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Abstract Introducing non-native tree species into
forest ecosystems is a growing trend, in part as cli-
mate change may cause a decline of native species
and shifts in species distributions. In European for-
estry, Quercus rubra (northern red oak) has increas-
ingly been considered a candidate substitute species
for native oaks. However, it remains largely unknown
how this substitution affects associated biodiversity.
This study compares the biodiversity supported by
the native oak species Q. petraea (sessile oak) and
Q. robur (pedunculate oak) and the invasive Q. rubra
in southern Sweden, focusing on both oak-associated
organisms and general forest biodiversity. Arthropods
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were sampled using Malaise traps at the site level.
At the same time, vascular plants, leaf herbivory and
endophytic insects (leaf miners and gallers) were
recorded at the tree level in three sites per oak spe-
cies. Our results reveal guild-specific effects of oak
species on biodiversity. The introduced Q. rubra sup-
ported significantly fewer endophytic insects than
native oak species. Vascular plant species richness
was marginally lower in Q. petraea and Q. rubra sites
compared to Q. robur. In contrast, the species rich-
ness, abundance, biomass and community composi-
tion of arthropods and leaf herbivory did not differ
significantly between the three oak species. These
findings indicate that the ecological consequences
for biodiversity of introduced tree species, such as
Q. rubra, are most pronounced for specialised herbi-
vores, including leaf miners and gallers, and suggest
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that broader forest biodiversity measures may be less
responsive to changes in tree species than to local
environmental conditions.

Keywords Biological diversity - Forest
management - Invasive species - Leaf herbivory -
Quercus - Non-native species - Vascular plants

Introduction

Global warming, pest outbreaks, and the deliberate
or unintentional introduction of non-native species,
combined with intensive forestry practices and agri-
cultural expansion, exert increasing pressure on the
forests of the world (Forzieri et al. 2022). Non-native
forest trees and invasive pests are among the primary
drivers of forest transformation, altering species com-
position, structure, and function at unprecedented
rates (Liebhold 2012). Climate change amplifies
these impacts through two key mechanisms: increas-
ing mortality in economically important species such
as spruce (Felton et al. 2020) and driving substantial
shifts in tree species distributions, with populations
moving poleward and upward in elevation to track
suitable climatic conditions (Hamann & Wang 2006;
Hartmann et al. 2022). Projections indicate that ongo-
ing changes in tree species distribution, abundance,
and age structure throughout the twenty-first century
will significantly affect the biodiversity of organisms
reliant on forest habitats (Pureswaran et al. 2018).
The combined pressures of invasive species, climate
change, and human activities accelerate forest degra-
dation, highlighting the urgent need for management
strategies that integrate biodiversity conservation
with sustainable forestry practices (Xu et al. 2023).

In regions dominated by intense forestry, there is
a growing interest in introducing non-native tree spe-
cies that are better adapted to the emerging condi-
tions as they may be predisposed to cope with higher
temperatures, modified precipitation regimes, more
extreme weather conditions, and more frequent and
severe outbreaks of both native and invasive pests
and pathogens (Ennos et al. 2019; Potzelsberger
et al. 2020). For example, non-native trees, such
as Quercus rubra L. (northern red oak), have been
introduced into European forests since the eighteenth
century, primarily for timber production and orna-
mental purposes (Méjekova et al. 2024; Merceron
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et al. 2017). As climate change accelerates the decline
of some native tree species, Q. rubra is more often
considered a viable alternative in production for-
estry due to its rapid growth, drought tolerance, and
resistance to pathogens (Chmura 2020; Gebeyehu &
Hirpo 2019). However, the introduction of non-native
tree species can have profound and complex conse-
quences for biodiversity, especially in ecosystems
where the native trees play a critical role in support-
ing a wide range of species (Gustafsson et al. 2023;
Hiamaldinen et al. 2023; Post et al. 2009; Tyler et al.
2015). Substituting native oak species, such as Q.
petraea (Matt.) Liebl. (sessile oak) and Q. robur L.
(pedunculate oak), with Q. rubra, has been shown
to modify soil physicochemical properties and forest
understory vegetation (Stanek et al. 2020). Quercus
rubra accelerates litter decomposition, lowers soil pH
and increases base-cation leaching, thereby favouring
nitrophilous herbs and hindering calcicolous species
(Woziwoda et al. 2014) and lichen diversity (Gustafs-
son et al. 2023). Given the keystone role of oaks, the
ecological implications of substituting this type of
oak species are potentially far-reaching. Yet, the con-
sequences for many dimensions of biodiversity and
forest health remain to be investigated (Dyderski et al.
2020; Laux et al. 2022).

