Compared to true time series, space-for-time
approaches have the limitation that the initial condition of
the forest stands that are now in the advanced early-seral
stage has not been measured. We therefore cannot guarantee that the conditions 20 years ago of, for example,
regeneration densities and herb cover are completely
analogous to the current conditions of the mature or initial
early-seral stage. Owing to a changing hunting policy in
the national park, we expect that the regeneration conditions were slightly worse two decades ago. The large
majority of the trees in the advanced early-seral stage
germinated after the disturbance event, even though the
current mature stands also have large numbers of seedlings
and small saplings in the understory (Winter et al. 2015b).
To minimize the possible bias of the chronosequence
methodology, we did not consider small regeneration trees
(\50 cm) in our analysis of structural heterogeneity. Furthermore, those stand structures that are visible on aerial
photographs (e.g. ratio of spruce mortality, amount of dead
and alive legacies) are comparable in 1997 and 2012, as are
the abiotic site conditions on the different study plots (e.g.
soil conditions, topography). Therefore, in lieu of true time
series, our approach can provide valuable information on
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successional pathways of mountain forest stands impacted
by spruce bark beetles.
We note that our sampling effort did not lead to a
complete representation of the regional species pool, neither for the wood-inhabiting fungi nor for the saproxylic
beetles (Supplementary Figure 1), probably owing to the
generally high but partly unmeasured diversity in the
national park area (Falkner 1997) and a low evenness, as
indicated by the high proportion of singletons in the samples. Furthermore, our results on the species densities of
saproxylic beetles might be slightly biased because the
pitfall and flight-interception traps only capture active
animals, and a closed canopy in mature forest stands with
lower levels of light energy might reduce the activity of the
animals and subsequently their probability of being sampled, even if their species richness is the same. However,
based on the results of an earlier analysis of our data
(Winter et al. 2015a), we expect this bias to be minor. In
this earlier analysis, we investigated the alpha diversity
levels of several functional groups of beetles in the three
successional stages separately and found no effect of an
energy-driven activity level, which would be reflected in
constantly highest abundances and species densities in the
initial early-seral stage; instead, we found that resourcedriven peaks of species densities in different successional
stages are related to the demands of the specific species
groups. This result is supported by various recently published studies that have shown the suitability of these trap
types for representing the variety of types of dead wood
and sun exposure in different temporal, boreal and alpine
forests (Müller et al. 2015; Heikkala et al. 2016b; Seibold
et al. 2016; Thorn et al. 2016).
The beta diversity among successional stages was larger
than expected by null model for all three species groups,
indicating that the spatial mosaic of the three successional
stages originating from different disturbance events in time
and succession increased the overall gamma diversity of the
study area. The extrapolated gamma diversity did exceed the
diversity of the single stages especially of wood-inhabiting
fungi and saproxylic beetles. This is in line with the results of
Duelli et al. (2002), who evaluated the effects of windthrows
on faunistic biodiversity in alpine spruce forests. They found
the highest gamma diversity when species assemblages of
mature stands and of logged and unlogged early-seral stands
were combined, which presents a mosaic of different stand
conditions on the landscape scale.

Conclusions
Our results indicate that forest structural heterogeneity
continues in advanced early-seral stages during an extended period of open canopies at both local and regional
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scales. Spatial heterogeneity of several important structural
elements even exceeded the level of the initial early-seral
stage. The results indicated that this structurally complex
phase prior to tree canopy closure can last decades and
might shape unmanaged mountain forests—at least at
higher altitudes—even longer than the studied two decades.
A remaining question is how much longer these conditions
of an open canopy will continue into the middle stages of
succession and beyond. The fact that stand structure in the
advanced early-seral stage was still diverging from, or at
least not converging with, mature forest structure suggests
the possibility for a more open-canopy pathway that could
maintain structural complexity.
Successional patterns of vascular plants, wood-inhabiting fungi and saproxylic beetles that colonized the habitats
of the studied stands did not follow patterns of structural
elements uniformly but correlated differently with single
structural attributes. Beta diversity of plants seemed to be
determined to a larger part by specific abiotic site conditions than by stage-specific conditions. By contrast, beta
diversity of fungi and beetles was more strongly linked to
resources and conditions influenced by the disturbance
event and succession than to site-specific spatial variation.
The bark beetles that initiated a mosaic of different successional stages and the benign neglect policy of the
national park together likely increased the gamma diversity
of all investigated species groups in the studied mountain
forests substantially, especially of wood-inhabiting fungi
and saproxylic beetles.
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Einführung. Springer, Berlin
Li S-P, Cadotte MW, Meiners SJ, Hua Z-S, Jiang L, Shu W-S (2015)
Species colonisation, not competitive exclusion, drives community overdispersion over long-term succession. Ecol Lett
18(9):964–973. doi:10.1111/ele.12476
Lonsdale D, Pautasso M, Holdenrieder O (2008) Wood-decaying
fungi in the forest: conservation needs and management options.
Eur J For Res 127(1):1–22. doi:10.1007/s10342-007-0182-6
MacArthur RH, MacArthur JW (1961) On bird species diversity.
Ecology 42:594–598

123

Eur J Forest Res (2017) 136:357–373
Magurran AE (2004) Measuring biological diversity. Blackwell
Publishing, Malden
McElhinny C, Gibbons P, Brack C, Bauhus J (2005) Forest and
woodland stand structural complexity: its definition and measurement. For Ecol Manag 218:1–24. doi:10.1016/j.foreco.2005.
08.034
Müller J, Bußler H, Goßner M, Rettelbach T, Duelli P (2008) The
European spruce bark beetle Ips typographus in a national park:
from pest to keystone species. Biodiv Conserv 17(12):2979–
3001. doi:10.1007/s10531-008-9409-1
Müller J, Noss RF, Bußler H, Brandl R (2010) Learning from a
‘‘benign neglect strategy’’ in a national park: response of
saproxylic beetles to dead wood accumulation. Biolog Conserv
143(11):2559–2569. doi:10.1016/j.biocon.2010.06.024
Müller J, Jarzabek-Müller A, Bussler H, Gossner MM (2014) Hollow
beech trees identified as keystone structures by analyses of
functional and phylogenetic diversity of saproxylic beetles.
Anim Conserv 17:154–162. doi:10.1111/acv.12075
Müller J, Brustel H, Brin A, Bussler H, Bouget C, Obermaier E,
Heidinger IMM, Lachat T, Förster B, Horak J, Procházka J,
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