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Effects of climate and forest development
on habitat specialization and biodiversity
in Central European mountain forests
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Mountain forests are biodiversity hotspots with competing hypotheses proposed to explain
elevational trends in habitat specialization and species richness. The altitudinal-niche-breadth
hypothesis suggests decreasing specializationwith elevation, which could lead to decreasing species
richness and weaker differences in species richness and beta diversity among habitat types with
increasing elevation. Testing these predictions for bacteria, fungi, plants, arthropods, and vertebrates,
we found decreasing habitat specialization (represented by forest developmental stages) with
elevation in mountain forests of the Northern Alps – supporting the altitudinal-niche-breadth
hypothesis. Species richness decreased with elevation only for arthropods, whereas changes in beta
diversity varied among taxa. Along the forest developmental gradient, species richness mainly
followed a U-shaped pattern which remained stable along elevation. This highlights the importance of
early and late developmental stages for biodiversity and indicates that climate change may alter
community composition not only through distributional shifts along elevation but also across forest
developmental stages.

Mountain regions are hotspots of biodiversity globally and characterized by
strong changes in biodiversity along elevational gradients. Various
hypotheses have been proposed to describe why species richness commonly
decreases with increasing elevation1–3. Environmental filtering theory, for
example, predicts that only species with certain adaptations to harsh cli-
matic conditions are able to persist at high elevations4–6. The altitudinal-
niche-breadth hypothesis provides more detail by suggesting that due to
increasing spatial and temporal environmental variability with increasing
elevation, species at high elevation exhibit stronger population fluctuations
and are less specializedwith regard to, for example, the available resources or
the prevailing biotic interactions7. Lower specialization allows species to
persist undermore variable environmental conditions but restricts resource
partitioning, with the result that fewer species are able to coexist8–11. Some
studies provide evidence supporting the altitudinal-niche-breadth

hypothesis7,12,13 and a recent meta-analysis confirmed a positive correla-
tion between community-level specialization and species richness14, yet the
generality of these mechanisms across trophic levels and taxonomic groups
remains inconclusive.

In forest ecosystems, pulses of tree mortality are a major driver of
ecosystem dynamics. Tree senescence and disturbance open the forest
canopy, reset forest development, and create temporal and spatial variability
in abiotic and biotic conditions15,16. After the disturbance, forests typically
undergo a sequence of developmental stages characterized by distinct dif-
ferences in forest structure17. Many forest species are specialized in habitat
conditions provided by different developmental stages18. Thus, forest-
dwelling species diversity and composition vary along forest development19,
with high diversity in early and late developmental stages, and low diversity
in intermediate developmental stages20. Yet, it remains unclear whether
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diversity patterns along forest development are modulated by climatic
conditions, for example along elevational gradients. Specifically, the inter-
active effects of disturbance and the processes driving the altitudinal-niche-
breadth hypothesis have not been investigated to date. Given that climate is
warming more strongly in mountain areas21 and disturbance regimes are
changing rapidly in many mountain landscapes22,23, understanding how
these changes – and the resultant prevalence of different developmental
stages in the landscape – affect forest-dwelling species is crucial to better
predict the impacts of climate change on biodiversity.

To test the interactive effect of elevation and forest development
after disturbance on habitat specialization and biodiversity, we set up a
network of 150 study plots covering the full gradient of forest devel-
opment replicated ten times each across three elevational zones (sub-
montane, montane, subalpine) in the Northern Alps (Fig. 1). At each
plot, we sampled multi-trophic diversity – covering bacteria, fungi,
plants, arthropods, and vertebrates – and assessed habitat specialization
(i.e., a species´ proportional use of different forest developmental
stages), species richness, and beta diversity along forest developmental
stages and elevation, respectively. Based on the processes underlying the
altitudinal-niche-breadth hypothesis and considering a positive
specialization-species richness correlation, we predict that both (H I)
habitat specialization and (H II) species richness decrease with
increasing elevation (Fig. 2 I & II). Given decreasing specialization with
elevation, we further predict that (H III) community dissimilarity
across developmental stages is highest at the submontane and lowest
at the subalpine zone (Fig. 2 III). Combining both the elevational
and the forest developmental gradient, we finally predict that (H IV)
differences in species richness among forest developmental stages
are strongest at lower elevations and decrease towards the tree line
(Fig. 2 IV).

