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Abstract (Deutsch) 

Dürreperioden in Waldökosystemen stellen eine zentrale Herausforderung für den gegenwärtigen und 
zukünftigen Erhalt der Biodiversität, der Kohlenstoffspeicherung und der Funktionsfähigkeit von 
Ökosystemen dar. Um ihre Nährstoffaufnahme zu verbessern und die Stresstoleranz zu erhöhen, sind 
Bäume auf symbiotische Beziehungen mit Pilzen angewiesen. Dennoch sind die Auswirkungen von 
Dürre auf Pflanzen-Pilz-Interaktionen bislang unzureichend erforscht und variieren je nach 
Zusammensetzung der Baumarten. In dieser Studie wurde untersucht, wie sich inter- und intraspezifische 
Wechselwirkungen zwischen drei dominanten Baumarten in europäischen Wäldern – Fagus 
sylvatica (Rotbuche), Quercus petraea (Traubeneiche) und Tilia cordata (Winterlinde) – unter 
simulierten Dürrebedingungen in Bezug auf ihre Rhizosphärenpilzgemeinschaften verändern. Wir stellten 
die Hypothese auf, dass Dürre die Diversität und funktionelle Kapazität der Pilzgemeinschaften 
beeinflusst, wobei diese Effekte von der Baumart und dem Konkurrenzkontext abhängen. Zur 
Überprüfung dieser Hypothese wurden Hochbeetexperimente mit Sämlingen der drei Arten als Mono- 
oder Polykulturen angelegt, die entweder natürlichen Niederschlagsbedingungen oder über zwei Jahre 
reduzierten Niederschlägen unter Kunststoffüberdachungen ausgesetzt waren. Das Wachstum und die 
Entwicklung der Baumsämlinge wurden erfasst, und am Ende des Experiments wurden 
Rhizosphärenproben einzelner Bäume entnommen, um die Pilzdiversität mittels ITS-DNA-
Metabarcoding auf der Oxford Nanopore Technology PromethION-Plattform zu charakterisieren. Unter 
Dürrebedingungen bot intraspezifische Konkurrenz günstigere Voraussetzungen für das Baumwachstum 
als interspezifische Konkurrenz. Unsere Ergebnisse zeigen, dass die Zusammensetzung der 
Pilzgemeinschaften empfindlich auf Unterschiede in Pflanzenart, Konkurrenzkontext und Dürre reagierte 
und dass die Pilzbiodiversität spezifische Muster des Pflanzenwachstums unter Dürre- und 
Konkurrenzstress erklärte – insbesondere im Hinblick auf symbiotische Ektomykorrhizapilze. Diese 
Studie verdeutlicht die vielschichtigen Auswirkungen von Dürre auf Pilzgemeinschaften und unterstreicht 
die Bedeutung artspezifischer Interaktionen für die Reaktionsfähigkeit von Waldökosystemen auf 
klimatischen Stress. Die Ergebnisse tragen zu einem besseren Verständnis der ökologischen Rolle von 
Pilzen für die Resilienz von Baumarten gegenüber dem Klimawandel bei und können zukünftige 
Strategien im Waldmanagement zur Minderung von Dürreeffekten in gemäßigten Regionen unterstützen. 
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Abstract (English) 
 
Droughts in forest ecosystems are a central concern for current and future biodiversity loss, carbon 
sequestration, and ecosystem functioning. Trees rely on symbiotic relationships with fungi to enhance 
nutrient uptake and improve stress tolerance, but the impacts of drought on plant-fungal relationships 
remain unclear and vary across different tree species compositions. This study investigated how inter- and 
intraspecific interactions among three prominent tree species in European forests—Fagus 
sylvatica (European beech), Quercus petraea (Sessile oak), and Tilia cordata (small-leaved lime)—shift 
under simulated drought conditions in relation to their rhizosphere fungal communities. We hypothesized 
that drought would shift the diversity and functional capacity of fungal communities, with these effects 
being dependent on the tree species and competitive context. To test this, we set up raised-bed 
experiments with seedlings of the three species as mono- or polycultures, exposing them to ambient 
rainfall conditions or two years of reduced precipitation using plastic roofing. We assessed tree seedling 
growth and development, and at the end of the experiment, we sampled rhizosphere soils from individual 
trees to characterize fungal diversity using full-length ITS DNA metabarcoding on an Oxford Nanopore 
Technology PromethION platform. Unique levels of interspecific competition provided more favorable 
conditions for tree growth. Notably, Tilia promoted the growth of Fagus and Quercus, Quercus inhibited 
growth of both Tilia and Fagus, and Fagus inhibited growth of Tilia but stimulated Quercus. Fungal 
community composition was resistant to drought but responsive to variation in competitive context, 
whereby competition with Tilia shifted fungal communities to be distinct from Fagus and Quercus.  The 
magnitude to which Tilia stimulated Fagus and Quercus growth was quantified using relative interaction 
intensities. Growth promotion by Tilia, modeled as a relative interaction intensity term tolerance, was 
tightly coupled to variation in fungal community composition. It was highest when Fagus and Quercus 
fungal communities shifted to closely resemble the community composition of Tilia monocultures, with a 
number of distinct plant-symbiotic ectomycorrhizal fungi significant indicator species of these 
competition levels. This study highlights the importance of species-specific interactions in forest 
ecosystem processes and potential responses to variation in the rhizosphere soil fungal community. These 
findings contribute to our understanding of the ecological roles of fungi in shaping forest species 
interactions and may inform future forest management strategies aimed at facilitating positive species 
interactions to boost biodiversity and productivity.  
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Background Knowledge 
 
1. Climate change impact 
 
The global climate is rapidly changing due to anthropogenic greenhouse gas emissions, and this will lead 
to increased frequency, duration, and severity of droughts (Craig D. Allen et al., 2010). 
Alterations in climate conditions impact global forest composition and structure, with potential changes in 
forests creating severe impacts on species diversity and local populations reliant on forests for their 
livelihood. While the effects of climate change are global, there will be important and diverse local 
changes to forests. For example, in Southern Europe the impact of drought due to climate change is 
shown to favor the proliferation of scrubs, although local Mediterranean forest species exhibit resilience 
and recovery to drought events (Peñuelas et al., 2001). Temperate and boreal forests of western North 
America also show specific signs of dieback among young trees in response to climate change 
(Westerling et al., 2006). Regional warming contributes to hydrological alterations such as declining 
precipitation falling as snow and earlier spring snowmelt, leading to lengthened summer droughts 
(Westerling et al., 2006). These examples present two main common variables: elevated temperatures and 
water stress caused by climate change. These climatic parameters are also occurring alongside a rise in 
the frequency of disease outbreaks (Craig D., Allen et al., 2010). Forests are therefore imperiled by 
climate change through both direct and indirect drivers.   
 
