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SUMMARY 

 

Global change drivers such as climate change, land-use change, anthropogenic N 

deposition, deteriorating P nutrition and other calamities jeopardize temperate forest 

ecosystem functions. Essential components for the maintenance of ecosystem 

functions are fine roots and soil microbial communities because they are important for 

nutrient provision and water uptake of trees. Fungi contribute substantially to nutrient 

cycling since saprotrophic fungi drive the decomposition of organic material, while 

symbiotrophic fungi, mainly ectomycorrhizal fungi (EMF) facilitate nutrient uptake 

through symbiotic associations with tree roots. Understanding factors that influence 

fine root biomass and soil- or root-associated microbes is highly relevant for 

sustainable forest management under global change. To enhance knowledge on 

belowground functions, the responses of roots and fungi to seasonal changes in 

nutrient input by litter, nutrient input by deposition and different climatic conditions 

have to be investigated in different forest types. The main forest tree species in 

Germany, European beech (Fagus sylvatica L.) and Norway spruce (Picea abies, 

Karst.) are susceptible to drought. Since drought periods are expected to increase in 

a future climate, the cultivation of more tolerant, non-native species such as Douglas-

fir (Pseudotsuga menziesii) may be an option for future forest management. Yet, little 

is known about the influence of Douglas-fir on local soil fungal composition and 

diversity in pure and beech mixed tree stands.    

In this study, our first goal was to investigate which factors contribute to seasonal 

trends of European beech fine root biomass along a climatic and soil P gradient. Field 

experiments were carried out in study sites characterized by low, medium and high 

soil P content. The study sites comprise beech dominated plots unfertilized or fertilized 

with either N, P or combined N and P. These study sites were also used to investigate 

the impact of nutrient dynamics on EMF composition and diversity as our second 

research goal. Fine root biomass, soil and root elements were analyzed from soil cores 

collected in spring and fall. We found an increase in fine root biomass only at the P-

low forest site in fall under P fertilization. Higher fine root biomass was observed in fall 

than in spring only at the P-medium and P-high forest sites contrary to the P-low forest 

site. We constructed a general model incorporating all measured variables [site (P-

low, P-medium, P-high), fertilizer treatment (unfertilized, N, P, P+N), season (spring, 
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fall), climate (temperature, precipitation), soil and root elements (total and soluble P, 

C, N, C/N ratio, K, Na, Ca, Mg, Mg, Fe, S), soil pH and water content)] and subjected 

it to stepwise regression. The variables retained by the model with lowest Akaike 

Information Criterion were used to partition the variance of fine root biomass. Soil 

chemistry, including soil water content, explained a high fraction of variation of fine 

root biomass in both organic layer and mineral soil while climate explained high 

proportion of root biomass variation in the mineral soil. The seasonal patterns in fine 

root biomass were therefore, attributed to changes in nutrient dynamics and climate 

but dependent on soil layer and site. Little biomass variation was explained by root 

resources in the organic layer, suggesting that in the organic layer soil resources 

dominate because of high biological activity and microbial interactions. We further 

analyzed the impact of nutrient dynamics on EMF composition and diversity at these 

study sites by morphotyping and ITS sequencing. Our results revealed that neither 

EMF composition nor richness and diversity were influenced by fertilization treatment. 

This was contrary to our expectation and implies that EMF show stability in response 

to moderate nutrient additions. This finding supports the notion of EMF relative 

resistance to N addition in beech forests. However, when analyzing fungi by DNA 

barcoding at the levels of orders, our collaborative study uncovered negative and 

positive responses of Russulales and Boletales, respectively, following P and P+N 

addition. Across all sites studied, we found that Russulales were enriched in soils with 

high N content. These results imply that fungal structures are driven by nutrient 

availability.         

To address our third goal, the impact of introduction of Douglas-fir either in pure stands 

or in mixture with beech on soil fungal structures, field experiments were conducted in 

a dry and nutrient poor region and in a humid and nutrient rich region. In each region, 

four sites were used, which contained plots with either pure (beech, spruce, Douglas-

fir) or mixed beech-conifer stands (beech-spruce, beech-Douglas-fir). Soil fungal 

community analyses (0-10 cm depth after removal of non-decomposed litter) were 

conducted by barcoding of the ITS region and Illumina sequencing. Soil elements (C, 

N, P, K, Na, Ca, Mg, Mn, Fe, S), C/N ratio, soil pH and soil relative water content were 

determined and used as explanatory variables for fungal composition. Our results 

showed distinct differences in fungal assemblages between nutrient-rich and nutrient-

poor sites and among the stand types. Fungal communities were separated according 
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tree species composition and explained by soil chemistry. Fungal compositions in 

spruce and Douglas-fir forests were similar. Intermediate fungal compositions 

between pure beech and pure spruce (or pure Douglas-fir) stands were observed in 

mixed beech-conifer tree stands. Forest types did not influence mycorrhizal species 

richness. However, the relative abundance of symbiotrophs decreased in pure 

Douglas-fir and beech-Douglas-fir mixtures compared with native species. The relative 

abundance of the saprotrophic fungal orders Tremellales and Hymenochaetales 

increased in conifer tree stands while the abundance of other fungal orders was 

dependent on tree species composition and site properties. The similarity of fungal 

assemblages observed in non-native Douglas-fir and native Norway spruce implies 

that Douglas-fir can accommodate native fungi. However, pure Douglas-fir and mixed 

beech-Douglas-fir favored the relative abundance of saprotrophic fungi. Whether the 

shifted mycorrhiza/saprotroph ratio affects nutrient turnover, remains to be studied in 

the future. 

Overall, our study shows that responses of fungi and root biomass are mainly climate 

and nutrient dependent. The seasonal cycling of fine root biomass between fall and 

spring (i.e. higher in spring than fall in organic layer at the P-low site and vice versa at 

P-high site) indicates plasticity of fine root biomass to nutrient availability. Apparently, 

beech can adjust its root system to cope with changes in nutrients. Whether the 

seasonal response of beech fine root biomass observed along climatic and soil P 

gradient in our study can be extrapolated to beech-conifer tree stands needs 

investigation. This is because in beech-conifer mixed stands, changes in nutrients 

attributable to different litter inputs as well as changes in microbial communities are 

expected. Moreover, we observed differences among fungal communities in pure 

beech and conifer stands and intermediate pattern in mixed beech-conifer stands in 

the top layer of the forest floor. How the tree species will influence fungal communities 

in deeper soil horizons due to variations in nutrient availability and microbial activity is 

yet unknown. The relative stability responses of EMF to nutrient additions implies that 

beech forests can still rely on microbial interactions for nutrient uptake but more 

information is needed how environmental fluctuation and anthropogenic deposition, 

different types of litter input and different root distribution influence forest nutrition. Our 

study highlights that root biomass, soil and root fungi are important for tree adaptation 
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to changing environmental conditions, contributing to knowledge on sustainable forest 

management. 

 

 

 

 



5 
 

ZUSAMMENFASSUNG 

 

Globale Veränderungen wie Klimawandel, Landnutzungsänderungen, anthropogene 

Stickstoffeinträge, eine Verschlechterung des Stickstoffgehalts und andere 

Katastrophen gefährden die Ökosystemfunktionen gemäßigter Wälder. Wesentliche 

Komponenten für die Aufrechterhaltung der Ökosystemfunktionen sind Feinwurzeln 

und mikrobielle Bodengemeinschaften, da sie für die Nährstoffversorgung und 

Wasseraufnahme der Bäume wichtig sind. Pilze tragen wesentlich zum 

Nährstoffkreislauf bei, da saprotrophe Pilze die Zersetzung von organischem Material 

vorantreiben, während symbiotrophe Pilze, vor allem Ektomykorrhizapilze (EMP), die 

Nährstoffaufnahme durch symbiotische Verbindungen mit Baumwurzeln erleichtern. 

Grundlegende Erkenntnisse über Faktoren, welche die Feinwurzelbiomasse und die 

boden- oder wurzelassoziierten Mikroben beeinflussen, sind für eine nachhaltige 

Waldbewirtschaftung im Zuge des globalen Wandels von großer Bedeutung. Um das 

Wissen über unterirdische Funktionen zu erweitern, müssen die Reaktionen von 

Wurzeln und Pilzen auf saisonale Veränderungen des Nährstoffeintrags durch Streu 

oder Deposition und durch unterschiedliche klimatische Bedingungen in 

unterschiedlichen Waldtypen untersucht werden. Die wichtigsten Waldbaumarten in 

Deutschland, die Rotbuche (Fagus sylvatica L.) und die Gemeine Fichte (Picea abies, 

Karst.), sind anfällig für Trockenheit. Da in einem zukünftigen Klima mit der Zunahme 

von Trockenperioden zu rechnen ist, könnte der Anbau von trocken-toleranteren, 

nicht-einheimischen Arten wie Douglasie (Pseudotsuga menziesii) eine Option für die 

zukünftige Waldbewirtschaftung sein. Über den Einfluss der Douglasie auf die lokale 

Zusammensetzung und Vielfalt der Bodenpilze in Rein- und Buchenmischbeständen 

ist jedoch wenig bekannt.    

In dieser Studie wurde zunächst untersucht, welche Faktoren die saisonalen 

Änderungen der Feinwurzelbiomasse der Rotbuche entlang eines Klima- und Boden-

P-Gradienten erklären können. Die Feldversuche wurden an 

Untersuchungsstandorten mit niedrigem, mittlerem und hohem P-Gehalt im Boden 

durchgeführt. Die Versuchsflächen bestehen aus buchendominierten Parzellen, die 

entweder ungedüngt, mit N, mit P oder einer Kombination aus N und P gedüngt 

wurden. Diese Versuchsflächen wurden auch genutzt, um die Auswirkungen der 

Nährstoffdynamik auf die Zusammensetzung und Vielfalt der Feinwurzelbiomasse zu 
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untersuchen. Feinwurzelbiomasse, Boden- und Wurzelelemente wurden anhand von 

im Frühjahr und Herbst entnommenen Bodenkernen analysiert. Es wurde festgestellt, 

dass die Feinwurzelbiomasse nur am Standort mit niedrigem P-Gehalt im Herbst unter 

P-Düngung zunahm. Eine höhere Feinwurzelbiomasse im Herbst als im Frühjahr 

wurde nur an den Standorten mit mittlerem und hohem P-Gehalt beobachtet, nicht 

aber am Standort mit niedrigem P-Gehalt. Es wurde ein allgemeines Modell, das alle 

gemessenen Variablen [Standort (P-niedrig, P-mittel, P-hoch), 

Düngemittelbehandlung (ungedüngt, N, P, P+N), Jahreszeit (Frühling, Herbst), Klima 

(Temperatur, Niederschlag), Boden- und Wurzelelemente (gesamtes und lösliches P, 

C, N, C/N-Verhältnis, K, Na, Ca, Mg, Mg, Fe, S), Boden-pH und Wassergehalt)] 

enthält, erstellt und einer schrittweisen Regression unterzogen. Die Variablen, die in 

dem Modell mit dem niedrigsten Akaike-Informationskriterium enthalten waren, 

wurden zur Aufteilung der Varianz der Feinwurzelbiomasse verwendet. Die 

Bodenchemie, einschließlich des Bodenwassergehalts, erklärte einen großen Teil der 

Variation der Feinwurzelbiomasse sowohl in der organischen Schicht als auch im 

Mineralboden, während das Klima einen großen Teil der Variation der 

Wurzelbiomasse im Mineralboden erklärte. Die saisonalen Muster der 

Feinwurzelbiomasse wurden daher auf Veränderungen der Nährstoffdynamik und des 

Klimas zurückgeführt, waren jedoch von der Bodenschicht und dem Standort 

abhängig. Geringe Schwankungen der Biomasse wurden durch Wurzelressourcen in 

der organischen Schicht erklärt, was darauf hindeutet, dass in der organischen Schicht 

die Bodenressourcen aufgrund der hohen biologischen Aktivität und der mikrobiellen 

Interaktionen dominieren. Des Weiteren wurden die Auswirkungen der 

Nährstoffdynamik auf die Zusammensetzung und Vielfalt der EMP an diesen 

Untersuchungsstandorten durch Morphotypisierung und ITS-Sequenzierung 

untersucht. Die Ergebnisse zeigten, dass weder die Zusammensetzung noch der 

Reichtum und die Vielfalt der EMP durch die Düngemaßnahmen beeinflusst wurden. 

Dies stand im Gegensatz zu den Erwartungen und deutet darauf hin, dass die EMP 

als Reaktion auf eine moderate Nährstoffzufuhr stabil sind. Dieses Ergebnis stützt die 

Annahme, dass EMP in Buchenwäldern relativ resistent gegenüber N-Zugaben sind. 

Die Analyse von Pilzen mittels DNA-Barcoding auf Ordnungsebene ergab jedoch 

negative und positive Reaktionen von Russulales und Boletales auf P- bzw. P+N-

Zugaben. Über alle untersuchten Standorte hinweg wurde festgestellt, dass 

Russulales in Böden mit hohem N-Gehalt angereichert waren. Diese Ergebnisse 
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deuten darauf hin, dass die Pilzstrukturen durch die Verfügbarkeit von Nährstoffen 

beeinflusst werden.         

Um die Auswirkungen der Einführung von Douglasie entweder in Reinbeständen oder 

in Mischung mit Buche auf die Bodenpilzstrukturen zu untersuchen, wurden 

Feldversuche in einer trockenen und nährstoffarmen Region und in einer feuchten und 

nährstoffreichen Region durchgeführt. In jeder Region wurden vier Standorte genutzt, 

die entweder Parzellen mit Reinbeständen (Buche, Fichte, Douglasie) oder 

Mischbeständen aus Buche und Nadelbaum (Buche-Fichte, Buche-Douglasie) 

enthielten. Die Analyse der Pilzgemeinschaft im Boden (0-10 cm Tiefe nach 

Entfernung der nicht zersetzten Streuschicht) erfolgte durch Barcoding der ITS-

Region und Illumina-Sequenzierung. Bodenelemente (C, N, P, K, Na, Ca, Mg, Mn, Fe, 

S), das C/N-Verhältnis, der pH-Wert des Bodens und der relative Wassergehalt des 

Bodens wurden bestimmt und als erklärende Variablen für die Pilzzusammensetzung 

verwendet. Die Ergebnisse zeigten deutliche Unterschiede in den Pilzgemeinschaften 

zwischen nährstoffreichen und nährstoffarmen Standorten sowie zwischen den 

Beständen. Die Pilzgemeinschaften wurden nach der Zusammensetzung der 

Baumarten getrennt und durch die Bodenchemie erklärt. Die Pilzzusammensetzung 

in Fichten- und Douglasienwäldern war ähnlich. Zwischen reinen Buchen- und reinen 

Fichten- (oder reinen Douglasien-) Beständen wurden in gemischten Buchen-

Nadelholz-Beständen intermediäre Pilzzusammensetzungen beobachtet. Die 

Waldtypen hatten keinen Einfluss auf den Artenreichtum der Mykorrhizapilze. 

Allerdings nahm die relative Häufigkeit der Symbiotrophen in reinen Douglasien- und 

Buchen-Douglasien-Mischbeständen im Vergleich zu den einheimischen Arten ab. 

Die relative Häufigkeit der saprotrophen Pilzordnungen Tremellales und 

Hymenochaetales nahm in Nadelbaumbeständen zu, während die Häufigkeit anderer 

Pilzordnungen von der Baumartenzusammensetzung und den Standorteigenschaften 

abhing. Die Ähnlichkeit der Pilzarten, die in nicht einheimischer Douglasie und 

einheimischer Fichte beobachtet wurden, deutet darauf hin, dass Douglasie 

einheimische Pilze beherbergen kann. Reine Douglasie und gemischte Buchen-

Douglasien begünstigten jedoch die relative Häufigkeit von saprotrophen Pilzen. Ob 

sich das veränderte Verhältnis zwischen Mykorrhiza und Saprotrophen auf den 

Nährstoffumsatz auswirkt, muss in Zukunft noch untersucht werden. 
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Insgesamt zeigt diese Arbeit, dass die Reaktionen von Pilzen und Wurzelbiomasse 

hauptsächlich vom Klima und den Nährstoffen abhängen. Der jahreszeitliche Wechsel 

der Feinwurzelbiomasse zwischen Herbst und Frühjahr (d. h. im Frühjahr höher als im 

Herbst in der organischen Schicht am Standort mit niedrigem P-Gehalt und umgekehrt 

am Standort mit hohem P-Gehalt) weist auf die Plastizität der Feinwurzelbiomasse in 

Abhängigkeit von der Nährstoffverfügbarkeit hin. Offensichtlich kann die Buche ihr 

Wurzelsystem anpassen, um mit Veränderungen der Nährstoffversorgung fertig zu 

werden. Ob die in dieser Studie beobachtete jahreszeitliche Reaktion der 

Feinwurzelbiomasse der Buche entlang des Klima- und Boden-P-Gradienten auf 

Buchen-Nadelbaumbestände extrapoliert werden kann, muss untersucht werden. 

Denn in Buchen-Nadelbaum-Mischbeständen sind Veränderungen der Nährstoffe, die 

auf unterschiedliche Streueinträge zurückzuführen sind, sowie Veränderungen der 

mikrobiellen Gemeinschaften zu erwarten. Darüber hinaus beobachteten wir 

Unterschiede zwischen den Pilzgemeinschaften in reinen Buchen- und 

Nadelbaumbeständen und intermediäre Muster in Buchen-Nadel-Mischbeständen in 

der obersten Schicht des Waldbodens. Wie die Baumarten die Pilzgemeinschaften in 

tieferen Bodenhorizonten aufgrund von Schwankungen in der Nährstoffverfügbarkeit 

und der mikrobiellen Aktivität beeinflussen werden, ist noch unbekannt. Die relativ 

stabile Reaktion von EMP auf Nährstoffzugaben deutet darauf hin, dass 

Buchenwälder bei der Nährstoffaufnahme immer noch auf mikrobielle Interaktionen 

angewiesen sind, doch sind weitere Informationen darüber erforderlich, wie 

Umweltschwankungen und anthropogene Ablagerungen, verschiedene Arten von 

Streueintrag und unterschiedliche Wurzelverteilung die Ernährung des Waldes 

beeinflussen. Diese Studie unterstreicht, dass Wurzelbiomasse, Boden und 

Wurzelpilze für die Anpassung der Bäume an sich verändernde Umweltbedingungen 

wichtig sind und einen Beitrag zum Wissen über eine nachhaltige 

Waldbewirtschaftung leisten. 
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CHAPTER 1: GENERAL INTRODUCTION  

 

1.1. Temperate forests and global change   

Forest ecosystems are essential components of the biosphere and provide ecosystem 

functions and services, which include climate regulation, provision of food, timber, 

shelter and fostering cultural and recreational activities (Bauhus et al. 2010; Gilliam, 

2016; Mori, 2017, Simons et al. 2021). Thus, dependence of society on ecosystem 

services and functions underpins the value of nature (Cardinale, 2012; Braat and De 

Groot, 2012). For example, temperate forests contribute substantially to Earth ‘s 

carbon budget through their net primary productivity of about 8 Pg C yr-1, highlighting 

their importance for carbon sequestration (Saugier et al. 2002). Temperate forest 

biomes are located between 23.5°N and 66.5° S latitudes with dominant distribution 

in the Northern Hemisphere (North America, Eastern Asia, Central and Western 

Europe) and less occurrence in the Southern Hemisphere (Chile, Australia, New 

Zealand, Tasmania) (Gilliam, 2016).  

In Central Europe, temperate forests are composed of broadleaved deciduous and 

conifer evergreen species, mainly beech (Fagus sylvatica L.) and Norway spruce 

(Picea abies) (Leuschner and Ellenberg, 2017).  European beech and Norway spruce 

are important ecological and economical species in large parts of Europe (Leuschner 

et al. 2006; Leuschner and Ellenberg, 2017). Beech forests have a wide distribution, 

occurring on a broad range of soil types (Härdtle et al. 2004; Leuschner et al. 2006). 

Beech and spruce forests are susceptible to climate change and biotic calamities 

(Schlyter et al. 2006; Gessler et al. 2007; Bolte et al. 2010).  Climate projections point 

to rising temperatures, altered precipitation patterns and increased extreme weather 

events (IPCC, 2013), which may affect forest ecosystems. Other factors jeopardizing 

forest ecosystems in Europe include land-use intensification, drought, windstorms and 

bark beetle attack (Gessler et al. 2007; Seibold et al. 2019; Biedermann et al. 2019). 

In addition, increases in anthropogenic N deposition (Galloway et al. 2008) may 

negatively impact forest ecosystem functions and biodiversity (Sala et al. 2000; Calvo-

Fernandez et al. 2017).  Anthropogenic N depositions in N-limited forests can stimulate 

growth (Du and De Vries, 2018) consequently enhancing P requirements of the 

forests. If the enhanced P demand is not met tree show an imbalance in their N:P 

stoichiometry (Vitousek et al. 2010). Plant growth and productivity in terrestrial 
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ecosystems are determined by N and P (Elser et al. 2007; Vitousek et al. 2010). 

Therefore, knowledge on the impact of nutrient dynamics on ecosystem functions, to 

which belowground biota contribute substantially (Baldrian, 2017; Brundrett and 

Tedersoo, 2018), is required. On basis of this knowledge, the management of forest 

biomes can be improved with a sustainable approach.   

In consideration of the negative impacts of global drivers such as climate change, 

anthropogenic N deposition and other calamities on beech and spruce forests 

(Schlyter et al. 2006; Gessler et al. 2007; Bolte et al. 2010; Sala et al. 2000), future 

forests should have higher resistance to these threats. One solution suggested for 

Germany forestry is to expand the cultivation of non-native tree species such as 

Douglas-fir (Pseudotsuga menziesii). Douglas-fir, a species native to North America 

(Hermann, 1987), is considered a favorable species for European forestry due to its 

desirable growth and wood characteristics (Sicard et al. 2006; von Lüpke, 2009; Isaac-

Renton et al. 2014) and the potential to coexist with other broadleaved and coniferous 

tree species (Rothe and Binkley, 2001). However, more information is needed to 

unravel the impact of Douglas-fir on native forest ecosystem functions and 

belowground biota, in pure and mixed tree stands along nutrient and climate gradients. 

1.2. Climate and tree P nutrition 

Phosphorus (P) is an essential element for plant growth in temperate forests (Elser, 

2007; Vitousek et al. 2010; Du et al. 2020). P is involved in metabolic processes such 

as nucleic acid synthesis, photosynthesis, cellular structure synthesis and enzyme 

activity regulation (Raghothama, 1999; Elser et al. 2007). P availability is driven by soil 

type and parent material (Augusto et al. 2017; Wardle, 2004). Various fractions of P in 

soil are unavailable to plants since P is bound in macromolecules as P-esters 

(Cairney, 2011; Plassard et al. 2011) or forms precipitates with elements such as 

calcium, iron or aluminum (Jones and Oburger, 2011; Plassard et al. 2011).  Further, 

P availability to plants is limited by P fixation to soil particles and low P solubility 

(Holford, 1997). Microbial communities in soil contribute substantially to render P 

plant-available through degradation of macromolecules, solubilization and mycorrhizal 

associations with tree roots (Becquer et al. 2014; Clausing and Polle, 2020).  

Decreasing patterns of foliar P concentrations in beech forests across Europe have 

been reported (Talkner et al. 2015), an indication of P limitation in forest sites (Talkner 
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et al. 2015; Jonard et al. 2015). Further, anthropogenic N depositions, soil acidification 

and climate change have been reported to affect P nutrition of forest trees (Gradowski 

and Thomas, 2008; Prietzel and Stetter, 2010). Low P concentrations in forests and 

increasing N/P ratio are of great concern as they reduce forest growth (Yang et al. 

2016; Prietzel and Stetter, 2010). Therefore, understanding the impact of P and 

interaction with N on root biomass and fungal communities is needed for sustainable 

management of forest ecosystems.  

1.3. Fine root biomass in temperate forests 

Tree fine roots (< 2 mm) are important organs for water and nutrient uptake, enabling 

plants to thrive in terrestrial ecosystems (Harper et al. 1991). Although fine roots 

constitute a small proportion of biomass in temperate and boreal forests (about 2-3%) 

(Vogt et al. 1996; Hertel and Leuschner, 2002), they contribute substantially to carbon 

and nutrient cycling (Hendrick and Pregitzer, 1993; Helmisaari et al. 2002). However, 

factors affecting root dynamics and the role of seasonal nutrient dynamics in this 

regard are still poorly understood.  

Across temporal and spatial scales, tree root production, mortality and biomass are 

highly dynamic (Brassard et al. 2009). In addition, fine root production exhibits 

plasticity in response to water and nutrient availability (Nadelhoffer 2000; Brassard et 

al. 2009; Delpierre et al. 2016; Leuschner, 2020). Therefore, extensive studies focus 

on understanding root responses to changes in climate and resource availability 

(Norby and Jackson, 2000; Peng et al. 2017). Generally, plants shift nutrient allocation 

from below-to aboveground under luxurious resource availability, a reflection of 

resource optimization (Ågren and Franklin, 2003). Studies by several groups 

(Högberg, 2007; Meyer-Grünefeldt et al. 2015; Dziedek et al. 2017) have 

demonstrated that increases in N culminate in increased shoot-root ratios of the trees 

or heath plants. Consequently, trees with an increased shoot-to-root ratio may become 

more drought susceptible due to reduced fine root biomass (Högberg et al. 1993). 

However, under moderate drought, increases in fine root production have also been 

reported (Gaul et al. 2008). Although increasing N deposition may enhance 

aboveground productivity, the consequences of drought susceptibility or limitation of 

nutrient uptake, especially P supply are not entirely clear. 
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An option to mitigate negative effects of weather and climate fluctuations on temperate 

forest ecosystem functions is transforming monocultures into mixed tree stands. 

However, understanding seasonal effects on nutrients and fine root biomass along 

climatic and nutrient gradients requires investigation. Lwila et al. (2021) demonstrated 

that fine root biomass is dependent on site and climate factors in pure and beech-

conifer tree stands. Further, fine root biomass is dependent on soil depth (Lang et al. 

2017; Meller et al. 2020). Beech and Douglas-fir penetrates deeper soil layers than 

spruce (Calvaruso et al. 2011). These differences in root distribution may influence the 

biological and physico-chemical characteristics of respective rhizospheres (Hinsinger 

et al. 2005). Foltran et al. (2020) demonstrated that in contrast to pure stands, beech-

conifer mixed tree stands reduces soil base cation depletion.  

As postulated by the “Law of Minimum” by Justus von Liebig (1840), growth is 

influenced by limiting resources (Salisbury and Ross, 1992). According to this law, 

plants exhibiting deficiency in one of the essential nutrients exhibits poor growth. 

Further to this law, the theoretical concepts by Bridgham et al. (1995) elaborated 

resource use efficiency. Under this theoretical concept, biomass production increases 

following addition of the limiting resource until a particular threshold is attained where 

further addition of the limiting reduces biomass production. Changes in mineral 

nutrients and climate can impacts fine root biomass (Vogt et al. 1996; Gao et al. 2021) 

but whether seasonal effects contribute to modulate root biomass patterns along soil 

fertility gradients needs investigation.  

Building on the “Law of Minimum” and resource-use efficiency concepts, we 

investigated the impact of nutrients and season along climatic and soil nutrient 

gradients on fine root biomass. We selected three study sites in Germany (Figure 1.1) 

showing variation in soil P contents and climate, dominated by European beech 

(Fagus sylvatica L.) tree species (Lang et al. 2017). To investigate whether nutrient 

limitations could be rescued by P or N addition, we conducted a full factorial 

experiment, adding N fertilizer in five applications of 30 kg ha-1 during 2 years and P 

(one application of 50 kg ha-1 and the combination of N and P fertilizes to plots in each 

of the forest locations. We used this design in addition to non-fertilized plots to 

investigate. These study sites were also used to investigate changes in soil and root 

fungi following P and N fertilization.   



13 
 

 

Figure 1.1. Location of the study sites of the research project Ecosystem Nutrition 
(SPP1685). Each study site is composed of 12 plots (three replicates per treatment: 
Control = no fertilizer treatment, N = 5 x 30 kg ha-1 nitrogen fertilizer, P = 50 kg ha-1 
phosphorus fertilizer, N+P = combined N and P fertilizer treatment) in dominant 
European beech (Fagus sylvatica L.) stands. (map copyright: Vemaps.com). 

1.4. Soil and root fungi 

Fungi are a group of highly diverse eukaryotic microorganisms, which have 

successfully populated terrestrial ecosystems (Hawksworth, 2001; Tedersoo et al. 

2014; Frąc et al. 2018). Soil and root fungi comprises major phyla such as Ascomycota 

and Basidiomycota (Kernaghan, 2013; Peršoh, 2015). Fungi are involved in many 

fundamental ecosystem functions such as nutrient cycling, water retention, soil carbon 

balance, and causes of or protection against plant diseases (Bardgett and Wardle, 

2010; Baldrian, 2017; Brundrett and Tedersoo, 2018). Furthermore, belowground 

fungal communities together with other soil microbes contribute substantially to 

production of food, air and clean water, thereby, impacting human wellbeing (Wall et 

al. 2015). Based on their ecological functions, mycobiomes can be differentiated into 

three main categories: saprotrophs, symbiotrophs and pathotrophs (Schmit and 

Mueller, 2007; Nguyen et al. 2016). Saprotrophic fungi are free living and mainly 

involved in the decomposition of plant dead material (Rayner and Boddy, 1988), while 
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pathotrophic fungi negatively impact the health of plant communities, thereby, shaping 

vegetation composition (García-Guzmán and Heil, 2014). In temperate and boreal 

forests, symbiotrophs mainly comprise ectomycorrhizal fungi (EMF) (Tedersoo et al. 

2014). EMF form mutualistic associations with tree roots and enhance nutrient and 

water acquisition by plants in exchange for carbon (Smith and Read, 1997). EMF 

symbiotic associations are characterized by the presence of the mantle, Hartig net 

(hyphal net) and external mycelium (Agerer, 1991). Based on the characteristics of 

emanating hyphae, EMF have been categorized into contact, short-distance, medium-

distance and long-distance exploration types (Agerer, 2001) enabling nutrient 

acquisition from different distances. EMF are common in temperate forest soils, 

colonizing the majority of tree roots (Buée et al. 2009; Lang et al. 2011; Lang and Polle, 

2011, Pena et al. 2010; Tedersoo et al. 2014).  