Results
In total, we recorded 12,687 and 9,173 Operational Taxonomic Units
(OTUs, see methods) of bacteria and fungi, respectively, 443 plant
species, 958 arthropod species identified by taxonomists (termed
arthropodsTAX), 8,335 Barcode Index Numbers (BINs, see methods) of
insects identified by DNA-metabarcoding (termed insectsBIN), and 105

Fig. 1 | Study area. Berchtesgaden National Park
and its location in Germany. The map shows the
main habitats (forest, open habitats, rock, water/ice)
based on data provided by the National Park
administration. Plot coordinates were measured
using a Trimble r12i GNSS receiver during field
sampling. Point shapes illustrate the forest devel-
opmental stage and point colours the
elevational zone.

Fig. 2 | Graphical concept. Based on the altitudinal-niche-breadth hypothesis and a
positive specialization-species richness correlation, we expect both decreasing (H I)
habitat specialization and (H II) species richness with elevation. Given decreasing
specialization with elevation, we expect (H III) decreasing community dissimilarity
across developmental stages with elevation. Given decreasing community dissim-
ilarity with elevation, we finally predict that (H IV) differences in species richness
among forest developmental stages are strongest at lower elevations and decrease
towards the tree line.
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vertebrate species (Supplementary Table S3). On average across all
plots, we found a very broad habitat use ranging between 3.6 develop-
mental stages used by fungi and 4.5 stages used by vertebrates. Verte-
brates showed the lowest species richness (28 species) and lowest
Jaccard dissimilarity (0.54), whereas bacteria showed the highest spe-
cies richness (1382 OTUs) and fungi the highest Jaccard dissimilarity
(0.84). All descriptive statistics are shown in the Supplementary
Table S3.

Patterns of habitat specialization across elevational zones
Using the standardized effect size (SES) from a null model that allows to
account for the increasing probability of using more forest develop-
mental stages withmore occurrences (supplementary Fig. S8), we found
strong evidence of higher habitat specialization in the submontane
compared to the montane and subalpine zone for all taxa (Fig. 3), as
indicated by the probability of direction (pd ≥ 0.99, a Bayesian measure
of effect existence) and the ROPE percentage (0% in ROPE, a Bayesian
measure of effect importance, Supplementary Table S5; both measures
described in more detail in the methods). Between the montane and
subalpine zones, patterns of specialization differed among taxa.
ArthropodsTAX showed a lower specialization in the subalpine com-
pared to themontane zone (pd = 1.00, 0% in ROPE). Bacteria, fungi, and
plants showed a higher specialization in the subalpine compared to the
montane zone (pd = 1.00). This difference was only of substantial
magnitude for bacteria and plants (0% in ROPE) and not for fungi (4%
in ROPE). We found no evidence for a difference in habitat speciali-
zation between the montane and subalpine zones for insectsBIN and
vertebrates (pd ≤ 0.69, ≥31% in ROPE).

Patterns of species richness along elevation
ArthropodTAX and insectBIN richness decreased by 16.1% [95%
HDIlow = 11.7, 95%HDIhigh = 20.4] and 10.2% [4.1, 14.9], respectively, with
one unit of SD of elevation (=359m) (Fig. 3, Supplementary Table S7). The
decrease is well supported for both taxa (pd = 1.00) and was substantial for
arthropodsTAX (0% in ROPE) but small for insectsBIN (43% in ROPE).
Species richness of bacteria and fungi decreased with one unit SD of ele-
vation by 0.7% [−5.2, 4.3] and 1.4% [−7.4, 5.8], and species richness of
plants and vertebrates increased by 4.3% [−1.4, 12.8] and 3.0% [−1.8, 9.3],
respectively. These changes can be seen as uncertain and negligible
(pd < 0.94, >94% in ROPE).

Elevational patterns of beta diversity among
developmental stages
All taxa except arthropodsTAX showed the highest Jaccard dissimilarity
among forest developmental stages either in the submontane zone
(insectsBIN and vertebrates) or Jaccard dissimilaritywas equally high in both
the submontane and subalpine zone (Fig. 4). For insectsBIN and vertebrates,
Jaccard dissimilarity was lower in the montane and subalpine compared to
the submontane zone, well supported for vertebrates (pd = 1.00, 0% in
ROPE) but not for insectsBIN (pd ≤ 0.95, ≥3% in ROPE) (Supplementary
Table S11 & Fig. S13). For bacteria and plants, Jaccard dissimilarity was
lowest in the montane (pd = 1.00, 0% in ROPE) but did not differ between
the submontane and subalpine zone (pd < 0.66, 25% in ROPE). Jaccard
dissimilarity of fungi did not change across the elevational zones (pd < 0.73,
>7% in ROPE). Jaccard dissimilarity of arthropodsTAX was lowest in the
submontane (pd = 1.00, 0% in ROPE), but did not differ between the
montane and subalpine zone (pd = 0.82, 11% in ROPE).