Besides providing insights into the responses
of hitherto understudied taxa, additional compara-
tive studies are needed to assess the reproducibil-
ity of research findings and identify context-specific
responses (Voelkl et al. 2020). Understanding the
ecological consequences of oak species substitu-
tion necessitates investigation across multiple spatial
scales, ranging from individual trees to forest sites.
Key areas for further research include the impacts
on vascular plants (Avon et al. 2010) and arthropods,
particularly herbivorous insects (Southwood et al.
2005). The variation in herbivorous insect abundance
and diversity patterns among different oak species
is particularly relevant for forest management and
conservation, as these interactions play a fundamen-
tal role in tree growth, survival, and ecosystem pro-
cesses (Kozlov et al. 2015; Pearse & Hipp 2009).
Of special interest are also the endophytic insects,
leaf miners and gallers, that generally are adapted to
and target a single or few closely related host species
(i.e. specialist species) (Ekholm et al. 2019; Tooker
& Giron 2020). It remains to be determined whether
Q. rubra supports fewer specialist species in line
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with the enemy release hypothesis, which posits that
herbivores in the introduced range are less likely to
utilise novel host species (Keane & Crawley 2002).
Recent cross-Atlantic findings indicate that exotic
trees indeed often host fewer herbivores overall yet
may remain susceptible to generalist insects (Berth-
elot et al. 2023).

Studies have shown that Q. petraea and Q. robur
both support high levels of biodiversity compared to
other tree species, such as pine and spruce, in temper-
ate European forests, particularly in terms of associ-
ated arthropods and endophytic insects (Southwood
1961). Native oaks typically sustain higher local
richness of epiphytic lichens, saproxylic beetles and
Lepidoptera than co-occurring conifers such as Scots
pine (Pinus sylvestris) and Norway spruce (Picea
abies) (Southwood et al. 2004). Both species are con-
sidered ecological keystones, providing critical habi-
tat and resources for numerous organisms (Mitchell
et al. 2019; Thunes et al. 2021). While sharing many
ecological functions, these native oaks have evolved
distinct physiological adaptations that influence their
growth and survival under different environmental
conditions such as soil type, moisture availability, and
nutrient status (Eaton et al. 2016). Quercus petraea
is physiologically tolerant of drought, low pH (<4.5)
and shallow soils, whereas Q. robur requires mesic,
base-rich substrates and is less frost-resistant (Eaton
et al. 2016; Ellenberg et al. 1991). Understanding
these species-specific characteristics and their associ-
ated biodiversity patterns is important for predicting
how the substitution of native oaks with non-native
species might affect forest ecosystems.

In the present study, we investigated biodiver-
sity patterns at two hierarchical scales, tree- and
site-level, across two native oak species (Q. petraea
and Q. robur) and the introduced Q. rubra in south-
ern Sweden. At the tree and site level, we focused
on leaf herbivory, endophytic insects, and vascular
plants, examining whether and how the degree of
herbivory, species richness, and community composi-
tion differ according to oak species. At the site level,
in addition to the estimates above, we also assessed
species richness, abundance, community composi-
tion, and biomass of arthropods using catches from
Malaise traps to capture the forest-level biodiversity
associated with the different oak species. We hypoth-
esised that native oaks support greater biodiversity
than Q. rubra, which is expected to host a distinct,

less diverse species assemblage. Furthermore, we
compared biodiversity between the native oak sites,
hypothesising that Q. petraea, which thrives and are
adapted to warmer, more acidic, and harsher environ-
ments (Eaton et al. 2016), might host different com-
munities of vascular plants and arthropods compared
to the more nutrient-rich habitats typically associated
with Q. robur (Ellenberg et al. 1991). By examining
biodiversity at these hierarchical scales, this study
aims to provide insights into the ecological impacts of
oak species substitution on forest ecosystems.

Methods
Study area and site selection

The study was conducted in southern Sweden across
three counties: Halland, Skéne, and Kronoberg
(Fig. 1a, b). The sites occur within the same boreo-
nemoral vegetation zone, sharing similar forest struc-
ture (oak-dominated deciduous stands) and climate,
despite being 200 km apart. The land use history of
this region encompasses centuries of traditional man-
agement, with much of the original deciduous forest
now converted into production forests dominated by
spruce and pine.