The impact of European tree species and soil nutrients on soil and root associated 

fungal communities has been reported in previous studies (Zavišić et al. 2016; 

Goldmann et al. 2016; Bahnmann et al. 2018). However, we know little about the 

influence of Douglas fir on the soil mycobiome in German forests. There is concern 

that non-native species may have negative effects on soil diversity (Schmid et al. 

2014). To assess sustainable forest management options, it is important to understand 

whether changes in tree composition introducing non-native tee species, both in pure 

and mixed stands impact fungal communities and their functional composition.  

To gain knowledge if Douglas-fir causes shifts in soil fungal communities compared 

with the major German forest tree species, beech and spruce, mature forests 

composed of either the pure species or their mixtures (beech-Douglas-fir, beech-

spruce) were selected in eight sites (Figure 1.2). The sites differ in soil conditions 

and climate (Foltran et al. 2020; Ammer et al. 2020). Lwila et al. (2021) also reported 

variations in fine root biomass between the categories of the sites (i.e. higher fine 

root biomass at nutrient-poor and dry sites than nutrient-rich and humid sites). 

Therefore, these forests were chosen to investigate the influence of tree species 

composition and soil properties on soil fungal composition and associated functional 

guilds.  
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Figure 1.2. Location of the study sites of the Research Training Group 2300 
(RTG2300) showing the northern (Nienburg, Unterlüss, Göhrde I and II) and southern 
(Harz, Dassel, Nienover and Winnefeld) sites. Each site is composed of 5 plots 
representing forest stands (pure stands: beech, Norway spruce and pure Douglas-fir; 
mixtures: beech-spruce and beech-Douglas-fir). (map copyright: Vemaps.com).   

1.5. Goal of the research study  

The main goals of this research were to elucidate the changes in fine root biomass 

and fungal composition under different forms of forest management (species mixture 

and nutrient addition) in temperate forests. The following specific goals were 

addressed: 

to determine the impact of nutrients, season and climate on fine root biomass in 

European beech (Fagus sylvatica L.) dominated tree stands (Chapter 2) 

to assess changes in EMF composition under P and N fertilization along a nutrient and 

climate gradient in European beech dominated tree stands (Chapter 3)  

to determine the impact of tree species composition and soil properties on fungal 

communities in pure and beech-conifer mixed stands along a climatic gradient. This 

specific goal focused on changes in soil fungal communities when European beech 

(Fagus sylvatica L.) was mixed with native (Picea abies) and non-native (Pseudotsuga 

menziesii) conifers along nutrient and climatic gradients (Chapter 4)  
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CHAPTER 2: FINE ROOT BIOMASS OF EUROPEAN BEECH TREES IN 

DIFFERENT SOIL LAYERS SHOW DIFFERENT RESPONSES TO SEASON, 

CLIMATE AND SOIL NUTRIENTS 

 

2.1. Introduction  

In undisturbed temperate forest ecosystems, nitrogen (N) and phosphorus (P) are 

major nutrients that often limit tree growth (Vitousek et al. 2010; Du et al. 2020). 

Increased anthropogenic N deposition (Galloway et al. 2008) can stimulate net primary 

productivity in N-limited forests (Du and De Vries, 2018). Enhanced productivity 

requires enhanced supply with mineral nutrients and thus, can shift tree nutrition from 

N to P limitation (Jonard et al. 2015; Peñuelas et al. 2013). Therefore, deterioration of 

P nutrition might be a consequence of enhanced N availabilities (Talkner et al. 2015). 

Increased availabilities of both P and N often had synergistic, positive effects on tree 

species, while effects of single nutrient applications on tree growth were less clear 

(Elser et al. 2007). 

Tree fine roots play a central role in nutrient and water uptake (Vogt et al. 1996; 

McCormack et al. 2015). Fine roots exhibit distinct seasonal trends of production and 

mortality (Brassard et al. 2009). Further, root production is highly plastic, responding 

to soil nutrient and water availabilities (Nadelhoffer 2000; Brassard et al. 2009; 

Delpierre et al. 2016; Leuschner, 2020). In general, increases in nutrient availability 

result in higher resource allocation to above- than to belowground tissues, a behavior 

that has been hypothesized to reflect resource optimization (Ågren and Franklin, 

2003). Field observations in northern forests and greenhouse studies with tree 

seedlings showed that an increase in N decreased the root-to-shoot ratio (Högberg, 

2007; Meyer-Grünefeldt et al. 2015; Dziedek et al. 2017), specifically due to decreases 

in the fine root biomass (Li et al. 2016). Since fine roots are key to soil foraging, the 

decrease in fine root biomass along with increased aboveground biomass is thought 

to increase drought sensitivity of trees (Högberg et al. 1993). However, some tree 

species may compensate this risk by enhanced fine root production under drought 

stress (Leuschner, 2020). Thus, climate variables and nutrients are both important 

drivers of root biomass (Vogt et al. 1996; Gao et al. 2021) but the relative importance 

of these factors in soils with strongly different nutrient pools is not yet fully understood.   
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In Central Europe, European beech (Fagus sylvatica L.) is a dominant forest tree 

species stocking on a vast range of soil types (Leuschner, 2020). In beech forests, 

fine root biomass and turnover are highly variable, depending on the environmental 

conditions and soil depth (Kirfel et al. 2019, Meller et al. 2020). For example, Lwila et 

al. (2021) found higher fine root biomass at drier and nutrient poor sites than in humid 

and nutrient rich beech stands. Lang et al. (2017) reported increasing fine root 

biomass of beech in the forest floor with decreasing soil P stocks in the mineral 

horizon. Clausing and Polle (2020) showed that organic and mineral soil layers played 

crucial but divergent roles for P uptake under high and low P availabilities. In P poor 

soil, high fine root biomass and efficient mycorrhizal associations in the organic layer 

governed P uptake, whereas in P rich soil, P foraging was mainly taking place in the 

mineral top soil (Clausing and Polle, 2020). Although inverse relationships of soil P 

contents and root biomass have often been observed (Schneider et al. 2001; Lang et 

al. 2017), the importance of soil P, soil N or other mineral elements relative to climate 

and season for the dynamics of fine root biomass in temperate beech forests remains 

unknown. Since roots also constitute a significant carbon sink (Godbold and Brunner, 

2007; Robinson, 2007, Whitehead, 2011; Reich et al. 2014), it is highly relevant to 

understand which variables are the major drivers for root biomass in beech forests 

stocking on different soil types. 

In this study, we investigated temporal variation of P, N, and fine root biomass in the 

organic layer and mineral top soil of three beech forests differing in soil P stocks and 

climate. To assess the impact of enhanced P and N availabilities, we used P, N or 

N+P fertilized as well as unfertilized plots in each forest (Clausing et al., 2021). Our 

previous study showed that the fertilizer treatments had only small effects on soil and 

root-associated fungal community composition (Clausing et al. 2021). Here, we 

focused on seasonal nutrient and root dynamics after fertilization. According to 

theoretical concepts (Bridgham et al. 1995), very low resource availability limits 

biomass production; with increasing, yet limiting resources, biomass increases up to 

a certain threshold level; further resource increase causes declining resource 

efficiencies and thus, the increase in biomass production levels off. Very high nutrient 

availability will result in decreased fine root biomass. Consequently, we expected that 

P fertilization could increase root biomass, when soil P availability was a limiting factor, 

while under high soil P availabilities, N might be a limiting resource. We hypothesized: 
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(i) fertilization increases fine root biomass, if the added resource was severely growth-

limiting and decreases root biomass under luxurious resource availabilities. (ii) The 

effects of soil P or N resources on root biomass are higher in fall than in spring because 

biomass allocation is seasonally shifting from above- to belowground (Brassard et al. 

2009; Heid et al. 2018). (iii) Climate has a dominant effect on fine root biomass in the 

organic and soil nutrient resources in the mineral soil because the organic layer is 

more subjected to fluctuations in precipitation and temperature than mineral soil. To 

test our hypotheses, we determined the trajectories of fine root biomass, soil and root 

nutrients by sequential soil coring in spring and fall for 2.5 years and dissected the 

contributions of climate, fertilization, soil and root chemistry for fine root biomass by 

variance partitioning.  

2.2. Materials and methods  

2.2.1. Site description  

This study was carried out in European beech (Fagus sylvatica L.) dominated forests 

that exhibit variation in soil P stocks and parent material (Lang et al. 2017). The P-low 

site (Unterlüss) is located in North German Plain (52°50'21.7"N, 10°16'2.3"E) on an 

elevation of 115 m above sea level (a.s.l) with mean annual temperature and 

precipitation of 8.0 ℃ and 779 mm respectively (Table 2.1). The beech forests at the 

P-low site are about 132 years old. The soil is sandy with sandy till parent material. 

The P-medium site (Mitterfels) in Bavarian Forest (48°58'34.1"N, 12°52'46.7"E) is 

located at an elevation of 1023 m above sea level (a.s.l). The average beech stand 

age is 131 years. The soil type is loamy sand with paragneiss parent material (Table 

2.1). The P-medium site has mean annual temperature and precipitation of 4.9 ℃ and 

1200 mm respectively. The P-high site (Bad Brückenau) is situated in “Bayerische 

Rhön” biosphere reservation (50°21'7.2"N, 9°55'44.5"E) on basalt parent material with 

silt clay soils. The elevation, mean annual temperature and precipitation at the P-high 

site are 809 m (a.s.l), 5.8 ℃ and 1031 mm respectively. The beech trees on the P-rich 

site have an age of 137 years (Table 2.1). Further climate, stand and soil 

characteristics of the study sites have been compiled in Table 2.1.  

In each forest site, we set up an N, P, and P+N fertilization experiment (details: 

Clausing et al., 2021). Briefly, 12 study plots, each with an area of 400 m2 were 

established in each study site in summer 2016. The plots were treated with either 

nitrogen (N), phosphorous (P), combined nitrogen and phosphorus (P+N) or were kept 
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as control (Con).  Each treatment was replicated three times per study site, yielding a 

total of 36 plots. P was applied once in the late summer 2016 in form of KH2PO4 (50 

kg P ha-1) to the P and P+N treatments. N was applied as NH4NO3 (30 kg N ha-1) to 

the N and P+N treatments at five time points (August 2016, May 2017, September to 

October 2017, April to May 2018 and September to October 2018). KCl was applied 

to the Con and N treatments to account for the K in the KH2PO4 fertilizer applied to the 

P and P+N treatments. The fertilizer was dissolved in tap water and sprayed on the 

soil surface of the plots.  

2.2.2. Sampling  

In each plot, soil samples were collected in fall 2016, spring 2017, fall 2017, spring 

2018, and fall 2018 as reported by (Clausing et al. 2021). Since we were interested in 

the long-term effects of the fertilizer, we did not sample directly after fertilizer 

application to avoid the immediate impacts of P or N addition. Twelve soil cores (21 

cm depth x 5.5 cm diameter) were randomly taken and separated into organic layer 

(OL) and mineral top soil (ML). Then, the 12 samples of the OL were pooled resulting 

in one sample per plot. The ML samples were also pooled.  The samples were sieved 

(4 mm mesh size) and divided into bulk soil, fine roots (<2 mm) and coarse roots (>2 

mm). Bulk soil, fine roots and coarse roots were transported in cooling boxes 

(approximately 4 ℃) to the laboratory for analysis.  
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Table 2.1. Description of the climate (MAT: mean annual temperature; MAP: sum of annual precipitation), altitude (ALT), soil and stand 
characteristics of the study sites (Unterlüss: P-low; Mitterfels: P-medium; Bad Brückenau: P-high). Data were taken from Haußmann and Lux 
(1997), Lang et al. (2017) and Clausing et al. (2021).   

Variables P-low P-medium P-high 

Coordinates 52°50'21.7"N, 10°16'2.3"E 48°58'34.1"N, 12°52'46.7"E 50°21'7.2"N, 9°55'44.5"E 

ALT (m.a.s.l) 115 1023 809 

MAT (°C) 8.0 4.9 5.8 

MAP (mm) 779 1200 1031 

Soil type Hyperdystric folic Cambisol Hyperdystric chromic folic cambisol Dystric skeletic cambisol 

Soil parent material Sandy till Paragneiss Basalt  

Organic layer thickness (cm) Oi: 4; Oe: 5 ;Oa: 4 Oi: 4; Oe: 4 Oi: 3; Oe: 12 

Humus form Mor-like Moder Moder Mull-like Moder 

Soil texture 
Topsoil: Loamy sand 

Subsoil: Sand  

Loam (topsoil) 

Sandy loam (subsoil) 

Silty clay loam (topsoil) 

Loam (subsoil) 

pH (H20) (A horizon: 0-5 cm) 3.5 (0.08) 3.6 (0.1) 3.8 (0.15) 

Total soil P (mg kg-1) (A horizon: 0-5 cm) 195 (15) 1375 (34) 2966 (45) 

Extractable soil  P (mg kg-1) (A horizon: 0-5 cm) 11 (3) 70 (6) 116 (9) 

Stand age (years)  132 131 137 

Tree species composition (%) 
Fagus sylvatica (91) 

Quercus petraea (9) 

Fagus sylvatica (96) 

Picea abies (2) 

Abies alba (2) 

Fagus sylvatica (99) 

Acer pseudoplatanus (1) 

Natural vegetation Luzulo-Fagetum Dryopteris-Fagetum Hordelymo-Fagetum 

Mean height of beech trees (m) 27.3 20.8 26.8 

Diameter at breast height of beech trees (cm) 27.5 37.6 36.8 

Basal area of beech trees(m2 ha-1) 36.7 28.1 35.6 

Number of beech  trees (ha-1) 480 252 335 
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2.2.3. Root biomass and soil water content 

The weight of the fresh soil and root samples was determined. The samples were 

oven-dried (40 ℃) and weighed. The water content in the soil (WC_s) was calculated 

as: 

WC_s (g g-1 DW) =
Fresh weight – Dry weight 

Dry weight
  

The fine root biomass (FR) in the mineral soil was determined as: 

FR (mg g-1 DW soil) =
Total dry weight of FR in mineral soil

Total dry weight of soil in mineral soil
 

The fine root biomass in the organic layer was determined correspondingly. 

 2.2.4. Soil and root chemistry  

Dry soil samples were mixed with deionized water (1:2.5 ratio of soil to water) and 

shaking (1 hour at 200 rpm). After sedimentation of particles, pH was measured with 

a pH meter (WTW, Weilheim, Germany).  

To determine C and N contents aliquots of dry soil and root samples were milled using 

a ball mill (MN400, Retsch GmbH, Haan, Germany). Aliquots of about 2 to 12 mg (soil) 

and 1.5 mg (fine roots) were weighed into 4 × 6 mm tin capsules (IVA Analysentechnik, 

Meerbusch, Germany) on a microbalance (Model: Cubis MSA 2.7S-000-DM, 

Sartorius, Göttingen, Germany). Variation in C contents between the soil layers and 

among soil types led to overflow of the measuring unit in the spectrometer when the 

same sample weights were used for analyses. Therefore, we used different weights 

for the soil samples. We used the CN analyzer (vario MICRO cube CN analyzer, 

Elementar Analysensysteme, GmbH, Langenselbold Germany) or a mass 

spectrometer (Delta Plus, Finnigan MAT, Bremen, Germany) at the 

Kompetenzzentrum für Stabile Isotope (KOSI, Göttingen. Germany) to measure the C 

and N concentrations. Acetanilide (10.36 % N, 71.09% C) was used as the standard.  

To measure the contents of total P (Pt) and other elements (K, Ca, Na, Mg, Mn, Fe, Al 

and S), 50 mg of each sample (roots, soil) was extracted in 65 % HNO3 (25 ml) for 12 

hours at 160 ℃ (Heinrichs et al., 1986). Labile P (Ps) was determined by extracting 

100 mg of sample in 150 ml of Bray-1 solution (0.03 N NH4F, 0.025 N HCl) (Bray and 

Kurtz, 1945). The resulting extracts were subjected to filtration using phosphate free 
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filter paper (MN 280 ¼, Macherey-Nagel, Düren, Germany) after which elemental 

analysis by inductively coupled plasma–optical emission spectroscopy (ICP-OES) 

(iCAP 7000 Series ICP–OES, Thermo Fisher Scientific, Dreieich, Germany) was done 

at the following wavelengths (nm) (Na: 589.592; K: 766.490; Ca: 317.933; Mg: 

285.213; Mn: 260.569; Fe: 238.204; Al: 308.215; S: 182.034; P: 185.942). The 

calibration was performed using concentrations of element standards (0.1 mg l-1 to 20 

mg l-1) (Einzelstandards, Bernd Kraft, Duisburg, Germany). Data for soil and root 

nutrients in 2018 were downloaded from the dryad repository (Clausing et al. 2020). 

2.2.5. climate and weather  

Data for climate and weather were obtained from http://www.wetterzentrale.de. Mean 

temperature (T) for each sampling date was calculated as mean temperature of three 

months (month of sampling and two months before sampling). Similarly, precipitation 

(Prec) was calculated as the sum of the precipitation for the month of sampling and 

two months before sampling. We calculated the deviation from the long-term climatic 

conditions (dfc) as the difference between monthly mean temperature of the sampling 

month and the long-term mean of the temperature in the corresponding months for the 

period 1981-2010. The deviation from the long-term precipitation was calculated as 

the difference between the monthly sum of precipitation in the sampling month and the 

long-term mean of the sum of precipitation in the sampling month. The data shown in 

supplementary Table S2.1. 

 2.2.6. Statistical analysis 

The statistical analyses were performed with R software (R Core Team, 2020). The 

data were checked for normal distribution and homogeneity of variances using linear 

model residuals (function “lm” from R package “lme4”) and the Shapiro-Wilk test 

(Shapiro and Wilk, 1965). The data were log or square root transformed if the normality 

assumption was violated. Non-parametric test (Kruskal-Wallis test) was used if the 

normality assumption was not met after data transformation. When the normality 

assumption was met, we used linear mixed effect models (function: “lmer”, R package: 

“lme4”), analysis of variance (ANOVA) and a post hoc Tukey HSD test for comparison 

of means (package: “multcomp”) to test for the effect of site, fertilizer treatment and 

season on fine root biomass, on P and N in the soil and fine roots. We used plot (n = 

3 per site) as random factor in the mixed models. Differences of the means at p ≤ 0.05 

were considered to indicate significant effects. 
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In addition to P and N, we also analyzed other elements in roots and soil from each 

forest site, soil layer, and season. An overview on the nutrient data for soil and roots 

has been compiled in supplementary Table S2.2. 

To determine the contribution of explanatory variables to fine root mass, we 

constructed a linear model incorporating all variables [site (P-rich, P-medium, P-poor), 

treatment (Con, N, P, P+N), season (spring, fall), climate (Temperature (T, T dfc), 

precipitation (Prec, Prec dfc)), soil properties (C/N ratio, C, N, Pt, Ps, Na, K, Ca, Mg, 

Mn, Fe, S, WC_s and pH) and root chemistry (C/N ratio, C, N, Pt, Ps, Na, K, Ca, Mg, 

Mn, Fe, S)]. To obtain a model with good fit (lowest AIC), the constructed model was 

subjected to backward stepwise regression by using the “stepAIC” function from R 

“MASS” package (Venables and Ripley, 2002). The variables retained by stepwise 

regression were divided into five categories: site, climate, season, soil properties 

(mineral elements and WC_s) and root chemistry (mineral elements). Factors in each 

of the four categories for the organic (site, soil properties, root chemistry) and mineral 

(Season, soil properties, root chemistry and climate) soil layers were retained (Table 

2.2). We partitioned the variance of fine root biomass explained by each category 

using “calc.relimp” function from R “Relaimpo” package (Grömping, 2006) based on 

the lmg method (averaging sequential sum of squares over all orderings) developed 

by Lindeman et al. (1980). 

 

 

 

 

 

 

 

 

 

 

 



35 
 

Table 2.2. Linear regression models for variation in fine root biomass in the organic and mineral soil. 

Data show the final regression model obtained by stepwise backward selection of variables for soil 

properties and root chemistry (WC: water content, C/N: C/N ratio, C, N, Na, K, Ca, Mg, Mn, Fe, S, Ps: 

soluble phosphorus, Pt: total phosphorus), and climate (temperature (T, T dfc), precipitation (Prec, Prec 

dfc)) and the categorical factors “site” and season. The models with lowest AIC were used.  Soil and 

root variables are indicated with lowercase letters “s” and “r” respectively.  

Organic layer  Mineral layer 

Category Variables Estimate 

(SE) 

p-value Category Variables Estimate 

(SE) 

p-value 

Soil WC_s 19.23 
(5.65) 

< 0.001  Soil WC_s 1.85 
(0.66) 

0.006 

 C_s 0.20 
(0.13) 

0.124   K_s -0.28 
(0.09) 

0.003 

 N_s -3.83 
(2.58) 

0.139   Mg_s -0.16 
(0.03) 

< 0.001 

Root Pt_r 31.10 
(8.59) 

< 0.001   S_s 3.10 
(0.61) 

< 0.001 

Climate Prec -0.41 
(0.09) 

< 0.001   Pt_s 0.61 
(0.26) 

0.022 

 Prec dfc 0.39 
(0.10) 

< 0.001   Ps_s -9.21 
(2.20) 

< 0.001 

 T 3.67 
(0.84) 

< 0.001  Root CN_r 0.03 
(0.01) 

0.016 

Site P-low 9.20 
(11.12) 

0.409   Na_r -2.86 
(0.92) 

0.002 

 P-medium  90.94 
(10.66) 

< 0.001   Ca_r -0.40 
(0.15) 

0.006 

      Mg_r 1.67 
(0.38) 

< 0.001 

      Fe_r -0.12 
(0.04) 

0.007 

      S_r 0.62 
(0.46) 

0.181 

      Pt_r 1.91 
(0.82) 

0.021 

     Climate Prec 0.02 
(0.00) 

< 0.001 

      Prec dfc -0.03 
(0.01) 

< 0.001 

      T 0.37 
(0.12) 

0.003 

      T dfc -0.66 
(0.32) 

0.040 

     Season Spring 3.25 
(1.10) 

0.004 

Parameters of the regression model 

Start AIC 1298.00     61.18  

Stop AIC 1261.48     37.14  

F 46.11     20.84  

p-value < 0.001     < 0.001  

Adjusted R2 0.69     0.67  
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2.3. Results 

2.3.1. Fertilizer treatment and season affect phosphorus in soil 

P application caused significant increases in total (p = 0.039) and soluble P (p = 0.008) 

in the mineral soil of the P-low forest in spring but not in fall (Fig. 2.1A,B). We did not 

find any significant effects of P or N treatment or the combination of both on the P 

contents in the organic layer. No significant fertilization effects were found for the total 

or soluble P contents in the P-medium or P-rich forest soils (Fig. 2.1A,B).  

Irrespective of the fertilizer treatments, total P contents were higher in the organic layer 

in spring than in fall, indicating seasonal cycling at each of the three studied forest 

sites (Fig. 2.1A). In the mineral soil, seasonal increases in total P in spring were also 

significant in the P-medium (p = 0.002) and P-high forest (p = 0.001) but not in the P-

low forest (p = 0.103, Fig. 2.1A). In the P-low forest, soluble P contents were higher in 

spring than in fall in both soil layers studied (p < 0.010, Fig. 2.1B). A significant 

increase in soluble P in spring was also observed in the mineral soil of the P-high 

forest (p < 0.001, Fig. 2.1B).  

The comparison of the P contents in the three forests confirmed significant differences 

among the sites in the order P-low < P-medium < P-rich forest (p < 0.001, Fig. 2.1) 

both soil layers, in agreement with previous investigations in these forests (Lang et al. 

2017; Zavišić et al. 2016; Table 1).  

2.3.2. Fertilizer treatment and season affect phosphorus in roots 

P application as a single factor or in combination with N resulted in forest- and soil 

layer-specific effects on the P content of fine roots (Fig. 2.2). In the P-low forest, fine 

roots from the mineral layer contained increased total (p = 0.014) and soluble P 

contents (p = 0.003) in spring after combined fertilization with P and N (Fig. 2.2A). In 

the P-low forest, the soluble P contents roots from the mineral soil was also enhanced 

after P (p < 0.001) application (Fig. 2.2B). In fall, no fertilization effects were found in 

roots from the mineral soil and organic layer in the P-low forest and the total and 

soluble P contents were lower than in spring (Fig. 2.2A,B).  
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Figure 2.1. Total (A) and soluble (B) phosphorus content in the organic (OL) and mineral (ML) 

soil in beech (Fagus sylvatica) forests characterized by low, medium and high P contents. The 

study was conducted at the forest sites Unterlüss (P-low), Mitterfels (P-medium) and Bad 

Brückenau (P-high) using 3 plots per treatment (Con = control = no fertilizer treatment, N = 5 

x 30 kg ha-1 nitrogen fertilizer, P = 50 kg ha-1 phosphorus fertilizer, P+N = combined N and P 

fertilizer treatment). Samples were collected in fall 2016, 2017, 2018 and in spring 2017 and 

2018. Data show means per season and treatment (spring: n = 6, fall: n = 9, ± SE). Significant 

differences at p ≤ 0.05 are indicated for the fertilizer treatment (lowercase letters) and season 

(uppercase letters) for each forest site. 
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Figure 2.2. Total (A) and soluble (B) phosphorus contents of beech (Fagus sylvatica) fine 

roots in the organic (OL) and mineral (ML) soil layer. The study was conducted at the forest 

sites Unterlüss (P-low), Mitterfels (P-medium) and Bad Brückenau (P-high) using 3 plots per 

treatment (Con = control = no fertilizer treatment, N = 5 x 30 kg ha-1 nitrogen fertilizer, P = 50 

kg ha-1 phosphorus fertilizer, P+N = combined N and P fertilizer treatment). Samples were 

collected in fall 2016, 2017, 2018 and in spring 2017 and 2018. Data indicate means for each 

season and treatment (spring: n = 6, fall: n = 9, ± SE). Significant differences at p ≤ 0.05 are 

indicated for the fertilizer treatment (lowercase letters) and season (uppercase letters) in each 

forest site.
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The total P contents in roots from the P-high forest did not respond to any fertilization 

treatment (Fig. 2.2A) but the soluble P levels in roots from the organic layer and from 

the mineral soil were enhanced in spring in the P-high forest after P fertilization (Fig. 

2.2B). 

In the P-medium forest, root total P contents increased in spring under N or combined 

N and P fertilization but only in roots from mineral soil (Fig. 2.2A). Combined N and P 

treatment also caused increased soluble P contents in these roots in spring (p = 0.020, 

Fig. 2.2B). Roots from the P-medium forest further showed P or combined N and P 

treatment effects in fall, resulting in enhanced total P contents in roots from the organic 

layer and higher soluble P contents in roots from both soil layers (p = 0.012, Fig. 2.2B).  

In addition to fertilization effects, the total P contents in roots were higher in spring 

than in fall in the organic layer and in the mineral soil, with the exception of roots in 

the mineral soil at the P-medium site (Fig. 2.2A). The soluble P contents in roots from 

both the organic layer and the mineral soil also were higher in spring than in fall, with 

the exception of roots in the organic layer at the P-high forest (Fig. 2.2B).  

We also found differences for the root P contents among the forest sites: total P 

contents in roots increased in the order P-low < P-medium < P-high in both seasons 

and soil layers (p < 0.001). Soluble P in roots from the mineral layer showed a pattern 

similar to that of total P (p < 0.001), whereas roots from the organic layer showed this 

pattern only in spring (p = 0.006).  

2.3.3. Season but not fertilizer treatment affect nitrogen in soil and roots 

In addition to P, we investigated the impact of fertilizer application and season on soil 

and root N contents (Fig. 2.3). We did not observe any changes in soil or root N in 

response to N, P or the combination of N and P application, neither in the organic layer 

nor in the mineral soil (Fig. 2.3 A,B).  

The organic layer contained higher N contents in spring than in fall in each forest site 

(Fig. 2.3A). In the organic layer in the P-low and P-rich forest, root N was also higher 

in spring than fall, while in the P-medium forest, root N was higher in the mineral soil 

in spring than in fall (p = 0.043, Fig. 2.3B).  
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Figure 2.3. Soil (A) and fine root (B) nitrogen contents of beech (Fagus sylvatica) in the 

organic (OL) and mineral (ML) soil layer of forests characterized by low, medium and high soil 

P contents. The study was conducted at the forest sites Unterlüss (P-low), Mitterfels (P-

medium) and Bad Brückenau (P-high) using 3 plots per treatment (Con = control = no fertilizer 

treatment, N = 5 x 30 kg ha-1 nitrogen fertilizer, P = 50 kg ha-1 phosphorus fertilizer, P+N = 

combined N and P fertilizer treatment). Samples were collected in fall 2016, 2017, 2018 and 

in spring 2017 and 2018. Data indicate means for each season and treatment (spring: n = 6, 

fall: n = 9, ± SE). Significant differences at p ≤ 0.05 are indicated for season (uppercase letters) 

in each forest site.
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2.3.4. Fine root biomass Is mainly controlled by multiple site conditions and 

marginally by P fertilization 

A significant fertilizer effect on fine root biomass was not found in the organic layer 

(Fig. 2.4A) and only observed at the P-low site in the mineral layer in fall (Fig. 2.4), 

where root biomass was approximately 1.3-fold greater after P application than in the 

control plots (p = 0.018) (Fig. 2.4B).  

Root biomass showed significant seasonal changes, with contrasting patterns in 

different forests (Fig. 2.4). In the organic layer, root mass was higher in spring than fall 

in the P-low forest (p = 0.006) and lower in spring than in fall in the P-high forest (p < 

0.001). In the mineral soil, root mass was higher in fall than spring in the P-medium (p 

< 0.001) and P-high (p < 0.001) forests (Fig. 2.4).   

