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2. Here, we provide a synthesis of how the introduction of North American Douglas
fir alters different facets of biodiversity across vertical strata in Central European
forests. We focused on beetles, a hyperdiverse group of forest biota, and
considered economically important stand types including and excluding Douglas
fir, namely, monocultures and mixtures of native European beech, native Norway
spruce planted outside its natural range and non-native Douglas fir.

3. Beetle diversity varied strongly among forest strata and stand types. Douglas
fir monocultures consistently supported lower taxonomic, functional and
phylogenetic diversity at both local (plot) and regional (landscape) scales
compared with the other stand types, with the most pronounced differences
observed in the canopy. Mixture effects depended on the identity of admixed
conifers: beech-spruce mixtures favoured beetle diversity on the forest floor,
whereas beech-Douglas fir mixtures generally buffered canopy beetle diversity

losses observed in Douglas fir monocultures.
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4. Canopy openness, deadwood volume and tree neighbourhood diversity shaped

biodiversity across all strata. Subcanopy communities generally depended most
on environmental features, while canopy communities were strongly driven
by tree species identity. Community composition and feeding-guild structure
diverged with increasing stratum height, especially when comparing beech- and
conifer-dominated stands, underscoring the sensitivity of canopy assemblages
to host tree identity due to their direct contact with tree-specific habitats and
resources.

. Synthesis and applications. Our findings emphasize the importance of integrating
vertical stratification into biodiversity monitoring for a comprehensive
understanding of the ecological impacts of climate-adapted forest management
with non-native tree species. Promoting mixed stands can mitigate negative
biodiversity impacts of non-native tree species and support the maintenance
of multidimensional biodiversity of associated forest biota under climate-driven

forest reorganization.

KEYWORDS

1 | INTRODUCTION

Global biodiversity is undergoing unprecedented change, with
widespread declines threatening the integrity of forest ecosystems
(Thompson et al., 2009). Climate change is intensifying disturbances
such as prolonged droughts and pest outbreaks, and despite
reforestation and conservation efforts, species richness and
ecosystem functions continue to decline in managed forests (Seidl
& Turner, 2022). In response, forest management increasingly
relies on fast-growing, stress-tolerant non-native tree species or
non-local provenances to enhance resilience (Messier et al., 2022)
and maintain timber production (Nicolescu et al., 2023). Yet, the
growing introduction of non-native trees entails considerable
ecological costs: they can displace native tree species, modify forest
functioning and homogenize forest communities (Wohlgemuth
et al., 2022). For instance, in Europe, plantations of the non-native
black locust and Austrian pine have been shown to harbour lower
native plant diversity than near-natural forests (Vu Ho et al., 2023),
while in the Brazilian Atlantic Forest, Eucalyptus plantations support
lower abundance and diversity of ground-dwelling invertebrates
than native forests (Martello et al., 2024).

A particularly prominent example is the North American Douglas
fir (Pseudotsuga menziesii (Mirbel) Franco), increasingly grown world-
wide for its presumed environmental adaptability and rapid growth
(Potzelsberger et al., 2020; but see Leuschner & Meinzer, 2024).
In Central Europe, Norway spruce (Picea abies (L.) H.Karst.) has
historically dominated plantation forestry, often established in
monocultures outside its optimal montane climatic range (Caudullo
et al., 2016). These suboptimal conditions increase its susceptibility

Coleoptera, functional diversity, managed forests, mixed-species forest stands, non-native
trees, phylogenetic diversity, vertical forest strata

to drought stress and outbreaks of the European spruce bark bee-
tle (Ips typographus Linnaeus), causing widespread recent mortality
(Seidl et al., 2017). Consequently, Douglas fir has gained attention
as an economically attractive and potentially more resilient alter-
native (Vitali et al., 2017). Although Douglas fir still covers a small
share of European forest area, its increasing cultivation has raised
concerns about potential ecological consequences (BMEL, 2024),
particularly because of its potentially invasive status (Schmid
et al., 2014). Graf et al. (2025) report that 78.6% of studies found
non-significant effects of Douglas fir introduction on biodiversity,
but also highlight studies reporting declines in the abundance and di-
versity of various taxonomic groups (Kubartova et al., 2009; Schuldt
et al., 2022; Wildermuth, Hagge, et al., 2024). Non-native trees
lacking co-evolved associations with native arthropod fauna often
support depauperate, generalist-dominated communities (Gossner
et al.,, 2009). Such mismatches between non-native tree traits and
the evolutionary histories of local arthropods can constrain multiple
dimensions of diversity—taxonomic, functional and phylogenetic—
with consequences for ecosystem resilience (Tallamy et al., 2021).
Nevertheless, some studies suggest that even species-poor com-
munities can maintain key ecological processes due to functional
redundancy (Nunes et al., 2021), implying that essential ecological
functions could persist if remaining species compensate for lost
functions and traits.

To address potential challenges of introducing non-native tree
species, mixed-species forests that combine conifers with native
broadleaves are increasingly promoted as a strategy to reduce
economic and ecological risks (Topanotti et al., 2024). By diversi-
fying stand composition, mixtures can buffer tree species-specific
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disturbances (Jactel et al., 2021) and generate greater structural and
resource heterogeneity than monocultures, contributing to higher
overall biodiversity and ecosystem resilience (Hurtado et al., 2025;
Wildermuth, Hagge, et al., 2024). Importantly, mixture benefits are
often more pronounced at the landscape (y-diversity) scale than at
the local (a-diversity) scale, because of greater p-diversity (i.e. spe-
cies turnover among plots) compared to monocultures (Gossner
etal.,, 2013; Leidinger et al., 2021), suggesting that assessing mixture
effects on biodiversity at broader spatial scales is crucial to fully cap-
ture their benefits.