To minimise the confounding effects of environ-
mental variation, we selected study sites where these
species grow under similar climate conditions, allow-
ing us to focus on the effects of tree species rather
than underlying geographical differences in species
composition. We selected nine forest sites, ranging
from 1.3 to 3 hectares, with three sites for each of
the three oak species (Q. robur, Q. petraea (Fig. 1),
and Q. rubra (Fig. 1g), where each oak species was
the dominant tree species in its stand. The dominant
tree species were defined as those contributing >50%
of the cumulative basal area surrounding seven focal
trees. To account for potential confounding effects of
tree age, sites were selected to represent a range of
tree sizes. For each oak species, this included one site
dominated by smaller-diameter trees (mean site DBH
17-25 cm) and two sites with medium- to large-diam-
eter trees (mean site DBH 27-51 cm).
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Fig.1 Geographic distribution of oak forest study sites in
southern Sweden. Biodiversity assessments were conducted
at both stand level and individual tree level (n=seven trees
per site). a Study region (yellow rectangle) within Sweden. b
Distribution of sampling locations for Quercus petraea (blue
circles), Q. robur (green circles), and Q. rubra (red circles).
¢ Trioza remota, psyllid larvae that create galls characterised
by a small, raised, and discoloured area on the leaf surface. d
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Tischeria ekebladella leaf mine: a characteristic blotch mine
created by the larva of the oak-feeding moth T. ekebladella,
showing extensive internal feeding damage and discolouration
of the leaf tissue. e Malaise trap deployment in Q. robur stand
in Bellinga (55.52433°N, 13.68036°E), f Q. petraea forest at
Isakull (56.68295°N, 13.10518°E), and g Q. rubra at C)vraby
(56.71575°N, 12.90478°E). Photographs: Ayco Tack (c, d),
Markus Franzén (e, f, g)
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Data collection

Collection of leaves for herbivory and endophytic
insect assessment

To assess whether and how the oak species differed in
the amount of herbivory and the species richness of
leaf miners and gallers, in late summer 2022 (August
one to ten), we sampled sun-exposed branches (2
per tree, opposite sides) using a throw-line launcher,
as the forest structure precluded systematic direc-
tional sampling (Youngentob et al. 2016). From these
branches, we collected the nearest 15 leaves from
each branch. Due to a slight variance in the number
of leaves collected from each tree (minimum 27), we
randomly selected 27 leaves for each tree for the sub-
sequent analyses. After collection, the leaves were
dried at 40 °C for 48 h to preserve leaf structure and
facilitate storage.

Herbivory

We estimated the leaf area removed following John-
son et al. (2016), which provides a standardised her-
bivory metric but excludes skeletonisation damage.
For each tree, we assessed leaf herbivory by visually
estimating the percentage of leaf area removed by
chewing insects on individual leaves (n=27 leaves
per tree) to the nearest 1%. These percentages were
averaged at the tree level (n=seven trees per site) and
then at the site level (n=three sites per oak species)
for site-level analyses.

Endophytic insects

To assess the species richness of leaf miners and
gallers, we scored the presence or absence of each
mine and gall taxon on 27 leaves per tree (Fig. 1c,d).
We focused on leaf miners and gallers because they
produce persistent, taxonomically diagnostic traces
that remain identifiable in dried material, allow-
ing for the assessment of species richness (Tooker
& Giron 2020). In contrast, free-feeding herbivores
leave non-diagnostic damage patterns, whilst suck-
ing/piercing insects and pathogens would require
sampling at specific activity periods or special-
ised preservation methods. Leaf miners and gal-
lers were identified at the species level when pos-
sible, and otherwise to the genus level when species

identification was not feasible due to the structural
characteristics of the mines and galls. Identification
of leaf miners was guided by the resources "Plant
Parasites of Europe" (https://bladmineerders.nl/)
and "British Leaf Miners" (http://www.leafmines.
co.uk/), and gallers were identified using "British
Plant Galls" (Redfern et al. 2002) and "Plant Para-
sites of Europe" (https://bladmineerders.nl/). The
species richness of these leaf insects was estimated
by summing the number of miner and galler taxa
for each tree. Twenty-two of the 24 species are spe-
cialised to feed exclusively on oak (Mitchell et al.
2019).