Root biomass was further massively affected by the forest site, irrespective of season: 

in the organic layer, root mass increased in the order P-high < P-low < P-medium 

(spring: p < 0.001; fall: p < 0.001). In the mineral layer, root mass was lower in the P-

low than in P-medium (spring: p < 0.001; fall: p < 0.001) and P-high forests (spring: p 

< 0.001; fall: p < 0.001).  

To evaluate the impact of climate, season, site, fertilizer, soil properties and root 

chemistry on fine root biomass, we used a total of 33 variables (specified under 

materials and methods) and determined those retained by stepwise linear regression 

(Table 2.2). The model for root biomass in the organic layer (p < 0.001, adjusted R² = 

0.69) contained parameters for the following categories: soil properties (water, carbon 

and nitrogen contents), root chemistry (total P), climate (temperature and precipitation) 

and site (Table 2.2). The model for root biomass in mineral soil (p < 0.001, adjusted 

R² = 0.67) contained parameters for the following categories: soil properties (water, 

potassium, magnesium, sulfur, and soluble and total P contents), root chemistry (C/N 

ratio, sodium, calcium, magnesium, iron and total P contents), climate (temperature 

and precipitation), and season (Table 2.2).  
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Figure 2.4. Beech (Fagus sylvatica) fine root mass in the organic (A) and mineral (B) soil layer 

of forests characterized by low, medium and high soil P contents. The study was conducted 

at the forest sites Unterlüss (P-low), Mitterfels (P-medium) and Bad Brückenau (P-high) using 

3 plots per treatment (Con = control = no fertilizer treatment, N = 5 x 30 kg ha-1 nitrogen 

fertilizer, P = 50 kg ha-1 phosphorus fertilizer, P+N = combined N and P fertilizer treatment). 

Samples were collected in fall 2016, 2017, 2018 and in spring 2017 and 2018. Data indicate 

means for each season and treatment (spring: n = 6, fall: n = 9, ± SE). Significant differences 

at p ≤ 0.05 are indicated for the fertilizer treatment (lowercase letters) and season (uppercase 

letters) in each forest site.
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To determine the contribution of each category, we partitioned the variance that 

explained fine root biomass (Fig. 2.5). In the organic layer, the variation of fine root 

biomass was mainly explained by soil properties (37%) and site (27%), whereas root 

chemistry and climate only explained little variation of fine root mass (1% and 5% 

respectively). In the mineral layer, fine root biomass variation was attributed to soil 

properties (30%), root chemistry (20%) and climate (16%). In both soil layers, we 

observed a high contribution of soil properties to fine root biomass variation. A major 

difference between the factors explaining root biomass variation were higher 

contributions of root chemistry and climate in mineral soil than in the organic layer.  

 

Figure 2.5. Proportion of fine root biomass variance explained by site, treatment, season, 

soil, root and climate variables in the organic (OL) and mineral (ML) soil layer. The variables 

within each category were retained by stepwise regressing model (provided in Table 2.2) 

and explain 71% (OL) and 70% (ML) of the variation of fine root biomass. Residuals refers to 

unexplained proportion of fine root biomass variance.  

2.4. Discussion 

2.4.1. Soil and root P contents show seasonal dynamics and site-specific 

fertilization effects 

In this study, we investigated key factors that determine root biomass in temperate 

forests such as temperature, nutrient and water availability (Pregitzer et al. 1993; 

Eissenstat et al. 2000; Hertel et al. 2013). A novel aspect was that we also included 

root chemistry because we reasoned that seasonal allocation shifts in nutrients may 

also influence root biomass. Several studies have shown that beech trees mobilize 

internal P resources in spring from stem and roots to support leaf flush (Netzer et al. 

2017; Zavišić and Polle, 2018), while root growth is favored later in the growth 

season (this study, Zavišić and Polle, 2018; Brassard et al. 2009). Internal P re-
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allocation in spring involves transformation of organic P into labile P forms, their 

utilization for growth and replenishment of plant storage pools in late summer and fall 

(Netzer et al. 2017; Spohn et al. 2018; Zavišić and Polle, 2018). Mesocosm 

experiments with 33P tracers showed that P uptake by beech trees is low in spring, 

despite high P demand and internal resource allocation to leaf production, while P 

uptake is high in late summer and fall (Spohn et al. 2018; Zavišić and Polle, 2018). 

These results appear counterintuitive to the present results, showing increased P 

contents in soil and fine roots in spring and decreased P contents in these 

compartments in fall. However, these patterns most likely reflect physiological 

acclimation of P transport systems, which are highly sensitive to P availabilities, 

resulting in decreased P uptake capacities under high and increased P uptake 

capacities under low P supply (Kavka et al. 2016; 2021), thus, complying with 

seasonal fluctuation of P contents in our study.  

The observed seasonal trajectory occurred on top of the differences in soil and root 

P contents due to the P fertility gradient of our study sites (Lang et al. 2017). 

Because of the site-independence of the nutrient dynamics, we assume that leaf 

shedding in late fall (after our fall sampling) and litter degradation, resulting in 

nutrient release and leaching over the summer (Fetzer et al. 2021; Fetzer et al. 

2022) (after our spring sampling), caused cycling between higher and lower P and N 

contents in the organic layer. The P respective N inputs by annual litter fall amount 

approximately (P/N) 0.16/2.9 g m-2 at the P-low, 0.21/3.6 g m-2 at the P-medium and 

0.23/3.2 g m-2 at the P-high site (Lang et al. 2017). Our results mirror this pattern in 

the organic layer in spring. Overall, our results support that tree phenology promotes 

nutrient cycling via litter feedback (Augusto et al. 2002; Hobbie, 2015).  

An interesting observation was that seasonal P but not N variations (with the 

exception of the P-medium site) were also found in mineral soil and roots from 

mineral soil across the P-fertility gradient. The divergent behavior of P and N can be 

ascribed to different mineralization rates of N and P from degradation of organic 

compounds in leaf litter (Brödlin et al. 2019a), differences in mobility and sorption in 

forest soil (Kaiser et al. 2003; Fetzer et al. 2022), seasonal P loss due to drying and 

re-wetting cycles (Brödlin et al. 2019b), and other abiotic or biotic factors (Augusto et 

al. 2002). Here, N fertilization rarely affected root nutrient contents but a decrease in 

root P after N fertilization at the P-medium site (with the highest N contents) 



45 
 

suggests that excess N inputs may have triggered imbalance of the N:P ratio 

(Peñuelas and Sardans, 2022). Unexpectedly P or P+N fertilization also caused 

increases in labile P in roots at the P-medium and P-high sites (mineral soil), 

revealing that added P was captured in the ecosystem, irrespective of the soil P 

contents. Since the fertilizer induced P increments were small, the contribution of 

trees to P retention was apparently masked, if only (much higher) total P contents of 

tissues were studied. Surprisingly, the increments occurred in most cases only in 

spring and not in fall implying that P added to forest soil enters the phenological P 

cycle of the trees.  

2.4.2. Impact of nutrient resources and climate on root mass varies between 

organic and mineral soil 

A central question of our study was if shifts in resource dynamics and climatic factors 

affected fine root biomass. In agreement with our first hypothesis, we observed an 

increase in fine root biomass following P addition in the mineral layer at the P-low 

site, i.e., only in soils with the least P availabilities (Lang et al. 2017). This result 

supports the conceptual theory of enhanced resource use efficiency under low 

resource availabilities (Bridgham et al. 1995). Accordingly, we found neither positive 

synergistic effects of P+N (Elser et al. 2007) nor negative effects of N (van Dijk et al. 

1990; Clemensson-Lindell and Persson, 1995; Nadelhoffer, 2000) on root biomass. 

Similar to our findings, Majdi and Nylund (1996) reported neutral effects of N addition 

on root biomass in Norway spruce. In our study, the variation in fine root biomass 

was not explained by fertilization treatment. Whether minute positive root biomass 

responses due to P fertilization could counteract P deterioration in European forests 

(Jonard et al. 2015; Talkner et al. 2015) remains a matter of debate. However, in 

agreement with other studies (Finér et al. 2007), site fertility had profound influence 

beech root biomass. 

Tree nutrition depends not only on root biomass but also on plant-microbial 

interactions, which show stratification between the organic and mineral soil horizons 

(Baldrian, 2017; Brabcová et al. 2018; Khokon et al. 2021). In the forests studied 

here, fertilization did not strongly influence the fungal community composition but P 

application enhanced the abundance of mycorrhizal species from the family of 

Boletaceae, which have increased capacities for P retention (Clausing et al. 2021). 



46 
 

Thereby, higher P uptake and allocation to aboveground sinks may have happened 

in all fertilized plots without drastic shifts in root biomass. 

Enhanced root biomass occurred in most cases in fall. These results agree with 

other studies (López et al. 2001; Montagnoli et al. 2012) but exceptions have also 

been reported, showing higher fine root biomass in spring (our study: organic layer at 

the P-low site; Grier et al. 1981; Burton et al. 2000). These findings highlight root 

plasticity, most likely reflecting that plants invest in organs that are essential for 

acquisition of the least available resources (Bridgham et al. 1995; Niklas, 2004). 

Despite cycling of fine root biomass and P resources between spring and fall, 

season was only minor factor explaining root biomass variation. We suspect that root 

biomass directly responded to the consequences of phenological changes, i.e., the 

changes in internal and external nutrient availabilities and therefore, not strongly to 

“season” per se. For example, among the soil and root nutrients tested, our 

regression model kept basic cations in the soil and roots as important factors. 

Studies in beech forests showed that rhizosphere bacteria were involved in seasonal 

modulation of cations leading to higher resource availability in spring than in fall 

(Collignon et al. 2011; Calvaruso et al. 2014).  

Our regression model also elucidated important differences between the impact of P 

on the variation of root mass in the organic and mineral soil. In the organic layer, soil 

P was not among the nutrients that could explain fine root biomass variations, 

despite the importance of the organic layer for P mobilization and tree nutrition 

(Hauenstein et al. 2018; Heuck and Spohn, 2016; Zederer and Talkner, 2018). In 

contrast to the organic layer, the labile P fraction was the most important explanatory 

variable for root biomass in mineral soil. Although the difference in fine root biomass 

variation explained by “soil properties” between the soil horizons was minimal (about 

6%), the relevant explanatory factors differed between the soil compartments. 

Therefore, an important insight of our study was that fine roots along vertical profiles 

obviously responded autonomously to differences in the surrounding environment. 

This idea had further support because “root chemistry”, mainly attributable to root P 

and root basic cation contents, explained a remarkable fraction of root biomass 

variation in mineral soil (19%) and but very little in the organic layer (1%).  
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A further category that explained root biomass variations was climate but in contrast 

to our initial hypothesis, we found stronger impact of climate in the lower (16%) than 

in the upper soil horizon (5%). A likely explanation is that the soil water content 

(category “soil”) was a stronger factor in the organic than in the mineral layer. This 

finding suggests higher sensitivity of fine root biomass close to the surface of the 

forest floor to changes in the actual water availability, whereas fluctuations in water 

content in deeper soil layers are buffered by the water holding capacity of the soil 

structure, thus, leading to a stronger impact of precipitation. Other studies also 

reported the importance of climatic factors for standing fine root biomass and root 

turnover (Meier and Leuschner 2010; Hertel et al. 2013, Gao et al. 2021). Since the 

organic layer is especially important for tree P nutrition in the P-low site (Lang et al. 

2017, Hauenstein et al. 2018, Clausing and Polle, 2020), lower water contents and 

higher temperatures may put root biomass at this site at a higher risk of failure than 

in the other forests of our study.  

2.5. Conclusion 

In agreement with our first hypothesis, we show that P-fertilization led to increased 

fine root biomass only in the mineral soil with the least P availability, while soil or root 

P contents increased in all soil types. This result supports the resource optimization 

hypothesis. Our study further sustained the second hypothesis that root biomass 

allocation shows seasonal shifts. These shifts were associated with pheno-seasonal 

changes in soil and root nutrient levels and were more important in mineral soil than 

in the organic layer. We propose that higher importance of soil and root nutrients for 

root biomass in the mineral as compared to the organic layer may be attributable to 

differences in microbial nutrient cycling. These processes are dominant in the organic 

layer and may have overruled the impact of soil properties or root chemistry. In 

contrast to our third hypothesis, root biomass variation was driven to a much higher 

extent by climate in the mineral than in the organic layer. Therefore, our results imply 

that climate change with long-term warmer and drier conditions is likely to endanger 

root systems below the organic layer. Therefore, negative climate effects may not only 

be expected for forests on nutrient-poor parent material that rely on the organic layer 

for nutrient supply but also for forests on more fertile sites, where roots forage in the 

mineral horizon. 
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Supplement (Chapter 2) 

 

Supplement Table S2.1. Climate and weather data for the different forest types and 

sampling time (T0: fall 2016; T1: spring 2017; T2: fall 2017; T3: spring 2018; T4: fall 

2018). The data were obtained from www.wetterzentrale.de. The temperature (T) 

data represent mean values for the two months before sampling and during 

sampling. Precipitation (Prec) is provided as sum of precipitation for two months 

before and the sampling month. The deviations from long-term climatic conditions 

(dfc) were determined as the difference of the monthly mean temperature or sum of 

precipitation of three months (two months before sampling and month of sampling) 

and the corresponding long-term mean temperature or sum of precipitation for the 

period 1981-2010.   

Forest Sampling 
date 

T (℃) T dfc (℃) Prec (mm) Prec dfc (mm) 

P-low 

T0 18.2 0.5 132.5 -61.9 
T1 9.5 0.2 127.9 -23.5 
T2 15.8 -1.2 296.2 105.6 
T3 5.5 0.2 56.5 -88.7 
T4 18.9 1.9 113.1 -77.5 

P-medium 

T0 16.8 -0.3 376.0 85.5 
T1 8.5 0.2 227.2 36.7 
T2 12.9 0.1 198.0 -65.3 
T3 9.7 1.4 77.7 -62.2 
T4 14.6 1.8 175.1 -88.2 

P-high 

T0 17.3 0.9 166.3 -38.8 
T1 9.4 1.6 156.5 -53.3 
T2 15.6 0.0 271.2 59.2 
T3 3.9 0.3 134.0 -77.7 
T4 18.8 3.2 94.7 -117.3 

 

 

 

http://www.wetterzentrale.de/
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Supplement Table S2.2. Mean values for fine root mass (FR) and other parameters (total P: Pt, soluble P: Ps, C, N, CN, Na, K, Ca, Mg, Mn, Fe, 

S, Al, pH and water content: WC) analyzed from the soil (denoted with lowercase letter s) and fine roots (denoted with lowercase letter r). The 

soil samples were collected from P-low (Unterluess), P-medium (Mitterfels) and P-high (Bad Bruckenau) forest sites. The mean values are 

provided with respective standard errors (n = 6 for spring season; n = 9 for fall season) for each soil layer (OL: organic; ML: mineral) according 

to sites and fertilizer treatment. The mean for elements and FR values are given in mg g-1 DW. WC is given in g g-1 DW. The mean values for soil 

dry mass (g) were determined from the pooled soil cores (volume: 5987.04 cm3) fractionated into organic and mineral layers. Supplement Table 

S2.2 is available as a separate data sheet.  

Soil variables 

P-low 

Spring (OL) 

 Pt_s Ps_s C_s N_s CN_s Na_s K_s Ca_s Mg 

 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Con 0.42 0.10 0.08 0.02 254.68 58.34 11.65 2.96 27.41 5.38 0.07 0.01 0.34 0.03 2.36 0.74 0.46 0.06 

N 0.42 0.07 0.09 0.02 263.23 39.66 11.27 1.84 22.48 0.66 0.07 0.01 0.30 0.03 2.15 0.59 0.44 0.05 

P 0.52 0.10 0.11 0.02 270.82 49.50 12.27 2.39 22.42 0.62 0.08 0.01 0.36 0.03 2.65 0.96 0.45 0.05 

P+N 0.53 0.10 0.14 0.03 257.61 36.90 12.33 1.98 21.23 0.51 0.07 0.00 0.34 0.03 3.30 0.98 0.52 0.08 

 Mn_s Fe_s S_s Al_s WC_s pH Soil DW     

Con 0.65 0.39 3.69 0.54 0.99 0.21 3.00 0.62 0.42 0.06 4.52 0.11 158.83 32.56     

N 0.63 0.33 4.51 0.58 1.00 0.17 3.09 0.19 0.44 0.05 4.49 0.09 141.35 35.46     

P 0.66 0.40 3.73 0.69 1.11 0.16 2.79 0.42 0.43 0.06 4.35 0.10 144.91 25.74     

P+N 0.87 0.41 4.02 0.66 1.08 0.13 2.75 0.26 0.44 0.05 4.46 0.10 143.93 31.33     

Fall (OL) 

 Pt_s Ps_s C_s N_s CN_s Na_s K_s Ca_s Mg 

Con 0.33 0.02 0.06 0.00 214.45 15.08 9.75 0.76 22.11 0.50 0.08 0.01 0.29 0.01 1.28 0.14 0.44 0.07 

N 0.31 0.04 0.06 0.00 188.77 31.41 8.32 1.47 23.09 0.71 0.07 0.02 0.28 0.01 1.39 0.25 0.41 0.06 

P 0.37 0.04 0.08 0.01 215.14 11.16 9.62 0.59 22.50 0.40 0.07 0.01 0.31 0.01 1.55 0.27 0.42 0.03 

P+N 0.38 0.04 0.07 0.01 238.55 25.87 10.97 1.31 21.99 0.45 0.07 0.01 0.29 0.01 2.10 0.35 0.44 0.04 
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Continuation of supplement Table S2.2 

Soil variables 

P-low 

Fall (OL) 

 Mn_s Fe_s S_s Al_s WC_s pH Soil DW     

 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Con 0.14 0.02 3.99 0.17 0.95 0.08 3.49 0.25 0.59 0.04 4.44 0.12 240.52 29.57     

N 0.21 0.05 4.57 0.39 0.82 0.15 3.60 0.22 0.66 0.06 4.27 0.07 251.36 48.89     

P 0.24 0.09 3.94 0.45 0.97 0.12 3.44 0.27 0.59 0.04 4.31 0.09 186.56 35.91     

P+N 0.31 0.09 3.92 0.24 0.98 0.07 3.24 0.24 0.59 0.04 4.44 0.08 215.85 35.27     

Spring (ML) 

 Pt_s Ps_s C_s N_s CN_s Na_s K_s Ca_s Mg 

Con 0.08 0.01 0.02 0.00 20.73 2.82 0.80 0.19 30.69 4.10 0.05 0.01 0.25 0.03 0.44 0.08 0.28 0.01 

N 0.08 0.01 0.03 0.00 24.99 3.82 0.94 0.21 29.68 2.85 0.04 0.00 0.20 0.02 0.33 0.07 0.25 0.03 

P 0.12 0.01 0.04 0.00 50.46 17.68 2.21 0.92 26.21 2.32 0.05 0.01 0.23 0.01 0.42 0.09 0.27 0.00 

P+N 0.08 0.01 0.03 0.00 23.95 3.46 0.94 0.22 28.75 3.04 0.05 0.01 0.22 0.02 0.35 0.05 0.25 0.02 

 Mn_s Fe_s S_s Al_s WC_s pH Soil DW     

Con 0.05 0.01 5.05 0.33 0.12 0.02 4.83 0.27 0.85 0.02 4.15 0.08 1110.24 53.22     

N 0.05 0.01 5.24 0.57 0.11 0.01 4.53 0.34 0.86 0.01 4.09 0.05 998.63 50.86     

P 0.07 0.02 4.61 0.19 0.22 0.09 4.53 0.24 0.84 0.02 4.06 0.01 1007.69 44.77     

P+N 0.05 0.01 4.82 0.52 0.12 0.02 4.36 0.37 0.85 0.02 4.16 0.09 929.48 70.50     

Fall (ML) 

 Pt_s Ps_s C_s N_s CN_s Na_s K_s Ca_s Mg 

Con 0.07 0.01 0.02 0.00 20.89 2.24 0.71 0.10 31.42 0.93 0.03 0.00 0.21 0.01 0.34 0.04 0.26 0.02 

N 0.08 0.01 0.02 0.00 26.28 4.85 0.87 0.20 32.92 1.48 0.03 0.01 0.20 0.01 0.29 0.04 0.27 0.02 

P 0.10 0.01 0.03 0.00 33.46 6.63 1.20 0.31 30.16 0.92 0.03 0.01 0.23 0.01 0.33 0.03 0.29 0.02 

P+N 0.08 0.01 0.03 0.00 29.67 6.70 1.04 0.29 30.58 1.14 0.04 0.01 0.19 0.02 0.33 0.04 0.24 0.03 
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Continuation of supplement Table S2.2 

Soil variables 

P-low 

Fall (ML) 

 Mn_s Fe_s S_s Al_s WC_s pH Soil DW     

 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Con 0.05 0.00 4.09 0.30 0.09 0.01 4.29 0.27 0.91 0.01 4.14 0.06 1809.69 132.56     

N 0.05 0.01 4.98 0.52 0.10 0.02 4.56 0.31 0.91 0.02 4.06 0.03 1814.43 179.57     

P 0.04 0.00 4.75 0.26 0.13 0.03 4.90 0.35 0.90 0.01 4.08 0.08 1527.51 145.22     

P+N 0.04 0.01 3.67 0.31 0.12 0.03 3.91 0.41 0.90 0.02 4.11 0.06 1606.26 137.88     

P-medium  

Spring (OL) 

 Pt_s Ps_s C_s N_s CN_s Na_s K_s Ca_s Mg 

Con 1.06 0.10 0.18 0.02 465.86 1.47 22.50 0.34 20.73 0.30 22.50 0.34 0.57 0.05 2.37 0.24 0.79 0.11 

N 1.09 0.12 0.16 0.02 463.52 5.21 22.39 0.66 20.77 0.44 22.39 0.66 0.60 0.07 2.94 0.40 0.89 0.13 

P 1.10 0.15 0.18 0.02 464.48 2.07 22.39 0.22 20.76 0.19 22.39 0.22 0.59 0.09 2.81 0.41 0.89 0.14 

P+N 1.06 0.11 0.19 0.01 465.04 3.99 22.45 0.26 20.72 0.15 22.45 0.26 0.62 0.08 2.28 0.29 0.80 0.14 

 Mn_s Fe_s S_s Al_s WC_s pH Soil DW     

Con 0.17 0.02 2.32 0.40 2.22 0.16 2.68 0.41 0.27 0.01 4.09 0.06 70.49 12.13     

N 0.22 0.02 2.53 0.33 2.25 0.27 2.94 0.31 0.28 0.01 4.02 0.04 62.54 11.20     

P 0.22 0.02 2.25 0.39 2.26 0.22 2.73 0.44 0.29 0.01 3.94 0.04 67.42 7.52     

P+N 0.17 0.02 2.11 0.47 2.06 0.18 2.43 0.48 0.27 0.01 4.08 0.06 74.47 8.78     

Fall (OL) 

 Pt_s Ps_s C_s N_s CN_s Na_s K_s Ca_s Mg 

Con 0.89 0.04 0.17 0.02 425.32 13.43 20.42 0.55 20.84 0.41 20.42 0.55 0.68 0.09 1.54 0.21 1.24 0.21 

N 0.84 0.03 0.16 0.01 407.82 12.36 19.53 0.50 20.90 0.50 19.53 0.50 0.79 0.12 1.56 0.21 1.71 0.28 

P 0.94 0.04 0.19 0.01 420.06 13.92 20.60 0.67 20.45 0.56 20.60 0.67 0.71 0.09 1.61 0.24 1.35 0.22 

P+N 0.91 0.05 0.20 0.02 427.42 11.71 21.16 0.71 20.28 0.50 21.16 0.71 0.64 0.08 1.49 0.16 1.30 0.15 
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Continuation of supplement Table S2.2. 

Soil variables 

P-low 

Fall (OL) 

 Mn_s Fe_s S_s Al_s WC_s pH Soil DW     

 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Con 0.15 0.02 5.82 1.02 1.85 0.09 7.87 1.55 0.34 0.04 4.07 0.05 50.87 6.13     

N 0.17 0.02 7.43 1.13 1.76 0.08 9.30 1.65 0.32 0.03 4.06 0.06 47.58 8.67     

P 0.15 0.02 5.89 1.05 1.89 0.09 7.92 1.39 0.32 0.03 3.99 0.04 48.23 4.53     

P+N 0.15 0.02 5.41 0.86 1.94 0.10 7.20 1.21 0.29 0.02 3.98 0.05 44.18 6.32     

P-medium  

Spring (ML) 

 Pt_s Ps_s C_s N_s CN_s Na_s K_s Ca_s Mg 

Con 1.21 0.18 0.16 0.02 109.69 7.71 6.18 0.47 17.80 0.16 6.18 0.47 2.95 0.75 1.24 0.35 6.02 0.93 

N 1.35 0.19 0.15 0.02 117.05 6.02 6.62 0.41 17.76 0.37 6.62 0.41 3.46 0.89 1.14 0.25 8.14 1.26 

P 1.12 0.16 0.13 0.01 100.83 5.91 5.74 0.33 17.58 0.26 5.74 0.33 3.76 0.78 0.84 0.31 7.81 1.14 

P+N 1.29 0.19 0.16 0.00 114.69 5.75 6.64 0.28 17.24 0.23 6.64 0.28 3.96 0.97 0.99 0.34 8.36 1.40 

 Mn_s Fe_s S_s Al_s WC_s pH Soil DW     

Con 0.44 0.09 37.48 5.80 0.83 0.11 39.95 7.96 0.57 0.01 4.14 0.04 379.41 63.43     

N 0.45 0.08 42.60 6.64 0.98 0.11 47.20 8.82 0.57 0.01 4.21 0.05 420.07 42.44     

P 0.45 0.09 40.43 6.14 0.81 0.11 46.44 7.92 0.58 0.01 4.14 0.04 444.31 46.98     

P+N 0.53 0.11 43.01 6.77 0.90 0.11 49.84 9.59 0.58 0.01 4.20 0.04 362.73 36.56     

Fall (ML) 

 Pt_s Ps_s C_s N_s CN_s Na_s K_s Ca_s Mg 

Con 0.98 0.06 0.15 0.01 103.88 8.87 5.76 0.48 17.93 0.13 5.76 0.48 2.27 0.21 0.83 0.17 5.23 0.53 

N 0.97 0.06 0.13 0.01 103.48 4.23 5.95 0.27 17.42 0.29 5.95 0.27 2.51 0.19 0.69 0.12 6.27 0.33 

P 0.89 0.06 0.13 0.02 88.61 3.77 5.14 0.19 17.16 0.28 5.14 0.19 2.78 0.26 0.64 0.10 6.42 0.57 

P+N 1.01 0.07 0.15 0.02 104.42 9.81 6.08 0.63 17.25 0.28 6.08 0.63 2.75 0.22 0.76 0.18 6.12 0.56 
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Continuation of supplement Table S2.2. 

Soil variables 

P-medium 

Fall (ML) 

 Mn_s Fe_s S_s Al_s WC_s pH Soil DW     

 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Con 0.32 0.02 27.70 1.24 0.69 0.06 32.72 2.17 0.65 0.04 4.15 0.02 795.33 105.53     

N 0.32 0.01 29.71 0.63 0.73 0.05 35.65 1.59 0.60 0.02 4.21 0.08 678.79 83.07     

P 0.37 0.03 29.11 1.23 0.65 0.04 40.30 3.78 0.62 0.02 4.20 0.05 811.98 93.76     

P+N 0.32 0.03 29.10 1.09 0.73 0.09 36.78 1.83 0.59 0.01 4.22 0.04 782.43 130.14     

P-high  

Spring (OL) 

 Pt_s Ps_s C_s N_s CN_s Na_s K_s Ca_s Mg 

Con 2.01 0.27 0.29 0.02 336.22 29.31 16.57 1.12 20.12 0.52 16.57 1.12 0.99 0.12 12.00 3.73 8.10 3.67 

N 1.94 0.17 0.31 0.02 332.09 10.17 16.92 0.55 19.66 0.45 16.92 0.55 1.06 0.12 10.31 2.15 5.77 1.30 

P 1.75 0.17 0.33 0.01 361.30 9.33 18.42 0.47 19.63 0.27 18.42 0.47 0.91 0.11 7.76 2.08 3.39 0.89 

P+N 1.47 0.09 0.34 0.02 322.70 19.32 16.66 0.60 19.31 0.70 16.66 0.60 0.75 0.04 8.12 1.14 6.76 1.90 

 Mn_s Fe_s S_s Al_s WC_s pH Soil DW     

Con 2.42 0.50 30.40 6.25 1.75 0.25 20.35 3.70 0.42 0.03 4.62 0.12 50.71 10.94     

N 2.07 0.36 26.22 3.43 1.61 0.16 19.35 2.26 0.47 0.05 4.75 0.08 42.84 8.77     

P 2.56 0.61 20.19 3.53 1.73 0.24 14.35 1.91 0.42 0.04 4.50 0.10 49.00 12.84     

P+N 1.67 0.23 22.77 3.85 1.34 0.09 15.64 1.85 0.46 0.04 4.72 0.08 79.36 13.17     

Fall (OL) 

 Pt_s Ps_s C_s N_s CN_s Na_s K_s Ca_s Mg 

Con 1.58 0.07 0.24 0.03 208.72 15.06 12.25 0.78 16.97 0.34 12.25 0.78 1.09 0.12 5.50 1.22 6.88 2.02 

N 1.69 0.11 0.27 0.03 215.75 16.67 13.24 0.78 16.20 0.48 13.24 0.78 1.12 0.09 6.13 0.45 7.28 0.69 

P 1.58 0.11 0.35 0.03 234.00 12.72 13.89 0.61 16.82 0.37 13.89 0.61 1.11 0.10 3.50 0.40 4.45 0.65 

P+N 1.52 0.12 0.28 0.04 257.20 32.11 14.81 1.39 17.02 0.72 14.81 1.39 0.86 0.09 4.99 0.38 6.55 0.96 
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Continuation of supplement Table S2.2. 