Despite growing interest in the ecological effects of non-native
trees, most biodiversity studies remain limited to forest-floor taxa,
largely because canopy access and sampling are technically chal-
lenging and costly (Finch & Szumelda, 2007; Glatthorn et al., 2023;
Oxbrough et al., 2010). Yet forests are vertically structured ecosys-
tems in which abiotic gradients (e.g. solar radiation, microclimate
and resource availability) create distinct environmental conditions
across forest floor, subcanopy and canopy strata (Ulyshen, 2011;
Wardhaugh, 2014). Effects of tree species identity on forest bio-
diversity can change across forest strata, with canopy biota being
particularly sensitive to host species identity (Floren et al., 2022;
Wildermuth, Hagge, et al., 2024) due to their direct interactions
with tree-specific traits, such as foliage, bark characteristics and
branching architecture (Hagge et al., 2024; Pedley et al., 2016).
By contrast, tree identity effects are often weaker near the forest
floor, where microclimatic conditions are more buffered and com-
munities more generalist (Ulyshen, 2011), although tree identity
can still indirectly shape forest-floor communities through effects
on litter quality, soil chemistry, fungal communities and nutrient
cycling (Likulunga et al., 2021; Stiegel et al., 2020). However, a
comprehensive understanding of these ecological consequences is
hindered by the fact that only few studies have examined commu-
nities at higher forest strata so far, and that to date, no study has
systematically evaluated how non-native trees alter biodiversity
within a given taxonomic group across vertical forest strata using a
consistent experimental design.

This study investigates how beetle communities differ ver-
tically, from the forest floor to the subcanopy and canopy, and
how these patterns are shaped by tree species composition across
eight sites in temperate forests of northwest Germany. We com-
pare monospecific stands of European beech (native broadleaved
species), Norway spruce (native conifer planted outside its nat-
ural range) and Douglas fir (non-native conifer), and mixtures
of European beech-Douglas fir and European beech-Norway
spruce. Beetles are an especially suitable group for addressing
vertical stratification in response to tree species identity. Owing
to their exceptional diversity, beetles are associated with nearly
all tree-related microhabitats (Lawrence et al., 1999) and serve
as indicators of environmental disturbance, habitat heterogene-
ity and forest resilience (Wildermuth, Hagge, et al., 2024). We
focus on three dimensions of biodiversity: taxonomic diversity
(TD), functional diversity (FD) and phylogenetic diversity (PD). We
test the following hypotheses: (i) across strata, beetle biodiversity
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dimensions differ significantly between deciduous and coniferous
stands, with taxonomic and phylogenetic diversity being lower
in coniferous stands, particularly those dominated by non-native
Douglas fir. These differences are expected to be more pro-
nounced in the canopy, where the influence of host tree structural
and resource characteristics on beetle biodiversity dimensions
is stronger than in the subcanopy and on the forest floor. By
contrast, functional diversity is expected to be relatively similar
across stand types, as essential ecological roles might be fulfilled
even in stands harbouring less species-rich beetle communities.
(ii) Beech-conifer mixtures enhance beetle diversity compared
to the corresponding conifer monocultures across forest strata,
with stronger positive mixture effects at the regional than at the
local spatial scale. (iii) Differences in beetle community composi-
tion among stand types are less pronounced in the litter layer of
the forest floor, becoming stronger at higher forest strata, where
beetles interact more closely with tree-specific resources and
microhabitats.

2 | MATERIALS AND METHODS
2.1 | Study sites

The study was conducted at eight study sites located in managed,
even-aged, mature forests (average age: 82.04years+22.85 SD)
in Lower Saxony, Germany (Appendix S1: Figure S1). The study
area is characterized by mean annual temperatures of 7.6°C-9.7°C
and mean annual precipitation of 672-1029 mm (Matevski &
Schuldt, 2021). At each site, a quintet of forest stands (each
2500m?) was selected, representing five different stand types:
monospecific stands of European beech (F. sylvatica), Norway
spruce (P. abies) and Douglas fir (P. menziesii) and mixtures of
European beech-Douglas fir and European beech-Norway
spruce. Due to storm damage, four plots were replaced after
2019, specifically two Norway spruce monocultures, one beech-
Douglas fir mixture and one beech-Norway spruce mixture (see

Appendix S1: Figure S1 for more details).

2.2 | Beetle sampling, trait assignment and
phylogenetic data

We surveyed beetle communities in all 40 study plots along a
vertical gradient of three forest strata: forest floor, subcanopy
(2.5m above forest floor) and canopy (17.5m+3.1SD above
forest floor) (Appendix S1: Figure S2). Because our aim was to
sample the beetle assemblages most active in each forest stratum,
we used pitfall traps on the forest floor and flight interception
traps (FITs) in the subcanopy and canopy, which are established
methods for targeting active beetles in their respective strata
(Brown & Matthews, 2016; Knuff et al., 2019). Epigeic beetles
were collected with eight pitfall traps per plot from April to
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August 2019, subcanopy beetles with three FITs per plot from
May to August 2019 and canopy beetles with three FITs per plot
from mid-April to mid-August 2021 (protocols in Appendix S1:
Section S1). Beetles were morphologically identified to species
level by taxonomic experts (see Acknowledgements). This study
did not require any ethical approval. Field access and permission
to conduct the study were granted by the responsible forest
managers and local forestry authorities at all study sites.

Functional traits assigned to each species included body
mass, trophic guild, dispersal ability and vertical stratum use (de-
tailed descriptions in Appendix S1: Section S1). Relevant data on
these traits were obtained from various sources, including Rappa
et al. (2022), Hagge et al. (2021), Gossner et al. (2015) and Freude
et al. (1964).