2. Forest resistance 
 
Forest resistance is the capacity of a forest to withstand abiotic and/or biotic disturbances without 
undergoing significant changes in species composition, structure, or ecological function. In 
contrast, resilience refers to the capacity of a forest to recover or regenerate after a disturbance (Thomson 
et al., 2009). Resistance arises in forest environments with increasing species diversity, where different 
species have complementary traits and are differentially adapted to the local environment (Schuler et al., 
2017). Diversity can also contribute to increased productivity and resilience to herbivory events that are 
being increasingly observed in the last years due to the monoculture approach of forestry commonly 
implemented in the previous decades throughout much of the globe (Haase et al., 2015). 
 
3. Forests, fungal carbon sinks, and climate change impact 
 
Forests are environmentally important both above and below ground, and it has been recognized for 
decades that soil organisms play important ecological roles (Perry D. et al., 1982). Soil fungi are key 
regulators of forest carbon and nitrogen cycling, meaning global climate changes that affect these 
communities can have effects which reverberate throughout ecosystems. Additionally, fungal 
communities are the main decomposers of plant litter (Schneider et al. 2012), with effects that can 
regulate total forest soil C storage (Anthony et al., 2024). This is important globally because forests are a 
large and persistent carbon sink, and their ability to continue to remove carbon from the atmosphere and 
store it belowground depends on forest management and feedback to climate change. Prolonged droughts 
in boreal forests alongside warmer winters suppresses primary production and reduces forest C sinks 
(Kurz et al., 2008), and while young forests can sequester C despite increasing temperatures, wildfires 
and land use may limit this ability (Pan et al., 2011). At the moment, it is not clear whether fungal 
communities may be able to provide forest trees with resistance to climate change to sustain productivity 
under more stressful conditions.  
 
Fungi through their extensive hyphal networks and symbiotic relationships with trees facilitate the 
transfer and stabilization of C in soils and aboveground via plant biomass production. Mycorrhizal fungi, 
including ectomycorrhizal (ECM) and arbuscular mycorrhizal (AM) fungi, allocate a substantial portion 
of plant-derived C belowground (Hawkins et al 2023), where it is stored in fungal biomass, exudates, and 
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as necromass (Clemmensen et al., 2013). This process not only enhances soil organic matter (SOM) 
formation but also contributes to long-term carbon sequestration. Fungal necromass may be enriched with 
difficult to decompose compounds like chitin and melanin which can persist in soils for decades, further 
enhancing C storage (Fernandez et al., 2016). Saprotrophic fungi, while primarily involved in 
decomposing organic matter, also contribute to C sequestration by producing melanized hyphae and other 
complex compounds that resist decomposition (Kögel-Knabner et al., 2008). However, beyond the 
intrinsic chemical recalcitrance of these compounds, the stabilization of fungal-derived carbon is largely 
governed by its interaction with the soil matrix. Microbial products such as exudates and necromass can 
become physically protected through adsorption onto mineral surfaces or entrapment within soil 
aggregates, processes that represent a dominant pathway for long-term carbon stabilization (Cotrufo et al., 
2013).While these examples demonstrate a capacity for fungi to promote C storage via production of 
recalcitrant compounds, an even greater role of fungi in promoting C storage occurs via physical 
stabilization mechanisms. Carbon can be stabilized in soil through physical protection mechanisms like 
organo-mineral interactions. Microbial-derived compounds such as exudates and necromass become 
stabilized when they adsorb onto mineral surfaces, become enmeshed within soil aggregates, or form 
strong bonds metal oxides, making them largely inaccessible to decomposers. This physical protection 
boosts long-term carbon storage for decades to millennia (Cortufo et al., 2013), and the necromass of 
fungi is major constituent of this SOM pool (Liang et al. 2019).  Together, these mechanisms highlight 
the central role of fungi in stabilizing carbon belowground; however, their influence on carbon cycling 
extends beyond the soil.  
 
In addition to their role in belowground carbon stabilization, fungi significantly influence aboveground 
carbon dynamics by enhancing plant growth and productivity. Through mycorrhizal associations, fungi 
improve plant nutrient acquisition. Particularly important is their part in nitrogen and phosphorus uptake 
as well as increasing water availability. These lead to greater photosynthetic capacity and biomass 
production (Averill et al., 2014). Moreover, these symbiotic interactions can enhance plant tolerance to 
abiotic stress and pathogens, indirectly sustaining higher levels of primary productivity and long-term 
carbon fixation in vegetation (van der Heijden et al., 2015). 
 
4. Fungi and tree biodiversity 
 
Fungi are key architects of tree biodiversity, influencing the composition, distribution, and functioning of 
forest ecosystems through a variety of mechanisms. By mediating resource allocation above and 
belowground (Read and Perez-Moreno, 2003), facilitating species coexistence (Read et al., 2003), and 
regulating plant-soil interactions (Bennette et al., 2003), fungi play a central role in shaping and 
maintaining tree diversity. Mycorrhizal fungi, such as ectomycorrhizal (ECM) and arbuscular mycorrhizal 
(AM) fungi, form symbiotic relationships with >90% of plant species. Mycorrhizae can enhance nutrient 
and water uptake in host plants, and fungi can preferentially allocate resources to different tree species, 
and in turn dictate competitive exclusion and species coexistence (Bennett et al., 2017). For example, 
common mycorrhizal networks (CMNs) connect multiple tree species via the same mycorrhizal fungal 
network, enabling the transfer of nutrients and carbon between individual plants. This resource sharing 
has even been hypothesized to support the growth of less competitive species, fostering plant regeneration 
and diversity (Simard et al., 2012). Fungi also influence tree biodiversity through plant-soil feedback, 
which can be either positive or negative. Positive feedback occurs when mycorrhizal fungi enhance the 
growth of specific tree species by improving nutrient availability. In contrast, negative feedback arises 
when pathogenic fungi accumulate around tree species, suppressing their growth and creating 
opportunities for other species to establish (Mangan et al., 2010). This feedback helps maintain a balance 
between species, preventing any single species from dominating the ecosystem. 