Soil variables 

P-high 

Fall (OL) 

 Mn_s Fe_s S_s Al_s WC_s pH Soil DW     

 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Con 1.16 0.16 34.70 3.68 1.13 0.06 26.22 2.25 0.54 0.04 4.49 0.09 165.89 20.81     

N 1.18 0.06 36.12 2.17 1.16 0.05 28.15 2.04 0.50 0.04 4.70 0.05 149.17 18.38     

P 1.04 0.13 33.79 3.70 1.23 0.07 25.77 2.21 0.52 0.05 4.40 0.09 140.84 16.03     

P+N 1.55 0.41 32.24 4.86 1.29 0.12 24.08 3.70 0.51 0.04 4.73 0.09 145.60 20.72     

Spring (ML) 

 Pt_s Ps_s C_s N_s CN_s Na_s K_s Ca_s Mg 

Con 2.34 0.45 0.23 0.04 102.53 4.83 6.94 0.33 14.79 0.35 6.94 0.33 2.16 0.58 8.90 2.26 14.15 2.90 

N 2.39 0.47 0.22 0.02 106.07 3.98 7.48 0.27 14.18 0.25 7.48 0.27 1.94 0.38 13.18 3.61 16.88 3.12 

P 2.47 0.51 0.31 0.02 104.37 4.56 7.05 0.35 14.83 0.18 7.05 0.35 2.35 0.63 6.18 1.93 10.96 2.58 

P+N 2.69 0.50 0.24 0.01 111.10 8.54 7.65 0.43 14.44 0.35 7.65 0.43 2.00 0.49 11.68 3.02 17.81 2.80 

 Mn_s Fe_s S_s Al_s WC_s pH Soil DW     

Con 2.77 0.61 68.80 9.51 0.98 0.14 62.61 12.48 0.55 0.01 4.54 0.04 330.17 31.27     

N 2.46 0.43 63.19 8.74 0.97 0.12 54.96 10.05 0.54 0.01 4.61 0.05 274.33 34.08     

P 2.49 0.55 68.85 11.03 0.97 0.13 62.76 12.81 0.62 0.06 4.43 0.04 458.74 78.41     

P+N 3.21 0.95 69.94 9.96 1.02 0.16 61.61 12.34 0.56 0.01 4.54 0.08 291.91 20.63     

Fall (ML) 

 Pt_s Ps_s C_s N_s CN_s Na_s K_s Ca_s Mg 

Con 1.51 0.12 0.17 0.02 90.00 6.36 6.28 0.44 14.33 0.32 6.28 0.44 1.17 0.13 4.68 0.86 10.06 2.07 

N 1.53 0.17 0.19 0.02 97.65 2.91 7.22 0.31 13.57 0.22 7.22 0.31 1.18 0.14 6.09 0.98 8.71 1.67 

P 1.66 0.17 0.22 0.03 89.57 3.51 6.25 0.31 14.43 0.27 6.25 0.31 1.40 0.14 3.80 0.56 8.25 1.00 

P+N 1.72 0.15 0.19 0.01 106.22 9.57 7.43 0.52 14.18 0.45 7.43 0.52 1.24 0.12 5.50 0.57 10.61 1.05 
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Continuation of supplement Table S2.2. 

Soil variables 

P-high 

Fall (ML) 

 Mn_s Fe_s S_s Al_s WC_s pH Soil DW     

 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Con 1.63 0.25 48.45 6.46 0.68 0.04 37.76 4.06 0.64 0.02 4.43 0.05 782.90 85.20     

N 1.33 0.21 37.31 6.20 0.75 0.06 31.98 5.26 0.61 0.02 4.58 0.04 613.14 69.10     

P 1.62 0.19 48.91 3.90 0.65 0.04 41.02 2.02 0.63 0.02 4.37 0.04 694.55 69.48     

P+N 2.20 0.39 49.65 3.24 0.71 0.04 41.15 1.87 0.61 0.02 4.54 0.05 637.47 72.84     

Root variables 

P-low 

Spring (OL) 

 Pt_r Ps_r C_r N_r CN_r Na_r K_r Ca_r Mg_r 

Con 0.85 0.12 0.41 0.11 485.78 3.23 15.79 1.99 32.94 3.52 0.18 0.02 1.05 0.27 3.84 0.43 0.72 0.08 

N 0.92 0.12 0.46 0.10 488.34 5.41 16.88 1.67 30.30 2.79 0.22 0.04 1.10 0.27 4.10 0.55 0.79 0.07 

P 1.18 0.18 0.70 0.13 478.49 8.96 16.28 1.83 31.05 3.01 0.19 0.01 1.20 0.33 3.44 0.24 0.74 0.07 

P+N 1.10 0.12 0.62 0.12 485.71 3.67 16.82 2.23 31.22 3.56 0.15 0.02 0.98 0.21 4.66 0.52 0.79 0.09 

 Mn_r Fe_r S_r Al_r FR         

Con 0.27 0.06 0.59 0.13 1.20 0.07 0.51 0.13 30.60 10.46         

N 0.38 0.09 0.91 0.23 1.23 0.06 0.72 0.19 15.54 4.26         

P 0.25 0.07 0.77 0.20 1.20 0.07 0.64 0.21 30.17 9.49         

P+N 0.35 0.10 0.66 0.13 1.23 0.10 0.55 0.12 22.79 7.31         
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Continuation of supplement Table S2.2. 

Root variables 

P-low 

Fall (OL) 

 Pt_r Ps_r C_r N_r CN_r Na_r K_r Ca_r Mg_r 

 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Con 0.68 0.12 0.21 0.01 473.54 9.96 13.02 0.55 36.75 1.34 0.15 0.02 0.77 0.08 3.78 0.43 0.81 0.12 

N 0.63 0.02 0.24 0.02 469.50 15.83 12.74 0.97 37.95 2.21 0.17 0.01 0.75 0.07 4.01 0.34 0.77 0.04 

P 0.73 0.05 0.29 0.03 505.36 26.25 13.43 1.27 38.91 2.11 0.13 0.01 0.79 0.09 3.85 0.40 0.71 0.04 

P+N 0.72 0.07 0.25 0.03 472.41 14.23 13.20 1.08 38.40 4.11 0.14 0.01 0.67 0.06 4.54 0.44 0.77 0.07 

 Mn_r Fe_r S_r Al_r FR         

Con 0.17 0.02 2.16 0.68 1.14 0.11 1.20 0.34 14.47 2.56         

N 0.30 0.07 1.53 0.40 1.13 0.10 0.99 0.30 8.50 2.19         

P 0.21 0.05 1.46 0.30 1.18 0.08 0.94 0.13 18.40 3.55         

P+N 0.24 0.04 1.22 0.25 1.16 0.08 0.74 0.16 14.87 2.12         

Spring (ML) 

 Pt_r Ps_r C_r N_r CN_r Na_r K_r Ca_r Mg_r 

Con 0.47 0.04 0.19 0.01 449.56 14.36 9.43 1.53 53.04 6.87 0.22 0.05 0.95 0.06 2.83 0.44 0.62 0.05 

N 0.51 0.04 0.21 0.02 449.27 14.56 9.79 1.19 48.82 5.05 0.21 0.04 0.84 0.11 2.56 0.48 0.66 0.03 

P 0.62 0.05 0.33 0.02 442.22 21.59 8.94 1.52 54.80 6.39 0.17 0.04 0.86 0.08 2.57 0.39 0.63 0.05 

P+N 0.72 0.09 0.30 0.03 425.33 22.42 8.87 1.32 51.84 5.61 0.22 0.04 1.01 0.23 2.93 0.45 0.77 0.08 

 Mn_r Fe_r S_r Al_r FR         

Con 0.17 0.05 2.92 0.82 0.81 0.09 2.39 0.54 0.74 0.12         

N 0.17 0.04 4.01 0.58 0.77 0.06 3.40 0.48 0.87 0.10         

P 0.13 0.03 3.35 0.95 0.80 0.07 2.88 0.62 1.07 0.19         

P+N 0.18 0.07 4.53 0.85 0.94 0.19 3.63 0.76 0.94 0.13         

 

 

 



66 
 

Continuation of supplement Table S2.2. 

Root variables 

P-low 

Fall (ML) 

 Pt_r Ps_r C_r N_r CN_r Na_r K_r Ca_r Mg_r 

 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Con 0.42 0.05 0.13 0.02 406.68 29.71 8.02 1.07 54.74 4.23 0.17 0.03 0.64 0.08 2.50 0.40 0.67 0.11 

N 0.45 0.05 0.16 0.02 447.18 10.52 9.36 1.17 52.63 4.58 0.20 0.04 0.62 0.06 2.62 0.28 0.62 0.05 

P 0.42 0.05 0.18 0.01 410.61 23.68 7.53 1.03 59.23 4.35 0.13 0.02 0.63 0.08 2.49 0.39 0.57 0.05 

P+N 0.50 0.06 0.21 0.03 416.33 20.39 9.18 1.32 51.05 4.93 0.16 0.02 0.67 0.10 2.61 0.33 0.63 0.05 

 Mn_r Fe_r S_r Al_r FR         

Con 0.09 0.02 4.92 1.06 0.78 0.10 3.00 0.24 0.54 0.06         

N 0.12 0.02 4.34 0.61 0.79 0.06 3.25 0.33 0.70 0.13         

P 0.07 0.01 4.19 0.79 0.74 0.06 2.62 0.22 1.24 0.19         

P+N 0.07 0.01 4.48 0.90 0.77 0.06 2.80 0.26 0.84 0.17         

P-medium 

Spring (OL) 

 Pt_r Ps_r C_r N_r CN_r Na_r K_r Ca_r Mg_r 

Con 1.33 0.18 0.54 0.02 493.89 4.45 16.32 0.78 30.58 1.39 0.18 0.03 1.23 0.30 3.77 0.39 0.84 0.13 

N 1.20 0.09 0.52 0.04 479.26 9.61 15.48 1.51 32.71 3.63 0.17 0.03 1.18 0.29 3.62 0.70 0.77 0.15 

P 1.20 0.14 0.59 0.08 483.78 11.73 16.40 0.84 29.86 1.65 0.15 0.02 1.11 0.23 3.30 0.26 0.70 0.05 

P+N 1.33 0.15 0.83 0.12 489.71 5.29 16.70 1.10 29.94 1.91 0.14 0.01 1.30 0.28 2.76 0.12 0.64 0.03 

 Mn_r Fe_r S_r Al_r FR         

Con 0.08 0.01 0.26 0.05 1.31 0.16 0.36 0.07 126.39 39.26         

N 0.10 0.02 0.22 0.05 1.28 0.16 0.33 0.06 94.91 17.19         

P 0.09 0.01 0.22 0.03 1.20 0.05 0.28 0.02 109.53 28.97         

P+N 0.07 0.01 0.15 0.02 1.08 0.03 0.22 0.03 180.65 24.67         
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Continuation of supplement Table S2.2. 

Root variables 

P-medium 

Fall (OL) 

 Pt_r Ps_r C_r N_r CN_r Na_r K_r Ca_r Mg_r 

 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

 1.00 0.05 0.41 0.06 492.56 3.06 18.05 1.20 28.20 1.77 0.14 0.02 0.94 0.10 3.24 0.39 0.75 0.04 

Con 0.87 0.04 0.34 0.04 453.15 41.53 16.18 2.11 30.32 2.37 0.14 0.01 0.84 0.12 3.23 0.53 0.68 0.04 

N 1.05 0.05 0.47 0.03 492.37 2.84 18.09 1.55 28.74 2.28 0.13 0.01 0.96 0.13 3.15 0.37 0.71 0.02 

P 1.09 0.06 0.51 0.06 489.60 4.70 18.63 1.17 27.00 1.47 0.13 0.01 1.00 0.09 3.32 0.40 0.77 0.05 

P+N 1.00 0.05 0.41 0.06 492.56 3.06 18.05 1.20 28.20 1.77 0.14 0.02 0.94 0.10 3.24 0.39 0.75 0.04 

 Mn_r Fe_r S_r Al_r FR         

Con 0.07 0.01 0.53 0.14 1.26 0.06 1.00 0.26 92.59 21.01         

N 0.06 0.00 0.41 0.09 1.19 0.07 0.65 0.13 87.10 15.17         

P 0.06 0.01 0.44 0.08 1.18 0.04 0.74 0.16 106.17 20.03         

P+N 0.07 0.01 0.44 0.11 1.29 0.10 0.74 0.20 99.63 7.94         

Spring (ML) 

 Pt_r Ps_r C_r N_r CN_r Na_r K_r Ca_r Mg_r 

Con 0.67 0.04 0.31 0.03 473.71 11.06 11.34 0.75 42.41 1.96 0.21 0.03 0.64 0.06 1.60 0.30 0.63 0.13 

N 0.95 0.09 0.33 0.02 461.98 7.08 12.67 0.96 37.52 2.79 0.31 0.06 0.93 0.25 2.46 0.33 1.05 0.24 

P 0.67 0.04 0.32 0.03 474.25 6.79 10.05 0.55 47.80 2.27 0.22 0.03 0.60 0.05 2.04 0.29 0.58 0.05 

P+N 0.90 0.06 0.46 0.05 463.39 9.35 11.10 0.87 42.83 2.85 0.22 0.02 0.80 0.06 1.67 0.29 0.90 0.17 

 Mn_r  Fe_r  S_r  Al_r  FR          

Con 0.06 0.01 3.73 1.05 0.99 0.10 4.50 1.15 2.26 0.38         

N 0.06 0.02 6.06 1.80 1.27 0.22 7.37 2.17 2.06 0.16         

P 0.05 0.01 3.35 0.41 0.81 0.05 4.09 0.43 1.72 0.38         

P+N 0.05 0.01 4.70 0.95 0.97 0.06 5.75 1.12 2.27 0.39         
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Continuation of supplement Table S2.2. 

Root variables 

P-medium 

Fall (ML) 

 Pt_r Ps_r C_r N_r CN_r Na_r K_r Ca_r Mg_r 

 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Con 0.74 0.04 0.27 0.02 450.43 10.48 10.33 0.50 44.19 1.55 0.23 0.02 0.89 0.09 1.79 0.19 1.18 0.18 

N 0.71 0.05 0.22 0.01 445.68 7.49 10.74 0.46 42.10 1.30 0.18 0.01 0.83 0.06 1.76 0.27 1.24 0.13 

P 0.68 0.04 0.30 0.02 452.35 7.09 10.15 0.39 45.07 1.51 0.20 0.02 0.86 0.08 1.93 0.33 1.17 0.18 

P+N 0.79 0.04 0.35 0.02 447.05 9.25 10.12 0.62 45.39 2.22 0.21 0.02 0.93 0.07 2.08 0.23 1.23 0.19 

 Mn_r Fe_r S_r Al_r FR         

Con 0.08 0.01 7.01 1.02 0.92 0.04 8.03 1.17 4.31 1.17         

N 0.07 0.00 7.17 0.73 0.94 0.05 8.65 0.89 4.73 0.75         

P 0.06 0.01 6.00 0.84 0.85 0.05 7.86 0.79 3.60 0.61         

P+N 0.07 0.01 6.68 0.86 0.87 0.03 7.99 1.05 3.52 0.55         

P-high 

Spring (OL) 

 Pt_r Ps_r C_r N_r CN_r Na_r K_r Ca_r Mg_r 

Con 1.95 0.38 0.65 0.09 454.13 8.75 17.65 1.85 27.16 2.50 0.27 0.03 2.00 0.52 6.00 0.49 1.53 0.26 

N 1.58 0.22 0.77 0.08 433.57 20.29 18.01 1.48 25.12 2.27 0.32 0.07 1.80 0.35 5.62 0.66 1.38 0.20 

P 1.94 0.26 0.88 0.07 450.85 8.89 18.81 1.73 25.07 2.16 0.26 0.03 1.94 0.50 5.20 0.64 1.23 0.14 

P+N 1.74 0.20 0.56 0.08 455.11 7.10 17.78 1.58 26.73 2.16 0.28 0.06 1.55 0.36 5.98 0.44 1.44 0.16 

 Mn_r Fe_r S_r Al_r FR         

Con 0.61 0.08 4.37 1.04 1.76 0.29 3.34 0.77 4.13 2.43         

N 0.45 0.12 3.02 0.89 1.49 0.17 2.46 0.78 2.65 0.46         

P 0.47 0.06 2.96 1.16 1.65 0.15 2.57 0.91 5.73 2.33         

P+N 0.45 0.05 2.28 0.15 1.49 0.16 1.80 0.08 2.94 0.83         
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Continuation of supplement Table S2.2. 

Root variables 

P-high 

Fall (OL) 

 Pt_r Ps_r C_r N_r CN_r Na_r K_r Ca_r Mg_r 

 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Con 1.29 0.09 0.58 0.05 440.63 9.38 15.91 1.28 29.01 2.19 0.26 0.04 1.17 0.08 5.07 0.70 1.33 0.12 

N 1.24 0.09 0.58 0.09 420.01 25.80 15.84 1.21 27.44 2.42 0.23 0.01 1.38 0.30 3.90 0.42 1.51 0.29 

P 1.46 0.08 0.77 0.10 438.37 10.10 16.23 0.83 27.60 1.59 0.21 0.03 1.29 0.17 4.22 0.50 1.41 0.13 

P+N 1.22 0.08 0.57 0.05 438.58 10.97 16.10 1.05 28.18 1.87 0.18 0.01 0.88 0.06 4.79 0.46 1.49 0.20 

 Mn_r Fe_r S_r Al_r FR         

Con 0.37 0.04 6.40 1.31 1.35 0.04 5.37 1.04 4.76 0.72         

N 0.29 0.03 5.40 1.46 1.30 0.07 4.97 0.96 6.62 1.59         

P 0.41 0.05 6.74 1.76 1.31 0.04 5.95 1.51 9.92 1.79         

P+N 0.42 0.10 6.51 1.97 1.33 0.05 5.35 1.48 13.70 2.80         

Spring (ML) 

 Pt_r Ps_r C_r N_r CN_r Na_r K_r Ca_r Mg_r 

Con 1.10 0.07 0.53 0.03 454.02 9.16 11.97 0.94 38.87 2.43 0.28 0.02 0.92 0.20 3.45 0.63 1.12 0.08 

N 1.12 0.08 0.48 0.06 450.71 7.11 12.21 1.14 38.50 3.42 0.45 0.09 0.93 0.19 3.40 0.61 1.27 0.13 

P 1.31 0.07 0.67 0.04 440.96 6.85 12.91 0.94 34.97 2.27 0.33 0.07 1.08 0.18 3.35 0.56 1.28 0.12 

P+N 1.20 0.08 0.60 0.05 453.57 3.94 12.38 0.89 37.50 2.40 0.30 0.03 0.91 0.11 3.86 0.50 1.32 0.03 

 Mn_r Fe_r S_r Al_r FR         

Con 0.28 0.03 6.21 0.68 1.42 0.14 6.71 0.45 2.43 0.26         

N 0.25 0.01 5.71 0.61 1.32 0.08 6.26 0.36 1.59 0.31         

P 0.30 0.03 8.19 1.47 1.36 0.13 7.57 0.91 1.60 0.30         

P+N 0.23 0.03 5.13 0.61 1.26 0.07 5.53 0.57 2.01 0.37         
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Continuation of supplement Table S2.2. 

Root variables 

P-high 

Fall (ML) 

 Pt_r Ps_r C_r N_r CN_r Na_r K_r Ca_r Mg_r 

 Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Con 1.00 0.07 0.42 0.03 444.84 4.80 11.40 1.51 44.19 4.82 0.28 0.02 0.81 0.06 2.51 0.22 1.26 0.08 

N 1.06 0.08 0.44 0.05 445.61 4.42 11.28 1.44 44.36 4.58 0.35 0.02 0.80 0.06 2.89 0.25 1.62 0.18 

P 1.12 0.08 0.48 0.03 434.51 7.67 10.82 1.27 44.72 4.80 0.33 0.04 0.88 0.08 2.50 0.34 1.41 0.17 

P+N 1.05 0.04 0.49 0.04 436.38 3.90 11.47 1.71 44.51 5.52 0.29 0.01 0.74 0.05 2.73 0.27 1.46 0.08 

 Mn_r Fe_r S_r Al_r FR         

Con 0.23 0.02 7.71 0.81 1.29 0.11 8.51 0.45 3.13 0.48         

N 0.26 0.03 7.61 0.78 1.13 0.06 8.64 0.73 3.46 0.58         

P 0.34 0.04 9.90 1.43 1.25 0.10 9.61 0.84 2.72 0.54         

P+N 0.27 0.03 7.74 0.44 1.18 0.07 8.43 0.23 3.25 0.65         
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Abstract
N and P are essential macronutrients for all organisms. How shifts in the availability of N or P affect fungal communities 
in temperate forests is not well understood. Here, we conducted a factorial P × N fertilization experiment to disentangle the 
effects of nutrient availability on soil-residing, root-associated, and ectomycorrhizal fungi in beech (Fagus sylvatica) forests 
differing in P availability. We tested the hypotheses that in P-poor forests, P fertilization leads to enhanced fungal diversity in 
soil and roots, resulting in enhanced P nutrition of beech, and that N fertilization aggravates P shortages, shifting the fungal 
communities toward nitrophilic species. In response to fertilizer treatments (1 × 50 kg  ha−1 P and 5 × 30 kg  ha−1 N within 
2 years), the labile P fractions increased in soil and roots, regardless of plant-available P in soil. Root total P decreased in 
response to N fertilization and root total P increased in response to P addition at the low P site. Ectomycorrhizal species rich-
ness was unaffected by fertilizer treatments, but the relative abundances of ectomycorrhizal fungi increased in response to P 
or N addition. At the taxon level, fungal assemblages were unaffected by fertilizer treatments, but at the order level, different 
response patterns for saprotrophic fungi among soil and ectomycorrhizal fungi on roots were found. Boletales increased in 
response to P, and Russulales decreased under N + P addition. Our results suggest that trait conservatism in related species 
afforded resistance of the resident mycobiome composition to nutritional imbalances.

Keywords Soil fertility · Mycorrhiza · Saprotrophic fungi · Stratification · Seasonality · Ecosystem nutrition

Introduction

Nitrogen (N) and phosphorus (P) are essential nutrients 
that determine plant growth and productivity in many ter-
restrial ecosystems (Elser et al. 2007; Vitousek et al. 2010). 

The main natural sources of N and P are biological N fixa-
tion from atmospheric  N2 for N and rock weathering for 
P (Augusto et al. 2017; Wardle, 2004). Therefore, P avail-
ability is mainly dependent on the parent soil material and 
soil age (Augusto et al. 2017; Wardle, 2004), while N can 
also be influenced by anthropogenic inputs, for example, N 
emissions from agriculture and the burning of fossil fuels 
(Galloway et al. 2008). Forests are often naturally N-lim-
ited (Vitousek et al. 2010). Consequently, anthropogenic N 
deposition can change the nutrient regime and affect the P 
demand of forest ecosystems (Vitousek et al. 2010). N depo-
sition into forest ecosystems has increased primary produc-
tion in N-limited forest ecosystems (Du and De Vries, 2018; 
Schulte-Uebbing and De Vries, 2018). Increasing N:P ratios 
in plant tissues have therefore been suggested to indicate that 
many European forest ecosystems are transitioning from N 
to P limitation (Jonard et al. 2015; Peñuelas et al. 2013).

In temperate and boreal forest soils, large fractions 
of P and N are bound by organic matter and, thus, not 
directly available for uptake by trees (Lambers et al. 2008; 
van der Heijden et al. 2008). Trees benefit from P and 
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N mineralization by microbial decomposers (Baldrian, 
2017; Schimel and Schaeffer, 2012). Soil fungi are gener-
ally more efficient degraders of complex plant compounds 
than other soil microbiota (López-Mondéjar et al. 2018; 
Štursová et al. 2012). Thus, the taxonomic diversity and 
functional composition of soil fungal microbiomes is of 
high relevance for forest P and N nutrition. Both sapro-
trophic and ectomycorrhizal fungi (EMF) contribute to N 
and P mobilization by secreting organic acids and produc-
ing hydrolytic and oxidative exoenzymes (Bödeker et al. 
2014; Courty et al. 2010; Op De Beeck et al. 2018; Pritsch 
and Garbaye, 2011). In deciduous temperate forest soils, 
the fraction of EMF hyphal biomass is similar to or even 
higher than that of saprotrophs, suggesting that EMF have 
key functions in nutrient recycling in these ecosystems 
(Awad et al. 2019), though this is dependent strongly on 
the availability of nutrients (Högberg et al. 2017). Trees 
invest a higher proportion of carbon (C) into the symbiont 
when N is limiting, which stimulates fungal growth (Hög-
berg et al. 2017; Näsholm et al. 2013). Therefore, the fun-
gal N requirement increases, further decreasing N return 
to the plant. By this mechanism, the relative abundances 
of mycorrhizal and saprotrophic fungi may be shifted in 
favor of the former (Högberg et al. 2017). However, the 
impact of changes in N and P availability on these func-
tional groups and the P nutrition of trees is still unknown.

Belowground fungal communities are affected by multiple 
abiotic and biotic habitat filters such as climate, geographic 
location, soil type, and vegetation that drive their composi-
tion (Bahnmann et al. 2018; Bahr et al. 2015; Goldmann 
et al. 2016; Kolaříková et al. 2017; Suz et al. 2014; Tedersoo 
et al. 2014; Wubet et al. 2012). Among these drivers, N is 
an important factor that affects fungi in soil (Almeida et al. 
2019), fungi thriving on roots (Nguyen et al. 2020; Schröter 
et al. 2019), and fungal symbionts, i.e., EMF (Cox et al. 
2010; de Witte et al. 2017; van der Linde et al. 2018). For 
example, Lilleskov et al. (2002) reported a shift in the EMF 
community in Alaska toward nitrophilic species and, thus, a 
loss in diversity along a gradient of increasing N deposition. 
In boreal spruce forests, N fertilization was shown to cause 
a significant turnover of soil fungal communities, decrease 
fungal biomass, and increase the N:P ratio of the needles 
(Allison et al. 2007; Almeida et al. 2019). Other studies 
reported only weak or no effect of N treatments on the fun-
gal community composition (Maaroufi et al. 2019; Nicolás 
et al. 2017; Purahong et al. 2018), and relationships with 
P mobilization were not detected (Forsmark et al., 2021). 
Empirical studies and theoretical models suggest that EMF 
in temperate beech forests are less sensitive to N deposition 
than conifers (Lilleskov et al. 2019; Rotter et al. 2020; Taylor 
et al. 2000), but it is unknown how N fertilization affects 
EMF and other soil fungi when N availability is increased 
under P shortage.

Only a few studies have investigated fungal communi-
ties after P fertilization in forests. Almeida et al. (2019) 
reported significant community turnover and loss of fungal 
biomass after P fertilization in a spruce forest. However, 
along a natural P gradient in temperate beech forests, EMF 
diversity increased with increasing P availability (Zavišić 
et al. 2016). After the addition of superphosphate to P-lim-
ited young beech trees, the EMF community composition 
was altered, but microbial biomass was unaffected (Zavišić 
et al. 2018). These disparate observations indicate that the 
responses of EMF and other fungi to P inputs depend on the 
P supplied by the soil and likely the interaction of P and N 
supply (de Witte et al. 2017). Furthermore, different avail-
abilities of carbon (C) for fungal communities colonizing the 
root surface and those living in soil (Clausing et al. 2021; 
Clemmensen et al. 2013) may lead to divergent responses 
of fungi to N and P availabilities in each of these habitats. 
A further important aspect underlying fungal responses to 
changes in nutrient resources is their phylogenetic relation-
ship because fungal traits for nutrient acquisition are rela-
tively conserved within a phylum or subphylum (Treseder 
and Lennon, 2015) and therefore shifts in phylogenetically 
related fungi in response to enhanced N or P availabilities 
might be expected. However, experiments addressing these 
ecological processes are scarce (Amend et al. 2016; Zanne 
et al. 2020).

The aim of our study was to investigate how shifts in N 
and P availability affect fungal assemblages and functional 
composition with different degrees of reliance on root and 
soil nutrient resources. To this end, we studied the richness, 
diversity, and taxonomic composition of EMF living in sym-
bioses with root tips and conducted Illumina sequencing of 
whole, root-associated fungal (RAF), and soil-associated 
fungal (SAF) assemblages in beech forest plots fertilized 
with either P, N, or P + N and untreated plots (Fagus syl-
vatica L.). Since soil fertility affects fungal assemblages, 
we selected three forests differing strongly in P availability 
(Lang et al. 2017) and analyzed the responses of the fungal 
communities and root N and P contents to fertilization in 
the organic layer and mineral soil. Since the EMF commu-
nity composition and richness in P-rich soils of our selected 
forest sites differed from that in P-poor soil (Zavišić et al., 
2016), we hypothesized that P fertilization on P-poor soil 
results in increased P availability and shifts the composi-
tion of EMF and RAF toward those of fungal assemblages 
in P-rich soil. Thereby, the abundance of mycorrhizal fungi 
increases relative to that of saprotrophic fungi, leading to 
higher P nutrition of roots. Second, we hypothesized that 
P fertilization has no effects on EMF, RAF, or SAF rich-
ness, diversity, community composition, or root P contents 
in P-rich soil. Third, we proposed that N fertilization results 
in higher inorganic N availability, which shifts the mycor-
rhizal fungal community composition toward nitrophilic 
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fungal phyla in P-rich soil. Since these fungi are usually 
less species-rich and produce less mycelium (Lilleskov et al. 
2019; Taylor et al. 2000), we expected a higher abundance of 
saprotrophic fungi relative to mycorrhizal fungi in the soil. 
Fourth, we hypothesized that in poor soil, N fertilization 
aggravates P shortages in roots and, therefore, EMF rich-
ness, diversity, and composition are unaffected or increase 
as trees maintain investment in mycorrhizas to counteract 
P deficiency.

Material and methods

Site characteristics and study plots

The N and P fertilization experiments were carried out in 
three beech (F. sylvatica L.) forests, differing in parent mate-
rial and thus, soil P stocks. The high-P site (HP) Bad Brück-
enau is located in the biosphere reservation “Bayerische 
Rhön” on basalt, the medium-P site (MP) Mitterfels is situ-
ated in the Bavarian Forest on paragneiss and the low-P site 
(LP) Luess is located in the North German Plain on sandy 
till. P stocks in the A horizon (1 m soil depth) at the HP, MP, 
and LP site before fertilizer application are approximately 
9.0, 6.8, and 1.6 t ha−1, respectively (Supplement Table S1, 
Lang et al. 2017). The pH of the soils ranged from 3.5 to 3.8 
(Supplement Table S1). Information on the climate (1981 
to 2010) and weather during sampling was obtained from 
www. wette rzent rale. de (Supplement Table 2).