For phylogenetic diversity analysis, we used a calibrated back-
bone phylogeny of Coleoptera provided by Miller and Heibl (2019),
which is based on the molecular phylogenetic framework of
Chesters (2017). The phylogeny was downloaded from the BExIS
repository (dataset ID: 25686).

2.3 | Environmental variables

To investigate how forest structure and habitat characteristics
shape beetle communities across vertical strata, we quantified
a broad range of environmental variables. These were selected
based on their known or expected relevance to beetle diversity
and vertical stratification, as supported by prior studies (Keye
et al., 2024; Kriegel et al., 2021). We included the following
variables: above-ground biomass, canopy openness, litter depth,
litter cover, herb cover, vegetation complexity, soil pH, total
deadwood volume, number of tree microhabitats, richness of tree
microhabitats, mean canopy height, effective number of layers
(ENL), vertical diversity ratio (VDR), structural complexity (box
dimension), taxonomic tree neighbourhood diversity (NDiv) and
area potentially available (APA) of Douglas fir and Norway spruce
(as a measure of tree proportions). For detailed information on
variable selection, definitions and measurement methods, see
Appendix S1: Section S1, Table S1.

2.4 | Statistical analysis

All analyses were performed in R 4.3.2 (R Core Team, 2023).
Beetle abundance was standardized as individuals per trap per day
(considering the exact time span of trap exposure) and taxonomic
diversity (TD), functional diversity (FD) and phylogenetic diversity
(PD) were calculated at both local (plot) and landscape (regional)
scales using the iINEXT.3D package (Chao et al., 2021), which
implements a unified framework for diversity estimation based
on Hill numbers (Hill, 1973). At the plot scale, biodiversity metrics
were calculated for Hill number g=0 (i.e. species, functional and
phylogenetic group richness, focusing on rare species), whereas at

the landscape scale, metrics were calculated for Hill numbers =0,
g=1 (i.e. the exponential of Shannon diversity, focusing on common
species) and q=2 (i.e. the inverse of Simpson diversity, focusing on
dominant species; Hill, 1973). To estimate beetle TD, FD and PD
at the regional scale, we applied a sample-based rarefaction and
extrapolation approach using the iINEXT.3D package in R (Chao
et al., 2021).

To ensure comparability across samples, we standardized all di-
versity estimates to a sample coverage of 90%. To test the robust-
ness of our results, we computed diversity estimates for coverage
levels equal to the minimum coverage at double sample size, which
produced qualitatively similar patterns (Appendix S1: Figures S12
and S13; Table S17). To test whether FD and PD deviated from ex-
pectations given TD, we compared observed FD and PD with values
from 999 random communities generated using the 1s null model of
Hardy (2008). For more details on the calculation of FD, PD, FD.ses
and PD.ses, see Appendix S1: Section S2.

To disentangle effects of forest stand type, tree proportions
and environmental properties on beetle abundance (individuals/
trap/day), TD, FD and PD in each stratum, we adopted a three-step
modelling approach, fitting three successive linear mixed-effects
models (LMMs; nlme package; Pinheiro, 2025) for each response
variable to avoid multicollinearity. To account for spatial autocor-
relation, all models included study plot nested within study site as
a random effect. Step 1 (stand-type models) comprised stand type
as a fixed effect. Step 2 (tree species-composition models) tested the
proportions of Douglas fir and Norway spruce. Step 3 (environment-
structure models) included environmental and structural plot char-
acteristics described above and location, a categorical factor
distinguishing between northern and southern study sites, as fixed
effects (Appendix S1: Table S1). To minimize multicollinearity, we
screened Pearson correlations (Appendix S1: Figure S3) and summa-
rized correlated variables with principal component analysis (PCA;
Appendix S1: Tables S2 and S3). We additionally tested stand-type
models separately for four major feeding guilds, using abundance
and species richness (vegan package; Oksanen et al., 2026) as re-
sponse variables. Further details on model specification, variable se-
lection and assumption checks are provided in Appendix S1: Section
S1. Effects with p-values 0.05<p<0.1 were reported as marginal
trends.

To analyse community composition across forest stand types, we
used the pair_dis function (hilldiv package; Alberdi & Gilbert, 2019),
which yields matrices of pairwise beta diversity and visualized the
corresponding dissimilarity indices for Hill numbers g=0 (Sgrensen
index), g=1 (Horn index) and q=2 (Morisita-Horn index) with non-
metric multidimensional scaling (NMDS) ordinations (vegan package;
Oksanen et al., 2026). We tested for differences in community com-
position among stand types across the vertical strata with ANOSIM
(999 permutations), and post hoc comparisons were conducted
using pairwiseAdonis (Arbizu, 2017). Feeding-guild composition was
assessed from the relative richness- and abundance-based propor-
tions of guilds per plot and stratum, which were then analysed using
NMDS based on Horn dissimilarities.
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3 | RESULTS

A total of 44,719 beetle individuals representing 918 species were
collected across the three strata (Appendix S2: Table S1). The
analysis of the forest floor was based on 34,385 individuals from 594
species, the analysis of the subcanopy was based on 5628 individuals
belonging to 422 species, and the analysis of the canopy was based
on 4706 individuals representing 325 species. The most abundant
beetle families varied by stratum: Carabidae dominated the forest
floor (14,524 individuals; 42.2%), Curculionidae the subcanopy
(1650; 29.3%) and Elateridae the canopy (1106; 23.5%). The most
abundant species were Abax parallelepipedus (Carabidae; 3251
individuals; 9.4%) on the forest floor, Dasytes plumbeus (Melyridae;
420; 7.5%) in the subcanopy and Dalopius marginatus (Elateridae;
467; 9.9%) in the canopy.