Variation in ectomycorrhizal fungal (EMF) communities is closely linked to tree productivity, as 
differences in fungal identity and functional traits can directly affect nutrient acquisition, growth, and 
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resilience of host trees. EMF species differ in their enzymatic capacities, nutrient foraging strategies, and 
associations with specific tree hosts (Kohler et al., 2015; Koide et al., 2014). For instance, EMF taxa with 
long-distance exploration types form extensive rhizomorph networks capable of mobilizing nitrogen and 
phosphorus from nutrient-poor soil patches, thereby increasing nutrient availability to trees that would 
otherwise experience limitation (Agerer et al., 2001). In contrast, short-distance or contact-type fungi may 
specialize in localized nutrient uptake, leading to different patterns of resource distribution within the 
forest. High EMF diversity can also promote complementarity in nutrient acquisition, as multiple fungal 
species exploit distinct ecological niches and collectively enhance the efficiency of resource use (van der 
Heijden et al., 2015). These dynamics mean that shifts in EMF community composition, which can be an 
outcome of natural succession, environmental stress, or competitive interactions among tree species, may 
also lead to cascading effects on tree growth, carbon allocation, and overall forest productivity. 
Importantly, under changing climate conditions or altered competitive regimes, the identity and diversity 
of EMF communities may mediate tree responses to stress, influencing not only individual tree 
performance but also broader ecosystem processes such as nutrient cycling, soil carbon storage, and forest 
resilience (Anthony et al., 2024). Accounting for these patterns is therefore crucial for understanding and 
predicting forest productivity under future environmental scenarios. 

5. Competition & ecology 

Competition occurs when organisms or species “fight” for the same limited resources, such as nutrients, 
space, light, or water, which can constrain their growth, survival, or reproduction (Callaway & Walker, 
1997). There are two main forms: intraspecific competition (within the same species) and interspecific 
competition (between different species), and both play critical roles in shaping community structure. In 
the context of soil and plant–microbe systems, competition extends not only among plants but also among 
microbial taxa (like fungi) and between plants and microbes for soil resources (Peay et al., 2016). 
Competition matters for community assembly because it determines which species can coexist, drives 
resource partitioning, and influences biodiversity patterns and ecosystem functioning (Fukami et al., 
2015). Ignoring competition, especially the capacity for microbial communities to influence plant-plant 
competition, overlooks a key force that shapes how plant, fungal, and microbial communities assemble, 
interact, and respond to environmental change. 

Microbes influence plant competition by regulating nutrient availability, altering plant physiology, and 
shaping species-specific feedback in the rhizosphere. Soil microbial communities, including mycorrhizal 
fungi and pathogens, can either amplify or suppress competitive hierarchies among coexisting plants 
depending on the nature of their interactions (Bever et al., 2010). While beneficial microorganisms such 
as mycorrhizal fungi can enhance nutrient and water uptake, particularly in nutrient-poor environments, 
giving symbiotic hosts a competitive advantage (van der Heijden et al., 2008). There are also antagonistic 
microorganisms, including host-specific pathogens, which can impose negative plant–soil feedback that 
reduce dominance of abundant species and facilitate coexistence (Mangan et al., 2010). 

This shows that microbial community composition acts as an ecological filter which determines what 
plant species thrive under specific soil conditions. Differences in microbial associations can lead to spatial 
resource partitioning of nutrients and variable competition–facilitation balances among species 
(Klironomos, 2002). Additionally, microbial-driven nutrient cycling processes such as mineralization and 
organic matter decomposition can indirectly modulate plant competition by regulating the timing and 
form of nutrient release (Philippot et al., 2013). These observations support that plant competition is not 
determined solely by abiotic resource availability or intrinsic plant traits, but also by the dynamic 
interactions that plants maintain with their associated microbiota. Understanding these microbial 
influences in our case fungal communities is essential for predicting how plant communities and 
particularly forest assemblages, respond to environmental change, disturbance, and species introductions. 
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“Fungi and tree growth facilitation in European forests under drought conditions “ 

Introduction 
 
What facilitates species coexistence is one of the greatest questions in ecology. Fungi play key roles by 
promoting plant growth as mutualists and inhibiting it as pathogens. The Janzen–Connell effect suggests 
that high conspecific plant density increases vulnerability to natural enemies, reducing growth and 
survival (Janzen, 1970; Connell, 1971). In tropical forests, Bagchi et al. (2010) showed that fungal 
pathogens caused nearly complete mortality of Pleradenophora longicuspis seedlings at high densities. 
Such pathogen-driven negative density dependence prevents local dominance and promotes species 
coexistence, but this must be considered alongside fungal mutualists which can have the opposite effects.  
 
Mycorrhizal associations can increase the survival rates of seedlings, particularly in nutrient-poor or 
stressful environments, by improving nutrient and water uptake, protecting against pathogens, and 
enhancing stress tolerance (van der Heijden et al., 2008). This support for early life stages is essential for 
maintaining tree diversity, as it allows a wider range of species to establish and persist in the ecosystem 
(Van der Heijden, 2015). These fungi also enhance tree resilience to environmental stressors such as 
drought, heavy metals, and pathogens, indirectly supporting biodiversity (Allsup et al., 2023). For 
example, inoculating Pinus sylvestris seedlings with ECM fungi improved their drought resistance (Li et 
al. 2023). The inoculated seedlings exhibited higher non-structural carbohydrate content and greater 
nutrient availability, which are crucial for maintaining growth and physiological functions under water-
limited conditions (Li et al. 2023). 
 
Ectomycorrhizal fungi (EMF) can shape plant competition and coexistence. By forming a sheath around 
roots and extensive biomass in the soil, EMF can reduce the prevalence and impact of soil-borne 
pathogens (Buscot et al. 1992). This can create conditions for positive density dependence for ECM-
associated seedlings which boosts tree species co-existence (Bennet et al. 2017). While such patterns are 
observable when comparing EcM to arbuscular mycorrhizal fungal associated vegetation, it is critical to 
consider that EMF taxa also differ in foraging strategy (Agerer 2001), extracellular enzymatic production 
capacity (Kohler et al. 2015), and in other important ways that influence symbiotic outcomes with host 
plants (Averil et al., 2014). For example, EMF community composition is tightly coupled to variation in 
forest tree growth (Anthony et al. 2022), and different EMF species have distinct impacts on host tree 
seedling growth and defense (Anthony, 2025). These functional distinctions influence patterns of both 
above and belowground niche overlap and coexistence.  
  