For this study, 12 plots with an area of 400  m2 each 
were installed in each forest in summer 2016 under 120- 
to 140-year-old beech trees (Supplement Table S1). One 
control (Con) and three different fertilizer treatments (N, P, 
P + N), each replicated three times per forest (= a total of 36 
plots) and located about 300 m apart from each other, were 
treated as follows: P was applied only once in late summer 
2016 as  KH2PO4 at the dosage of 50 kg P  ha−1 to the P 
and N + P plots. N was applied as  NH4NO3 five times (late 
summer 2016, spring 2017, summer 2017, fall 2017, spring 
2018) corresponding to a dosage of 30 kg N  ha−1 per treat-
ment on the N and N + P plots. To account for the K input 
in the P treatments, KCl was applied once in fall 2016 to the 
Con and N plots. The minerals were dissolved in tap water 
and applied with garden sprayers.

Harvest and processing of soil cores

Soil was sampled in the third year after the start of the treat-
ments in spring (LP: 16.04.2018, HP: 23.04.2018, MP: 
02.05.2018) and fall (LP: 17.09.2018, HP: 25.09.2018, 
MP: 01.10.2018). The weather conditions in the months 
of sampling and before as well as the long-term climate 
(1981 to 2010) are shown in the supplementary materials 

(Supplement Table S2). The sampling took place approxi-
mately 6 months after N addition. In each plot, 12 randomly 
distributed soil cores (depth 0.21 m, diameter 55 mm) were 
extracted after removal of surface litter. Each soil core was 
separated in organic (OL) and mineral topsoil (ML). The 
respective layers were pooled yielding one OL and one ML 
sample per plot. Each sample was fractionated into bulk soil, 
fine roots (< 2 mm), coarse roots (> 2 mm), and residual 
materials (fruits, twigs, and stones) in the field. Each sub-
sample was directly divided into three aliquots: a fresh sam-
ple that was kept cool at 4 °C until use, a sample that was 
immediately frozen in liquid N (and stored at − 80 °C in the 
laboratory) and a sample that was dried (40 °C, 14 days). 
Bulk soil was sieved (mesh width: 4 mm) and the root sam-
ples were carefully washed before the aliquots were taken. 
All fractions were weighed in the laboratory. During the 
harvest in fall 2018, an additional soil core was collected in 
each plot. The sampling position was located adjacent to that 
of the soil cores for chemical analysis. The extra soil core 
was used to collect the roots for mycorrhizal morphotyping.

Determination of soil and root chemistry

To determine inorganic N, the concentrations of exchange-
able ammonium  (NH4

+) and nitrate  (NO3
−) in soil, 20 g of 

fresh sieved bulk soil was extracted at the field site in 40 ml 
 CaCl2 solution for 60 min under shaking, subsequently fil-
tered with phosphate free filter paper (MN 280 ¼, Mach-
erey–Nagel, Düren, Germany) and kept cool. In the labora-
tory, the extracts were dried twice by cryodessication for 72 h 
(BETA I, Christ, Osterode am Harz, Germany) and dissolved 
in 1.5 ml ultra-pure water. The concentrated extracts were 
used to determine nitrate (# 109,713, Merck, Darmstadt, 
Germany) and exchangeable ammonium concentrations 
with kits (# 100,683, Merck) according to the manufacturer’s 
instructions. The extinction of the assays was measured in 
an UV–Vis spectrophotometer (Shimadzu 1601, Hannover, 
Germany) at 690 nm for  NH4

+, and 340 nm for  NO3
−.

To determine soil pH values, 10 g of oven dried milled soil 
was suspended in 25 ml deionized water and shaken for 1 h at 
200 rpm. After sedimentation of the particles, the pH was meas-
ured by a pH meter (WTW, Weilheim, Germany). After addition 
of 0.01 M  CaCl2 (1:5 soil-to-solution ratio) and 16 h equilibra-
tion, the samples were measured again (ISO10390, 2005).

To determine element contents, dry soil and root samples 
were milled (Retsch MN 400, Haan, Germany) to a fine powder 
before determining element contents. For the determination of 
total P  (Ptot), 50 mg of the powder was weighed and extracted in 
25 ml of 65%  HNO3 at 160 °C for 12 h according to Heinrichs 
et al. (1986). For the determination of the labile P  (Plab) fraction 
about 100 mg of soil or root powder was extracted in 150 ml 
of Bray-1 solution (0.03 N  NH4F, 0.025 N HCl) for 60 min on 
a shaker at 180 rpm (Bray and Kurtz 1945). The extracts were 
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filtered using phosphate free filter paper (MN 280 ¼, Mach-
erey–Nagel) and used for elemental analysis by inductively cou-
pled plasma–optical emission spectroscopy (ICP-OES) (iCAP 
7000 Series ICP–OES, Thermo Fisher Scientific, Dreieich, 
Germany). P was measured at the wavelength of 185.942 nm 
(axial) and calibrated with a series of concentrations by ele-
ment standards (P: 0.1 mg  l−1 to 20 mg  l−1) (Einzelstandards, 
Bernd Kraft, Duisburg, Germany). In addition to P, we also 
determined K, Ca, Mg, Mn, Fe, Al, and S in the  Ptot extracts.

To determine C and N, subsamples of 2 to 12 mg of soil 
or 1.5 mg of root powder were weighed into tin capsules 
(size of 4 × 6 mm, IVA Analysentechnik, Meerbusch, Ger-
many) using a microbalance (Model MC5, Sartorius, Goet-
tingen, Germany) before determining C and N contents. The 
range of weights for the soil samples was necessary to avoid 
overflow of the measuring unit of the mass spectrometer 
since the C concentrations in the OL and ML and between 
sand of other soil types varied drastically. The amounts of 

C and N of the soil and plant samples were measured at 
the KOSI (Kompetenzzentrum Stabile Isotope, Göttingen. 
Germany) using an isotope mass spectrometer (Delta Plus, 
Finnigan MAT, Bremen, Germany) and acetanilide (10.36% 
N, 71.09% C) as the standard.

Determination of ectomycorrhizal fungal species 
by morphotyping and Sanger sequencing

Roots from the extra soil core collected in fall were sepa-
rated according to OL and ML, and immediately processed 
after sampling. The beech roots were gently washed in 4 °C 
precooled tap water, spread in water in a glass dish, and cat-
egorized according to their visual appearance under a ster-
eomicroscope (Leica M205 FA, Wetzlar, Germany) as vital 
ectomycorrhizal, vital non-mycorrhizal or dry. All root tips 
in each soil core were inspected and counted. Two soil cores 
did not contain any fine roots. Ectomycorrhizal colonization 
and root tip mortality were calculated as follows:

The abundance of different morphotypes was deter-
mined under a stereomicroscope (Leica M205 FA, Wet-
zlar, Germany) using a simplified identification key (after 
Agerer 1987–2012). All root tips in each soil core were 

Ecomycorrhizal colonization (%) =
(number of vital mycorrhizal root tips) × 100

(number of vital mycorrhizal root tips + number of vital nonmycorrhizal root tips

Root tip mortality (%) =
number of dry root tips

number of all counted root tips
× 100

categorized and counted. For mycorrhizal species identi-
fication, all different morphotypes were collected, which 
comprised at least three root tips per sample. Samples 
with no ectomycorrhizal root tips were included as zero 
values. We distinguished 44 morphotypes and sequenced 
19 morphotypes, which were most abundant and cov-
ered > 90% of the beech root ectomycorrhizal fungal 
community. We used the protocol of Pena et al. (2017) 
for DNA extraction, ITS sequencing, and species iden-
tification. We used the primers ITS1F (5′CTT GGT CAT 
TTA GAG GAA GTAA-3′) and ITS4 (5′TCC TCC GCT TAT 
TGA TAT GC-3′) (White et al. 1990). Fungal sequences 
have been deposited in NCBI GenBank under the acces-
sion numbers MT859114 to MT859131 (Supplement 
Table S3). Relative abundance of EMF species was cal-
culated as follows:

DNA extraction and preparation of soil and root 
samples for Ilumina sequencing

Frozen soil and root samples that had been stored at − 80 °C 
were milled in a ball mill (Retsch GmbH, Haan, Germany) 
in liquid  N2. DNA was isolated from 250 mg soil or from 
180 mg roots with the DNeasy® PowerSoil® Pro kit (Qia-
gen, Hilden, Germany) or innuPREP Plant DNA kit (Analy-
tik Jena AG, Jena, Germany), following the manufacturer’s 
recommendations. DNA was purified using the DNeasy® 
PowerClean® Pro Cleanup kit (Qiagen). The amount of 
isolated DNA was measured in a NanoDrop ND-1000 spec-
trophotometer (PEQLAB Biotechnologie GmbH, Erlangen, 
Germany). For each DNA extraction, a PCR was performed 
in a reaction volume of 50 µl using 0.3 μl of Phusion High-
Fidelity DNA Polymerase (2 U μl−1, New England Biolabs 
(NEB), Frankfurt, Germany), 6 μl of 5 × Phusion HF buffer 
(NEB), 0.09 μl of  MgCl2 (50 mM, NEB), 0.6 μl of dNTP 
mix (10 mM each, Thermo Fisher Scientific, Osterode am 

Harz, Germany), 0.6 μl of the forward (ITS3-KYO2) and 
reverse primer (ITS4) (10 mmol/l, Microsynth, Wolfurt, 
Austria), and about 250 (roots) to 1050 (soil) ng of tem-
plate DNA in 5 µl. The primers ITS3-KYO2 (Toju et al. 
2012) and ITS4 (White et al. 1990) included the adapters for 
MiSeq sequencing. The PCR reactions were performed in a 
Labcycler (SensoQuest, Göttingen, Germany). The cycling 

Relative abundance of EMF species (%) =
(number of root tips colonized by a EMF species) × 100

number of all vital ectomycorrhizal root tips
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parameters were 1 cycle of 98 °C for 30 s; 30 cycles of 98 °C 
for 10 s, 47 °C for 20 s, and 72 °C for 20 s; and a final exten-
sion at 72 °C for 5 min. The PCR products were subjected 
to electrophoresis in 2% agarose gels (Biozym LE Agarose, 
Biozym Scientific GmbH, Hessisch Oldendorf, Germany) 
using GelRed (10 000 × , VWR, Darmstadt, Germany) to 
stain the 1 kb DNA ladder (NEB) that was used for the 
determination of the product size. The PCR products were 
visualized with an FLA-5100 Fluorescence Laser Scan-
ner (Raytest GmbH, Straubenhardt, Germany) and an Aida 
Image Analyzer v. 4.27 (Raytest GmbH). All PCR reactions 
were performed in triplicate, pooled, and purified using 
the MagSi-NGSPREP Plus Kit (Steinbrenner Laborsysteme, 
Wiesenbach, Germany). Quantification of the purified PCR 
products was performed with a Quant-iT dsDNA HS assay 
kit (Life Technologies GmbH, Darmstadt, Germany) in a 
Qubit fluorimeter (Life Technologies GmbH, Darmstadt, 
Germany) following the manufacturer’s recommendations.

Amplicon sequencing and bioinformatic processing

Amplicon sequencing was conducted at Göttingen Genomics 
Laboratory on the MiSeq platform using the MiSeq Reagent 
Kit v3 (Illumina Inc., San Diego, USA). For amplicon 
sequence variant (ASV) assembly paired-end sequencing 
data from the Illumina MiSeq were quality-filtered with fastp 
(version 0.20.0) using default settings with the addition of an 
increased per base phred score of 20, base pair corrections 
by overlap (-c), as well as 5′- and 3′-end read trimming with 
a sliding window of 4, a mean quality of 20 and minimum 
sequence size of 50 bp (von Hoyningen-Huene et al. 2019). 
Subsequently, quality-filtered reads were merged using 
PEAR v.0.9.11 (Zhang et al. 2014) with default parameters. 
Primer sequences were clipped with cutadapt v.2.5 (Martin 
2011). VSEARCH v.2.14.1 (Rognes et al. 2016) was used 
for size exclusion of reads < 140 bp, dereplication, denoising 
(UNOISE3, default settings), and chimera removal (de 
novo followed by reference-based chimera removal). ASVs 
were clustered at 97% sequence identity [corresponding to 
operational taxonomic units (OTUs), the usual threshold in 
most fungal studies] employing VSEARCH (–sortbysize and 
–cluster_size). Reads were mapped to OTUs and used to create 
a count table using VSEARCH (–usearch_global, -id 0.97).

OTUs were taxonomically classified using the BLAST 
algorithm against the UNITE + INSDC 8.2 public database 
(Kõljalg et al. 2013) with an identity cutoff of 90%. Unclas-
sified and non-blast hit OTUs (< 90% identity) were aligned 
against the GenBank (nt, 2020–01-17) database (Geer et al. 
2010) and only OTUs with a fungal classification were 
kept in the OTU table. The OTU count table was rarefied 
to the count number of 11,000 (minimum number reads 
in one sample) using the rrarefy() function of the package 

vegan v2.5.6 (Oksanen et al. 2019). DESeq2 and Bonfer-
roni correction of p values were used to test for significant 
differences between counts of distinct OTUs after fertilizer 
treatment and controls (Love et al. 2014). OTUs were func-
tionally annotated as symbiotroph, pathotroph, and sapro-
troph using the FUNGuild database (Nguyen et al. 2016).

Statistical procedures and calculations

The statistical analyses were performed with R version 3.6.0 
(R Core Development Team 2012). Normal distribution and 
homogeneity of variances were tested by analyzing the resid-
uals of the models and performing a Shapiro–Wilk test for 
chemical soil and root parameters and EMF relative abun-
dance. Data were logarithmically or square root-transformed 
to meet the criteria of normal distribution and homogeneity 
of variances, where necessary.

To determine the effects of forest type, soil layer, season, 
habitat, and treatment linear mixed effect models (“lmer,” 
R package lme4) were used. The factor plot was used as 
random effect and the factor season (spring and fall) was 
defined as repeated measurement in the model. Pairwise 
comparisons of the sample means were conducted using 
Tukey’s HSD (package: “multcomp”). Means were con-
sidered to be significantly different from each other when 
p ≤ 0.05. Data are shown as means and standard error (± SE) 
of the three plots per treatment, if not indicated otherwise. 
If not indicated otherwise, count data were not transformed. 
Visual inspection of their residuals showed homogenous dis-
tribution and therefore, these data also were analyzed by lin-
ear mixed effect models using a quasi-Poisson distribution. 
P values of repeated tests were adjusted with Bonferroni, as 
indicated in figure and table legends. Shannon diversity and 
fungal richness were determined with the package “vegan” 
(Oksanen et al. 2019) and analyzed by generalized linear 
models. For comparisons of OL and ML a paired rank test 
was used.

We used the following fungal communities for our analy-
ses: EMF, SAF, and RAF. RAF and SAF were distinguished in 
the Illumina dataset and further discerned as SYM, SAP, and 
PAT corresponding to the groups of ectomycorrhizal (SYM), 
saprotrophic (SAP), and pathogenic fungi (PAT). To obtain 
ectomycorrhizal fungi, the guild of symbiotrophic fungi was 
manually screened and other symbiotrophic fungi (arbuscular 
mycorrhizal, orchid mycorrhizal, endophyte, lichenized, com-
binations of saprotrophic, or pathotrophic with EMF) were 
eliminated and then used as SYM for further analyses.

Detrended correspondence analysis (DCA) was used to 
explore and visualize fungal community composition. The 
function ADONIS (multivariate analysis of variance using 
distance matrices) (package: “vegan”) (Oksanen et al. 2019) 
was used to analyze the dissimilarities among the fungal 

1035Biology and Fertility of Soils (2021) 57:1031–1052

76



1 3

communities for the factors: forest type, habitat, layer, season, 
and treatment.

To determine the influence of fertilization in different soil 
layers and seasons, we grouped fungal taxa according to 
fungal orders. We used the most abundant fungal orders, 
which encompassed > 1% of the fungal sequences to calcu-
late Generalized Adaptive Models for Location, Scale and 
Shape with a zero-inflated beta family (GAMLSS-BEZI) 
with the R package “metamicrobiomeR” (Ho et al. 2019). 
By using a zero-inflated beta (BEZI) family, GAMLSS 
regression model is applicable for any distribution type 
exhibited by a response variable (Rigby and Stasinopou-
los, 2005). GAMLSS can be used for analyses of relative 
abundance data and utilizes the log of odds ratio to compute 
meta-analysis (Ho et al., 2019).

Results

Influence of P and N addition on soil and root 
chemistry

Soil and root chemistry varied with forest site and 
season, while treatment effects due to P, N, or N + P 
addition were mainly found for P (Table 1). P addition 
resulted in increased soil  Plab concentrations across 
the three study forests but did not affect the soil  Ptot 
concentrations (Fig. 1a-c, Table 1). The effects were 
also present when the forests were fertilized with P + N 
(Fig. 1a–c) and were more pronounced during fall than 
spring (Table 1, Supplement Table S4). Furthermore, 
the P fertilization effects were stronger in the organic 
layer than in the mineral soil (Fig. 1a–c, Table 1, HP: 
F = 12.6, p = 0.001; LP: F = 111.1, p < 0.001, lmer), with 
the exception of the MP forest soils (F = 0.02, p = 0.902, 
lmer, Fig. 1b).

In P-fertilized forest soils with higher availabilities of  Plab, the 
fine root  Ptot concentrations were only higher in the LP forest, 
whereas  Ptot in fine roots in the HP and MP forests were unaf-
fected compared with the controls (Fig. 2a–c). In all three forests, 
the  Plab concentrations of the roots were higher after P fertiliza-
tion (Fig. 2d–f). Across the three forests, fine root  Plab was higher 
during spring (556 ± 29 µg  g−1 dw) than fall (320 ± 19 µg  g−1 
dw, F = 25.3, p < 0.001) and higher in the organic layer 
(526 ± 31 µg  g−1 dw) than in the mineral layer (351 ± 20 µg  g−1 
dw, F = 22.0, p < 0.001, lmer) (Supplement Table S4).

N fertilization slightly lowered the C/N ratio in the MP 
forest and raised it in the LP forest (Table 1, Supplement 
Table S4). The N addition did not increase soluble, inorganic 
N concentrations  (NO3

−, exchangeable  NH4
+) in the mineral 

soil (Fig. 1d–f). In the organic layer, the N-fertilized MP for-
est contained lower exchangeable  NH4

+ concentrations than 
the controls (Fig. 1e), while no effect was found in the HP 

and an increase in the LP forest (Fig. 1d,f). No significant 
seasonal effects of the treatments on the  NO3

− or exchange-
able  NH4

+ concentrations were observed (Table 1).
N fertilization significantly decreased root  Ptot concentra-

tions in the organic layer (Fig. 2a–c) but did not change root 
N concentrations (Table 1, Supplement Table S4). There-
fore, the treatments increased the N:P ratios of the roots but 
not of the soil (Table 1, Supplement Table S4).

Influence of P and N addition on EMF and root‑ 
or soil‑associated fungal diversity indices 
and fungal community composition

We analyzed fungal species richness and Shannon diversity 
at three scales: EMF, RAF, and SAF (Fig. 3, Table 2). EMF 
richness did not vary in response to the treatments (Fig. 3a, 
Table 2). We detected a mean of 8.0 ± 0.4 EMF species per 
treatment and forest. The dominant EMF species belonged 
to the genera Russula, Lactarius, Xerocomus, Laccaria, 
Hydnotrya, Elaphomyces, Clavulina, and Cenococcum and 
various members of Helotiales (Supplement Fig. S1). The 
Shannon diversity of EMF was unaffected by the fertilizer 
treatments (Fig. 3d, Table 2). Fertilization did not affect the 
fraction of mycorrhizal root tips (99.9 ± 0.4%) nor the frac-
tion of dead root tips (29.7 ± 1.6%) (Supplement Table S5). 
However, in the mineral layer in the MP and LP forests, root 
mortality was higher than that in the HP forest (Supplement 
Table S5).

Using Illumina sequencing (288 samples in total), we 
obtained 3169 million fungal sequence reads, which clus-
tered into 4134 different OTUs. Across all conditions, the 
RAF communities contained approximately three times 
fewer OTUs (219 ± 12) than the SAF communities (764 ± 10, 
F = 16,155, p < 0.001). P fertilization caused a reduction 
in the OTU richness of RAF in the organic layer (Fig. 3b) 
but did not affect Shannon diversity (Fig. 3e). The N and 
N + P treatments did not have any effects on RAF richness 
or Shannon diversity (Fig. 3b, e, Table 2). SAF richness and 
Shannon diversity were unaffected by any fertilizer treatment 
(Fig. 3c, f, Table 2).

Variations in RAF and SAF OTU richness or Shannon 
diversity were often observed during different seasons and 
among the forests (Table 2). OTU richness in the organic 
layer of RAF and SAF was higher in the organic layer than 
in the mineral soil (Fig. b,c).

Differential abundance measurements aimed at identify-
ing the distinct fungal OTUs that responded to treatments 
were unsuccessful because the majority of the OTUs were 
represented by low and variable numbers of sequence reads 
spread across 92 fungal orders (Supplement Table S6). 
We tested whether fertilizer treatments influenced fungal 
community composition, but we did not detect any treat-
ment effects, whereas forest, soil layer and season caused 
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significant differentiation within the EMF, RAF, and SAF 
communities (Supplement Fig. S2a, b, c).

Phylogenetic and functional groups of fungi 
respond to N and P treatments

Since important fungal traits for nutrient use and turnover 
are conserved at higher classification levels (Treseder and 

Lennon, 2015), we assigned the OTUs to fungal orders (Sup-
plement Table S6). Fifteen of the 92 detected orders were 
abundant, each accounting for more than 1% of the fungal 
sequences (Supplement Fig. S3, Supplement Table S6). 
Seven orders were unaffected by the fertilizer treatments 
(Agaricales, Atheliales, Cantharellales, Thelephorales, Euro-
tiales, Hypocreales, and Mortierellales, Supplement Figs. S4 
and S5).

Fig. 1  Labile phosphorus (a, b, c) and inorganic nitrogen (d, e, f) 
concentrations the soil of beech forests (Fagus sylvatica L.) Soils 
were collected in a P-rich (a, d), P-medium (b, e), and P-poor (c, f) 
forest and separated into organic layer (green) and the mineral topsoil 
(orange) for analyses. Stacked bars show ammonium (bright colors) 

and nitrate (dark colors). Data for spring and fall were pooled. Data 
indicate means (n = 6 ± SE). Differences among means were tested by 
a linear mixed effect model with plot number as random effect and 
Tukey HSD post hoc test. Different letters indicate significant differ-
ences at p ≤ 0.05

1039Biology and Fertility of Soils (2021) 57:1031–1052

80



1 3

A heatmap differentiating the organic and mineral soil 
fungal responses during spring and fall showed that four 
RAF orders (Russulales, Boletales, Trechisporales, and 
Pezizales) and seven SAF orders (Boletales, Trechispo-
rales, Helotiales, Hypocreales, Sodariales, Pleosporales, and 
Mytilinidales) were significantly affected by the fertilization 
treatments (Fig. 4). Only SAF responded to N, with nega-
tive responses for Helotiales in spring in the mineral soil 
and positive responses for the Hypocreales in the organic 
layer when both seasons were considered together (Fig. 4). 

Further positive effects on the SAF were observed after P or 
N + P treatment, but the responses of different orders were 
scattered among different soil layers and seasons (Fig. 4). 
When the SAF data for seasons and soil layers were analyzed 
together, the treatment effects were masked (Fig. 5a).

Among the RAF, Russulales and Boletales showed 
the most consistent and strongest responses to the P and 
N + P treatments (Fig. 4). The P treatment caused relative 
enrichment of Russulales during spring in both soil layers 
and a decrease during fall compared with that in the controls 

Fig. 2  Total phosphorus (a, b, c) and labile phosphorus (d, e, f) in 
roots of beech forests (Fagus sylvatica L.) Fine roots were collected 
in a P-rich (a, d), P-medium (b, e), and P-poor (c, f) forest and sepa-
rated into organic layer (green) and the mineral topsoil (orange) for 

analyses. Season data were pooled. Data indicate means (n = 6 ± SE). 
Differences among means were tested by a linear mixed effect model 
with plot number as random effect and Tukey HSD post hoc test. Dif-
ferent letters indicate significant differences at p ≤ 0.05
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(Fig. 4). The Boletales in the RAF showed higher relative 
abundances in response to P and N + P fertilization during 
fall compared with those in the controls (Fig. 4). When the 
data for RAF in different soil layers and seasons were 
pooled, the P treatment still resulted in approximately 
twice as high relative abundances of Boletales than 
those in the controls (Fig.  5b), whereas the positive 
effects of P on Russulales during spring were masked 

by negative effects during fall (Fig. 5b). N + P treatment 
significantly reduced Russulales in the RAF (Fig. 5b). 
Other fungal orders in the RAF that responded to 
fertilization were Trechisporales, which showed positive 
effects under the N + P treatment in the mineral layer, 
and Pezizales, which showed negative effects under 
the P treatments in the organic layer during spring 
(Fig. 4).

Fig. 3  Richness (a, b, c) and Shannon diversity (d, e, f) of ectomy-
corrhizal (EMF), root (RAF), and soil (SAF) associated fungi in 
the organic layer (OL) and in the mineral topsoil (ML) in response 
to fertilization (Con, N, P, P + N). Soils and fine root samples were 
collected in a P-rich, P-medium, and P-poor beech forest (Fagus syl-
vatica L.) in spring and fall 2018 and separated into organic layer and 
the mineral topsoil for analyses. Data indicate means (n = 36 ± SE). 
Differences among treatments were tested by generalized linear mod-

els followed by a post hoc test (Tukey). Calculations were performed 
separately for the organic layer and mineral topsoil. Data for richness 
were log transformed prior analyses. Different letters indicate sig-
nificant differences at p ≤ 0.05 for each soil layer seperatley. Controls 
(Con) = black, N = red, P = green, P + N = blue. ns., not significant. P 
values in each subpanel refer to the comparisons between ML and 
OL conducted by a paired rank test. Further statistical information is 
shown in Table 2
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Table.2  Statistical information on the effects of forest site, season 
and fertilization treatments on richness and Shannon diversity of soil- 
and root-associated fungi and on ectomycorrhizal fungi colonizing 
the root tips in the organic layer and in the mineral topsoil. Soil and 
fine root samples were collected in a P-rich, P-medium, and P-poor 
forest in spring and fall 2018 and separated into organic layer and 
the mineral topsoil for analyses. Differences among means per for-

est type, season, and treatment were tested by a generalized linear 
model (GLM) with lg-transformed data. Calculations were performed 
separately for the organic layer and mineral topsoil. Interactions were 
tested but not found. Bold letters indicate significant differences at 
p ≤ 0.05. SoS = sum of squares, MS = mean square, R2 (ad) indicates 
the explained variance adjusted for degrees of freedom

Organic layer Mineral soil

Richness Soil-associated fungi
Source Df SoS MS F-ratio P value SoS MS F-ratio P value
Model 6 0.1905 0.0318 16.97  < 0.0001 0.4927 0.0821 17.81  < 0.0001
Treatment 3 0.0067 0.0022 1.19 0.3220 0.0021 0.0007 0.15 0.9276
Forest 2 0.0129 0.0065 3.45 0.0377 0.2656 0.1328 28.79  < 0.0001
Season 1 0.1710 0.1710 91.39  < 0.0001 0.2250 0.2250 48.80  < 0.0001
Residual 65 0.1216 0.0019 0.2997 0.0046
Total (corrected) 71 0.3121 R2 (adj) = 57.4% 0.7925 R2 (adj) = 58.7%
Shannon diversity
Source Df SoS MS F-ratio P value SoS MS F-ratio P value
Model 6 4.8024 0.8004 9.03  < 0.0001 6.0542 1.0090 10.06  < 0.0001
Treatment 3 0.2751 0.0917 1.04 0.3830 0.0692 0.0231 0.23 0.8751
Forest 2 0.1464 0.0732 0.83 0.4423 4.6718 2.3359 23.29  < 0.0001
Season 1 4.3809 4.3809 49.45  < 0.0001 1.3132 1.3132 13.10 0.0006
Residual 65 5.7585 0.0886 6.5184 0.1003
Total (corr) 71 10.5609 R2 (adj) = 40.4% 12.5726 R2 (adj) = 43.4%
Richness Root-associated fungi
Source Df SoS MS F-ratio P value SoS MS F-ratio P value
Model 6 0.3024 0.0504 10.03  < 0.0001 0.0254 0.0042 0.70 0.6506
Treatment 3 0.0537 0.0179 3.56 0.0188 0.0022 0.0007 0.12 0.9475
Forest 2 0.1138 0.0569 11.33 0.0001 0.0075 0.0037 0.62 0.5431
Season 1 0.1349 0.1349 26.85  < 0.0001 0.0158 0.0158 2.60 0.1114
Residual 65 0.3265 0.0050 0.3937 0.0061
Total (corr) 71 0.6289 R2 (adj) = 43.3% 0.4192 R2 (adj) = 0.0%
Shannon diversity
Source Df SoS MS F-ratio P value SoS MS F-ratio P value
Model 6 5.9332 0.9889 4.87 0.0004 0.9767 0.1628 1.14 0.3516
Treatment 3 0.7756 0.2585 1.27 0.2911 0.1481 0.0494 0.34 0.7932
Forest 2 3.1337 1.5669 7.71 0.0010 0.4777 0.2388 1.67 0.1968
Season 1 2.0239 2.0239 9.96 0.0024 0.3509 0.3509 2.45 0.1224
Residual 65 13.2041 0.2031 9.3125 0.1433
Total (corr) 71 19.1373 R2 (adj) = 24.6% 10.2891 R2 (adj) = 1.1%
Richness Ectomycorrhizal fungi on root tips
Source Df SoS MS F-ratio P value SoS MS F-ratio P value
Model 5 34.4167 6.8833 1.69 0.2707 92.1667 18.4333 6.70 0.0192
Treatment 3 14.2500 4.7500 1.16 0.3984 2.0000 0.6667 0.24 0.8639
Forest 2 20.1667 10.0833 2.47 0.1650 90.1667 45.0833 16.39 0.0037
Residual 6 24.5000 4.0833 16.5 2.75
Total (corr) 11 58.9167 R2 (adj) = 23.8% 108.667 R2 (adj) = 72.2%
Shannon diversity
Source Df SoS MS F-ratio P value SoS MS F-ratio P value
Model 5 0.4782 0.0956 0.58 0.7199 0.6851 0.1370 0.71 0.6386
Treatment 3 0.2354 0.0785 0.47 0.7131 0.2875 0.0958 0.50 0.6985
Forest 2 0.2428 0.1214 0.73 0.5203 0.3976 0.1988 1.03 0.4130
Residual 6 0.9980 0.1663 1.1597 0.1933
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Since the treatment effects on the RAF were confined to 
orders that consisted of EMF and in the SAF mainly to sap-
rotrophic orders (except Boletales and Trechisporales), we 

tested whether N, P or P + N treatment (Fig. 5b) influenced 
the relative abundances of symbiotrophs or saprotrophs. The 

relative abundance of symbiotrophic fungi in the SAF and 
RAF increased, whereas that of saprotrophic fungi decreased 
in these compartments under the P and N treatments (Fig. 5c, 

d). We excluded pathotropic fungi from these analyses 
because their mean relative abundance was below 1%.