Interactive effects of forest development and elevation on spe-
cies richness
Species richness of all taxa except bacteria followed a U-shaped pattern
along the forest developmental gradient (Fig. 5). Fungi, plant and vertebrate
species richness was about 23% [7, 32], 18% [6, 32] and 8% [-4, 17] lower in
intermediate stages compared to gaps, on average across all elevations
(Supplementary Tables S8a–S8c). While for both fungi and plants lower
species richness in intermediate stages was strongly supported (pd = 1.00),
the decrease was substantial only for fungi (<3% in ROPE) and ofmoderate
magnitude for plants (<7% in ROPE). Lower vertebrate species richness in
intermediate developmental stages was uncertain and negligible (pd = 0.89,
>72% in ROPE). InsectBIN species richness was substantially higher
(between19%[10, 27] and28%[21, 36]) in gaps compared to all other stages
(pd=1.00, 0% inROPE). Species richness of arthropodsTAXwas 9.9% [1, 17]
higher in gaps and 12.8% [4, 20] higher in the terminal stage compared to
the establishment stage. Bacteria showed no notable differences (between
1.2% [−8, 12] and 4.9% [−5, 16]) in species richness between gaps and all
other developmental stages (pd < 0.81, >87% in ROPE).

We foundno substantial differences in species richnesspatterns among
developmental stages in lower compared to higher elevations for any
taxonomic group (all pd ≤ 0.91, always >3% in ROPE; Supplementary
Table S9 & Fig. S11). Patterns in Fig. 6 suggest substantial differences
between individual developmental stages, but credible intervals were wide

Fig. 3 | Habitat specialization and species richness
along elevation. Standardized effect size (SES) of
habitat specialization and normalized species rich-
ness along the elevational gradient. We calculated
habitat specialization using the reciprocal of the
Simpson index, based on the number of different
forest developmental stages used by a species within
each elevational zone. We then used a null model
which allows to account for the increasing prob-
ability of using more developmental stages with
increasing occupancies (Supplementary Fig. S7),
calculated an SES, and averaged across all species per
plot for each elevational zone (see methods for more
details). Predictions are from individual Bayesian
multilevel models for each measure and taxon. We
averaged the predictions across forest develop-
mental stages and summarized by means of the
MAP and 95% HDI (explanation in methods). To
show all taxa in a joint figure for species richness, we
normalized the predictions of species richness to a
range between zero and one based on each taxon´s
minimum and maximum values (see Table S3 and
Fig. S9 in the supplement for values and figures
including data points).
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Fig. 4 | Jaccard dissimilarity across
elevational zones. Jaccard dissimilarity for each
taxonomic group across the three elevational zones.
Jaccard dissimilarity was calculated between each
plot pair of a different developmental stage within
each elevational zone, modelled and predicted using
individual Bayesian multilevel models with a beta
probability distribution, separately for each taxo-
nomic group. Posterior distributions were sum-
marized by means of the MAP and 95% and 50%
(thick bars) HDI (explanation in methods). Differ-
ent point shapes indicate substantial differences in
Jaccard dissimilarity between elevational zones.
Supplementary Fig. S13 includes data points.

Fig. 5 | Species richness along forest development.
Patterns of species richness along forest develop-
ment (sensu Zenner et al.63) for each taxonomic
group from individual Bayesian multilevel models
with a negative binomial error distribution. We
predicted 50 times along the elevational gradient,
averaged them by developmental stage, summarized
themeans using theMAP (explanation inmethods),
normalized them between the minimum and max-
imum predicted value of each taxon, and fitted a
loess curve for better visualization.

Fig. 6 | Species richness along forest development
and elevation. Patterns of species richness along
forest development (sensu Zenner et al.63) across
elevational zones for each taxonomic group. We
predicted species richness for each developmental
stage at 719 m, 1154 m, and 1565 m, which are
approximately the central elevations of each eleva-
tional zone, using Bayesian multilevel models with a
negative binomial error distribution. We summar-
ized the predictions using the MAP (explanation in
methods) and fitted a loess curve for better visuali-
zation. The patterns suggest substantial differences
among elevational zones, but high data variability
resulted in wide and overlapping credible intervals
(Supplementary Fig. S11 includes data points and
credible intervals), leading to only marginal differ-
ences (Supplementary Table S9 & Fig. S10).
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and largely overlapped (Fig. S12). While patterns of all taxa varied little
across elevational zones, bacteria showed opposing patterns in the sub-
montane and subalpine zone (Fig. 6).