Vascular plant species richness

We surveyed vascular plants between 1 and 10
August, 2022. To this end, four 0.5 m? circular
plots were established around each of the seven
randomly selected focal oak trees from the original
ten trees in each site at a distance of five metres in
the four cardinal directions, thus resulting in four
plots per tree and a total of 252 plots. Hula hoops
with a diameter of 80 cm were used as survey plots
(Fig. S1). A photograph was taken of each plot
from directly above using an iPhone 13 Pro Max at
a height of 1.2 m, from which all vascular plants
were identified to the lowest possible taxonomic
level. Species were cross-checked with Mossberg
and Stenberg (2003). Plants obscured by overly-
ing vegetation were recorded when visible. Where
species-level identification was not feasible (e.g.,
Rubus spp.), taxa were identified at the genus level.
We aggregated vascular plant data to the tree level
by summing the species in the four plots below the
tree. In addition to the species recorded in these
plots, shrub (e.g. hazel) and tree species richness
surrounding each tree were assessed using the point
relascope method with a prism factor of one (Bitter-
lich 1984). The richness of these surrounding shrub
and tree species was then added to the sum of plant
species associated with each specific oak tree.

Arthropod species richness, abundance, composition
and biomass

To assess whether and how the overall arthropod bio-
diversity of the forest (species richness, abundance,
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community composition and biomass) differed
depending on oak species at the location, we surveyed
arthropods using Malaise traps (Fig. le). For this, we
deployed one Malaise trap in the centre of each of the
nine locations, and two samples were collected from
each site. Two collection periods were selected to
bracket peak spring and late-summer activity from 6
May to 28 June 2022 and from 31 July to 19 Octo-
ber 2022. April sampling was not logistically feasible,
and unfortunately, some traps malfunctioned in July,
so we had to discard that period. The shaded forest
locations prevented ethanol evaporation—collection
bottles contained sufficient ethanol at retrieval. We
found no statistical differences between seasonal sam-
ples, justifying their combination for analysis. The
samples were preserved in 90% ethanol. The malaise
traps were Watkins & Doncaster type (UK), 1.7 m
long, 1.2 m wide, with a trap height of 1.7 m at the
entrance, and a rear height of 0.95 m (Fig. le). All
traps were of identical design, with collection heights
standardised at 1.2 m. Ethanol lasted throughout each
collection period as the traps were placed in shade in
forests. Each sample was filtered through two sieves
(a 5.6 mm mesh size sieve followed by a 0.075 mm)
to remove the ethanol and divide the arthropod
specimens into two size fractions. Size sorting was
performed to enhance species detection (Elbrecht
et al. 2017). Arthropod biomass was then estimated
by weighing both size fractions. Total arthropod
abundance was quantified by counting individuals
in weighed subsamples (0.24-0.34 g) and then scal-
ing these counts to the entire sample using the total
weight of each size fraction. The samples were then
sent to the Canadian Centre for DNA Barcoding
(CCDB) for metabarcoding of the mitochondrial
cytochrome c oxidase I (COI) gene, which was sub-
sequently used to obtain biodiversity estimates (Fors-
man et al. 2024).

Metabarcoding of Malaise trap catches

For the DNA metabarcoding, DNA extraction and
amplification were performed following the CCDB
standard protocols (Ivanova et al. 2006). COI
amplicon libraries were constructed using the BF3
(5’-CCHGAYATRGCHTTYCCHCG-3’) + BR2
(5’-TCDGGRTGNCCRAARAAYCA-3’) primer
pair (Elbrecht et al. 2019; Elbrecht & Leese 2017),
incorporating triplicate PCR replicates (Braukmann
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et al. 2019; Steinke et al. 2022). Triplicate negative
(without template) and non-biological synthetic posi-
tive controls were included on each 96-sample plate.
Sequencing was conducted on an Illumina NovaSeq
SP flowcell with 2x250 bp paired-end reads at the
Centre for Applied Genomics in Toronto. Raw reads
were received as paired-end merged demultiplexed
fastq files. Primer sequences were trimmed using
Cutadapt v4.4 with default settings, and sequences
were processed with APSCALE v1.6.3 using default
settings (Buchner et al. 2022). Quality filtering
retained 418+ 10 bp length sequences with a maxi-
mum expected error of one. Dereplicated reads were
clustered into OTUs (Operational Taxonomic Units)
based on 97% similarity, with chimeras removed.
OTUs were further curated using the LULU algo-
rithm to eliminate potential erroneous sequences.
Taxonomic assignments were performed against the
MIDORI 2 database v GB257 using a local BLAST
tool in APSCALE. Assignments were made using the
following thresholds: species>98%, genus>95%,
family >90%, order>85% (Hleap et al. 2021). Con-
flicting taxonomies were resolved to the most recent
common ancestor and verified manually. We applied
a conservative filtering threshold of 0.005% read
abundance within each sample to address poten-
tial tag-switching and cross-contamination. OTUs
falling below this threshold were removed, and the
maximum number of reads for each species detected
in negative controls was subtracted from the corre-
sponding samples (Keck et al. 2023). The dataset was
filtered to retain only OTUs assigned to the phylum
Arthropoda. PCR replicates and size fractions were
merged to generate a single sample per site, with the
number of OTUs serving as an estimate of species
richness of arthropods.