3.1 | Local-scale biodiversity patterns

Overall, local-scale patterns indicated that differences in beetle
abundance among stand types were most pronounced in the
canopy, where pure and mixed European beech stands supported
higher abundance than Douglas fir monocultures (stand-type models;
Figure 1). Diversity responses were stratum-specific: forest-floor TD,
FD and PD were generally higher in beech-Norway spruce mixtures
than in Douglas fir and beech-Douglas fir stands, whereas canopy
TD and FD were consistently lowest in Douglas fir stands (stand-
type models; Figure 1). Tree composition models further indicated that
increasing conifer proportion, especially Douglas fir, was associated
with reduced beetle diversity on the forest floor and in the canopy
(Appendix S1: Figure S11). The following sections present these
patterns in detail.

For beetle abundance at the local scale, stand-type models re-
vealed no significant differences in forest-floor-dwelling beetles
(Figure 1A; Appendix S1: Table S5). For the subcanopy, a signifi-
cant effect of stand type was indicated (F4,2s=3~25* p<0.05), but
post hoc pairwise comparisons revealed no significant differences
among individual stand types after correction for multiple compar-
isons (Figure 1B). In contrast, canopy beetle abundance was signifi-
cantly higher in pure and mixed European beech stands compared
to Douglas fir monocultures (F, ,3=5.29, p<0.01; Figure 1C). Tree
composition models showed a significant increase in forest-floor-
and subcanopy-dwelling beetle abundance with increasing Douglas
fir and Norway spruce proportions, respectively (Appendix S1:
Figure S11a,b). Canopy-dwelling beetle abundance significantly de-
creased with increasing proportions of Douglas fir (Appendix S1:
Figure S11c).

For beetle diversity at the local scale, TD, FD and PD (Hill
number q=0) generally exhibited largely consistent trends among
stand types within strata but differed among strata (Figure 1D-L).
On the forest floor, both TD and FD differed significantly among
stand types (TD: F406=4.15 p<0.01; FD: F, ,4=7.65, p<0.001),
with beech-Norway spruce mixtures supporting significantly
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higher values than beech-Douglas fir mixtures and Douglas fir
monocultures (Figure 1D,G). FD was further significantly higher
in pure Norway spruce stands than in pure beech and Douglas fir
monocultures (Figure 1G). These patterns were also reflected in
the tree composition models (Appendix S1: Table S7). PD showed
significant differences in the stand-type models (F4,28=4.06,
p <0.05; Appendix S1: Table S4) and followed a similar trend, with
beech-Norway spruce mixtures exhibiting significantly higher
values than beech-Douglas fir mixtures and Douglas fir monocul-
tures (Figure 1J).

In the subcanopy, TD differed significantly among stands based
on stand-type models (F4,2s=2~85: p<0.05; Figure 1E). Specifically,
beech-Douglas fir mixtures supported significantly higher TD than
pure beech stands (Figure 1E). FD and PD showed similar patterns
but were not statistically significant (Figure 1H,K; Appendix S1:
Table S4).

In the canopy, both TD and FD were significantly lower in pure
Douglas fir stands compared to pure beech and beech-Douglas fir
mixed stands based on stand-type models (TD: F,05=4.07, p<0.05;
FD: F4,28:5'18’ p <0.005; Figure 1F,I). In addition, canopy beetle FD
was significantly lower in pure Norway spruce stands than in pure
beech and beech-Douglas fir mixtures. PD showed no statistically
significant differences among stand types (Figure 1L; Appendix S1:
Table S4). Increasing the proportion of both conifer species in the
canopy was significantly associated with reduced beetle TD and FD
(Appendix S1: Figure S11f,i). Tree composition models showed that PD
declined significantly only with increasing Douglas fir proportion
(Appendix S1: Figure S111).

Analyses based on standardized effect sizes of FD and PD rel-
ative to the null model produced qualitatively similar results across
strata and stand types, although effect sizes were often slightly
weaker, indicating that FD and PD are not completely independent
of TD (Appendix S1: Figure S4).

Feeding-guild responses to stand type were more variable on the
forest floor, whereas clearer but guild-specific patterns emerged in
the upper strata (Appendix S1: Figures S5 and S6; Table Sé). In the
canopy, Douglas fir monocultures tended to support lower abun-
dance and species richness of myceto-detritivorous and omnivorous
beetles. Instead, herbivores generally showed reduced abundance
and species richness in both conifer monocultures, and carnivores
tended to show higher values in beech-Douglas fir mixtures. Across
all strata, Norway spruce stands generally supported higher abun-
dance and species richness of myceto-detritivores than the other

stand types.

3.2 | Regional scale biodiversity patterns

At theregional scale, biodiversity patterns varied across forest strata,
diversity dimensions and diversity orders (Figure 2, Appendix S1:
Figures S7 and S8). Differences among stand types were generally
weakest on the forest floor and in the subcanopy, where patterns
depended on the diversity dimension and order considered. In
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contrast, stand-type differences became more pronounced in
the canopy, where conifer monocultures, and especially Douglas
fir, showed lower diversity than beech and mixed stands. Overall,
beech-Norway spruce mixtures supported higher diversity on the
forest floor, whereas beech-Douglas fir mixtures supported higher
diversity in the subcanopy and canopy.

On the forest floor, TD (q=0) was broadly similar among stand
types, whereas diversity of common (g=1) and dominant species
(@=2) was highest in Norway spruce monocultures and beech-
Norway spruce mixtures, with significant differences compared to
Douglas fir stands (Figure 2d,g). FD for g=1 and q=2 was higher
in conifer monocultures than most other stand types, with beech-
Norway spruce mixtures showing intermediate values (Appendix S1:
Figure S7). For PD, mixtures and Douglas fir monocultures tended

to support higher diversity of common and dominant lineages
(Appendix S1: Figure S8).