Discussion
Our study provides strong evidence for the altitudinal-niche-breadth
hypothesis. In particular, we found decreasing habitat specialization with
elevation for all six taxa investigated. Yet, species richness decreased with
elevation only for two taxa. Species richness differed among forest devel-
opmental stages in all taxa and showedmainly aU-shaped pattern along the
stages, which remained stable along elevation. Beta diversity among the
stages, however, varied across elevational zones for most taxa but aligned
with the elevational patterns of habitat specialization. This suggests that
climate and forest disturbances (i.e., the causal driver of forest develop-
mental stages) interactively affect species communities in Central European
mountain forests.

Confirming our hypothesis (H I) and in linewith the altitudinal-niche-
breadth hypothesis, habitat specialization decreased with elevation for all six
taxa. As a mechanism behind this decrease, the altitudinal-niche-breadth
hypothesis proposes decreasing specialization with elevation due to harsher
and more variable environmental conditions7,24. This mechanism might
explain the observed patterns in our study, since both decreasing tem-
perature and increasing microclimatic variability are in line with this pre-
diction (Supplementary Fig. S2c). The increase in microclimatic variability
with elevation in mountain forests is partly driven by decreasing and more
variable canopy cover, resulting in reduced thermal buffering and more
heterogenous and extrememicroclimates25,26 (Supplementary Fig. S2a & b).
While specialists may struggle to survive under such fluctuating conditions,
generalists might be able to make use of a wider range of microclimatic
conditions or resources7. Moreover, although microclimatic variability was
higher in all forest developmental stages in high-elevation forests, differ-
ences in canopy cover and microclimatic variability among developmental
stages were less pronounced in the subalpine than in lower elevational zones
(Supplementary Fig. S2). This could also allow more species of high-
elevation forests to occur in different developmental stages. However, we
observed for all taxa except arthropodsTAX that specialization did not
change or even increased from the montane to the subalpine zone. One
possible explanation is that topographic complexity and variability in soils
under a more open and variable canopy cover increases habitat hetero-
geneity at higher elevations, which might promote habitat specialists by
weakening microclimatic variability through a fine-scaled mosaic of
microhabitats27–32.Moreover, it is important tonote that specialization is not
only affected by abiotic drivers, but also by associations between taxa7. This
may explain similar patterns in habitat specialization among bacteria, fungi,
and plants in our study since there are various associations between species
of these groups33–37. Finally, specialization may not only drive species rich-
ness, but species richness could also affect specialization, as suggested by a
recentmeta-analysis on latitudinal specialization-richness patterns14, which
could be a further explanation for patterns (partly) inconsistent with the
altitudinal-niche-breadth hypothesis7.

Decreases in species richness along elevational gradients have been
previously reported1–3,38,39 and can be caused by different mechanisms2.
Considering a positive correlation between specialization and species
richness14 in combination with the assumptions made by the altitudinal-
niche-breadth hypothesis7, we expected decreasing species richness with
elevation (H II). We found patterns consistent with our hypothesis for
arthropodsTAX and insectsBIN. This suggests that at least for arthropodsTAX
and insectsBIN, lower specialization at higher elevations could be one
mechanismbehinddecreasing species richnesswith increasing elevation.As
a further mechanism, environmental filtering theory suggests that harsh
climatic conditions beyond the thermal limits of many species can restrict
the number of species able to persist at higher elevations40–42, and thus lower
temperatures are often associated with lower species richness39,43. These
mechanisms could have contributed to the elevational richness patterns of
insects and other arthropods since these are ectothermic species4,40,44,45.