EMF fungi are not the only fungal functional guilds that can shape forest tree communities. Saprotrophic 
fungi are key mediators of forest biomass decomposition and nutrient turnover (Schneider et al. 2012). 
Saprotrophic fungi can regulate nutrient availability to tree seedlings and in turn, patterns of growth and 
co-existence (Deniau et al. 2017). There is therefore a balance among EMF functioning, saprotrophic 
decomposition, and pathogen pressure, which together determine the net effect on seedling recruitment, 
competitive hierarchies, and overall patterns of species co-existence (Perry et al., 1989). Fungal-mediated 
effects on nutrient cycling and pathogen resistance may therefore ripple to shape the success and 
distribution of temperate forest trees.  

In European temperate forests, variation among EMF host trees plays a key role in shaping ecosystem 
function, influencing nutrient cycling, microbial communities, and resilience to stress. Fagus sylvatica 
(European beech) is one of the most widespread and ecologically influential broadleaf trees, ranging from 
southern Italy to southern Norway and from Spain to eastern Romania, where it thrives under mild winters 
and sufficient summer moisture (Fuchs et al., 2015). Despite this wide distribution, F. sylvatica is notably 
drought-sensitive and exhibits strong declines in growth and regeneration under heat and water stress, 
making it a key indicator species for studying climate vulnerability in European forests (Leuschner, 2020). 
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In contrast, Quercus petraea (sessile oak) is more drought-tolerant and often co-dominates with beech in 
mixed stands throughout central and western Europe (Ligot et al., 2013). It hosts a diverse EMF community, 
contributing substantially to forest biodiversity and enhancing ecosystem resilience under fluctuating water 
availability (Milović et al., 2021). Tilia spp. (limes), though less abundant in secondary forests, are 
ecologically and functionally important due to their frequent planting in urban and peri-urban environments 
and their comparatively high drought tolerance (Tedersoo et al., 2020). Tilia represents an atypical EMF 
host, producing nutrient-rich litter with high base cation concentrations and low carbon-to-nitrogen ratios, 
which promote faster nutrient cycling and shape distinct soil microbial communities compared to beech or 
oak (Heděnec et al., 2023). Together, these examples illustrate how variation among EMF hosts drives key 
feedback to forest nutrient dynamics, microbial composition, and ecosystem resilience. 

Together, Fagus, Quercus, and Tilia represent contrasting functional and ecological strategies within 
ECM-dominated forests. These species range from drought-sensitive to drought-tolerant, and from slow 
to fast nutrient cycling. Even though they can co-occur across parts of Europe, the extent to which their 
interactions are mediated by the soil mycobiome remains unclear. In particular, the soil fungal community 
may alter facilitative or competitive interactions among these ECM hosts, with potential consequences for 
forest composition and resilience under climate change. 
 
In this study, we investigated how fungal communities mediate tree seedling interactions and responses to 
drought in Fagus sylvatica (beech), Quercus petraea (oak), and Tilia cordata (lime) experimental 
mesocosms. Tree seedlings were grown in all individual pair-wise combinations to test their inter- and 
intra-specific feedback on growth.  Specifically, we asked (1) how intra- and interspecific competition 
influences seedling growth and drought tolerance, (2) how tree species identity, competition, and drought 
affect soil fungal community composition and diversity, (3) whether soil fungi are linked to seedling 
variation in tree seedling growth and performance. By uncovering these dynamics, we provide new 
insights into the potential contributions of fungal communities in mediating tree growth and competition 
and how future drought conditions may affect fungal communities.  
 
 
Methods and materials 
 
1.Experimental Design and Site Conditions 
 
The study was conducted in a raised bed experiment designed to investigate how varying tree species 
combinations shape growth and responses to drought. Eighteen wooden containers (3 m² each) were 
arranged in a randomized block design, with each container divided into four blocks (72 plots in total). 
Twelve seedlings were planted per block, comprising three tree species: F. sylvatica (beech), Q. petraea 
(oak), and T. cordata (lime). Two treatment factors were applied: (1) drought, with two levels (ambient 
rainfall vs. 50% exclusion using transparent roofs for two years), and (2) species composition, with 
monocultures of each species and their pairwise mixtures. Drought efficacy was evaluated based on soil 
moisture sensors, and reduced soil moisture by 20-50% across the year (Supplementary Figure 6). Each 
treatment combination was replicated three times per block, with two replicate trees per species. We 
randomly sampled individual trees from each treatment, and total of 164 samples were retained for 
analysis after removing dead and mislabeled trees.  
 
2.Soil growing conditions and sampling 
 
A standardized substrate was formulated to simulate nutrient-poor forest soils, consisting of 20% peat, 
20% expanded shale, 16% pumice, 40% sand, 4% clay, and 1 kg sulfur beads per m³. Initial soil 
properties included pH 7.2, 4 mg/L N, <2 mg/L P, 51 mg/L K, and 75 mg/L Mg. To enhance microbial 
activity, 10 L of compost and 100 g of lime were added per compartment in winter 2022/2023. 
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Rhizosphere soils were collected by carefully removing each tree from the soil to maintain its root 
system, removing all loosely held soil by shaking and then placing the root system inside a plastic bag 
and shaking to remove rhizosphere soil adhered to the root system. Soil was then immediately placed on 
ice packs in a cooler and stored at −20°C with 12 hours of sampling.  
 
3.Plant Growth and Physiological Measurements 
 
Tree growth was monitored annually from 2020 to 2023, including height (cm) and stem diameter (mm) 
measurements. Derived metrics included annual height and diameter increments, predicted biomass 
volume (cm³, assuming conical growth), and root-to-shoot ratios from destructive harvesting in 2023. 
Stable isotopes (δ¹³C, δ¹⁵N) and elemental composition (%C, %N, C/N) were analyzed on foliar samples 
to assess physiological responses. Note that the foliar chemical analyses were performed on mixed 
samples at the plot level versus on individual trees.  
 