In the subcanopy, stand types showed overlapping diversity pat-
terns for species richness and common species (=0, 1; Figure 2b,e),
whereas beech-Douglas fir mixtures showed slightly higher diver-
sity of dominant species (q=2; Figure 2h). Comparable patterns
emerged for FD and PD, but beech tended to show slightly lower
values for common and dominant lineages (q=1, 2; Appendix S1:
Figures S7 and S8).

In the canopy, conifer monocultures, especially Douglas fir,
showed the lowest TD across all diversity orders, whereas beech-
Douglas fir mixtures tended to support higher diversity than
beech-Norway spruce mixtures (q=0, 1, 2; Figure 2c,f,i). FD and PD
followed a broadly similar pattern across diversity orders, although
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differences were moderate for FD and clearer for PD (Appendix S1:
Figures S7 and S8).

3.3 | Environmental and forest structure effects on
biodiversity

On the forest floor, abundance was positively associated
with canopy openness (Figure 3c) and marginally with soil pH
(Appendix S1: Table S8). Forest floor TD, FD and PD decreased
with deadwood volume (Figure 3a; Appendix S1: Table S8),
although only significantly for FD. All dimensions of diversity
(Figure 3b)
and taxonomic tree neighbourhood diversity (Appendix S1:
Table S8).

significantly with herb cover (Figure 3d) and forest complexity

increased significantly with forest complexity

In the subcanopy, beetle abundance increased
(Appendix S1: Table S8). Subcanopy TD and FD were significantly
positively associated with vertical structure and taxonomic tree
neighbourhood diversity (Figure 3e; Appendix S1: Table S8), and
subcanopy PD was negatively associated with box dimension and
marginally positively with taxonomic tree neighbourhood diversity
(Appendix S1: Table S8). In the canopy, beetle abundance, TD and
FD were positively associated with richness of tree microhabitats
(Figure 3h; Appendix S1: Table S8), PD, and marginally TD, with
taxonomic tree neighbourhood diversity, and PD was marginally
associated with forest complexity (Appendix S1: Table S8).

3.4 | Community composition

Non-metric multidimensional scaling (NMDS) ordination revealed
a clear trend of increasing community differentiation among
stand types from the forest floor to the canopy (Figure 4). These
patterns were consistent across all Hill number-based dissimilarity
metrics (g=0, 1, 2; Appendix S1: Figure S9, Tables S9-511). While
forest floor communities showed substantial overlap among
forest stand types, subcanopy and especially canopy communities
exhibited greater separation, particularly between beech and
conifer monocultures, indicating stronger compositional shifts
in upper vertical strata. Indeed, in the canopy, pure Douglas fir
communities were significantly different from all other stand
types (except beech-Douglas fir mixtures), with the strongest
differences observed between pure beech and pure conifer stands
(ANOSIM; Appendix S1: Tables S9-511). In contrast, on the forest
floor and in the subcanopy, no significant differences in species
composition were found among stands (ANOSIM; Appendix S1:
Tables S9-S11). Environmental effects varied depending on the
vertical stratum (Figure 4; Appendix S1: Figure S9; Tables S12-514).
Community composition was particularly shaped by soil pH on the
forest floor, and Norway spruce proportions and richness of tree
microhabitats in the canopy (Appendix S1: Figure S9). Location (i.e.
North vs. South), vegetation complexity and herb cover shaped
community turnover in all strata, while canopy openness did so in

the canopy and on the forest floor. In the canopy and subcanopy,
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canopy openness correlated with beetle communities that were
characteristic of Norway spruce and Douglas fir monocultures
(Appendix S1: Figure S9; Tables $12-514).

In both abundance- and species richness-based relative pro-
portion ordinations, the feeding-guild composition on the forest
floor and in the subcanopy showed substantial overlap among
stand types (Figure 4b,d; Appendix S1: Figure S10a,b). Most pair-
wise comparisons were non-significant after p-value adjustment,

indicating no clear differentiation in feeding guild structure among
stands at these strata (Appendix S1: Tables S15 and S16). Canopy
guild associations with stand types were most pronounced
(Figure 4c; Appendix S1: Figure S10c). Specifically, pure European
beech stands differed significantly from both beech-Norway
spruce mixtures and Norway spruce monocultures, with a higher
share of herbivorous and a lower share of myceto-detritivorous
beetles.
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4 | DISCUSSION

Our study provides a comprehensive, vertically explicit assessment
of how the integration of a non-native tree species in temperate
forests affects the biodiversity of a hyperdiverse group of forest
insects. Beetle communities showed increasing compositional
shifts among stand types from lower to upper vertical strata.
Moreover, negative effects of non-native Douglas fir on beetle
biodiversity were most pronounced in the canopy, likely reflecting
stronger tree species-specific differences in canopy habitat
structure and resources compared with lower forest strata. Mixed
stands including Douglas fir, however, supported high beetle
diversity, particularly in higher strata. Collectively, these findings
highlight that tree species identity and compositional effects
of introducing non-native species such as Douglas fir strongly
depend on the forest strata. They also underscore the potential of
targeted species mixtures to counterbalance negative effects of
non-native conifers and emphasize the need for vertically explicit
biodiversity monitoring as forest biota at different strata respond

differently to stand type.