Statistical analysis

To evaluate the effects of oak species on herbivory
and species richness, we employed generalised linear
mixed models (GLMMs) using the glmmTMB pack-
age version 1.1.9 (Brooks et al. 2017) in R version
4.4.3 (R Core Team 2024). Statistical significance was
assessed using Type II Wald chi-square tests imple-
mented in the car package version 3.1-3 (Fox et al.
2019). Post-hoc pairwise comparisons between spe-
cies were conducted using Tukey’s Honest Significant
Difference test implemented through the emmeans
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package version 1.10.5 (Lenth 2023). To assess dif-
ferences in community composition among oak spe-
cies, we used Non-metric Multi-Dimensional Scaling
(NMDS) and permutational multivariate analysis of
variance (PERMANOVA) using Bray—Curtis dis-
similarity matrices (function ‘adonis2’ in the vegan
package version 2.7-1 (Oksanen et al. 2025)). Due
to the proportional nature of herbivory data (bounded
between zero and one), we used beta regression
designed explicitly for analysing proportions (Ferrari
& Cribari-Neto 2004). The beta distribution accom-
modates the bounded nature of proportion data and
can handle the heteroscedasticity and asymmetry
typically present in such measurements (Cribari-
Neto & Zeileis 2010). At the tree level, we fitted a
beta regression mixed model with the proportion of
herbivory as the response variable, oak species as a
fixed effect, and site as a random effect to account for
spatial dependencies. We used beta regression with-
out random effects for site-level analysis, as herbivory
was already averaged at the site level.

Species richness of leaf-feeding insects and vascular
plants

The richness of leaf-feeding insects was analysed at
both tree and site levels. At the tree level, we used a
negative binomial GLMM with the number of leaf-
feeding insect species (sum of leaf miners and gallers)
as the response variable, oak species as a fixed effect,
and site as a random effect. We combined leaf miners
and gallers as they represent specialised herbivores
that develop within plant tissues and show similar
host specificity patterns (Tooker & Giron 2020). We
used a negative binomial GLM at the site level with-
out random effects, as data were already aggregated
per site. Vascular plant species richness was simi-
larly analysed using negative binomial models at both
tree and site levels. For tree-level analysis, we fitted
a GLMM with plant species richness as the response
variable, oak species as a fixed effect, and site as a
random effect. Site-level analysis used a negative
binomial GLM without random effects. For all mod-
els, we verified the appropriateness of the negative
binomial distribution for handling overdispersion in
our count data. We used NMDS and PERMANOVA
to assess community composition differences among
oak species.

Arthropod species richness, abundance, community
composition and biomass

We analysed oak species’ effects on four aspects of
arthropod communities at the site level. Arthropod
species richness was assessed using OTU richness
data. We analysed species richness using a nega-
tive binomial GLM to account for overdispersion in
the count data. We used Gaussian GLMs with log-
transformed data (using natural logarithm) to meet
normality assumptions for arthropod abundance and
biomass. The response variables were total biomass
(g) and total number of individuals per Malaise trap.
We also calculated Shannon diversity indices and vis-
ualised the OTU data using a Venn diagram. We used
NMDS and PERMANOVA to assess community
composition differences among oak species. For all
models, oak species were included as a fixed effect.

Results
Leaf herbivory

Quercus rubra exhibited the highest herbivory
(8.70+1.18%; mean+SE; n=21 trees), fol-
lowed by Q. petraea (6.45+1.36%) and Q. robur
(5.63+1.02%), with each species sampled across
three sites (n=21 trees per species). At both the indi-
vidual tree and site scale, no statistically significant
effect of oak species on the level of leaf herbivory
was found (tree: X2=4.48, df=2, p=0.107; site:
x>=2.73, df =2, p=0.255) (Fig. 2a, b).