Table.2  (continued)

Organic layer Mineral soil

Total (corr) 11 1.4763 R2 (adj) = 0.0% 1.8445 R2 (adj) = 0.0%

Fig. 4  Heatmap for the effect 
sizes of N, P, or N + P treat-
ments on selected fungal orders 
relative to controls. RAF, 
root-associated fungi; SAF, soil-
associated fungi; OL, organic 
layer; ML, mineral soil. Blue 
show positive and green color 
code negative responses. The 
responses are indicated as log 
of odds ratio (log(OR)) as the 
result of GAMLSS analyses. 
Numbers in cells indicate p 
values for significant changes. 
P values for shared effects of 
ML + OL are centered. Shared 
effects of spring + fall are indi-
cated by * when p ≤ 0.05

Treat/ Spring Spring Fall Fall
Habitat Order Control OL ML OL ML log(OR)
RAF Russulales N  0.5 to 1.0
RAF Russulales P 0.043  0.1 to 0.5
RAF Russulales NP  0 to 0.1

-0.1 to 0
RAF Boletales N -0.5 to -0.1
RAF Boletales P -0.5 to -1.0
RAF Boletales NP

RAF Pezizales N
RAF Pezizales P 0.011
RAF Pezizales NP

RAF Trechisporales N
RAF Trechisporales P
RAF Trechisporales NP

SAF Helotiales N 0.011
SAF Helotiales P
SAF Helotiales NP 0.038

SAF Hypocreales N
SAF Hypocreales P
SAF Hypocreales NP 0.049

SAF Boletales N
SAF Boletales P
SAF Boletales NP

SAF Trechisporales N
SAF Trechisporales P
SAF Trechisporales NP

SAF Soldariales N
SAF Soldariales P 0.001
SAF Soldariales NP

SAF Pleosporales N
SAF Pleosporales P
SAF Pleosporales NP

SAF Mytilinidales N
SAF Mytilinidales P 0.022
SAF Mytilinidales NP

0.037

0.027
0.014

0.033
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Discussion

P and N inputs affect P nutrition of beech

In agreement with our expectations, we found that 
under low P soil availabilities, root P concentrations 
decreased with N addition and increased with P addi-
tion. Unexpectedly, we found that N addition also 
decreased the P concentrations in roots in soils with 

higher P availabilities, i.e., in the HP and MP forests. 
These observations suggest that the applied amounts 
of N (here, 60  N  kg   ha−1  a−1, other studies: 15 to 
5  kg  N   ha−1a−1, De Vries et  al. 2014; Gonzales and 
Yanei, 2019; Wardle et al. 2016), which exceed ambi-
ent deposition in unpolluted areas (approximately 
6  kg  N   ha−1  a−1, Schwede et  al. 2018), might have 
caused N:P imbalances. Etzold et al. (2020) reported 
tipping points at 24 to 34 kg N   ha−1  a−1 for positive 

Fig. 5  Relative abundance of Boletales and Russulales in soil (a) and 
roots (b) and of trophic guilds in soil (c) and roots (d) in response 
to fertilization (Con, N, P, P + N). Soil and fine root samples of 
the organic layer and mineral topsoil were collected in a P-rich, 
P-medium, and P-poor beech forest (Fagus sylvatica L.) in spring and 
fall 2018. Data of the forest types and season were merged to evalu-
ate effects of the treatments on the soil-residing fungi (a, c) and root-

associated fungi (b, d). Data indicate means (n = 36 ± SE). Significant 
differences between the treatments were calculated by a linear mixed 
effect model using Poisson distribution and Tukey HSD post hoc test 
for the treatments with site as random effect and season as repeated 
measure. Different letters indicate significant differences for each 
fungal order and trophic group separately. Controls (Con) = black, 
N = red, P = green, P + N = blue. n.s., not significant
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growth responses of forest trees in Europe, with poten-
tial negative effects at higher deposition values. In a 
meta-analysis, Deng et al. (2016) reported decreases in 
tissue P concentrations upon N fertilization, although 
the labile P pools in soils were unaffected. Our results 
are consistent with these findings.

Several previous studies in LP and HP forests clearly 
demonstrated that soil microbes and young beech trees in 
LP soil are limited by low P availabilities (Bergkemper 
et al. 2016; Lang et al. 2017; Pastore et al. 2020; Zavišić 
et al. 2018). Experimental studies with young trees in HP 
and LP soil showed that negative effects of P limitation, 
such as a reduction in photosynthesis were mitigated by 
P fertilization, while the photosynthesis of beech trees in 
HP soil was unaffected by P addition (Zavišić et al. 2018). 
In the present study, the  NH4

+ enrichment after N addi-
tion in LP, but not in HP soil suggests that N utilization 
was impaired due to P shortage. The observation that the 
accumulation of  NH4

+ in soil was relieved by P fertiliza-
tion further supports this suggestion. N turnover is rapid, 
and great variations in  NO3

− and exchangeable  NH4
+ in 

soil solutions are known (Cheng et al. 2019; Ollivier et al. 
2011). Although our analyses of  NO3

− and  NH4
+ repre-

sent only snapshots during our sampling campaigns, our 
results agree with those of other studies (Li et al. 2015; 
Liu et al. 2013; Xia et al. 2020), by showing that P addi-
tion counteracted the negative effects of high N input on 
root P contents.

P addition increased potential plant-available P in all 
three forest soils. This result might have been expected 
since the annual P uptake of forest trees is much lower 
(ca. 9 kg  ha−1  a−1, Rosling et al. 2016) than the amount 
of added P. In our study, the increase in  Plab was small 
compared to the content of  Ptot in soil; therefore, we 
did not observe significant increases in  Ptot. Conse-
quently, the N:P ratios of the soils remained stable after 
N and P additions. Soil N:P ratios of approximately 15 
have been suggested to indicate a nutritional balance 
in beech forests (Mellert and Göttlein 2012). Here, we 
found extremely large differences in these ratios among 
the forests and seasons (organic layer: 7 to 31, mineral 
layer: 3 to 17). Plant-available fractions of N and P 
are critical to tree nutrition. Here, the  Nmin:Plab ratios 
decreased slightly in response to P or N addition in 
the HP forest but increased more than threefold after 
N addition in the organic layer of the LP forest com-
pared to that in the HP forest (estimated with data from 
the organic layer, Supplement Table S4). This dynamic 
was also partly detected in roots, where N fertiliza-
tion decreased  Ptot, while P fertilization increased  Plab. 
These results support the metabolic flexibility of beech 
to cope with differences in nutrient availabilities (Mel-
ler et al. 2019; Zavišić et al., 2016).

Fungal taxonomic composition is driven 
by long‑term habitat conditions

A main goal of this study was to disentangle the soil fungal 
community composition response to the addition of N, P, 
and P + N under conditions of P shortage or P sufficiency. In 
general, the assembly of soil fungi is predominately driven 
by deterministic processes, such as abiotic habitat conditions 
and soil properties, while stochastic effects play a minor 
role (Chase, 2007; Glassman et al. 2017; Mykrä et al. 2016; 
Peay et al. 2016; Štursová et al. 2014). In agreement with the 
expectation that abiotic habitat filters are important drivers 
of fungal community composition, our results showed that 
environmental variables such as humidity, P, Ca and N in 
soil and roots explained the variation in fungal community 
composition in different forests.

In line with the findings of other studies (Goldmann et al. 
2016; Zhang et al. 2017), RAF were less diverse than SAF. 
Furthermore, the EMF assemblage involved in active sym-
biosis was far less diverse than the EMF detected by Illu-
mina or other deep sequencing methods (Pena et al. 2017; 
Schröter et al. 2019). For example, Pena et al. (2017) found 
approximately 10 to 15 EMF species colonizing root tips per 
plot, while Schröter et al. (2019), through pyrosequencing, 
detected approximately 50 EMF species in the same plots. 
Our EMF results were in a similar range. The high number 
of OTUs is partly due to methodological bias (Castaño et al. 
2018; Nilsson et al. 2019) resulting in species overestima-
tion. Furthermore, the choice of the barcoding sequence, 
such as ITS or LSU, affects estimates of diversity (Xue et al. 
2019). However, it should be noted that consistent response 
patterns of fungal diversity to environmental factors were 
detected, irrespective of the method used for fungal com-
munity analysis (Xue et al. 2019). Here, the enhanced EMF 
species richness discovered in the SAF and RAF compared 
to EMF colonizing root tips likely reflects the ability of 
EMF, which are not engaged in active symbiosis, to live as 
saprotrophs in soil or on root surfaces (Iwański and Ruda-
waska, 2007; Kohler et al. 2015; Lindahl and Tunlid, 2015; 
Phillips et al. 2014).

According to ecological theory, stress reduces diversity 
by filtering out species that can tolerate harsh environments 
(Chase, 2007). This is supported for soil fungi, includ-
ing ectomycorrhizal communities (Glassman et al. 2017; 
Schröter et al. 2019; Štursová et al. 2014). For example, 
along a biogeographic gradient in temperate forests, fungal 
assemblages were generally less diverse in dry and more 
acidic soil than in more humid and nutrient-rich soil (Gold-
mann et al. 2016; Pena et al. 2017; Schröter et al. 2019). 
Therefore, we anticipated here that P fertilization would 
result in stress relief and lead to more species-rich, diverse 
assemblages. While no effect on EMF or SAF richness 
or diversity was found, P fertilization caused a moderate 
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decrease in RAF richness in the organic layer, in contrast to 
our initial hypothesis. Analyses of taxonomic fungal com-
munity composition did not reveal any significant response 
to the fertilization treatments, indicating that the taxonomic 
dissimilarities and species turnover among the forests domi-
nated small effects at the OTU level.

As outlined in the introduction, high N inputs often cause 
reductions in fungal diversity and shifts in the community 
toward nitrophilic assemblages (Bahr et al. 2013; Cox et al. 
2010; Lilleskov et al. 2002, 2008; Suz et al. 2014; de Witte 
et al. 2017). Field studies in temperate forests also identified 
soil N as an important driver of RAF composition (Lilleskov 
et al. 2019; Nguyen et al. 2020; Schröter et al. 2019). In 
other studies, N deposition did not influence fungal com-
munity composition (Lilleskov et al. 2019; Purahong et al. 
2018). Similarly, we did not observe effects of N addition on 
the fungal assemblages, irrespective of whether the fungi in 
soil or those in direct contact with the roots were inspected. 
Upon N fertilization, less C is allocated belowground to 
ectomycorrhizal fungi associated with roots (Högberg et al. 
2017, 2020). Reduced C availability to the EMF reduces root 
P uptake (Clausing et al. 2021). These physiological feed-
back controls might have caused decreased root P concentra-
tions after N addition without requiring strong reshaping of 
the fungal assemblage. In conclusion, our hypothesis that 
P fertilization increases fungal richness in P-poor soil and 
shifts fungal communities to those found in P-rich soil was 
not supported by our results.

N and P inputs affect the phylogenetic 
and functional compositions of fungal assemblages

Phylogenetic composition carries information on ecologi-
cal assembly processes because high relatedness between 
members of a community suggests similar ecological 
requirements or functions (Cavender-Bares et al. 2009; 
Pausas and Verdú, 2010). Information on functions is 
important to better understand the assembly processes of 
soil microbes (Nannipieri et al. 2019). Treseder and Len-
non (2015) analyzed the fungal traits required for nutrient 
cycling (e.g., phosphatases and ammonium transporters) 
in fungal genomes. They found that these potential traits 
were more conserved, in terms of gene counts, in phylo-
genetically more closely related taxa (up to the subphylum 
level) than in the more distant ones (Treseder and Lennon, 
2015). Therefore, we reasoned that adaptation of fungal 
community composition to enhanced N or P inputs might 
be traceable after aggregating OTUs at a higher classifica-
tion level, i.e., at the order level. However, in contrast to 
our hypothesis that N fertilization shifts fungal taxa toward 
more nitrophilic EMF communities, we observed increases 
in only Hypocreales (mainly saprotrophic and pathotrophic 

members) in soil. A novel result of our study was that P 
fertilization affected mycorrhizal orders (Russulales, Bole-
tales) of both SAF and RAF.

Members of the Russula lineage (Russula sp., Lactarius 
sp.) were dominant in our study forests (this study; Claus-
ing et al. 2021; Zavišić et al. 2016). All known members of 
the Russulales are ectomycorrhizal fungi and are very com-
mon in temperate beech forests (Buée et al. 2005; Lang et al. 
2011; Taylor et al. 2000). Russula and Lactarius spp. lack 
extensive extramatrical hyphae and thus absorb nutrients 
from their immediate surroundings (Agerer, 2001). There-
fore, we assumed that elevated inorganic nutrient availability 
might favor this fungal genus. However, Russulales showed 
a significant decrease in response to the combined P + N 
treatment and increased during spring in soils fertilized only 
with P. Similar to our study, Mason et al. (2020) found subtle 
increases in Russulales after P fertilization (5 years) in an 
LP forest (Ohio, USA). Nicolás et al. (2017) found no sig-
nificant effects of N fertilization on Russula sp. in a boreal 
forest. However, root colonization and sporocarp formation 
of Russula sp. increased significantly after strong long-term 
disturbance by high N input (16 years, 170 kg N  ha−1  a−1) 
(Avis et al. 2003). Therefore, various Russula spp. were clas-
sified as nitrophilic species (Avis, 2012). Our results indicate 
that N availability alone was not decisive. Rather, the N:P 
ratio regulated the relative abundance of this important fun-
gal order, as Russulales declined significantly when high N 
addition was accompanied by high P availability.

P fertilization had the most pronounced effects on Bole-
tales, especially in the RAF. Long-distance rhizomorphs and 
a thick hyphal mantle characterize members of the Bole-
tales (Agerer, 2001). The relative abundance of Boletales 
increased almost two-fold upon P addition. This result was 
surprising because investment in high-biomass fungi is con-
sidered profitable in nutrient-limited ecosystems in terms of 
accessing distant resources (Hobbie and Agerer, 2010). For 
example, Almeida et al. (2019) found increases in Imleria 
badia (formerly known as Boletus badius) hyphae accessing 
apatite (a recalcitrant P source) in N-fertilized soil but not 
if the N fertilized soil was amended with easily available P 
sources. Therefore, they argued that Imleria is a P-efficient 
species that responds to an enhanced P demand of the tree 
(Almeida et al. 2019). However, our results do not sup-
port this suggestion because the roots of N-fertilized plots 
showed decreases in P, which would support an enhanced 
tree demand under these conditions, whereas the increases 
in Boletales occurred only in P- or P + N-fertilized plots. 
Boletales accumulate P in the hyphal mantle and store P 
in polyphosphate granules in the mycelium (Kottke et al. 
1998). One possibility is that the increases in Boletales were 
responsible for the observed P accumulation in roots in the 
P-fertilized plots, but it is also feasible that Boletales used P 
for their own requirements.
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In addition to fertilizer treatments, the soil layers 
also showed differences in the fungal orders present, 
especially for saprotrophic fungi. Other studies also 
reported shifts in fungal composition with increas-
ing soil depth (Peršoh et al. 2018; Toju et al. 2016). 
For example, Toju et al. (2016) found a lower relative 
abundance of Russulales in the organic layer than in 
deeper horizons. However, this observation deviates 
from our results. We found that EMF did not vary 
between the layers (this study; Clausing and Polle 
2020), whereas fungal orders showed significant dif-
ferences between the organic layer and the mineral 
soil. In general, the relative abundance of saprotrophic 
taxa was lower in the RAF than in the SAF. This pat-
tern ref lects different nutritional strategies of sap-
rotrophs and mycorrhizal fungi. Saprotrophs prefer 
environments where bound nutrients can be unlocked 
from organic compounds, while mycorrhizal fungi 
mine the mineral layer for inorganic compounds and 
rely on plant-derived carbohydrates.

An important result of our study was that the relative 
abundance of saprotrophic fungi was reduced in response 
to both N and P fertilization. This observation might imply 
that enhanced availability of mineral nutrients occurs with 
a trade-off in saprotrophic potential. Future studies should 
address this proposition by analyzing enzymatic activi-
ties. The shift toward symbiotrophs suggests that inorganic 
nutrient addition might have led to a competitive advan-
tage for the growth of ectomycorrhizal fungi because they 
obtain carbohydrates from their host, while free-living 
saprotrophic fungi need to degrade organic compounds 
to access C. Similarly, field experiments showed that 
enhanced ectomycorrhizal fungal growth also results in 
enhanced phosphodiesterase activities and thus higher  Plab 
availability (Müller et al. 2020). Pot experiments under 
controlled conditions revealed that ectomycorrhizal diver-
sity fostered P uptake efficiency (Köhler et al. 2018), and 
in forest soils, ectomycorrhizal P uptake efficiency was 
further related to  Plab availability (Clausing and Polle, 
2020). These results suggest that  Plab availability drives 
a positive feedback mechanism for plant nutrition. The 
increase in the relative abundances of symbiotrophic to 
saprotrophic fungi upon N or P addition might indicate an 
advantage in capturing mineral nutrients under those con-
ditions. In contrast to enhanced  Plab availability, enhanced 
 Nmin availability resulted in a decrease in root P contents. 
The shift away from saprotrophic toward symbiotrophic 
activities may have resulted in lower P mineralization, 
thereby decreasing P availability and contributing to the 
reduced root P content in the N-fertilized plot. These con-
siderations underline the important role of saprotrophic 
fungi in the mineralization of organic P.

Conclusion

Revisiting our hypotheses, we reject our first postulate that 
P fertilization of P-poor soil leads to increased EMF or RAF 
richness and diversity and shifts the community composi-
tion toward those present in P-rich beech forests. Instead, we 
found that P fertilization caused a decrease in RAF richness 
and an increase in the relative abundance of Boletales. At 
the level of distinct taxa (OTU-based), these shifts were not 
detectable, indicating that individual responses were diminu-
tive but spread across a group of related species, thus aggre-
gating to measurable effects at higher classification levels. 
Since Boletales are known for their ability to sequester P 
(Kottke et al. 1998), our results support the concept of phy-
logenetic trait conservatism (Powell et al. 2009). Thus, our 
results may shed light on the apparent ectomycorrhizal com-
munity stability in response to nutrient inputs as species-
rich fungal assemblages may distribute the response among 
related members. This suggestion needs to be tested in future 
studies and may provide an ecological explanation for a fre-
quently observed phenomenon (Lilleskov et al. 2019). We 
also reject the hypothesis that N fertilization, at least when 
applied at moderate doses for a relatively short period of 
time (2.5 years), affects the fungal communities, thus sup-
porting the notion that EMF in temperate beech forests are 
relatively resistant to N inputs (Lilleskov et al. 2019). Since 
the relative abundance of SAF and RAF symbiotrophic 
fungi increased under N fertilization while root P contents 
declined irrespective of the soil P content, N inputs may lock 
P in fungal biomass, with negative consequences for tree P 
nutrition. We speculate that Russulales play a prominent role 
in this regard because the negative feedback of N fertiliza-
tion on root P was compensated for by additional P applica-
tion and was accompanied by decreases in Russulales. Over-
all, our results emphasize the importance of distinguishing 
different habitats and including the major nutrients N and 
P to better understand the drivers of fungal communities in 
relation to nutrient cycling.
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Supplement Figure S1: Ectomycorrhizal fungal community colonizing beech (Fagus 

sylvatica L.) roots under different fertilization treatments (Con, N, P, P+N).  

Trees were investigated in P-rich (a), P-medium (b) and P-poor (c) forests. Roots from the organic layer 

and the mineral topsoil were analyzed separately. Two fungal morphotypes (MT20, MT4) did not yield 

sequences. “Others” refers to the sum of rare morphotypes, which were not sequenced. Data indicate 

means (n = 3). ANOSIM revealed significant differences between the following groups: Forest: R = 

0.171, p = 0.001; Layer R = 0.018, p = 0.171; Forest type x Layer: R = 0.211, p = 0.001. 
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Supplement Figure S2: Detrended Correspondence Analysis (DCA) for ectomycorrhizal 

(a), root (b) and soil fungi (c) of beech forests (Fagus sylvatica L.).  

Soil and fine root samples were collected in a P-rich (blue), P-medium (green) and P-poor (red) forest in 

2018. The figure shows samples from the organic layer (open circles), the mineral topsoil (filled dots) 

collected in spring (dark colors) and fall (bright colors). Different fertilization treatments are labeled with 

colored symbols (red = Con = unfertilized, green = N = nitrogen, purple= P = phosphorus, blue = P+N = 

phosphorus and nitrogen). We measured elements in soil and roots as indicated in Materials and 

methods. We tested multicollinearity by Pearson's pairwise correlation for nutrient elements (P tot, Plab, N, 

C, Na, K, Ca, Mg, Mn, Fe, Al, S) and RWC (relative water content) We used variables that were 

unrelated as explanatory variables for the DCA and showed significant vectors (p < 0.05). Abbreviations: 

RWC = relative water content, Ca = calcium, P = total phosphorous, N = nitrogen; lower case letters s 

and r at the end of the variables indicate soil and fine roots respectively. Differences among groups for 

the factors forest type, soil layer, season and treatment were tested by ADONIS. R2 correspond to the 

percentage of variation. 

 

  

Group Variable F R
2

p-value

EMF Forest 2.02 0.161 0.01

Soil layer 2.22 0.092 0.01

Treatment 0.65 0.089 0.97

RAF Forest 12.40 0.150 0.00

Soil layer 10.69 0.070 0.00

Season 2.85 0.020 0.00

Treatment 1.01 0.021 0.42

SAF Forest 13.08 0.156 0.00

Soil layer 10.49 0.069 0.00

Season 18.30 0.114 0.00

Treatment 0.51 0.011 1.00
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Supplement Figure S3: Relative abundance of fungal orders residing in soil (a, c, e) and 

associated with roots (b, d, f) of beech forests (Fagus sylvatica L.) without fertilization 

(Con) or with addition of N, P or N+P.  

Soil and fine root samples were collected in a P-rich (a, b), P-medium (c, d) and P-poor (e, f) forest in 
2018. Fungi in all forests, soil layers, seasons and compartments were analyzed separately by Illumina 
sequencing. Samples from the spring and fall season were pooled for the analyses. Data indicate means 
(n = 6). Fungal order with > 1% of the sequences are shown: Basidiomycota: Agaricales – dark blue, 
Atheliales – dark red, Boletales - green, Cantharellales – yellow, Russulales – purple, Thelephorales – 
orange, Trechisporales - turqouise ;Ascomycota: Eurotiales – pink, Helotiales – dark green, Hypocreales 
– red, Mytinidiales – blue, Pezizales – mint green, Pleosporales – sand, Sordariales – dark purple ; 
Zygomycota: Mortierellales – brown; Others (= sum of fungal orders < 1% of the sequences) – grey, 
Unknown (= sum of fungal sequences without an annotation for a fungal order) – black. Significant 
differences between the forest, season and treatment were calculated by a linear mixed effect model 

using Poisson distribution with plot number as random effect. 
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Supplement Figure S4: Effect sizes of N, P or N+P treatments on root (a, b and c) and soil (d, e and f) fungal orders in the organic 

soil layer for the treatments N/Con (a and d), P/Con (b and e) and (P+N)/Con (c and f). Blue show positive and green color code negative 

responses. The responses are indicated as log of odds ratio (log(OR)) as the result of GAMLSS analyses. Significant effects are indicated by * when p ≤ 

0.05. Fungal orders in blue are Ascomycetes while in black are Basidiomycetes.  

 



99 
 

 

Supplement Figure S5: Effect sizes of N, P or N+P treatments on root (a, b and c) and soil (d, e and f) fungal orders in the mineral top 

soil for the treatments N/Con (a and d), P/Con (b and e) and (P+N)/Con (c and f). Blue show positive and green color code negative responses. 

The responses are indicated as log of odds ratio (log(OR)) as the result of GAMLSS analyses. Significant effects are indicated by * when p ≤ 0.05. Fungal 

orders in blue are Ascomycetes while in black are Basidiomycetes.  
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Supplement Table S1: Characteristics of the research sites in the P-rich (HP, Bad 

Brückenau) the P-medium (MP, Mitterfels) and the P-poor forest (LP Luess).  Data were 

compiled from publications (Haußmann and Lux, 1997; Lang et al., 2017). The parameters age, height 

and diameter refer to beech trees. Soil chemistry was determined before application of fertilizers. 

Extractable P was determined with the resin method (Lang et al. 2017). Values in parentheses represent 

standard deviation. 

Parameters HP MP LP 

Location    

    Gauss-Krüger coordinates 
50°21'7.2"N 
9°55'44.5"E 

48°58'34.1"N 
12°52'46.7"E 

52°50'21.7"N 
10°16'2.3"E 

    Altitude (m a.s.l.) 809 1023 115 
Climate    
    Mean annual temperature (°C) 5.8 4.9 8.0 
    Sum of annual precipitation (mm) 1031 1200 779 
Stand characteristics    
    Potential natural vegetation Hordelymo-Fagetum Dryopteris-Fagetum Luzulo-Fagetum 

    Tree species composition (%) 
Fagus sylvatica (99) 
Acer pseudoplatanus (1) 

Fagus sylvatica (96) 
Picea abies (2) 
Abies alba (2) 

Fagus sylvatica (91) 
Quercus petraea (9) 

    Age of beech   (a) 137 131 132 
    Height (mean tree) (m) 26.8 20.8 27.3 
    Diameter at breast height (cm) 36.8 37.6 27.5 
    Number of trees (ha−1) 335 252 480 
    Basal area (m2 ha−1) 35.6 28.1 36.7 
    Standing volume (m3 ha−1) 495 274 529 
Soil characteristics    

    Soil type Dystric skeletic cambisol 
Hyperdystric chromic 
folic cambisol 

Hyperdystric folic 
Cambisol 

    Parent material Basalt Paragneiss Sandy till 
    Humus form Mull-like Moder Moder Mor-like Moder 
    Texture (topsoil) Silty clay loam Loam Loamy sand 
    Texture (subsoil) Loam Sandy loam Sand 
Soil chemistry (A horizon 0 to 5 cm) 

 
 

 
    pH (H20) 3.8 (0.15) 3.6 (0.1) 3.5 (0.08) 
    Total P (mg kg-1) 2966 (45) 1375 (34) 195 (15) 
    Extractable P (mg kg-1) 116 (9) 70 (6) 11 (3) 
    P in leaf litter (g m-2 a-1) 0.229 (0.023) 0.213 (0.039) 0.156 (0.018) 
    P in leaves (mg g-1 dry mass) 1.41 (0.21) 1.66 (0.16) 1.21 (0.08) 

 

 

 

 

https://link.springer.com/article/10.1007/s10533-017-0375-0#CR108
https://link.springer.com/article/10.1007/s10533-017-0375-0#CR2
https://link.springer.com/article/10.1007/s10533-017-0375-0#CR108
https://link.springer.com/article/10.1007/s10533-017-0375-0#CR108
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Supplement Table S2: Weather conditions (temperature and precipitation) during the harvest 

season and deviation from climatic conditions in beech forests (Fagus sylvatica L.). Soil samples 

were collected in a P-rich (HP), P-medium (MP) and P-poor (LP) forest in spring and fall 2018. We show the 

weather conditions in the month before and in the sampling month, using mean monthly temperatures and the sum 

of precipitation. The deviation from the long-term climatic conditions (dfc) was calculated as the monthly mean 

temperature of the sampling month minus the long-term mean in the respective month for the period 1981-2010. 

Data indicate monthly means of March and April for spring and of August and September for fall. Spring samples 

collected in April to early May and fall samples were collected in September to early October. The second table 

shows the weather and climatic data for each month. 