4.1 | Stratum-specific stand-type effects on beetle
biodiversity

The stratum-dependent stand-type effects were in line with our first
hypothesis, showing that effects of monospecific Douglas fir stands
on beetle abundance and diversity were particularly negative in the
canopy. This contrasts with earlier canopy studies reporting similar
richness in Douglas fir and Norway spruce (Gossner & Simon, 2002),
but aligns with findings for other taxa at the same study sites (Schuldt
et al., 2022; Wildermuth et al., 2023). The stronger assemblage
filtering in the canopy supports our assumption that canopy-
dwelling beetle communities are shaped by host tree identity
and the non-native character of Douglas fir. In line with this, but
contrary to previous results (Wildermuth, Penanhoat, et al., 2024),
stand structural variables (e.g. canopy openness and box dimension)
did not significantly affect canopy beetle biodiversity. Instead,
we found positive effects of tree microhabitat richness on beetle
abundance and diversity, indicating that microhabitat conditions,
and the resources they may provide, shape beetle communities
more strongly than larger scale canopy metrics, which likely become
more influential in old, structurally rich forests (Ulyshen, 2011). In
Douglas fir canopies, distinct foliar chemistry limits host-specialized
folivores (Gruppe & Gossner, 2006), bark and phloem traits constrain
bark- and wood-boring (Lieutier et al., 2004) and crown dead wood
traits saproxylic beetle assemblages (Ulyshen et al.,, 2018) and a
simplified canopy architecture reduces microhabitats for saproxylic
beetles (Seibold et al., 2018). This can be explained by phylogenetic
conservatism of arthropod assemblages on non-native trees
(Gossner et al., 2009) and aligns with earlier findings of Gossner
and Ammer (2006), who found stronger effects of Douglas fir on
arthropod diversity in the tree crown than in the stem layer.

In contrast to the canopy, TD did not differ significantly among
monocultures in the subcanopy and on the forest floor, indicating
that direct effects of tree identity weakened at lower forest strata.
Feeding-guild responses largely mirrored these overall patterns,
with more variable responses among guilds on the forest floor
than in the canopy, likely reflecting the stronger influence of local
environmental heterogeneity on the forest floor and stronger tree-
identity filtering in the canopy. This is consistent with previous re-
search at the same study sites, where forest floor-dwelling spiders
showed no strong differences in species richness among monocul-
tures (Matevski & Schuldt, 2023), while carabid beetle species rich-
ness was even higher in pure Douglas fir stands (Kriegel et al., 2021),
likely due to increased canopy openness and herb cover, that is,
environmental features that can be achieved in forest management
independently of stand tree-species identity (Franklin et al., 2002).
Consistent with this, herb cover and forest complexity positively
affected beetle abundance in the subcanopy, indicating that struc-
turally heterogeneous habitats provide additional niches and feed-
ing resources that may promote higher mid-layer diversity (Keye
et al., 2024; Wildermuth, Penanhoat, et al., 2024). Similarly, the pos-
itive effect of canopy openness on forest floor beetle abundance
suggests that open canopies may create favourable light and thermal
conditions on the forest floor (Seibold et al., 2016).

Nonetheless, tree species can modify soil and litter condi-
tions (Dhiedt et al., 2021), with downstream effects on the herb
layer (Barmann et al., 2023) and arthropod communities (Stiegel
et al., 2020). These indirect effects were not evident in our beetle as-
semblages, likely because greater resource availability on the forest
floor and in the subcanopy buffered or masked the negative effects
of Douglas fir on TD. Interestingly, deadwood volume correlated
negatively with TD, FD and PD on the forest floor. This counterintu-
itive pattern (Lassauce et al., 2011) may be driven by stand type and
reflect deadwood quality rather than volume per se, which—for pro-
duction forests—was not particularly low in our plots. Higher dead-
wood volumes occurred mainly in conifer monocultures and likely
consisted of relatively homogeneous, small-diameter deadwood, po-
tentially providing limited microhabitat heterogeneity and support-
ing less diverse saproxylic assemblages (Parisi et al., 2018; Ulyshen
et al., 2018). If linked to recent tree mortality, this deadwood may
also represent an early decay stage not yet sustaining diverse beetle
assemblages (Lachat et al., 2013).

Functional diversity largely followed TD across stand types,
with significant differences on the forest floor and in the canopy,
contrary to our prediction of unidirectional effects. Douglas fir
stands exhibited the lowest FD, possibly because their chemi-
cally and structurally distinct litter and crown substrates con-
strain resource heterogeneity and filter specialized functional
roles (Gossner & Ammer, 2006; Ulyshen et al., 2018), potentially
constraining ecosystem functioning and resilience (Cadotte
et al., 2011). In contrast to FD on the forest floor and in the can-
opy, but in line with our first hypothesis, the subcanopy showed
evidence of functional redundancy, suggesting that essential eco-
logical roles can persist despite some species losses (i.e. functional
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insurance; Yachi & Loreau, 1999). In our study, open Douglas fir
crowns likely promoted a more complex subcanopy, as reflected by
the positive effect of vertical structure on FD in this stratum, po-
tentially expanding functional niche space (Heinrichs et al., 2022)
and contributing to higher TD and FD.

Consistent with the first hypothesis, phylogenetic diversity (PD)
declined with increasing Douglas fir proportions in the canopy and
was significantly lower in beech-Douglas fir mixtures than beech-
Norway spruce mixtures on the forest floor. Exotic tree species may
filter native beetle lineages, potentially reducing evolutionary resil-
ience and adaptive capacity in the long term (Gossner et al., 2009).
However, these effects were subtler than anticipated, with differ-
ences among stand types in the higher strata being non-significant.
Phylogenetic responses were likely shaped more by broader scale
biogeographic and vertical filtering processes than by tree species
identity alone, or by immediate ecological opportunities overriding
the effects of deep evolutionary history, resulting in phylogenetically
clustered species turnover (Betcik et al., 2020; Peralta et al., 2015).
We note that sampling strata in different years limits our ability to
make direct comparisons among strata. Therefore, we focused on
relative patterns within each stratum, which remain informative de-

spite possible interannual variation in community composition.