Endophytic insects

We identified 24 taxa of leaf miners and gallers
across the nine sites and 63 trees (Table S1). Tri-
oza remota was the most prevalent species, found at
eight sites and on 44 trees, followed by Neuroterus
anthracinus, present at six sites and on 26 trees. Six
species were highly localised, each found on a sin-
gle tree at one site (Supporting information 1). Oak
species identity significantly influenced the richness
of endophytic leaf-feeding insects at both the tree
level (y*=46.765, df=2, p<0.001) and site level
scale (y*=14.179, df=2, p<0.001) (Fig. 2c,d).
At the tree level, Q. robur harboured the highest
richness (mean+ SE: 5.19+0.50 species per tree),
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Fig. 2 Tree- and site-level herbivory, leaf-feeding insect richness,
and vascular plant richness in different oak species sites. Tree-
level measurements (a, c, e) represent individual trees (n=seven
trees per site), while site-level measurements (b, d, f) represent site
averages (n=three sites per oak species). a, b Leaf herbivory was
measured as the mean percentage of leaf area removed by chewing
insects assessed on 27 leaves per tree and averaged first at tree level
and then at site level. ¢, d Leaf-feeding insect richness is measured
as the number of unique gall and leaf-miner species. e, f Vascu-
lar plant richness is measured as the number of unique species in
0.5 m” plots, four beneath each tree, summing up to 21 plots per
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* p<0.05, p<0.1. Statistical analyses were performed using beta
regression for herbivory data (with logit link), negative binomial
GLMMs for insect and plant richness (count data), and site as a
random effect for tree-level analyses. Pairwise comparisons were
conducted using Tukey’s method with estimated marginal means
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significantly higher than Q. petraea (3.48 +£0.41
species per tree; z=—2.65, p=0.022). The intro-
duced Q. rubra supported the lowest richness
(1.10+£0.23 species per tree), significantly lower
than both Q. petraea (z=4.83, p<0.001) and Q.
robur (z=6.780, p<0.001) (Fig. 2c). At the site
level, similar patterns emerged. Q. robur sites sup-
ported the highest richness (mean + SE: 12.67 +2.05
species per site), while Q. rubra sites had the low-
est (3.33+1.05 species per site). Q. petraea sites
maintained intermediate richness (9.00+1.73 spe-
cies per site). Pairwise comparisons revealed signif-
icant differences between Q. petraea and Q. rubra
(z=2.68, p=0.020) and between Q. robur and Q.
rubra (z=3.76, p<0.001) (Fig. 2d). Regarding spe-
cies composition, Q. robur had six unique species,
Q. rubra had three unique species, and Q. petraea
had one unique species. Due to the low number of
leaf-feeding insect species on Q. rubra, statistical
evaluation of community composition differences
across oak species was not meaningful.

Vascular plants

In total, 63 unique plant species were recorded across
all sampled trees, of which 23 were singletons. The
most common plant taxa was Rubus spp (present at
30 trees across seven sites), followed by Vaccin-
ium myrtillus (19 trees across four sites) and Picea
abies (18 trees across six sites). At the tree level, the
effect of oak species was not statistically significant
(X2=3.37, df=2, p=0.185), while at the site level,
the analysis revealed a non-significant trend of oak
species on vascular plant species richness (X2=5.38,
df=2, p=0.068), where Q. robur sites harboured
the highest richness (Fig. 2e,f). Eight plant species
were unique to Q. petraea, including Calluna vul-
garis. Twenty-one species were unique to Q. robur,
including Anemone nemorosa, and ten were unique
to Q. rubra, including Urtica dioica. Eight species
were shared across all three oak species. The com-
position of vascular plant communities did not dif-
fer significantly among oak species (PERMANOVA:
R*>=0.235, F, =0.920, p=0.52). The NMDS ordi-
nation supported this, which fit well with a low-stress
value of 0.055 (Fig. S2).

Arthropod species richness, abundance, composition
and biomass

Across the nine sites, an estimated 160,868 individ-
uals with a combined weight of 749.55 g were col-
lected, representing 5,089 OTUs (Operational Taxo-
nomic Units, used as an estimate for species), where
2,391 (47.0%) were singletons (OTUs with only one
read). Of the 5 089 OTUs detected (Table S2), 1 510
(30%) were resolved to species level, 485 (10%) to
genus only, 1 316 (26%) to family, 1 153 (23%) to
order, 619 (12%) to class, and 6 (<0.1%) only to phy-
lum (Table S2).