Environmental filtering could also be the mechanism behind the slight
increase in plant species richness with elevation, but with light availability
beingmore important than temperature.Due to overall lower canopy cover,
light (energy) availability in the understory is higher in high- than low-
elevation forests26 (Supplementary Fig. S2a). High light availability pro-
motes a higher plant cover, consequently allowing for a greater number of
species with viable populations – in line with the more-individuals
hypothesis46–48. This implies that for plants, environmental filtering may
be stronger at lower elevations, limiting the number of species living beneath
closed canopies and leading to higher specialization. Species richness of soil
bacteria and fungi declinedweaklywith elevation, despite a clear decrease in
specialization. This weak link between specialization and species richness of
soil bacteria and fungi could be explained by the generally strong depen-
dence of these taxa on soil pH, nutrient availability, and plant species33–35,
interfering with general mechanisms shaping species richness along eleva-
tional gradients. The marginally increasing species richness of vertebrates
with elevation was mainly driven by bats and may also be explained by
canopy openness of high-elevation forests. More open forests allow more
bat species to forage in more developmental stages at higher elevations49,50.
Our findings emphasize the crucial role of canopy cover in driving habitat
specialization and species richness patterns in Central European mountain
forests. Yet, taxa are affected differently by factors that do not change uni-
formly along the elevational gradient, leading to deviations from the
expected positive specialization–richness relationship.

Considering that specialization was predicted to decrease with eleva-
tion, we hypothesized that beta diversity between forest developmental
stages also decreases with elevation (H III). This hypothesis was supported
for the majority of taxa (bacteria, plants, insectsBIN, and vertebrates),
showing congruent patterns with specialization and strongest changes from
the submontane to themontane zone. This indicates that decreasing habitat
specializationwith increasing elevation leads to taxonomic homogenization
across forest developmental stages for these taxa51. However, higher simi-
larity in forest structure and microclimate among developmental stages
(despite increasing overall variability in microclimate with elevation; Sup-
plementary Fig. S2) may have contributed to the observed pattern. Stabi-
lizing or increasing beta diversity from the montane to the subalpine zone,
similar tohabitat specialization,may result fromgreaterwithin-stagehabitat
heterogeneity, promoting species turnover and admixture of open habitat
species27–32. Patterns of fungi and arthropodsTAX were inconsistent with our
hypothesis. Even though specialization decreased for both, beta diversity
patterns remained constant or increased, indicating stronger clusteringwith
elevation. This suggests that developmental stages determine habitat con-
ditions at lower elevations while other factors, such as topographic com-
plexity or resource availability, may become more important at higher
elevations. Furthermore, decreasing occurrences and a higher proportion of
rare arthropodTAX species with increasing elevation may have caused
greaterdifferences in community composition amongdevelopmental stages
(Supplementary Table S4). Overall, differences of beta diversity among
developmental stages at different elevational zones suggest that forest
development and climate interactively shape forest community
compositions.

Species richness changes after disturbances52–54 and many taxa show
U-shaped species richness patterns along forest developmental gradients20.
We found support for a U-shaped pattern of species richness for all taxa
except bacteria – highlighting the importance of early and late develop-
mental stages for forest biodiversity15,55–57. However, contrary to our
expectations (H IV), differences in species richness among developmental
stages were rather stable and not generally weaker at higher elevations. We
assumed the opposite due to lower canopy cover and higher microclimatic
similarity among developmental stages at high elevations (Supplementary
Fig. S2). However, high topographic complexity in mountain landscapes
probably weakens or masks the macroclimatic effects of elevation27–32.
Furthermore, high habitat heterogeneity provides habitats for a large
number of species including many rare species58–60, which are, however,
more frequently subject to stochastic processes61,62. This may explain why
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differences in species richness among forest developmental stages did not
differ clearly between elevational zones as indicated by the wide credible
intervals observed.

Our study shows that elevation and post-disturbance forest develop-
ment aremajor drivers of biodiversity across awide range of forest-dwelling
taxa in amountain forest of theEuropeanAlps.Observedpatterns of habitat
specialization aligned with the altitudinal-niche-breadth hypothesis for all
taxa andwere largely congruentwithbetadiversity.Yet, the expecteddecline
in species richness with elevation was observed only in insects and other
arthropods. This indicates that the mechanisms behind the altitudinal-
niche-breadth hypothesis do play a role across all trophic levels in our study
system, but species richness patterns are not generally explained by positive
specialization-richness relationships. In contrast to species richness patterns
along forest development, beta diversity amongdevelopmental stages varied
with increasing elevation for most taxa. This suggests that climate (repre-
sented by the elevational gradient) and disturbance (represented by the
forest developmental gradient) independently drive patterns of species
richness, but interactively shape community composition.