4.Molecular Analysis of Fungal Communities 
 
For molecular analysis, genomic DNA was extracted from 0.25 g of soil using the E.Z.N.A.® Soil DNA 
Kit (Omega Bio-tek) following the manufacturer’s protocol with an additional, initial 40 second bead 
beating step. The full ITS region was amplified using the fungal-specific primers ITS9MUN (5′-
GTACACACCGCCCGTCG-3′) and ITS4ngUni (5′-CGCCTSCGCTTANTDATATGC-3′). The 
thermocycler conditions used as follows: 95°c 15 minutes, 35 cycles of 95°c for 30 seconds, 57°c for 30 
seconds, 72°c for 10 minutes and 4°c hold. PCR products were verified by 1.5% agarose gel 
electrophoresis. Barcoded libraries were prepared and sequenced on an Oxford Nanopore PromethION 
platform (R9.4.1 flow cells). 
 
 
5.Bioinformatics 
 
Raw sequence data (FASTA) generated from the ONT PromethION platform were processed using a 
custom bioinformatics pipeline. All analyses were performed on a Linux-based high-performance 
computing cluster (LiSC) due to the computational intensity of the steps involved. Initial sequence files 
were concatenated into a single merged .fastq file. Sequence quality was assessed using FastQC, however, 
no further quality trimming was performed as the quality of the consensus reads was high (average quality 
per read = 43). Reads < 200 bp were removed.  
 
Sample-specific sequences were demultiplexed using a custom script allowing for one mismatch in the 12 
bp barcode sequences in both the forward and reverse barcode. Full-length Internal Transcribed Spacer 
(ITS) regions were extracted using ITSx (Bengtsson-Palme et al. 2013).  
 
Downstream analysis was then conducted on full-length ITS extracted sequences using the vsearch plugin 
within QIIME2 (version 2024.10). Sequences were first dereplicated, singletons (sequences appearing 
only once across all samples) were filtered out to reduce the impact of sequencing errors, and de novo 
operational taxonomic units (OTUs) were clustered at a 98% sequence similarity threshold using the 
cluster-features-de-novo algorithm. Taxonomy was assigned to the representative sequences of each OTU 
using a trained model on the UNITE database (vers 19.02.2025) using the classify-sklearn algorithm. The 
classifier was trained on the UNITE reference sequences and taxonomy prior to the analysis using the fit-
classifier-naive-bayes algorithm. Samples with fewer than 500 sequences were discarded from all 
downstream fungal and plant-fungal analyses. In total, 78 samples were retained for further analyses, 
including at least three samples from each experimental level. Samples were rarified to 722 sequences per 
sample using the rrarefy function in the vegan package.  
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6.Statistical analysis 
 
All statistical analyses were conducted in R (2024.12.0+467; R Development Core Team, 2019), and 
significance was set to a p-value ≤ 0.05. We considered effects with p-values ≤ 0.1 as marginally 
significant. The effects of experimental factors (tree species, competition, and drought) on univariate 
response variables, including fungal alpha diversity indices (species richness and Shannon diversity, 
calculated using functions in vegan), were tested using linear-mixed effects models and the lme function 
from the nlme package. Block was used as a random variable. We used the Anova function in the car 
package to calculate type III sums of squares, and multiple comparisons were evaluated by computing 
estimated marginal means using the emmeans function. All models were inspected to meet the 
assumptions of ANOVA based on the distribution of residuals and QQnorm plots. 
 
Relative interaction intensity indices were calculated to assess how intra- and interspecific tree species 
competition influenced plant growth using total plant biomass at the end of the experiment as the growth 
metric. Tolerance was calculated to assess how well a plant could sustain its own biomass when 
competing with a different tree species while the suppression index was calculated to assess the ability of 
a plant to suppress the growth of a competitor species sensu Fletcher et al. (2016). We calculated the 
mean conspecific value of each tree species (Con.Mean) and the separate mean heterospecific value of 
each tree species when grown with either tree species (Het.Mean). In other words, if Tilia was grown with 
Fagus, then we calculated the mean Tilia growth when grown with Fagus, and we repeated this to 
calculate a second value when Tilia was grown with Quercus. We also analyzed the individual growth of 
each replicate (Rep.Growth).  
 

Tolerance = (Rep.growth – Con.Mean) / (Rep.growth + Con.Mean) 
Suppression = -(Het.Mean – Rep.growth) / (Het.Mean + Rep.growth) 

 
Differences in relative interaction intensity were analyzed only between treatments that made ecological 
sense, including across the different levels of competition and drought. These were analyzed using t-tests. 
ANOVA was not used because it would include experimental levels for which there is no logical 
ecological reason to make comparisons.   
 
We analyzed differences in fungal community composition in response to the treatments using 
PERMANOVA based on Bray-Curtis dissimilarities with the adonis function in vegan and visualized 
these differences using principal coordinates analysis with the pcoa function in the ape package. We used 
indicator species analysis to identify fungal OTUs significantly associated with unique levels of 
significant experimental treatments using the multipatt function in the indicspecies package.  
 
We tested the correlation between fungal community characteristics and tree physiology using pearon 
correlations. Because we cannot disentangle directionality in our study, we used pearon correlations 
versus linear regression. We specifically correlated fungal predictor variables, which included community 
composition (represented by PCoA axes 1 and 2), fungal OTU richness, and Shannon diversity. Separate 
correlations were made for every combination of tree competitor and physiology measurement.  
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Results 
 
1.Plant growth across species, drought and competition. 
 
Tilia exhibited the highest variation in total growth, and it was on average lower than the other two 
species. While total growth did not vary across tree species (p > 0.1), Fagus and Quercus had similar root 
biomass (p > 0.1) while that of Tilia was lower (p < 0.05); Figure 1).  Drought significantly reduced root 
biomass (P < 0.002), and this effect was observable for all species (Figure 2). Variation in root biomass 
was also significantly reduced under drought, but only for Tilia (p = 0.005). There were no differences 
between Fagus and Quercus when grown in monoculture or competition. On the other hand, Fagus and 
Tilia as competitors had a marginally significant (0.05<p<0.1) effect on Fagus growth, while Quercus 
and Tilia as competitors had a significant effect on Quercus growth (p < 0.02). When both Fagus and 
Quercus were grown with Tilia as their competitor, both species had higher growth (Supplementary 
figure 1).  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 1. Total tree growth and root biomass (g) per species by the end of the experiment.  
There was no difference in  total tree biomass across the tree species. Root biomass was different 
between Tilia-Quercus and Fagus-Tilia (P < 0.05).  
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Figure 2. Root biomass responses to drought by species. Root biomass was measured at the end of 
the experiment, and it was significantly reduced across all species.  
  