 

 

 

 

 

 

 

  temperature (°C) precipitation (mm) 

  Spring fall Spring fall 

during the harvest + month before   
HP 7.4 13.2 120.4 63.1 
MP 6.8 12.1 57.1 110.6 
LP 7.7 13.3 53.3 64.0 

deviation from climatic conditions     
HP +1.9 +2.7 -17.9 -96.6 
MP +0.6 +1.5 -37.5 -13.9 
LP +0.6 +1.4 -8.4 -49.8 

    temperature (°C) 
precipitation 

(mm) 
site month month dfc Month dfc 

HP 

February -3.1 -2.8 13.6 -59.8 

March 1.8 -1.6 70.3 -10.1 

April 13.0 5.3 50.1 -7.8 

May 16.1 3.8 61.4 -10.1 

June 17.6 2.6 46.3 -20.3 

July 21.1 3.9 32.1 -44.2 

August 20.2 3.3 26.3 -35.9 

September 15.2 2.3 36.3 -37.2 

October 11.1 3.0 26.8 -59.7 

MP 

February -3.5 -3.4 20.6 -24.7 

March 1.3 -2.3 43.8 -6.8 

April 12.3 3.4 13.3 -30.7 

May 15.5 3.1 67.9 -28.0 

June 16.8 0.6 49.8 -44.1 

July 19.0 1.2 68.2 -39.9 

August 19.7 2.6 33.0 -55.5 

September 14.1 1.1 73.9 7.2 

October 10.1 1.9 36.7 -21.1 

LP 

February 1.3 -3.1 3.2 -17.1 

March 2.6 -2.3 3.5 -16.5 

April 12.7 3.5 49.8 8.1 

May 17.5 3.7 38.7 -14.5 

June 18.4 2.0 14.1 -47.0 

July 21.1 2.4 39.2 -27.3 

August 20.2 2.1 30.1 -36.7 

September 15.4 1.3 43.8 -13.5 

October 11.1 1.4 20.2 -36.3 
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Supplement Table S3: Molecular information on ectomycorrhizal species colonizing root tips in beech forests (Fagus sylvatica L.) 

under fertilization treatments. Roots were analyzed in P-rich, P-medium and P-poor forests. Roots from the organic layer and the mineral topsoil were 

analyzed separately. The table shows the original morphotype number, accession number of the best match (best match in the UNITE Genbank), the 

sequence length/length in the data base and % similarity of nucleotide sequence, and NCBI accession number (accession number under which the 

sequences of the present fungi have been deposited in NCBI Genbank). The ITS region of the fungal rDNA was amplified using the PCR primers ITS1F 

(5′CTTGGTCATTTAGAGGAAGTAA-3′) and ITS4 (5′TCCTCCGCTTATTGATATGC-3′) (White et al. 1990).

Ectomycorrhizal fungal species 
 

MT number 
 

Reference accession 
number UNITE 

Length and % similarity of 
nucleotide sequence 

NCBI accession number 
 

Cenococcum geophylum MT26 LC095162.1 542 (98.9%) MT859114 

Clavulina amethystina MT19 MK422194.1 736 (96.66%) MT859115 

Clavulina cristata MT11 MN947349.1 735 (99.03%) MT859116 

Elaphomyces cyanosporus MT33 KX238826.1 613 (99.83%) MT859117 

Helotiales sp. 1 MT1  HM190117.1 736 (99.73%) MT859118 

Helotiales sp. 2 MT34 JF519582.1 621 (99.67%) MT859119 

Helotiales sp. 3 MT35 LC189022.2 576 (100%) MT859120 

Laccaria amethystina MT16 MN947342.1 736 (100%) MT859121 

Lactarius blennius MT39 MN947353.1 782 (99.23%) MT859122 

Lactarius camphoratus MT8 MN992440.1 763 (99.86%) MT859123 

Lactarius subdulcis MT9 HM189802.1 765 (99.61%) MT859124 

Russula fellea MT6 MN959791.1 694 (99.63%) MT859126 

Russula mairei MT2 MN947352.1 704 (99.15%) MT859127 

Russula ochroleuca MT38 MT644930.1 741 (99.73%) MT859128 

Xerocomus pruinatus MT5  MN947367.1 800 (99.38%) MT859129 

Hydnotrya tulasnei MT15 GQ149454.1 762 (99.87%) MT859130 

Lactarius tabidus MT42 HM189817.1 752 (99.6%) MT859131 

Unknown -  MT 4 MT4    

Unknown - MT 20 MT20    
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Supplement Table S4: Soil and root chemistry in the organic layer and mineral top soil in spring and fall in response to fertilization 

treatments (Con, N, P, P+N) of beech forests (Fagus sylvatica L.).  Soils and roots were collected in a P-rich (HP), P-medium (MP) and P-

poor (LP) forest in spring and fall 2018 and separated into organic layer and the mineral topsoil for analyses. Data indicate means (n = 3 ± 

SE). RWC = relative water content. Statistical information is provided in Table 1 
HP                       

Spring                           Fall                         
Organic layer Con     N     P     P+N       Organic layer Con     N     P     P+N     

Bulk soil              Bulk soil             
   RWC 0.54 ± 0.03 0.42 ± 0.02 0.52 ± 0.07 0.46 ± 0.04      RWC 0.31 ± 0.05 0.37 ± 0.05 0.30 ± 0.01 0.36 ± 0.07 
   Ptot (mg g-1 dw) 2.59 ± 0.12 2.29 ± 0.11 2.08 ± 0.12 1.65 ± 0.07      Ptot (mg g-1 dw) 1.51 ± 0.05 1.80 ± 0.19 1.66 ± 0.09 1.53 ± 0.29 
   Plab (µg g-1 dw) 264.6 ± 25.1 286.6 ± 27.7 313.7 ± 18.4 354.7 ± 30.8      Plab (µg g-1 dw) 183.9 ± 32.2 180.3 ± 18.2 281.8 ± 12.5 216.2 ± 54.7 
   N (mg g-1 dw) 17.7 ± 0.8 17.5 ± 0.9 19.2 ± 0.7 17.0 ± 0.9      N (mg g-1 dw) 12.9 ± 0.9 12.3 ± 1.9 13.8 ± 0.5 16.0 ± 4.3 
   C (mg g-1 dw) 365.8 ± 21.4 349.4 ± 11.7 377.5 ± 10.3 329.5 ± 22.2      C (mg g-1 dw) 222.7 ± 18.8 178.6 ± 26.6 216.8 ± 3.2 265.4 ± 93.3 
   C:N 20.7 ± 0.3 20.0 ± 0.8 19.7 ± 0.2 19.4 ± 1.0     C:N 17.3 ± 0.8 14.6 ± 0.1 15.7 ± 0.3 15.9 ± 1.3 
   N:P 6.8 ± 0.5 7.7 ± 0.7 9.3 ± 0.6 10.4 ± 0.9     N:P 8.6 ± 0.6 7.1 ± 1.7 8.4 ± 0.4 9.6 ± 0.9 
   pH 4.51 ± 0.05 4.62 ± 0.07 4.53 ± 0.07 4.70 ± 0.07      pH 4.00 ± 0.04 4.11 ± 0.07 4.10 ± 0.04 4.07 ± 0.18 
   NH4

+ (µmol g-1 dw) 402.9 ± 232.7 366.5 ± 81.2 562.3 ± 40.2 600.4 ± 214.1      NH4
+ (µmol g-1 dw) 272.4 ± 204.4 121.3 ± 61.8 108.3 ± 60.8 500.0 ± 225.0 

   NO3
- (µmol g-1 dw) 39.1 ± 9.5 51.2 ± 6.6 56.0 ± 10.9 28.4 ± 11.9      NO3

- (µmol g-1 dw) 68.3 ± 41.1 62.3 ± 27.2 42.2 ± 22.2 66.9 ± 38.5 

Fine roots              Fine roots             
   RWC 0.71 ± 0.02 0.70 ± 0.02 0.71 ± 0.02 0.72 ± 0.03      RWC 0.61 ± 0.06 0.60 ± 0.02 0.61 ± 0.05 0.61 ± 0.01 
   Ptot (mg g-1 dw) 2.78 ± 0.07 1.97 ± 0.06 2.51 ± 0.04 2.16 ± 0.14      Ptot (mg g-1 dw) 1.47 ± 0.19 1.10 ± 0.13 1.39 ± 0.10 1.32 ± 0.14 
   Plab (µg g-1 dw) 510.1 ± 32.7 637.1 ± 59.3 733.1 ± 13.5 687.8 ± 77.3      Plab (µg g-1 dw) 581.5 ± 117.0 371.9 ± 48.1 633.2 ± 120.2 565.9 ± 113.6 
   N (mg g-1 dw) 21.7 ± 0.7 20.7 ± 1.7 22.4 ± 1.2 21.0 ± 1.1      N (mg g-1 dw) 20.6 ± 0.9 17.0 ± 1.3 18.2 ± 0.6 19.3 ± 0.2 
   C (mg g-1 dw) 471.4 ± 2.5 464.1 ± 1.9 463.6 ± 9.4 467.0 ± 1.7      C (mg g-1 dw) 448.2 ± 3.6 453.9 ± 7.8 438.9 ± 6.7 429.3 ± 24.9 
   C:N 21.7 ± 0.6 22.6 ± 1.6 20.8 ± 0.9 22.3 ± 1.3     C:N 21.9 ± 1.0 27.1 ± 2.4 24.2 ± 0.8 22.3 ± 1.1 
   N:P 7.8 ± 0.2 10.6 ± 1.2 8.9 ± 0.5 9.8 ± 0.6     N:P 14.4 ± 1.7 15.5 ± 0.6 13.2 ± 1.3 15.0 ± 1.9 

Mineral topsoil                           Mineral topsoil                         

Bulk soil              Bulk soil             
   RWC 0.46 ± 0.01 0.46 ± 0.01 0.45 ± 0.01 0.45 ± 0.01      RWC 0.27 ± 0.03 0.31 ± 0.01 0.32 ± 0.03 0.32 ± 0.01 
   Ptot (mg g-1 dw) 3.33 ± 0.14 3.42 ± 0.15 3.60 ± 0.14 3.78 ± 0.16      Ptot (mg g-1 dw) 1.84 ± 0.21 2.14 ± 0.12 2.06 ± 0.20 2.09 ± 0.13 
   Plab (µg g-1 dw) 233.0 ± 59.4 220.2 ± 34.6 325.3 ± 28.5 230.1 ± 15.7      Plab (µg g-1 dw) 109.0 ± 17.2 156.6 ± 32.4 180.9 ± 18.0 180.9 ± 34.4 
   N (mg g-1 dw) 7.40 ± 0.52 7.56 ± 0.32 7.21 ± 0.55 7.70 ± 0.81      N (mg g-1 dw) 6.97 ± 0.55 7.95 ± 0.33 6.66 ± 0.43 8.81 ± 0.78 
   C (mg g-1 dw) 107.3 ± 9.4 103.5 ± 3.4 104.4 ± 7.4 108.7 ± 14.0      C (mg g-1 dw) 93.9 ± 6.4 101.2 ± 3.1 91.5 ± 4.5 123.9 ± 19.3 
   C:N 14.5 ± 0.6 13.7 ± 0.2 14.5 ± 0.1 14.1 ± 0.3     C:N 13.5 ± 0.3 12.7 ± 0.2 13.8 ± 0.4 13.9 ± 0.9 
   N:P 2.2 ± 0.2 2.2 ± 0.1 2.0 ± 0.2 2.0 ± 0.2     N:P 3.9 ± 0.4 3.7 ± 0.1 3.3 ± 0.1 4.2 ± 0.3 
   pH 4.54 ± 0.25 4.51 ± 0.10 4.53 ± 0.12 4.54 ± 0.07      pH 4.30 ± 0.02 4.32 ± 0.06 4.32 ± 0.02 4.27 ± 0.09 
   NH4

+ (µmol g-1 dw) 7.26 ± 2.91 12.6 ± 1.3 18.1 ± 3.4 64.2 ± 50.6      NH4
+ (µmol g-1 dw) 56.6 ± 18.4 38.8 ± 14.3 37.0 ± 13.0 48.4 ± 12.2 

   NO3
- (µmol g-1 dw) 3.37 ± 1.40 1.31 ± 0.35 3.83 ± 2.30 2.34 ± 0.82      NO3

- (µmol g-1 dw) 10.4 ± 1.7 24.0 ± 17.9 7.0 ± 1.4 42.0 ± 29.6 

Fine roots              Fine roots             
   RWC 0.65 ± 0.02 0.65 ± 0.01 0.67 ± 0.01 0.64 ± 0.01      RWC 0.51 ± 0.06 0.60 ± 0.01 0.57 ± 0.01 0.59 ± 0.03 
   Ptot (mg g-1 dw) 1.22 ± 0.09 1.21 ± 0.11 1.44 ± 0.07 1.31 ± 0.08      Ptot (mg g-1 dw) 1.15 ± 0.18 1.20 ± 0.10 1.19 ± 0.02 1.11 ± 0.05 
   Plab (µg g-1 dw) 517.9 ± 11.1 598.1 ± 78.5 713.7 ± 19.8 662.7 ± 67.3      Plab (µg g-1 dw) 393.1 ± 94.4 348.9 ± 36.1 417.5 ± 37.9 459.6 ± 39.7 
   N (mg g-1 dw) 14.0 ± 0.5 14.6 ± 0.3 14.6 ± 0.8 14.3 ± 0.5      N (mg g-1 dw) 18.0 ± 0.7 17.4 ± 0.3 17.0 ± 0.6 18.7 ± 1.4 
   C (mg g-1 dw) 472.7 ± 2.8 463.1 ± 7.1 446.7 ± 10.2 460.8 ± 2.9      C (mg g-1 dw) 437.6 ± 12.7 434.7 ± 9.5 433.4 ± 0.4 436.4 ± 9.5 
   C:N 33.8 ± 1.2 31.7 ± 1.1 30.8 ± 1.6 32.3 ± 1.4     C:N 24.4 ± 1.5 25.1 ± 0.8 25.6 ± 0.9 23.5 ± 1.5 
   N:P 11.6 ± 1.1 12.2 ± 0.9 10.1 ± 0.2 10.9 ± 0.6     N:P 16.3 ± 1.9 14.6 ± 0.9 14.3 ± 0.6 16.8 ± 0.7 
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Supplement Table S4 continued 

 
MP                             

Spring                           Fall                         
Organic layer Con     N     P     P+N       Organic layer Con     N     P     P+N     

Bulk soil              Bulk soil             
   RWC 0.71 ± 0.02 0.71 ± 0.02 0.69 ± 0.01 0.72 ± 0.00      RWC 0.51 ± 0.04 0.57 ± 0.06 0.56 ± 0.04 0.67 ± 0.06 
   Ptot (mg g-1 dw) 1.29 ± 0.05 1.35 ± 0.09 1.41 ± 0.10 1.28 ± 0.09      Ptot (mg g-1 dw) 0.92 ± 0.01 0.89 ± 0.07 1.07 ± 0.06 0.97 ± 0.14 
   Plab (µg g-1 dw) 147.1 ± 13.5 127.4 ± 8.6 163.0 ± 7.6 173.5 ± 6.8      Plab (µg g-1 dw) 98.3 ± 8.5 106.4 ± 2.3 149.4 ± 6.0 117.3 ± 10.7 
   N (mg g-1 dw) 23.1 ± 0.3 23.4 ± 0.4 22.8 ± 0.1 23.0 ± 0.2      N (mg g-1 dw) 21.5 ± 1.4 20.4 ± 1.3 22.0 ± 1.7 23.6 ± 0.4 
   C (mg g-1 dw) 465.9 ± 2.9 471.3 ± 1.5 465.3 ± 4.3 470.7 ± 3.3      C (mg g-1 dw) 428.0 ± 36.9 395.8 ± 36.0 408.5 ± 39.5 444.4 ± 24.4 
   C:N 20.2 ± 0.2 20.1 ± 0.4 20.4 ± 0.2 20.5 ± 0.1     C:N 19.9 ± 0.5 19.4 ± 0.5 18.6 ± 0.4 18.8 ± 0.7 
   N:P 18.1 ± 0.9 17.5 ± 1.1 16.3 ± 1.1 18.1 ± 1.6      N:P 23.3 ± 1.8 23.2 ± 2.6 20.9 ± 2.8 25.3 ± 3.6 
   pH 3.72 ± 0.02 3.80 ± 0.02 3.76 ± 0.03 3.77 ± 0.03      pH 3.54 ± 0.03 3.69 ± 0.08 3.68 ± 0.03 3.61 ± 0.03 
   NH4

+ (µmol g-1 dw) 144.7 ± 53.4 118.8 ± 21.7 191.0 ± 109.5 64.8 ± 22.1      NH4
+ (µmol g-1 dw) 220.1 ± 25.1 107.8 ± 20.8 63.3 ± 21.8 73.4 ± 49.9 

   NO3
- (µmol g-1 dw) 4.87 ± 0.68 3.59 ± 1.54 4.55 ± 0.55 3.78 ± 0.58      NO3

- (µmol g-1 dw) 3.54 ± 1.07 4.04 ± 1.09 4.36 ± 1.04 4.83 ± 0.43 

Fine roots              Fine roots             
   RWC 0.70 ± 0.02 0.70 ± 0.01 0.71 ± 0.03 0.74 ± 0.01      RWC 0.64 ± 0.01 0.64 ± 0.01 0.68 ± 0.01 0.67 ± 0.01 
   Ptot (mg g-1 dw) 1.74 ± 0.04 1.37 ± 0.08 1.50 ± 0.06 1.65 ± 0.04      Ptot (mg g-1 dw) 0.96 ± 0.06 0.81 ± 0.02 1.11 ± 0.12 0.99 ± 0.12 
   Plab (µg g-1 dw) 555.1 ± 36.8 451.1 ± 28.4 696.6 ± 134.8 1020.2 ± 180.8      Plab (µg g-1 dw) 281.8 ± 23.3 251.3 ± 22.1 461.9 ± 39.2 385.2 ± 31.9 
   N (mg g-1 dw) 17.7 ± 0.9 17.5 ± 1.3 17.9 ± 1.0 18.5 ± 1.6      N (mg g-1 dw) 22.5 ± 0.3 22.5 ± 0.4 23.9 ± 1.1 23.0 ± 0.5 
   C (mg g-1 dw) 499.6 ± 2.0 495.0 ± 2.7 498.3 ± 4.3 496.3 ± 5.7      C (mg g-1 dw) 503.0 ± 2.3 504.9 ± 0.9 495.1 ± 3.4 506.0 ± 2.4 
   C:N 28.4 ± 1.5 28.7 ± 2.4 28.1 ± 2.0 27.4 ± 3.0     C:N 22.4 ± 0.4 22.4 ± 0.4 20.8 ± 1.1 22.0 ± 0.6 
   N:P 10.1 ± 0.4 12.8 ± 0.8 11.9 ± 0.3 11.2 ± 0.8     N:P 23.6 ± 1.1 27.9 ± 0.6 21.8 ± 1.4 23.9 ± 2.8 

Mineral topsoil                           Mineral topsoil                         

Bulk soil              Bulk soil             
   RWC 0.43 ± 0.02 0.42 ± 0.01 0.42 ± 0.01 0.42 ± 0.02      RWC 0.19 ± 0.08 0.34 ± 0.02 0.30 ± 0.01 0.38 ± 0.02 
   Ptot (mg g-1 dw) 1.58 ± 0.11 1.76 ± 0.07 1.47 ± 0.06 1.72 ± 0.05      Ptot (mg g-1 dw) 1.07 ± 0.08 1.07 ± 0.10 0.87 ± 0.10 1.25 ± 0.02 
   Plab (µg g-1 dw) 146.0 ± 27.3 136.6 ± 19.0 131.2 ± 23.4 152.2 ± 3.8      Plab (µg g-1 dw) 147.7 ± 34.5 97.1 ± 15.6 86.9 ± 5.8 174.3 ± 53.2 
   N (mg g-1 dw) 6.86 ± 0.64 7.11 ± 0.19 6.17 ± 0.56 6.55 ± 0.38      N (mg g-1 dw) 6.80 ± 1.24 6.08 ± 0.49 4.99 ± 0.11 7.96 ± 0.62 
   C (mg g-1 dw) 120.1 ± 11.4 121.2 ± 2.8 106.9 ± 11.1 112.5 ± 7.0      C (mg g-1 dw) 122.7 ± 23.2 99.7 ± 7.8 83.3 ± 3.5 131.4 ± 11.6 
   C:N 17.5 ± 0.2 17.0 ± 0.2 17.3 ± 0.2 17.2 ± 0.3     C:N 18.0 ± 0.3 16.4 ± 0.1 16.7 ± 0.4 16.5 ± 0.3 
   N:P 4.3 ± 0.3 4.0 ± 0.1 4.2 ± 0.2 3.8 ± 0.2      N:P 6.3 ± 0.7 5.7 ± 0.2 5.8 ± 0.5 6.3 ± 0.4 
   pH 3.92 ± 0.01 3.96 ± 0.05 3.97 ± 0.04 3.92 ± 0.02      pH 3.90 ± 0.08 4.01 ± 0.01 4.07 ± 0.04 3.88 ± 0.04 
   NH4

+ (µmol g-1 dw) 13.3 ± 4.0 7.0 ± 1.7 41.9 ± 33.3 6.8 ± 2.6      NH4
+ (µmol g-1 dw) 24.9 ± 4.9 25.4 ± 10.6 39.2 ± 15.7 20.6 ± 4.4 

   NO3
- (µmol g-1 dw) 1.64 ± 0.27 1.51 ± 0.10 1.71 ± 0.36 2.43 ± 0.21      NO3

- (µmol g-1 dw) 10.07 ± 5.47 5.92 ± 1.57 5.50 ± 1.91 5.34 ± 0.50 

Fine roots              Fine roots             
   RWC 0.39 ± 0.02 0.30 ± 0.05 0.32 ± 0.07 0.38 ± 0.02      RWC 0.42 ± 0.00 0.42 ± 0.01 0.41 ± 0.02 0.41 ± 0.02 
   Ptot (mg g-1 dw) 0.59 ± 0.02 1.09 ± 0.13 0.71 ± 0.08 1.00 ± 0.08      Ptot (mg g-1 dw) 0.78 ± 0.06 0.69 ± 0.07 0.66 ± 0.01 0.84 ± 0.11 
   Plab (µg g-1 dw) 297.1 ± 41.4 314.4 ± 9.5 359.9 ± 48.1 542.9 ± 45.9      Plab (µg g-1 dw) 272.1 ± 46.0 199.3 ± 26.4 216.7 ± 6.2 361.3 ± 39.4 
   N (mg g-1 dw) 11.7 ± 0.1 14.4 ± 1.3 11.2 ± 0.4 12.7 ± 1.1      N (mg g-1 dw) 11.5 ± 0.6 11.1 ± 0.6 10.5 ± 0.9 11.3 ± 0.3 
   C (mg g-1 dw) 485.9 ± 4.0 464.7 ± 15.4 484.9 ± 3.5 477.9 ± 10.0      C (mg g-1 dw) 462.5 ± 7.7 454.8 ± 13.2 451.0 ± 21.7 459.1 ± 12.6 
   C:N 41.4 ± 0.4 33.1 ± 4.3 43.4 ± 1.5 38.3 ± 3.7     C:N 40.4 ± 1.5 41.3 ± 3.3 43.3 ± 3.0 40.6 ± 0.4 
   N:P 19.9 ± 0.5 13.4 ± 1.7 15.9 ± 1.4 12.7 ± 0.4     N:P 14.8 ± 0.6 16.3 ± 1.1 15.9 ± 1.3 13.9 ± 2.1 
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Supplement Table S4 continued 

 
LP                         

Spring                           Fall                         
organic layer Con     N     P     P+N       organic layer Con     N     P     P+N     

Bulk soil              Bulk soil             
   RWC 0.70 ± 0.02 0.65 ± 0.02 0.69 ± 0.03 0.66 ± 0.03      RWC 0.25 ± 0.02 0.20 ± 0.06 0.27 ± 0.05 0.27 ± 0.01 
   Ptot (mg g-1 dw) 0.62 ± 0.07 0.57 ± 0.06 0.72 ± 0.06 0.75 ± 0.05      Ptot (mg g-1 dw) 0.42 ± 0.03 0.40 ± 0.08 0.43 ± 0.13 0.49 ± 0.03 
   Plab (µg g-1 dw) 124.5 ± 24.7 119.4 ± 19.1 153.4 ± 25.3 190.2 ± 33.7      Plab (µg g-1 dw) 47.2 ± 5.5 55.4 ± 10.4 67.9 ± 16.0 63.5 ± 8.0 
   N (mg g-1 dw) 16.9 ± 2.3 14.7 ± 1.6 17.0 ± 2.1 16.4 ± 1.6      N (mg g-1 dw) 11.8 ± 1.4 11.2 ± 3.1 10.9 ± 1.1 15.4 ± 1.6 
   C (mg g-1 dw) 358.1 ± 32.3 315.7 ± 26.6 368.5 ± 44.2 331.3 ± 33.1      C (mg g-1 dw) 242.5 ± 31.9 239.2 ± 61.9 228.6 ± 19.4 321.4 ± 37.4 
   C:N 21.4 ± 0.9 21.6 ± 0.7 21.7 ± 0.9 20.2 ± 0.3     C:N 20.4 ± 0.5 21.6 ± 0.8 21.1 ± 0.3 20.8 ± 0.8 
   N:P 27.2 ± 1.2 25.8 ± 0.7 23.5 ± 1.1 21.8 ± 0.8      N:P 28.3 ± 1.4 27.3 ± 2.4 29.1 ± 7.7 31.4 ± 3.3 
   pH 4.38 ± 0.10 4.39 ± 0.08 4.34 ± 0.15 4.55 ± 0.03      pH 3.90 ± 0.05 3.98 ± 0.11 3.82 ± 0.11 3.99 ± 0.05 
   NH4

+ (µmol g-1 dw) 278.1 ± 265.4 539.2 ± 122.3 23.5 ± 16.8 77.5 ± 66.7      NH4
+ (µmol g-1 dw) 53.8 ± 47.4 467.7 ± 212.7 75.9 ± 67.9 261.5 ± 216.0 

   NO3
- (µmol g-1 dw) 42.5 ± 18.1 11.0 ± 2.4 12.7 ± 2.4 11.9 ± 2.4      NO3

- (µmol g-1 dw) 15.6 ± 3.8 63.8 ± 50.7 41.1 ± 28.1 92.8 ± 41.9 

Fine roots              Fine roots             
   RWC 0.69 ± 0.01 0.72 ± 0.00 0.70 ± 0.02 0.71 ± 0.02      RWC 0.60 ± 0.02 0.54 ± 0.00 0.56 ± 0.01 0.57 ± 0.03 
   Ptot (mg g-1 dw) 1.08 ± 0.14 1.15 ± 0.11 1.56 ± 0.12 1.31 ± 0.13      Ptot (mg g-1 dw) 0.99 ± 0.32 0.66 ± 0.04 0.81 ± 0.11 0.91 ± 0.13 
   Plab (µg g-1 dw) 596.9 ± 167.7 646.4 ± 92.5 953.8 ± 136.5 764.4 ± 224.4      Plab (µg g-1 dw) 192.6 ± 10.9 198.5 ± 24.6 229.4 ± 34.3 214.6 ± 5.5 
   N (mg g-1 dw) 19.2 ± 2.7 20.3 ± 1.3 19.8 ± 1.7 20.9 ± 2.9      N (mg g-1 dw) 15.0 ± 0.2 14.1 ± 2.9 14.1 ± 1.9 15.3 ± 0.1 
   C (mg g-1 dw) 491.2 ± 3.4 498.9 ± 3.8 495.1 ± 1.6 489.3 ± 7.1      C (mg g-1 dw) 508.2 ± 0.9 504.7 ± 7.1 515.0 ± 8.3 511.0 ± 4.5 
   C:N 26.6 ± 3.8 24.8 ± 1.7 25.4 ± 2.2 24.5 ± 4.0     C:N 34.0 ± 0.5 38.6 ± 7.3 38.0 ± 5.6 33.5 ± 0.5 
   N:P 17.7 ± 0.8 17.8 ± 0.9 12.7 ± 1.1 15.8 ± 0.9     N:P 18.2 ± 4.7 21.2 ± 3.6 17.6 ± 1.4 17.5 ± 2.3 

Mineral topsoil                  Mineral topsoil                 

Bulk soil              Bulk soil             
   RWC 0.18 ± 0.02 0.17 ± 0.01 0.21 ± 0.01 0.18 ± 0.01      RWC 0.04 ± 0.00 0.04 ± 0.01 0.07 ± 0.02 0.05 ± 0.01 
   Ptot (mg g-1 dw) 0.10 ± 0.01 0.10 ± 0.02 0.10 ± 0.01 0.10 ± 0.01      Ptot (mg g-1 dw) 0.08 ± 0.01 0.08 ± 0.02 0.12 ± 0.02 0.09 ± 0.02 
   Plab (µg g-1 dw) 23.5 ± 3.8 27.0 ± 5.3 38.0 ± 3.3 32.3 ± 4.7      Plab (µg g-1 dw) 14.6 ± 2.0 14.5 ± 4.0 27.1 ± 3.1 26.0 ± 11.3 
   N (mg g-1 dw) 1.19 ± 0.14 1.40 ± 0.10 1.80 ± 0.27 1.38 ± 0.18      N (mg g-1 dw) 0.94 ± 0.13 1.07 ± 0.48 2.00 ± 0.84 1.46 ± 0.67 
   C (mg g-1 dw) 26.2 ± 2.8 32.8 ± 2.2 41.8 ± 5.0 30.3 ± 3.0      C (mg g-1 dw) 26.2 ± 2.7 30.3 ± 11.3 51.1 ± 17.7 38.5 ± 15.5 
   C:N 22.1 ± 0.4 23.5 ± 1.0 23.5 ± 0.9 22.1 ± 0.7     C:N 24.6 ± 0.7 27.1 ± 0.6 29.4 ± 0.5 33.6 ± 1.8 
   N:P 12.2 ± 0.7 15.5 ± 3.1 17.0 ± 0.7 14.2 ± 2.3      N:P 12.8 ± 3.1 12.8 ± 4.9 15.9 ± 4.3 16.2 ± 7.5 
   pH 4.25 ± 0.06 4.41 ± 0.13 4.16 ± 0.05 4.35 ± 0.14      pH 4.26 ± 0.06 4.24 ± 0.08 4.10 ± 0.07 4.20 ± 0.04 
   NH4

+ (µmol g-1 dw) 126.7 ± 111.8 15.4 ± 19.5 1.8 ± 1.1 27.3 ± 25.0      NH4
+ (µmol g-1 dw) 51.9 ± 20.1 94.6 ± 26.5 21.8 ± 6.5 62.1 ± 40.1 

   NO3
- (µmol g-1 dw) 4.73 ± 0.62 7.20 ± 1.91 22.7 ± 16.6 5.08 ± 0.25      NO3

- (µmol g-1 dw) 2.52 ± 0.72 3.64 ± 1.96 3.15 ± 0.37 3.58 ± 1.04 
Fine roots              Fine roots             
   RWC 0.42 ± 0.01 0.43 ± 0.02 0.42 ± 0.01 0.42 ± 0.02      RWC 0.51 ± 0.02 0.53 ± 0.01 0.53 ± 0.02 0.57 ± 0.01 
   Ptot (mg g-1 dw) 0.55 ± 0.04 0.55 ± 0.07 0.73 ± 0.04 0.89 ± 0.10      Ptot (mg g-1 dw) 0.55 ± 0.03 0.59 ± 0.08 0.53 ± 0.04 0.72 ± 0.11 
   Plab (µg g-1 dw) 202.1 ± 8.9 218.5 ± 35.1 363.2 ± 19.8 310.1 ± 48.7      Plab (µg g-1 dw) 114.0 ± 17.2 129.6 ± 35.9 171.4 ± 18.0 235.7 ± 69.9 
   N (mg g-1 dw) 12.4 ± 1.6 11.9 ± 1.2 12.0 ± 1.4 11.6 ± 1.0      N (mg g-1 dw) 11.0 ± 0.3 12.8 ± 0.9 10.4 ± 0.3 13.8 ± 1.5 
   C (mg g-1 dw) 467.1 ± 20.8 466.5 ± 15.5 487.6 ± 12.0 459.9 ± 31.5      C (mg g-1 dw) 487.2 ± 3.9 475.9 ± 7.8 481.4 ± 11.0 467.8 ± 7.6 
   C:N 38.7 ± 4.0 39.8 ± 3.1 41.7 ± 4.4 39.6 ± 0.8     C:N 44.3 ± 1.4 37.7 ± 3.0 46.3 ± 2.1 34.6 ± 3.1 
   N:P 22.4 ± 1.6 21.9 ± 0.6 16.4 ± 1.2 13.3 ± 1.8     N:P 19.9 ± 0.9 20.9 ± 1.2 19.9 ± 1.2 19.5 ± 1.8 
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Supplement Table S5: Mortality (%) of beech fine roots (Fagus sylvatica L.) in different forests, soil layers and in response to 

fertilization treatments (Con, N, P, P+N).Fine root samples were collected in a P-rich (HP), P-medium (MP) and P-poor (LP) forest in spring 

and fall 2018. The organic layer (OL) and mineral topsoil (ML) were analyzed separately; data for season were analyzed together. Data 

indicate means (n = 6 ± SE).  Differences of means were tested by a linear mixed model and Tukey HSD posthoc test for the factors layer and 

treatment with plot number as random effect. We tested the effects of layer and treatment for each site. Bold letters indicate significant 

differences at p ≤ 0.05. 