We assessed habitat specialization based on forest developmental
stages63, which integrate multiple environmental conditions instead of
measuring them individually. Since it is impractical to measure all relevant
environmental variables across a wide range of taxa, using forest develop-
mental stages as a proxy offers a more general picture of habitat differences.
However, it does not allow to link patterns of species diversity to individual
environmental drivers. Nevertheless, forest developmental stages are a
widely applied concept in forest ecology and help guide management
decisions17,63–66. For testing hypotheses related to elevational patterns in
ecology, ideally the full elevational gradient is covered. In this study, the
elevational gradient reached the tree line but was truncated at the lower end
at approximately 600m asl. Extending the gradient to lower elevations,
however, would have introduced considerable bias due to differences in
forestmanagement and fragmentation67–69, aswell as byordersofmagnitude
larger spatial distances between study plots. We are confident that the
observed elevational patternswould be similar if elevations below600mhad
been included since the submontane zone has a similar tree species com-
position and forest development regime as forests below 600 m70.

Climate change is leading to altered climatic conditions and forest
dynamics71–73, which will have far-reaching effects on biodiversity74. If low
elevations are a proxy for future climate at higher elevations, our results
suggest that in our study system species richness of insects and other
arthropods will increase, whereas species richness of plants and vertebrates
will decrease as a result of a warming climate. Our results also suggest that
differences in species richness among forest developmental stages will
remain stable, but differences in community composition will be more
pronounced under a warming climate. If increasing forest disturbances
result in a greater proportion of the landscape at early developmental
stages73, our results suggest positive effects on species richness for most
taxonomic groups. This underscores the potential of early developmental
stages without human intervention, such as salvage logging, for promoting
species richness.

Methods
Study area
This study was conducted at Berchtesgaden National Park located in the
northern limestone Alps of south-east Germany (Fig. 1). The study area is
characterized by high topographic complexity and environmental hetero-
geneity due to the steep terrain, with elevation ranging from 603m (lake
Königssee) to 2713m asl (Mt. Watzmann). Forests cover approximately
54% of the national park’s area of roughly 21,000 ha, with the tree line at
approximately 1700m asl75. The natural tree species composition differs
between elevational zones: European beech (Fagus sylvatica L.) dominates
the submontane zone (<850m asl). Mixed forests consisting of European
beech, Norway spruce (Picea abies (L.) Karst.) and Silver fir (Abies alba
Mill.) are common in the montane zone (850–1400m asl), and conifer
forests of Norway spruce, European larch (Larix decidua) and Swiss stone

pine (Pinus cembra) dominate the subalpine zone (1400–1700m asl)70,76.
The region has a long history of timber extraction for saltmining, which has
led to increased shares of Norway spruce in the submontane and montane
zone77. Canopy cover decreases and variation in canopy cover increaseswith
elevation26 (Supplementary Figs. S2a& S2b), lowering the thermal buffering
capacity25,78 and leading to relatively higher microclimatic variability at
intermediate to late developmental stages but lower variation across stages
in the subalpine zone (Supplementary Fig. S2c). Conventional forest
management ceased when the national park was founded in 1978, and is
today restricted to restorationmanagement carried out on 25% of the park,
restoring the natural species composition by planting European beech and
Silver fir79 and preventing the spread of bark beetle outbreaks to neigh-
bouring commercial forests.

Classification of forest developmental stages and plot selection
We modified a classification protocol63 to select plots covering the full
gradient of forest development (Supplementary Fig. S3), differentiating five
forest developmental stages: gap, establishment, optimum, plenter, term-
inal.Wefirst applied theprotocol todataof the last available forest inventory
(2010-2012) to pre-select approximately 300 candidate plots. The candidate
plots covered all major forested areas of the national park, except areas
where bark-beetle trees are felled and those that were too steep to be
accessed. We visited all candidate plots in the field in 2020 to verify and
adjust the pre-classified developmental stage, and to exclude plots that
intersected with hiking trails. We finally selected ten replicates per forest
developmental stage and elevational zone (for ranges see study area),
resulting in 150plots in total (Fig. 1). Submontaneplotsweremore clustered
compared to plots in the other elevational zones, as only a few areas in the
park are below850masl and thus in the submontane zone (Fig. 1). Theplots
were circular and covered an area of 500 m2 (r = 12.62m) with a minimum
distance betweenplot centres of 125m.The lowest plotwas located at 605m
and the highest at 1725m asl. Figure S4 in the supplementary material
shows a compilation of selected plots.