 
A competitive growth advantage provided to Fagus and Quercus by Tilia is also supported by the 
interaction intensity indices. Suppression and tolerance interactions across species, revealed that drought 
altered the balance between competitive and facilitative interactions. Tilia enhanced Quercus and Fagus 
growth while Quercus reduced Fagus and Tilia growth (Figure 4). Fagus had little effect on Quercus, but 
it reduced Tilia growth, especially under drought. Under ambient conditions, Fagus grew significantly 
more when engaged in competition with Tilia compared to Quercus (P = 0.02). The same pattern was 
observed for Quercus, but this effect was marginally significant (P = 0.06). These positive effects of Tilia 
compared to Fagus and Quercus were reduced under drought conditions (Table 1). 
 
Tilia seedlings exhibited the highest foliar δ¹⁵N values, while both Fagus and Quercus showed less 
negative δ¹⁵N signatures, both when grown with conspecifics and when co-occurring with Tilia 
(Supplementary Figure 2). These patterns suggest that the presence of Tilia did not alter N uptake among 
Quercus and Fagus, despite promoting their growth. Drought significantly increased δ¹³C values across 
all species, indicating a consistent physiological adjustment toward reduced stomatal conductance and 
increased water-use efficiency under water-limited conditions. This enrichment in δ¹³C reflects a common 
drought response rather than species-specific differences in carbon isotope discrimination. 
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Figure 3. Foliar δ¹³C among the tree species under ambient and drought conditions. 
On the y –axis the δ¹³C ratio is shown, while on the x -axis the environmental conditions. 
For all species under droughted conditions, foliar δ¹³C is enriched, with Quercus having 
the most enriched ratio for both conditions. 
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Figure 4. Overall suppression and tolerance responses by species. On the top left panel, the tolerance 
interaction is illustrated. On the y- axis is the tolerance values and x- axis the species. The competitors are 
colored accordingly in the legend. The rest of the panels show suppression per species. On the y-axis is 
the suppression values and on the x-axis the competitor. Horizontal dashed lines are included in each 
figure to denote positive and negative relative intensity interaction values. Captions to aid interpretation 
are also included in the panels.  

 
Table 1. Table of multiple comparisons of tolerance among tree species combinations.  
P-values show results of t-tests comparing each group and drought condition.  
Group 1 (Species-Competition-Drought) Group 2 (Species-Competition-Drought) P-value 
Fagus-Quercus-Ambient Fagus-Tilia-Ambient 0.02 
Quercus-Fagus-Ambient Quercus-Tilia-Ambient 0.06 
Tilia-Fagus-Ambient Tilia-Quercus-Ambient 0.67 
Fagus-Quercus-Ambient Fagus-Quercus-Drought 0.86 
Fagus-Tilia-Ambient Fagus-Tilia-Drought 0.31 
Quercus-Fagus-Ambient Quercus-Fagus-Drought 0.8 
Quercus-Tilia-Ambient Quercus-Tilia-Drought 0.67 
Tilia-Fagus-Ambient Tilia-Fagus-Drought 0.3 
Tilia-Quercus-Ambient Tilia-Quercus-Drought 0.56 
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2. Fungal community shifts upon species and competition 
 

Soil fungal communities shifted in response to different species competition scenarios but were resistant 
to drought. Overall, competition with Quercus and Fagus showed similar fungal community variation. 
Tilia significantly shifted communities as a competitor (p<0.05). In Supplementary Figure 5, the 
dominant OTUs for each tree species as a competitor are shown, along with their relative abundances in 
the samples. Across all competitor treatments, Thyridium (saprotroph) and Tomentella (ectomycorrhizal) 
were the most commonly observed OTUs. Tilia seedlings displayed the highest variability of interactions. 
Indicator species analysis revealed that competition with Tilia was associated with ectomycorrhizal OTUs 
from the genera Inocybe and Tomentella, endophytic OTUs including Clonostachys rosea and 
Linnemannia hyalina, and ericoid/endophytic OTUs, with Oidiodendron periconioides as the main 
representative. Additionally, putatively ectomycorrhizal connections with unidentified Ascomycota OTUs 
were observed. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Principal Coordinates analysis of fungal community shifts under different tree 
competition scenarios. The fungal community shifts are illustrated depending on the competitor tree 
species. The largest fraction of variation is shown on the x-axis (PCoA1; 22%) and the additional 
variation at the y-axis (PCoA2; 11%). Competition with Tilia significantly shifted fungal communities 
while Quercus and Fagus were similar (PERMANOVA P < 0.005). In the legend, Fagus, Quercus, and 
Tilia alone are the monocultures, and pair-wise combinations refer to the rhizosphere mycobiome of the 
first species in the pairing when in the presence of the second species in the pairing (e.g., the Fagus 
mycobiome when in the presence of Tilia is indicated as “Fagus-Tilia”).  
 
Next, we clustered fungal OTUs into three different groups: EMF, saprotrophic fungi, and pathogenic 
fungi and assessed their responses to the treatments as distinct groups. Permutation based analyses of 
variation in community composition demonstrate that competition and species were the main effects, with 
drought having little impact on fungal composition. Competition was the most significant factor for 
ectomycorrhizal (p<0.05) and for saprotrophic and pathogenic fungi (p<0.001).  
 