The number of OTUs did not differ significantly
among oak species (;(2=O.48, df=2, p=0.79). Esti-
mated OTU richness was similar across species:
Q. robur (1,420+106.0 OTUs per site), Q. pet-
raea (1,373+103.0 OTUs per site), and Q. rubra
(1,322+99.2 OTUs per site) (Fig. S4). There was
no significant effect of oak species on arthropod
abundance (;(2=0.59, df=2, p=0.74) or biomass
(X2=O.05, df=2, p=0.98). Estimated values for
Q. robur, Q. petraea, and Q. rubra sites were com-
parable for both abundance (mean+SE on log
scale: 9.82+0.195, 9.57+0.195, and 9.79+0.195,
respectively) and biomass (mean+SE on log scale:
4.50+0.182, 4.39+0.182, and 4.24+0.182, respec-
tively). The shared OTU pool included 1,159 OTUs
(22.8%) across all three oak species. Among OTUs
unique to a single oak species (2,595 OTUs, 51.0%),
Q. robur harboured the highest number (1,015), fol-
lowed by Q. petraea (857) and Q. rubra (723). The
remaining 1,335 OTUs (26.2%) were shared between
two oak species. Multivariate statistics revealed that
OTU composition did not differ significantly among
oak species (PERMANOVA: R*=0.21, F,,;=0.80,
p=0.88, NMDS; stress =0.059) (Fig. S3).

Discussion

Our study reveals that the identity of the oak species
fundamentally shapes endophytic insect communities,
with the native Q. robur and Q. petraea harbouring sig-
nificantly higher species richness than the introduced Q.
rubra. This pattern is consistent with the enemy release
hypothesis (Keane & Crawley 2002), recently validated
through meta-analysis (Xirocostas et al. 2023), which
predicts that invasive plants can successfully establish
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in new regions partly by escaping their co-evolved her-
bivores. The markedly lower species richness of endo-
phytic insects on Q. rubra points to an important role
of host specialisation in plant—insect interactions (Mei-
jer et al. 2016), demonstrating how evolutionary his-
tory shapes contemporary community assembly. While
release from specialised herbivores may promote the
success of Q. rubra (Cook-Patton et al. 2014), this can
significantly disrupt native food webs (Liu et al. 2024).
Our results for leaf miners and gallers align with emerg-
ing research showing that non-native trees often support
depauperate specialist herbivore communities (Hartley
et al. 2010), highlighting the cascading effects that plant
invasions may have on higher trophic levels (Bezemer
etal. 2014).

An intriguing aspect of our findings is the con-
trasting patterns between endophytic leaf feeders
and free-feeding herbivory. While Q. rubra had few
endophytes (leaf miners and gallers), the level of leaf
damage from free-feeding generalist insect herbi-
vores was comparable to that of the two native oak
species. While the enemy release hypothesis suggests
that non-native species should experience reduced
herbivory in their introduced range (Valdés-Cor-
recher et al., 2022), our findings show similar free-
feeding herbivory damage on non-native trees. This
is in line with a recent cross-Atlantic tree-diversity
experiment also including Q. rubra demonstrating
persistent damage by generalist herbivores and higher
leaf herbivory on the non-native oak tree (Berthelot
et al. 2023). Our results indicate that Q. rubra can
accommodate free-feeding insect herbivores despite
simultaneously hosting fewer specialist endophytes.
This pattern aligns with research showing that native
generalist herbivores can utilise non-native species
and provide resistance against plant invasions (Mor-
rison & Hay 2011). DNA metabarcoding identified
abundant generalist defoliators in the red oak forests,
including the three moth species Ptilodon capuci-
nus (Notodontidae), Operophtera spp. (Geometri-
dae), and Apoda limacodes (Limacodidae) that suc-
cessfully can exploit Q. rubra despite the absence
of co-evolutionary history (Svensson 1993). This
flexible host plant use by generalist herbivores (Ali
& Agrawal 2012) may represent a crucial ecologi-
cal filter that defines plant invasion success (Pearse
et al. 2013; Pearse & Hipp 2009). As such, our pre-
sent finding aligns with a growing body of evidence
that the outcome of plant invasions depends on the
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balance between release from specialists and accumu-
lation of generalist enemies (Schulz et al. 2019). The
ability of congeneric species to share herbivores is
well-documented (Burghardt et al. 2010). Our results
support the hypothesis that phylogenetic relatedness
facilitates herbivore host shifts.