Field sampling and species identification
We collected data from 14 taxonomic groups across all 150 plots (Table 1).
Field sampling was conducted in 2021 except light trapping, which was
conducted in 2022. Bacterial and fungal communities in the soil were
identified throughDNAmetabarcoding of four soil samples from each plot,
consisting of mineral and organic soil samples taken at approximately 3m
distance from the plot centre in each of the four cardinal directions. Plant
species were recorded on a 200 m2 quadratic area, distinguishing the herb
(<1m height) and shrub layer (>1–5m height). We sampled arthropods
with oneMalaise trap, three pitfall traps, and one light trap per plot to cover
differentmicrohabitats and taxonomic groups. Arthropods from two out of
three pitfall samples and moths from light traps were identified by tax-
onomists (see Table 1 for a list of identified taxonomic groups). Two pitfall
traps adequately reflect forest plots similar toours80, but since single traps are
sometimes disturbed (e.g., by wildlife), we placed three pitfall traps per plot.
We then used only two out of the three pitfall samples to maintain com-
parability across plots per census.While beetleswere identified for the entire
sampling period, the other taxa frompitfall trapswere only identified for the
census around August (Table 1, Supplementary Fig. S5). Species from
Malaise trap samples were identified through DNA metabarcoding for the
entire sampling period. DNA metabarcoding amplifies DNA-fragments
found in our samples – viable or not. However, this bias can be considered
equal among all samples and does not affect the overall outcome. For an
overview of the numbers of BINs/species of different taxonomic groups
from DNA-metabarcoding and taxonomists, see Supplementary Fig. S7.
Due to the different underlying species concepts, we analysed arthropods
identified by taxonomists (“arthropodsTAX”) and those identified by
metabarcoding separately and refer to the latter as “insectsBIN”, since we
only analysed insects as they made up 96% of all arthropod BINs (Barcode
Index Numbers) in Malaise traps. We recorded birds through passive
acoustic recorders in the morning hours around sunrise and experts
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identified species based on these recordings. Bats were recorded using
ultrasonic recorders, identified to species level through automated software
(batIdent, ecoObs, Nuremberg, Germany), and subsequently evaluated by
an expert. Small mammals (i.e., mice, voles, dormice, and shrews) were
caught in pitfall traps, and large mammals were recorded through wildlife
cameras. Further details on the field sampling, DNA metabarcoding, and
data preparation is provided in the supplementary methods section.

Specialization measure
All calculations and analyseswere conducted in R81 (version 4.1.1).We used
the reciprocal of the Simpson index to determinehabitat diversity basedona
species´ proportional use of forest developmental stages:

B ¼ 1=
X

i

pi
2 ð1Þ

where p represents the number of occupied plots in stage i relative to the
total occupancies (proportional use) of a species.We calculatedB separately
for each elevational zone to capture changes in a species´ habitat use with
increasing elevation. We then used a null model approach which allows to
account for the increasing probability of using more developmental stages
with more occupancies (Supplementary Fig. S6). To simulate 500 random
communities, we applied a non-sequential algorithm for presence/absence
matrices which keeps matrix, row and column sums constant (function
permatfull from vegan package82). We calculated a standardized effect size
(SES) for each species and elevational zone by computing B for each
simulated community, subtracting themean simulated fromtheobservedB,
anddividing by the standarddeviationof the simulatedB. As a result, we lost
between four and 19% of species, depending on taxon and elevational zone,
due to little variation and thus a standard deviation of zero (Supplementary
Table S4).Wemultiplied the SES by -1 to obtain an index for specialization
and averaged across species of each plot and elevational zone.

Species richness and beta diversity
For taxa sampled through metabarcoding, DNA barcodes (bacteria: 16S,
fungi: ITS, insects: CO1) were clustered into Operational Taxonomic Units
(OTUs) using a similarity threshold of 98% for bacteria and fungi and 97%
for insects. We used OTUs as a proxy for bacterial and fungal species,
whereas insect OTUs were assigned to a globally unique identifier (Barcode
Index Numbers, BINs) from the Barcode of Life data system (BOLD)83,84,
which we used as a proxy for insectBIN species. The utility of BINs in
assessing biodiversity has been largely demonstrated85–87. We calculated
species richness as the sum of all species found at a study plot. To quantify
beta diversity,we calculated the Jaccarddissimilarity between each set of two
plots from different forest developmental stages for each elevational zone,
respectively.

Statistics and reproducibility
Wefirst analysedhow the SES of niche breadth (H I), species richness (H II),
and beta diversity (H III) changed with elevation (Fig. 2). In a second step,
we analysed how differences in species richness between forest develop-
mental stages differed between the three elevational zones (H IV). To do so,
we fitted individual multilevel models for each taxonomic group within a
Bayesian framework using the brms package88. We z-transformed (mean =
0, SD = 1) all continuous predictor variables to increase sampling efficiency.