Tilia supported the highest EMF species richness of all tree species (Figure 6). There was a significant 
interaction between tree species and competition on EMF diversity, with Tilia tending to increase 
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diversity across all groups, although this effect was not statistically significant. Saprotrophic fungal 
richness also showed a significant interaction between species and competition (p < 0.001; Figure 7). 
Fagus seedlings in competition with Tilia exhibited an increase in saprotrophic OTUs, while Quercus and 
Tilia seedlings showed elevated saprotrophic richness under intraspecific competition. Tilia seedlings 
exhibited the highest saprotrophic richness across all competition scenarios. Shannon diversity of 
saprotrophic fungi revealed a significant interaction between species and drought, with Fagus and Tilia 
showing reduced diversity under drought, and Quercus lower diversity under ambient conditions (p < 0.1; 
Figure 7). Pathogenic fungal richness was similarly influenced by competition, with Quercus and Tilia 
showing increased pathogenic OTU richness under intraspecific competition, while Fagus maintained 
similar richness across all competitors (p < 0.001; Figure 8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Species richness and Shannon diversity across species competition scenarios for 
ectomycorrhiza fungi. On the left side, species richness is plotted on the y -axis and the tree 
species on the x-axis. On the right side, Shannon diversity index is plotted across competitors. 
Different lowercase letters indicate significant differences (P < 0.05).  
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Figure 7. Shannon diversity and species richness responses to drought and competition for 
saprotrophic fungi. On the left side, Shannon index plotted against species under different 
drought conditions (p<0.1). On the right side, species richness plotted across competition scenario 
by tree species (p<0.001). We did not include multiple comparisons for the Shannon index 
because the effect was marginally significant. We also did not include them visualization 
purposes because there are too many levels to clearly show in one figure.  
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Figure 8. Species richness of pathogenic fungi across competition scenarios. Species 
richness of pathogenic fungal OTUs shown an increase upon intra species competition in Tilia 
and Quercus (p<0.001). We did not include multiple comparisons for visualization purposes 
because there are too many levels to clearly show in one figure. 
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3. Fungal communities and tree growth 
 
Fungal richness and community composition was correlated with different tree growth metrics across the 
studied species. Height of Quercus and Fagus was positively correlated with fungal richness (p=0.09 and 
p<0.05 respectively). Tilia seedling height growth increment and root/shoot ratio were both positively 
correlated with fungal richness (p<0.05 and p=0.08, respectively). 
 
 

Figure 9. Correlations between plant height and fungal richness. Quercus & Fagus height in 
2020-21 was correlated with total fungal richness (# of OTUs). The Pearson correlation and p-values 
are annotated in each plot. The shaded area around the line shows the 95% confidence interval.  
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Figure 10. Tilia growth and root and shoot ratio and fungal richness. The height 
increment in 2023 and root/shoot ratio were positively correlated with fungal richness. The 
Pearson correlation and p-values are annotated in each plot. The shaded area around the line 
shows the 95% confidence interval.  

 
 
Fungal composition was also correlated with variation in the relative intensity index of tolerance. 
Tolerance, which was positive under Tilia, illustrating that it promotes Quercus and Fagus growth, 
was tightly linked to variation in fungal community composition (PCoA2) (Figure 11). Interestingly, 
there no significant correlations for tolerance when competing with Fagus or Quercus.  
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Figure 11. The correlation between tolerance competition and fungal community composition. 
The correlation shows fungal composition (PCoA2). The dashed line shows where tolerance is 
positive or negative. The solid line shows the linear correlation, and the shaded area is the 95% 
confidence interval. (r = 0.56, P = 0.01). The blue bar shows the mean and standard error around the 
composition of Tilia when grown alone.   
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Discussion 

This study highlights the critical role of tree species identity, interspecific and intraspecific interactions, 
and to a lesser extent drought stress as key factors shaping forest tree seedling growth and soil fungal 
communities. Our findings reveal that Tilia cordata exhibits distinctive interactions with both fungal 
communities and neighboring tree species, distinguishing it from Fagus sylvatica and Quercus petraea. 
Tilia specifically stimulated heterospecific seedling growth, shifted soil fungal communities on co-
occurring Fagus and Quercus seedlings to resemble Tilia communities, and these changes in fungal 
composition were positively coupled to plant growth responses to interacting with Tilia. These results 
underline the importance of host-specific, plant–fungal relationships for seedling performance and forest 
resilience under changing environmental conditions. Below, we discuss these results in more detail and 
identify potential mechanisms that could explain these dynamics.  

Distinct tree species interspecific interactions shape seedling growth and fungal composition 

The competition treatment strongly shaped seedling growth outcomes in a species-specific manner, giving 
rise to both facilitation and competition. Fagus growth was suppressed when competing with Quercus, even 
though Fagus had a positive effect on Quercus. Quercus and Fagus are two dominant mid-to-late-stage 
trees throughout temperate European forests, and they routinely co-occur due to forest management 
histories (Petritan et al. 2014, Ligot et al. 2013). While light regulates their co-existence patterns in mature 
forests (Ligot et al. 2013), this was unlikely in our study system given the experimental design and similar 
heights of the trees (Figure 1). Competition for soil resources could explain these dynamics (Pretzsch et al. 
2014). Notably, Fagus growth is slowed more by soil nitrogen limitations than Quercus (Lévesque et 
al.2015), and this can give Quercus a competitive advantage over more nutrient demanding species like 
Fagus and possibly also Tilia.  

In contrast to Quercus, which suppressed competitor tree growth, heterospecific interactions with Tilia 
promoted Fagus and Quercus growth. Quercus growth was improved in admixtures with Tilia, even though 
Tilia performed worse in the presence of Quercus but also Fagus. Collectively, these patterns suggest that 
Tilia acts as a facilitator, promoting the growth of co-occurring species but growing more slowly itself. One 
reason this may be is that Tilia produces high-quality litter with a lower C:N ratio, increasing soil N 
availability (Patoine et al., 2017) and in turn stimulating Fagus and Quercus growth. However, N recycling 
and uptake is affected by soil fungi, especially EMF communities (Read and Perez-Moreno, 2003), and 
their composition shifted under distinct competition scenarios. While we did not measure N cycling in this 
study, we were able to test how differences in fungal communities were correlated with tree growth 
responses to different competition scenarios.  

EMF communities are compositionally distinct and more diverse under Tilia than Quercus or Fagus 

Competition significantly influenced soil fungal communities, with Tilia acting as the strongest driver of 
shifts in the mycobiome. Tilia stimulated EMF, saprotrophic, and pathogenic fungal richness compared to 
the other species. Tilia species have been described as “generalist” hosts for EMF, and they strongly shape 
belowground microbial communities (Janowski et al., 2021). Increased fungal richness associated with Tilia 
may be linked to its generalist behavior in addition to specific traits such as lower leaf litter C:N ratios, 
which can promote fungal diversity by enhancing nitrogen availability and decomposition rates (Anthony 
et al., 2021; Patoine et al., 2017).  