4.2 | Mitigation effects of mixed stands across
multiple strata and scales

Our second hypothesis, that mixtures consistently enhanced beetle
diversity (TD, FD, PD) relative to pure conifer stands, was strongly
supported. These effects of mixtures are consistent with broader
evidence that tree species mixtures tend to enhance forest-related
biodiversity (Kremer et al., 2025; Liu et al., 2026).

While positive biodiversity effects of mixtures were detectable
locally within our system, they became clearer at the landscape
scale. This implies non-additive effects and a limited capacity to sus-
tain the full spectrum of species associated with both coniferous and
deciduous forests locally (van der Plas et al., 2016). This supports
studies on other taxa (Leidinger et al., 2021; Schuldt et al., 2022),
where broadleaf-conifer mixtures buffered the negative impacts of
pure conifer stands, particularly at the regional scale. These scale-
dependent patterns likely arise because plot-scale environmental
filters, such as tree host identity, stand structure and available mi-
crohabitats, limit plot () diversity gains, yielding intermediate TD,
FD and PD in mixtures (van der Plas et al., 2016), whereas landscape-
scale structural and environmental contrasts among stands increase
B-diversity, revealing stronger mixture benefits through accumu-
lated turnover. This contrasts with Karvemo et al. (2021), and sug-
gests that scale dependence may be stronger in more mobile beetles
than in sessile forest organisms (i.e. vascular plants, bryophytes,
macrofungi and lichens), for which species turnover among local
stands can contribute substantially to regional diversity.

The identity of the admixed conifer shaped mixture outcomes
in a stratum-specific way. On the forest floor, regional-scale TD

_ 11 0f 16

followed the local pattern, with Norway spruce mixtures consis-
tently outperforming all other stand types and similar FD and PD
across mixtures. This likely reflects widespread spruce dieback
across Central Europe, which has increased deadwood inputs (Fuchs
etal., 2022), creating favourable conditions for myceto-detritivorous
beetles. Our feeding guild analysis and NMDS ordination support
this interpretation, revealing a clear association between this feed-
ing guild and Norway spruce stands, which may also reflect the
lower suitability of Douglas fir for myceto-detritivorous conifer spe-
cialists (Gossner & Ammer, 2006). Conversely, beech-Douglas fir
mixtures showed particularly high beetle TD across Hill numbers in
the subcanopy and canopy, indicating higher species turnover and y
diversity, and similar FD and PD across mixtures. Subcanopy PD at
the regional scale and TD at the local scale were also significantly
higher in beech-Douglas fir mixtures than beech monocultures,
likely because of the structurally poor subcanopy of managed beech
monocultures (Brunet et al., 2010). While earlier work found that
individual Douglas firs in beech forests had only limited positive ef-
fects on a few species (Gossner & Ammer, 2006), our results suggest
that mixtures with beech promoted beetle diversity more broadly,
likely through increased structural diversity. This raises the question
of the optimal share of Douglas fir in mixed stands for maximizing
biodiversity benefits (Wohlgemuth et al., 2022).

4.3 | Beetle community composition responses to
stand type along the vertical gradient

In line with our third hypothesis, we found a clear vertical gradient
of increasing community differentiation from the forest floor to the
canopy, consistent with the idea that tree-specific traits and canopy
microhabitats drive stronger ecological filtering and resource
specialization with height (Floren et al., 2022). These findings
highlight the need for vertically explicit biodiversity assessments,
as sampling restricted to the forest floor would miss much of
the community differentiation present in upper strata (Pedley
et al., 2016), in particular in response to management intensity and
tree species selection (Leidinger et al., 2019).

Feeding guild-level patterns suggested resilience of ecosystem
functions on the forest floor and in the subcanopy, whereas the can-
opy showed marked compositional shifts. The stronger association
of herbivores with European beech and their higher abundance than
in conifer monocultures likely reflects their deep co-evolutionary
history with this native host, whereas the lower herbivore abun-
dance in conifers, especially in Douglas fir, is consistent with the
limited time native herbivore assemblages have had to adapt or shift
to this recently introduced and phylogenetically distant host species
(Gossner et al., 2009). Reduced herbivore abundance in Douglas fir
canopies can weaken bottom-up energy flow, limiting prey availabil-
ity for higher trophic levels and destabilizing predator communities
(Burghardt et al., 2010). Predator dominance in Douglas fir mix-
tures may further amplify competition and trophic cascades, while
the strong prevalence of myceto-detritivores in spruce stands can
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localize decomposition processes, reducing coupling between detri-
tal and green food webs (Lu et al., 2022; Ulyshen & Sobotnik, 2018).

5 | CONCLUSIONS

By assessing stratum-dependent effects of stand composition on
beetle biodiversity, we showed that outcomes of native and non-
native trees emerge from the interplay of tree identity, vertical
stratum and habitat properties. Biodiversity responses differed
markedly among canopy, subcanopy and forest floor strata,
underscoring the need to explicitly account for vertical stratification
when evaluating non-native species for biodiversity conservation.
Our findings further suggest that drivers of beetle diversity vary
across the vertical gradient: canopy communities appear to be
shaped primarily by host-tree traits, whereas communities in the
subcanopy and on the forest floor respond more strongly to stand
structure and vegetation complexity. However, canopy sampling
remains technically challenging and costly, leading to its frequent
omission in biodiversity monitoring programmes (Bolte et al., 2022).
Developing methods such as unmanned aerial vehicles (UAV)-based
sampling and eDNA collection (Aucone et al., 2023) might help
overcome these challenges in the future. Mixture benefits became
clearer at regional scales, suggesting the need for biodiversity
assessments at landscape scales and highlighting the management
potential of species mixtures (Gossner & Ammer, 2006). Overall, our
results suggest that non-native Douglas fir is not a substitute for
native stands when it comes to biodiversity conservation, particularly
when grown in monoculture. Its use within climate-adapted forestry
should therefore be restricted to carefully designed mixtures that
retain native broadleaf elements and promote greater structural and
microhabitat heterogeneity. This may offeraway to balance the use of
non-native tree species with biodiversity conservation while helping
maintain forest resilience under future climate change. The optimal
composition and proportion of non-native trees that safeguard
biodiversity across the vertical gradient without compromising
productivity remain unresolved, however (Birmann et al., 2023).
Similar multi-strata assessments will be needed for other candidate
non-native species, and regional monitoring will be key to aligning

climate-adapted forestry with biodiversity conservation.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Appendix S1: Figure S1. Map of the study area.