In our study, the patterns of herbivory, endophytic
insects, and vascular plant diversity varied between
local (tree-level) and stand-level (site-level) assess-
ments, underscoring the importance of scale when
investigating invasion impacts (Chase & Knight 2013).
We found that vascular plant species richness did not
differ significantly among oak species at the individual-
tree level. Yet, differences emerged when plant diver-
sity was investigated at the site scale, in agreement with
the notion that, in general, diversity patterns depend on
the spatial scale at which it is inferred (Rahbek 2005).
In our case, plant species richness likely accumulates
in different ways in Q. robur than in Q. petraea forests
due to differences in environmental filtering (Diaz-
Maroto & Vila-Lameiro 2007; Gilliam 2007). That is
Q. petraea forests likely have a similar composition of
vascular plant species across its site. At the same time,
Q. robur stands harbour a more varying composition of
plant species. The finding of higher plant richness in Q.
robur forests is also consistent with previous research,
where sites dominated by Q. robur generally exhibited
high understory plant richness and where Q. petraea
forests support fewer plant species compared to other
tree species (Brunet et al. 2011; Ellenberg 1988). The
introduction of Q. rubra, which alters leaf litter chem-
istry and soil processes (Stanek et al. 2020), did not
significantly change plant community composition or
richness at our sites, which is in contrast to the negative
effects of Q. rubra as described by (Woziwoda et al.
2014). Our results are consistent with the hypothesis
that red oak may alter soil chemistry similarly to native
oaks, rather than creating uniquely detrimental condi-
tions. However, subtle or longer-term impacts cannot
be excluded, particularly as non-native trees can trigger
soil-mediated and indirect competitive effects on native
vegetation (Castro-Diez et al., 2019). Future research
that explicitly evaluates this scale dependence—com-
bining tree-level, site-level, and landscape-level assess-
ments—will help clarify how non-native tree introduc-
tions reshape forest understory diversity over time.

While the species richness of endophyte insect
communities differed markedly according to oak spe-
cies identity, all of the arthropod diversity metrics we
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investigated (species richness, abundance, community
composition and biomass) were similar across for-
est sites regardless of the dominant oak species. The
maintenance of arthropod biodiversity in sites domi-
nated by the introduced Q. rubra, together with the
variable arthropod diversity seen among sites within
oak species, suggests that arthropods overall respond
more strongly to forest structural complexity than to
tree species identity (Basset et al. 2015; Giannetti
et al. 2022). The density of oak trees at each site,
while not explicitly quantified in our study, likely
contributes to this structural complexity and warrants
future investigation. This result and conclusion aligns
with habitat heterogeneity theory (Tews et al. 2004),
which posits that landscape-level features often over-
ride species-specific effects for mobile organisms
(Chmura 2020; Mahon et al. 2023). The different
results that we obtained for specialist endophytes and
the more general arthropods mirror the documented
difference between sessile organisms (e.g., lichens,
fungi) that show strong host specificity (Gustafsson
et al. 2023; Southwood et al. 2004) and mobile taxa
that respond primarily to structural habitat features
(Sweaney et al. 2015). However, our small sample
sizes (n=three sites per oak species) warrant caution
when interpreting the results. The large proportion of
non-target arthropods captured in our Malaise traps
may have masked oak-specific patterns (Crowley
et al. 2023). Future studies should consider targeted
sampling methods for oak-associated arthropods to
better assess species-specific impacts.

Conclusions and future directions

We examined patterns at tree and site levels and
revealed that invasion impacts vary with spatial scales,
feeding guild and organism mobility (Chase & Knight
2013; Poisot et al. 2011; Schulz et al. 2019), high-
lighting the importance of multi-taxon assessments in
invasion ecology (Sapsford et al. 2020). Free-feeding
herbivory on Q. rubra matched that on native oaks,
suggesting that non-native oaks may provide resources
for higher trophic levels to a similar degree as native
oaks, but this effect is likely to be modified by differ-
ences in herbivore species composition and thus in
the seasonal timing of resource abundances. Overall,
arthropod communities did not differ between oak
types, possibly owing to functional habitat redundancy

(Gossner et al. 2013; Wardle & Peltzer 2017). How-
ever, the distinct, less diverse endophytic assemblages
on Q. rubra relative to Q. petraea and Q. robur under-
score the influence of evolutionary history on for-
est biodiversity (Keane & Crawley 2002) and show
that specialist and generalist species are likely to be
impacted differently by the introduction of non-native
tree species. Importantly, our findings are specific to
comparisons within the genus Quercus and should not
be extrapolated to all plant invasions. The fact that an
invasion by a plant closely related to local natives may
not have severely impacted generalist herbivores does
not mean that invasions by unrelated plants would not
disrupt local food webs. We recommend conserving
native oak stands, monitoring Q. rubra spread, explor-
ing mixed-species strategies for climate adaptation and
biodiversity conservation (Gustafsson et al. 2023), and
prioritising long-term, multi-taxa studies for improved
management (Potzelsberger et al. 2020; Saul et al.
2013; Williams & Dumroese 2013). Given our limited
landscape replication, broader geographical studies are
needed to confirm these patterns.
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