Competition with Tilia also restructured the rhizosphere fungal communities of Fagus and Quercus to 
resemble those of Tilia. Tilia was linked to 47 of the 50 significant indicator species (Table SX), and 
admixtures with Tilia specifically enriched relative abundances of an ectomycorrhizal taxon from the 
Tomentella (SH1282496.10FU). Tomentella species are known to be widespread generalists with high 
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extracellular enzyme activity and capacity to mobilize organic N and phosphorus (Ruess et al., 2019). When 
Tilia was competing with Fagus or Quercus, its rhizosphere fungal community appeared more like that of 
Fagus and Quercus (which were similar to each other). This “exchange” of fungal communities may affect 
plant growth responses to interspecific interactions, promoting Quercus and Fagus growth while 
suppressing that of Tilia.  

Fungal composition and richness are linked to plant growth and relative interaction intensities  

Fungal richness was positively correlated to multiple indicators of plant growth. This is consistent with 
established patterns across Europe demonstrating that higher forest productivity is positively linked to 
fungal diversity (Anthony et al. 2024). Specifically, EMF richness can affect nutrient acquisition, water 
relations, and seedling performance, though the magnitude and direction depend on soil nutrient context 
and fungal traits (Anthony, 2025). For example, under higher soil fertility, there is no link between fungal 
richness and tree growth (Nash et al. 2020), and these patterns are particularly influenced by host plant 
identity (Jonsson et al. 2001). Saprotrophic fungal richness is positively correlated with soil 
multifunctionality and negatively with pathogen abundance (Li et al., 2022). Tilia seedlings consistently 
hosted more diverse fungal communities, including EMF and saprotrophic fungi, and this may contribute 
to their facilitative effects on neighboring species.  

While our study was not designed to tease apart causal mechanisms of above-belowground interactions, it 
establishes the idea that shifts in fungal communities are involved in tree species responses to interspecific 
competition. The magnitude to which Fagus and Quercus responded positively to interspecific interactions 
with Tilia was correlated with fungal community composition, and it was most stimulated when these 
communities shifted to resemble the community composition of Tilia associated fungi when grown in 
monoculture. Tilia monocultures were enriched in EMF Tomentella (SH1282496.10FU) and Inocybe sp. 
(SH1048232.10FU), in addition to other saprotrophic and potentially endophytic taxa like Pleosporales sp. 
(SH1297244.10FU) and Debaryomycetaceae sp. (SH1406940.10FU). These may be especially important 
fungi in shaping plant growth responses to interspecific interactions with Tilia.  

Drought imposed physiological stress on all seedlings, as evidenced by reduced root biomass and foliar 
δ¹³C enrichment, reflecting a shift toward conservative water-use strategies. Interestingly, Quercus 
exhibited increased saprotrophic fungal diversity under drought, suggesting a shift toward fungal taxa 
capable of decomposing more recalcitrant litter or exploiting limited nutrient pools under water limitation, 
potentially stimulating water use efficiency Previous studies have reported that drought can alter fungal 
abundance, enzyme activity, and taxonomic composition, indicating that fungal communities exhibit both 
resistance and adaptive change under stress (Canarini et al., 2024; Pena et al., 2023). These shifts likely 
help maintain nutrient cycling and plant access to essential elements, buffering drought impacts on seedling 
performance. 

Conclusion 

Our results have implications for forest management under future climate scenarios. Observations that 
Tilia supports diverse fungal communities and facilitates the growth of co-occurring tree species may 
make it a valuable component of reforestation and mixed species planting schemes. By promoting high 
fungal diversity and enhancing the stress tolerance of its neighbors (e.g., improved growth under drought 
conditions), Tilia could promote overall stability and development of heterospecific seedlings under both 
ambient and drought conditions. Importantly, Tilia growth decreased in admixtures with Fagus and 
Quercus, and its fungal communities shifted  to be more resemblant of Quercus and Fagus mycobiomes. 
Thus, considering trade-offs between growth stimulation to Fagus and Quercus and concomitant 
inhibition to Tilia will be critical when designing future tree species admixtures for research and forestry 
applications. How tree species co-exist and feedback to shape forest productivity has been a major focus 
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of research and forestry application given its importance for ecosystem functioning, and our results 
demonstrate that these interactions may be further shaped by feedback to rhizosphere mycobiomes.  
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Supplementary material 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        Supplementary Figure 1. Root biomass (g) response by competition level and species. 

On the y-axis the root biomass in g is shown, while on the x-axis the competition of each 
species for each competition is illustrated. The graph shows statistically significant the 
effect of Tilia as competition. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 2. δ¹⁵N ratio by species and competition. 
In this graph on the y-axis, we have the δ¹⁵N and on the x – axis the competition. 
Statistical analysis showed that species and competition are significant p=0.05. The δ¹⁵N 
of each species was compared for the different competitions but no significant difference 
was found (illustrated by the letter a). Notable is the enriched ratio of δ¹⁵N for Tilia, an 
indicator of ECM associations. 
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Supplementary figure 3. Diameter increment per year and species. 
On the graph the number of trees is shown on the y- axis and the diameter increment on the 
x – axis. The mean increment for the trees per species and per years 2020-2021,2021-
2022,2023-2024 were calculated.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary figure 4. Height increment per year and species. 
On the graph the number of trees is shown on the y- axis and the height increment on the x – 
axis. The mean height increment for the trees per species and per years 2020-2021,2021-
2022,2023-2024 were calculated from the obtained measurements. Its color corresponds to the 
different tree species.  
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Supplementary figure 5. Top OUT matches for each tree species as a competitor. 
In each graph for each tree species the top OTU matches and their relative abundances in 
each sample are shown. The most common fungi found in all the different competitor 
scenarios are Thyridium a saprotrophic fungus and Tomentella an ectomycorrhizal fungus. 
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Supplementary figure 6. Soil moisture content during the experiment. 
Measurements of the volumetric water content were taken during the experiment. On the y-
axis is the water content (%) and x-axis the date of sampling. Different signs are given for 
the different treatments (drought or ambient rainfall).  

 