Figure S2. (a) Representation of the stand types: D, Douglas fir
monoculture; BD, beech-Douglas fir mixture; B, European beech
monoculture; BS, beech-Norway spruce mixture; S, Norway spruce
monoculture. (b) Schematic representation of the beetle sampling
design across vertical forest strata with eight pitfall traps at the
forest floor, three flight interception traps in the subcanopy and
three flight interception traps in the canopy.

Figure S3. Correlation plot of environmental and forest structure
variables considered in the models of forest floor, subcanopy and
canopy beetle communities.

Figure S4. Violin plots of standardized effect sizes of functional
diversity (FD.ses; a-c) and phylogenetic diversity (PD.ses; d-f) for
beetle communities at the plot level (h=40) in the forest floor (left
panels), subcanopy (middle panels) and canopy (right panels).

Figure S5. Plot-level abundance of each feeding guild: herbivore (a-c),
myceto-detritivore (d-f), omnivore (g-i) and carnivore (j-I) for forest
floor (left panels), subcanopy (middle panels) and canopy (right panels).
Figure Sé. Plot-level species richness of each feeding guild: herbivore (a-
c), myceto-detritivore (d-f), omnivore (g-i) and carnivore (j-I) for forest
floor (left panels), subcanopy (middle panels) and canopy (right panels).
Figure S7. Sample-based rarefaction (solid lines) and short-range
extrapolation (dashed lines) of (a-c) functional group richness (g=0),
(d-f) number of common functional groups (g=1) and (g-i) dominant
functional groups (q=2) for forest stand types across plots.

Figure S8. Sample-based rarefaction (solid lines) and short-range
extrapolation (dashed lines) of (a-c) lineage richness (q=0), (d-f)
number of common lineages (g=1) and (g-i) dominant lineages (q=2)
for forest stand types across plots.

Figure $9. NMDS (a-c) Horn- and (d-f) Morisita-Horn-type turnover
dissimilarity plots.

Figure $10. Non-metric multidimensional scaling (NMDS) ordination
of feeding guild composition based on species richness relative
proportions across forest stand types and vertical strata.

Figure S11. Relationships between tree species proportion (APA)
and beetle diversity metrics across forest strata: (a-c) abundance,
(d-f) TD (g-i), FD and (j-I) PD.

Figure S12. Violin plots showing biodiversity metrics (calculated at
coverage levels equal to the minimum coverage at double sample
size) calculated at the plot level (n=40) for: forest floor (left panels),
subcanopy (middle panels) and canopy (right panels).

Figure S13. Relationships between tree species proportion (APA)
and beetle diversity metrics (calculated at coverage levels equal to
the minimum coverage at double sample size) across forest strata:
(a-c) TD, (d-f) FD and (g-i) PD.

Table S1. Overview of environmental and forest structural variables
used in the study, including sampling years, descriptions and
calculation methods.

Table S2. Principal component loadings from two separate PCAs:
one based on vertical structure and one on forest complexity.

Table S3. Summary of explained variance for each principal
component (PC) from the vertical structure and forest complexity
PCA models.

Table S4. Mean abundance per day per trap (abu/trap/day),
taxonomic (TD), functional (FD) and phylogenetic (PD) diversity of
beetles per stand type +standard error.

Table S5. Model summaries of linear mixed-effects models of beetle
responses with stand type as fixed effect, and study plot nested
within site as random effect.

Table S6. Model summaries of linear mixed-effects models of beetle
feeding guild responses with stand type as fixed effect, and study
plot nested within site as random effect.

Table S7. Model summaries of linear mixed-effects models of beetle
responses with area potentially available (APA) for Douglas fir and Norway
Spruce as fixed effects, and study plot nested within site as random effect.
Table S8. Model summaries of linear mixed-effects models of beetle
responses with study region (north & south), and environmental variables
as fixed effects, and study plot nested within site as random effect.
Table S9. Pairwise comparison of the species compositions (Hill
number g=0) between stand types (pairwiseAdonis).

Table S10. Pairwise comparison of the species compositions (Hill
number g=1) between stand types (pairwiseAdonis).

Table S11. Pairwise comparison of the species compositions (Hill
number g=2) between stand types (pairwiseAdonis).

Table S12. Post hoc fitted environmental variables on the NMDS
axes (Hill number g=0).

Table S13. Post hoc fitted environmental variables on the NMDS
axes (Hill number g=1).

Table S14. Post hoc fitted environmental variables on the NMDS
axes (Hill number g=2).

Table S15. Pairwise comparison of the feeding guild compositions
(based on relative proportions of feeding guild abundance per plot)
between stand types (pairwiseAdonis).

Table S16. Pairwise comparison of the feeding guild compositions
(based on relative proportions of feeding guild species richness per
plot) between stand types (pairwiseAdonis).

Table S17. Model summaries of linear mixed-effects models of
beetle biodiversity metrics (calculated at coverage levels equal to
the minimum coverage at double sample size) with study region
(north & south), and environmental variables as fixed effects, and
study plot nested within site as random effect.

Appendix S2: Table S1. Species abundances (raw counts) per forest
stand type.
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