To analyse habitat specialization along elevation, we used the SES of
specialization as the response variable and the elevational zone as a three-
level categorical predictor variable. Due to differences in the dispersion of
the SES across the elevational zones, we fitted distributional models with a
Gaussian error distribution and used the elevational zone to model the
dispersion phi.We usedmultivariate Gaussian processes with x and yUTM
coordinates as joint predictors tomodel spatial autocorrelation.We applied
15 basis functions for bacteria and 20 for all other taxa to minimize com-
putation time and avoid overfitting but adequately account for spatial
autocorrelation89.T
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To address patterns of species richness along gradients of elevation and
forest development, we fitted negative-binomial models with species rich-
ness as a response and an interaction term between forest developmental
stage (categorical) and elevation (continuous) as predictors. For bacteria,
fungi, andplants,we added thedayof year as a continuous covariate to adjust
for phenological effects due to different sampling dates.We added a variable
that groups neighbouring study plots as random intercepts to account for
spatial autocorrelation (groups are shown in Supplementary Fig. S1).

To address patterns of beta diversity among plots from different forest
developmental stages of each elevational zone, we fitted models with the
pairwise Jaccard dissimilarities as response and elevational zone as a cate-
gorical predictor. We added the elevational and spatial distance between
each set of the two plots to all models, as well as the difference between the
sampling day to the models for bacteria, fungi, and plants as continuous
covariates, to adjust for spatial and phenological differences. In the case of a
quadratic relationship between beta diversity and a covariate, we added the
covariate as a quadratic term using the poly function. We fitted the models
using a beta probability distribution.

We provide further information about model specifications (priors,
iterations), evaluations (convergence, residual checks, goodness-of-fit
(Supplementary Table S2), posterior predictive checks, VIF), and summa-
ries (Supplementary Tables S5, S8a–S8c, S10, S12, and S13) in the statistical
analyses and results of the supplementary material.

To assess the effect of elevation on habitat specialization (H I), we
calculated the pairwise differences of the predictions between each eleva-
tional zone.Toassess the overall effect of elevationon species richness (H II),
we added the baseline elevation coefficient (gap stage) to all developmental
stage and elevation interaction coefficients and averaged over all. To assess
whether beta diversity decreases with increasing elevation (H III), we
computed the differences of predictions between the elevational zones. To
assess whether the differences among forest developmental stages are
strongest at low elevations anddecrease towards the tree line (H IV), wefirst
computed the absolute differences between predictions of the optimum and
each other developmental stage, separately for each elevational zone. We
then computed a “difference-of-differences” across the elevational zones:
We subtracted the absolute differences of each optimum-[developmental
stage]-comparison of the montane and subalpine zone from the absolute
difference of the corresponding optimum-[developmental stage]-compar-
ison of the submontane zone. For a better understanding, we provide a
graphical concept of our calculations in the supplemental material
(Supplementary Fig. S6).

We summarize all posterior distributions using the Maximum A
Posteriori (MAP)and the 95%HighestDensity Interval (HDI), representing
the value with the highest probability density (mode) and the interval
containing 95% of the highest probability density (95% Credible Interval,
CI). To assess the existence and importance of an effect, we calculated the
probability of direction (pd) and theROPEpercentage for each predictor90,91

using the bayestestR package92. The pd is strongly correlated with the fre-
quentist p-value and represents a robust and model-independent index
ranging from50% to 100% that indicates the certainty of an effect’s direction
(positive or negative), i.e., the existence of an effect. However, the pd does
not assess the magnitude or importance of an effect, which is better eval-
uated using the ROPE percentage. The Region of Practical Equivalence
(ROPE) defines an area around thenull value, enclosing values equivalent to
the null and thus of negligible magnitude and importance. The ROPE
percentage indicates the proportion of the 95%HDIwithin this area, which
here is defined as a range from –0.1 * SDy to 0.1 * SDy

90. All changes in
species richness correspond to a unit increase in the standard deviation of
elevation, which is 357m across our plots. We provide all pd and ROPE
percentage measures together with the model summaries in the supple-
mentary results (Supplementary Tables S4-S12).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data used in our analysis have been deposited in a publicly accessible
archive on Dryad: https://doi.org/10.5061/dryad.bk3j9kdkp93

Code availability
All analysis were conducted in R, and the code has been deposited in the
same Dryad archive as the data: https://doi.org/10.5061/dryad.bk3j9kdkp93
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