 

Forest Layer Con N P P+N 
Treatment Layer 
F p F p 

HP 
OL 30.5  ±3.2 30.6  ±2.0 35.3  ±6.6 42.0  ±10.4 0.7 0.573 0.5 0.478 

ML 32.8  ±6.4 37.7  ±5.5 23.6  ±4.0 21.4  ±7.9 0.9 0.481   

MP 
OL 17.4  ±3.8 30.4  ±5.9 19.2  ±1.1 18.4  ±2.2 2.7 0.116 4.7 0.047 

ML 35.1  ±7.7 29.0  ±3.9 25.0  ±4.6 23.7  ±3.2 0.9 0.448   

LP 
OL 29.3 ±10.0 10.9 ±3.9 21.0 ±4.1 23.5 ±3.4 1.6 0.256 13.7 0.003 

ML 52.6 ±28.3 33.9 ±11.4 51.8 ±1.8 49.6 ±9.6 0.3 0.809   
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Supplement Table S6: Relative abundance of all fungal orders obtained by Ilumina MiSeq in 

soil and associated with roots in beech forests (Fagus sylvatica L.).  Soil and fine root samples 

of the organic and mineral layer were collected in a P-rich, P-medium and P-poor forest in 2018. All 

data were pooled the abundance of an order was expressed relative to the total number of 

sequences. 

> 1%   0.1% - 1%       
abundance (%) Order  abundance (%) Order     
27.34 Agaricales 0.75 Sebacinales     
16.99 Helotiales 0.70 Rhytismatales     
13.60 Russulales 0.69 Tremellales     
7.36 Boletales 0.50 Chaetosphaeriales     
3.91 Mytilinidiales 0.47 Chaetothyriales     
3.36 Atheliales 0.43 Incertae     
3.21 Eurotiales 0.36 Auriculariales     
3.00 Cantharellales 0.28 Archaeorhizomycetales   
2.89 Thelephorales 0.24 Polyporales     
2.87 Hypocreales 0.22 Trichosporonales     
2.40 Mortierellales 0.17 Hymenochaetales     
2.19 Trechisporales 0.16 Capnodiales     
2.07 Pleosporales 0.15 Xylariales     
1.47 Sordariales 0.15 Thelebolales     
1.06 Pezizales 0.13 Agaricomycetes     
    0.11 Venturiales     

< 0.1 %      < 0.01 %     < 0.003 %   

abundance (%) Order abundance (%) Order abundance (%) Order 
0.082 Togniniales 0.0099 Diaporthales 0.0029 Magnaporthales 
0.051 Umbelopsidales 0.0096 Atractiellales 0.0027 Verrucariales 
0.050 Phacidiales 0.0094 Geastrales 0.0025 Jaapiales 
0.049 Leucosporidiales 0.0092 Microascales 0.0024 Lecanoromycetes 
0.045 Zoopagales 0.0091 Tubeufiales 0.0022 Myrmecridiales 
0.045 Coniochaetales 0.0089 Microbotryomycetes 0.0019 Onygenales 
0.037 Mucorales 0.0085 Spizellomycetales 0.0017 Diversisporales 
0.036 Phallales 0.0083 Erythrobasidiales 0.0015 Kriegeriales 
0.036 Saccharomycetales 0.0081 Rhizophydiales 0.0015 Botryosphaeriales 
0.031 Sporidiobolales 0.0070 Filobasidiales 0.0014 Georgefischeriales 
0.030 Orbiliales 0.0062 Ustilaginales 0.0013 Cystofilobasidiales 
0.029 Glomerales 0.0062 Lecanorales 0.0012 Exobasidiales 
0.029 Glomerellales 0.0059 Diaporthales 0.0010 Myriangiales 
0.024 Basidiobolales 0.0055 Malasseziales 0.0009 Umbilicariales 
0.022 Pyxidiophorales 0.0047 Taphrinales 0.0007 Calosphaeriales 
0.018 Dothideales 0.0045 Ophiostomatales 0.0007 Lobulomycetales 
0.013 Hysterangiales 0.0042 Dothideomycetes 0.0007 Urocystidales 
0.011 Corticiales 0.0037 Geoglossales 0.0005 Agaricostilbales 
0.010 Ostropales 0.0035 Acarosporales 0.0004 Phomatosporales 
        0.0003 Cystobasidiomycetes 
        0.0003 Phaeomoniellales 
        0.0003 Dacrymycetales 
        0.0003 Gloeophyllales 
        0.0001 Erysiphales 
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A B S T R A C T   

Soil fungi, especially the functional guilds of saprotrophs and symbiotrophs, play a central role in ecosystem 
processes such as decomposition and plant nutrient acquisition. Fungal communities are influenced by soil 
properties and management strategies such as tree species selection. Yet, the implications of the enrichment of 
temperate forests consisting of tree species in their native range with non-native tree species on soil fungal di-
versity and their functional groups are unknown. Here, we studied fungal communities in 40 plots (2500 m2 size 
per plot) located in two regions differing in site conditions (nutrient content, soil moisture and climate) in forests 
composed of European beech, spruce and Douglas-fir (non-native) and mixtures of beech with either spruce or 
Douglas-fir. We hypothesized that fungal community structures are driven by soil properties and tree species 
composition, generally resulting in higher fungal diversity in mixed than in mono-specific forests. We further 
hypothesized that Douglas-fir has a negative effect on ectomycorrhizal fungal species richness compared to 
native species, whereas saprotrophic fungal richness is unaffected. Fungal DNA barcoding and dissimilarity 
analyses showed significant separation of fungal communities between nutrient-rich and nutrient-poor regions 
and among forest types. Mycorrhizal species richness did not vary with forest type, but the relative abundance of 
mycorrhizal species was lower in Douglas-fir and mixed beech-Douglas-fir forests than in spruce or beech-spruce 
mixture forests. Conifer forests contained higher relative abundances of saprotrophic fungi than mono-specific 
beech forests. Among 16 abundant fungal orders in the soil, two containing saprotrophic fungi (Tremellales 
and Hymenochaetales) were enriched in conifer forests, regardless of site conditions and tree species mixture. 
The other fungal orders, including those dominated by mycorrhizal fungi (Russulales, Boletales, Atheliales and 
Cantharellales) showed variable patterns depending on site conditions and tree species. Our results show the 
impact of tree species composition and soil properties on soil fungi. The response of fungal guilds and taxa to 
forest types and soil properties can potentially influence nutrient fluxes.   

1. Introduction 

In temperate and boreal forests, ecosystem functions such as nutrient 
cycling, decomposition, nutrient acquisition, and protection against 
plant diseases are mediated by soil microbes (Bardgett and Wardle, 
2010). Soil fungi contribute substantially in this regard (Baldrian, 2017; 
Brundrett and Tedersoo, 2018). Based on carbon acquisition strategies, 
soil fungi can be divided into saprotrophic, symbiotrophic and patho-
trophic fungal categories (Schmit and Mueller, 2007; Nguyen et al., 
2016). Saprotrophic fungi are the main decomposers of litter and wood 

(Rayner and Boddy, 1988), while symbiotrophic fungi form mutualistic 
associations with roots facilitating plant nutrient uptake in exchange for 
carbohydrates (Smith and Read, 1997). Since fungi play a fundamental 
role in ecosystem processes, it is imperative to understand how forest 
management strategies affect the composition of fungal guilds. 

In large parts of Europe, European beech (Fagus sylvatica L.) and 
spruce (Picea abies [L.] Karst) are ecologically and economically 
important tree species (Leuschner et al., 2006; Leuschner and Ellenberg, 
2017). Due to climate change and calamities jeopardizing beech and 
spruce forests (Schlyter et al., 2006; Gessler et al., 2007; Bolte et al., 
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2010), there is the need to introduce tree species that resist these 
changes and show compatibility with beneficial soil microbes. Douglas- 
fir (Pseudotsuga menziesii [Mirb.] Franco), which is native to North 
America (Hermann, 1987), is one of the long-term introduced species in 
Europe (Essl, 2005). Douglas-fir exhibits desirable growth characteris-
tics (Sicard et al., 2006; von Lüpke, 2009; Isaac-Renton et al., 2014) and 
the ability to thrive well with other broadleaved and coniferous tree 
species (Rothe and Binkley, 2001). These characteristics make Douglas- 
fir a favorable species for European forestry. However, little is known 
about the influence of Douglas-fir on belowground fungal communities. 
Previous studies (Moeller et al., 2015; Parlade et al., 1995; Dučić et al., 
2009) conducted with Douglas-fir growing outside its natural range 
focused on the ability to form mycorrhizal associations with resident 
fungal species. Information on the impact of Douglas-fir on soil fungal 
diversity and composition under varying site conditions and soil prop-
erties in temperate European forests is lacking. 

In general, the taxonomic and functional composition of soil fungi 
are driven by abiotic and biotic environmental factors such as soil pH, 
moisture, C/N ratio, and vegetation composition (Kivlin et al., 2014; 
Wubet et al., 2012; Bahnmann et al., 2018). The latter has strong in-
fluence on litter input, shading, rain interception, transpiration and root 
exudation (Stoutjesdijk and Barkman, 1992; Augusto et al., 2002). 
Consequently, traits of forest species influence habitat properties 
(Bahnmann et al., 2018; Põlme et al., 2018; Urbanová et al., 2015). For 
example, litter of conifers (spruce and Douglas-fir) contains lower ni-
trogen (N) and cation contents than that of beech trees (Kubartová et al., 
2009). In conifer stands of Douglas-fir or spruce, soil organic carbon (C) 
and N stocks are higher than in beech stands (Cremer et al., 2016; 
Cremer and Prietzel, 2017; Dawud et al., 2017). Douglas-fir and beech 
forest soils exhibit higher exchangeable calcium and magnesium con-
centrations than soil in spruce or mixed beech-spruce stands (Foltran 
et al., 2020). Changes in soil properties impact saprotrophic and sym-
biotrophic fungal guilds (Lindahl et al., 2007). Recent studies (Schröter 
et al., 2019; Nguyen et al., 2020; Ballauff et al., 2021) suggest that the 
phylogenetic composition of both guilds is responding to different 
ecological factors, leading to divergent communities in response to 
environmental changes. Therefore, we anticipated that the introduction 
of Douglas-fir into European forests has profound effects on the func-
tional and taxonomic composition of soil fungal communities. 

Here, we investigated whether pure Douglas-fir cultivation or in 
mixture with beech affect soil fungal richness, diversity and community 
composition in comparison with spruce or beech. We conducted our 
study in forests composed of either pure stands of beech, spruce, and 
Douglas-fir or of beech-conifer mixtures (beech-spruce, beech-Douglas- 
fir) stocking on nutrient-rich silt/clay containing soils as well as on 
nutrient-poor, sandy soils (Foltran et al., 2020). We used this experi-
mental design to test the following hypotheses: i) There is reduction of 
soil fungal richness in Douglas-fir compared to beech stands. The 
reduction is attributed to less adaptability of fungal communities to an 
introduced than native tree species. ii) Each stand type is characterized 
by a distinct soil fungal community composition because of distinct ef-
fects of tree species and soil properties on fungal assemblages. There-
fore, we expect that mixed stands contain highest fungal richness and 
diversity. Alternatively, we assume that the soil mycobiome is adapted 
to a wide range of conditions and therefore, no differences in fungal 
species richness occur. iii) Soils under conifers exhibit higher sapro-
trophic fungal richness and diversity than those under beech because 
lower litter quality of conifers favors decomposer communities (Cor-
nelissen et al., 2001; Kubartová et al., 2009). iv) We reasoned that 
phylogenetically more closely related fungi will show similar responses 
to changes in habitat conditions than phylogenetically distant fungi 
because functional traits are conserved among related fungal groups 
(Treseder and Lennon, 2015). This expectation is based on the results of 
large-scale sequencing projects, showing higher similarities of func-
tional genes (Kohler et al., 2015; Treseder and Lennon, 2015). There-
fore, we hypothesized that the specific impact of Douglas-fir is reflected 

by shifts in fungal orders compared with beech or spruce and occurs 
irrespective of abiotic site conditions. 

2. Material and methods 

2.1. Study sites 

The study was conducted in eight study sites (Harz, Dassel, Winne-
feld, Nienover, Nienburg, Unterlüss, Göhrde II and Göhrde I) located in 
Germany. In each of the study sites, five plots with an area of 2500 m2 

were established in the different forest types, which were composed of 
either European beech (B) (Fagus sylvatica L.), spruce (S) (Picea abies [L.] 
Karst), Douglas-fir (D) (Pseudotsuga menziesii [Mirb.] Franco), the 
mixture of European beech with spruce (BS) or the mixture of European 
beech with Douglas-fir (BD). The stand age varied from 41 to 129 years. 
All plots were limed with approximately 1.9 t ha− 1 CaCO3 and 0.8 t ha− 1 

MgCO3 applied in two doses (one at end of the 1980s and in the first 
decade of the 2000s) and seven plots (Unterlüss: D, BD, B and BS; 
Göhrde I: D, BD and S) were fertilized with P2O5 (0.24 t ha− 1 approxi-
mately 30 years ago). The stand characteristics and climatic conditions 
are available in PANGEA (Ammer et al., 2020). Further site descriptions 
are provided in Table 1. 

Each plot was divided into quarters (North East, South East, South 
West and North West). The North West quarter of the plot was not used 
for destructive sampling. Five soil cores (8 cm diameter × 10 cm depth) 
were collected in each of the three quarters in late fall (November/ 
December 2017), after removal of coarse litter in non-decomposing state 
(L layer). The five soil cores per quarter were pooled to yield one sample. 
Thereby, we collected three replicates per plot in each study site. Soil 
samples were immediately transported in cooling boxes with ice to the 
laboratory. The soil was sieved (4 mm mesh size) and divided in three 
aliquots: fresh aliquots frozen at − 20 ◦C, aliquots dried at 40 ◦C and 
aliquots dried at 105 ◦C. 

2.2. Soil properties 

Relative soil moisture was determined by weighing soil (fresh and 
dried at 105 ◦C for 72 h) and calculated as: 

Moisture (%) =
Fresh weight - Dry weight

Dry weight
× 100 

To determine soil pH, 25 ml of water was added to 10 g of oven-dried 
soil (40 ◦C), followed by the addition of a spatula tip of KCl. The sus-
pension was shaken for 2 h. After sedimentation of particles, the pH was 
measured (WTW pH meter 538, Wissenschaftlich-Technische- 
Werkstätten, Weilheim, Germany). To calculate means, the pH values 
were converted to proton (H+) concentrations, from which means (from 
three measurements) were calculated and back-transformed to pH. 

To measure soil C and N contents, oven-dried soil samples (40 ◦C) 
were milled in a ball mill (MN400, Retsch GmbH, Haan, Germany). 
About 20 mg of milled soil samples were weighed into 4 × 4 × 11 mm tin 
capsules (IVA Analysentechnik, Meerbusch, Germany) on a microbal-
ance (Model: Cubis MSA 2.7S-000-DM, Sartorius, Göttingen, Germany) 
and analyzed in a CN analyzer (vario MICRO cube CN analyzer, Ele-
mentar Analysensysteme, GmbH, Langenselbold Germany). We used 
acetanilide (10.36 % N, 71.09% C) as the standard. 

Nutrient elements were extracted from dry (40 ◦C), milled soil 
samples by microwave digestion and determined by inductively coupled 
plasma–optical emission spectroscopy (ICP-OES) as follows: ultra-pure 
water (arium® pro, Sartorius Lab Instruments GmbH & Co. KG, 
Duderstadt, Germany) was added to 2 ml of 65 % HNO3 up to the final 
volume of 25 ml followed by addition of a defined weight (about 50 mg) 
of the milled soil sample. The sample was extracted by digestion in a 
microwave (Etho.start, Mikrowellen-Labor-Systeme GmbH, Leutkirch 
im Allgäu, Germany) at increasing temperatures of 90 ◦C (2:30 min), 
150 ◦C (5 min) and 210 ◦C (22:30 min). Phosphate-free filter paper (MN 
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280 1/4, Macherey-Nagel, Düren, Germany) was used to filter the ex-
tracts. The filtered extracts were used to measure the elements by ICP- 
OES (iCAP 7400 Series ICP–OES, Thermo Fisher Scientific, Dreieich, 
Germany) at the following wavelengths (nm): 589.592 (radial) for Na, 
766.490 (radial) for K, 317.933 (axial) for Ca, 285.213 (axial) for Mg, 
260.569 (axial) for Mn, 238.204 (axial) for Fe, 308.215 (axial) for Al, 
182.034 (axial) for S and 185.942 (axial) for P. The calibration was 
performed using element concentrations of 1 g l− 1 (Einzelstandards, 
Bernd Kraft, Duisburg, Germany) and an internal mixed standard. 

2.3. DNA extraction and Illumina sequencing 

Frozen soil samples (− 20 ◦C) were milled in liquid nitrogen using a 
ball mill (MN400, Retsch GmbH). About 250 mg of frozen, milled soil 
was used for the extraction of DNA with the DNeasy® PowerSoil® Pro 
kit (Qiagen, Hilden, Germany) and purified with the DNeasy® Power-
Clean® kit (Qiagen) according to the manufacturer’s recommendations. 
The concentration of extracted DNA was quantified using the NanoDrop 
2000 spectrophotometer (PEQLAB Biotechnologie GmbH, Erlangen, 
Germany). The internal transcribed spacer (ITS) region was amplified by 
polymerase chain reaction (PCR) using the forward primer ITS3KYO2 
(Toju et al., 2012) and reverse primer ITS4 (White et al., 1990). The PCR 
reactions, purification, pooling of triplicate technical replicates, and 
quantification of amplicons were conducted as described previously 
(Clausing et al., 2021). The amplicons were sequenced with MiSeq Re-
agent Kit v3 (Illumina Inc., San Diego, USA) using the MiSeq platform at 
the Göttingen Genomics Laboratory (G2L). 

2.4. Bioinformatics data processing 

We applied the bioinformatic pipeline described by Clausing et al. 
(2021) to generate amplicon sequence variants, which were clustered at 
97% sequence identity resulting in operational taxonomic units (OTUs). 
We kept only OTUs with fungal classification. The count numbers of 
fungal OTUs per soil sample ranged from 13,668 to 108,070. The OTUs 
were assigned to fungal trophic modes (symbiotrophs, saprotrophs and 
pathotrophs) based on the FUNGuild database (Nguyen et al., 2016). 
The resulting OTU table was rarefied to 13,668 reads per sample (i.e. 
minimum number of reads present in one of our 120 samples) using the 
rrarefy() function in R vegan package v2.5.7 (Oksanen et al., 2020). The 
saturation curves for each sample, which show the variation among the 
three replicate samples, are displayed in Supplement Fig. S1. For further 
analyses, the three replicate samples per plot were pooled to cover the 
plotś species richness. Thereby, we obtained an OTU data matrix with 40 
samples, available in PANGEA (Likulunga et al., 2021). The raw se-
quences were deposited in the National Center for Biotechnology In-
formation (NCBI) Sequence Read Archive (SRA) (Leinonen et al., 2011) 
with Bioproject accession number PRJNA704813. 

2.5. Statistical analysis 

The statistical analyses were performed with R software version 

4.0.2 (R Core Team, 2020). Normal distribution and homogeneity of 
variances for soil properties were tested using model residuals by con-
ducting the Shapiro Wilk test (n = 4 per region and forest type). If the 
normality assumption was not met, data were subjected to square root or 
log transformation. If data sets were not normal-distributed after 
transformation, non-parametric tests (Kruskal-Wallis test) were used. 
Under normality assumptions, analysis of variance (ANOVA) was per-
formed followed by a post hoc Tukey HSD test for comparison of means 
(package: “multcomp”). Differences of the means were considered to be 
significant at p ≤ 0.05. 

Non-metric multidimensional scaling (NMDS) with Bray Curtis as 
metric distance was used to visualize the dissimilarities of soil fungal 
communities. Analysis of similarity (ANOSIM) (package: “vegan”) 
(Oksanen et al., 2020) with 9999 iterations was performed to determine 
significant differences of soil fungal communities among tree stand 
types. Pearson’s pairwise correlation matrix was used to determine 
collinearity among variables using the “Hmisc” package (Harrell et al., 
2020) and variables with high correlation coefficients (r > 0.8) were not 
used for analysis with exception of N, P and C/N ratio. We used the 
“envfit function” in the “vegan” package (Oksanen et al., 2020) to 
correlate the soil properties (moisture, concentration of total phos-
phorus, total calcium, and nitrogen) and proportion of conifers to soil 
fungal communities. The “vegan” package was also used to determine 
fungal richness and Shannon diversity. 

We used general linear and linear mixed effect models with site as 
random factor and applied the post hoc Tukey HSD test to test for dif-
ferences at p ≤ 0.05 of species richness and diversity of soil fungal 
communities and fungal modes (symbiotrophs (SYM) and saprotrophs 
(SAP) among the tree stands. 

The effect size for a distinct stand type relative to beech for SYM 
fungi was determined using log response ratios (Hedges et al., 1999) as: 

Effect size = log
{∑

OTU abundance (SYM) in tree stand i
∑

OTU abundance (SYM) in beech stand

}

where tree stand i refers to a specific stand type (such as Douglas-fir, 
spruce, mixture of beech with Douglas-fir or mixture of beech with 
spruce) and “OTU abundance” refers to the number counts. The effect 
size of saprotrophic fungi was determined accordingly. The effect sizes 
were analyzed for differences among tree stands using linear mixed ef-
fect models with site as random factor and applying the post hoc Tukey 
HSD test. We used One-sample Wilcoxon signed-rank test (tested against 
median = 0) to test for differences of effect size from zero in each tree 
stand. 

We used Linear Discriminant Analysis (LDA) analysis to test for dif-
ferences among sites by soil properties and forest types using the 
“MASS” R package (Venables and Ripley, 2002). Generalized Adaptive 
Models for Location, Scale and Shape with a zero-inflated beta family 
(GAMLSS-BEZI) from the “metamicrobiomeR” package (Ho et al., 2019) 
were used to test for differences of the relative abundances of a distinct 
group of fungi between tree stands. 

Table 1 
Description of the climate (MAT: mean annual temperature; MAP: mean annual precipitation sum), altitude (ALT), soil characteristics and location of the study sites 
(Ammer et al., 2020; Foltran et al., 2020).  

Region Site Coordinates MAT (◦C) MAP (mm) ALT (m.a.s.l) Clay (%) Sand (%) Silt (%) 

South Harz 51◦46’12" N; 10◦23’49" E  7.6 1029 511 68 16 16 
Dassel 51◦42’33" N; 9◦43’14" E  8.6 823 426 21 26 53 
Winnefeld 51◦39’52" N; 9◦34’19" E  8.9 818 349 23 20 57 
Nienover 51◦41’54" N; 9◦31’47" E  9.1 870 323 23 20 57  

North Nienburg 52◦37’14" N; 9◦16’52" E  9.7 733 92 7 80 13 
Unterlüss 52◦50’12" N; 10◦19’51" E  9.0 747 161 6 79 15 
Göhrde II 53◦7’35" N; 10◦48’48" E  9.2 682 130 3 73 24 
Göhrde I 53◦12’4" N; 10◦48’3" E  9.2 673 120 6 79 15  
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3. Results 

3.1. Soil fungal diversity in stand types and sites 

We sequenced 120 soil samples and obtained a total number of 4,941 
million sequence reads, which clustered into 2,198 OTUs (potential 
species). Fungal OTU richness showed significant differences among the 
stand types (p < 0.001, Chi2 = 85.39), with Douglas-fir stands exhibiting 
the highest (609 ± 42) and beech stands the lowest OTU richness (514 ±
26) (Fig. 1a). Mixed stands of beech and conifers had higher species 
richness (574 ± 23) than pure beech stands and the fungal OTU richness 
of spruce stands was intermediate compared to beech and Douglas-fir 
(Fig. 1a). 

In order to investigate whether stand type affected fungal richness in 
distinct trophic groups, we analyzed OTU richness of symbiotrophs and 
saprotrophs. Symbiotrophic fungi, a group which was formed here 

mainly by ectomycorrhizal fungi (83%, read abundance table: Likulunga 
et al., 2021), did not show any differences in species richness (74 ± 3) 
across the five stand types studied here (Fig. 1b). However, in contrast to 
species richness, the relative abundances (based on sequence reads) of 
the symbiotrophic fungi varied among forest types and were lowest in 
the Douglas-fir and beech-Douglas-fir stands, intermediate in beech and 
beech-spruce mixture and highest in spruce stands (Fig. 1c). 

The richness of saprotrophic fungi varied significantly among the 
stand types, with pure Douglas-fir stands having the highest (166 ± 15) 
and beech stands the lowest OTU richness of saprotrophic fungi (137 ±
9) (Fig. 1d). The relative sequence abundance of the saprotrophic fungi 
was lowest in beech and highest in Douglas-fir stands (Fig. 1e). Overall, 
the relative sequence abundance of the saprotrophic fungi was much 
lower than that of the symbiotrophic fungi (p < 0.001, Chi2 = 26.14) 
(Fig. 1c, e; Supplement Fig. S2). 

Fungal OTU richness was not only affected by stand type but also by 

Fig. 1. Soil fungal species richness and relative abundance of all (a), symbiotrophic (b and c) and saprotrophic (d and e) fungi in beech (B), Douglas-fir (D), spruce 
(S), mixture of beech with Douglas-fir (BD) and mixture of beech with spruce (BS). Lower case letters indicate significant differences at p ≤ 0.05 (n = 8) using linear 
mixed effect and Kruskal-Wallis test. 
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site (p < 0.001, Deviance = 375.53) and location of the study sites (p <
0.001, Deviance = 12.06). 

Similarly, Shannon diversity showed differences among the sites, an 
effect that was due to significantly lower Shannon diversity of symbio-
trophic fungi in beech-spruce mixture than in beech or Douglas-fir 
stands (Table 2). The Shannon diversity of the saprotrophic fungi was 
unaffected by stand type and site (Table 2). 

We also evaluated the effect sizes of the changes in fungal abun-
dances relative to pure beech stands (Fig. 2). A significant, negative 
effect of Douglas-fir and beech-Douglas-fir stands on symbiotrophic 
fungal abundances compared to the native spruce and beech-spruce 
stands (p < 0.001, Chi2 = 24.40) was recorded, (Fig. 2a). In spruce or 
beech-spruce stands, no significant effects were observed (Fig. 2a). The 
effect sizes of saprotrophic fungi in conifer or mixed beech-conifer 
stands did not differ significantly among each other (p = 0.145, Chi2 

= 5.40) (Fig. 2b). However, we observed significantly higher effect sizes 
of saprotrophic fungi in Douglas-fir (p = 0.030), spruce (p = 0.042) and 
beech-Douglas-fir (p = 0.014) stands compared with pure beech, which 
resulted in positive effects (Fig. 2b). 

3.2. Soil properties in stand types and sites 

Soil properties (relative soil moisture, pH, C, N, C/N ratio, Ca, Mg, K, 
Na, Mn, Fe, S, P and Al) varied significantly among the different stand 
types and sites (Table 3). We tested whether these properties could be 
used to discriminate between stand types and sites by using Linear 
Discriminant Analysis (LDA). The LDA of all measured soil properties 
did not reveal a clear differentiation among different forest types 
(Fig. 3a, confusion matrix in Supplement Table S1). The separation of 
sites was more distinct (Fig. 3b) but the confusion matrix showed that 
only four out of eight sites were correctly assigned (Supplement 
Table S1). The best separation was obtained when the sites were 
grouped according to location in the southern (Harz, Dassel, Winnefeld, 
Nienover) and northern region (Nienburg, Unterlüss, Göhrde I, Göhrde 
II, Fig. 3c) of our study area. This separation also reflected different soil 
types with clay-silt soils in the south and sandy soils in the north (Foltran 
et al., 2020). 

3.3. Stand type and soil properties shape soil fungal communities 

To determine whether the composition of soil fungi varied with stand 
type and soil properties, we visualized the dissimilarities of fungal as-
semblages with an NMDS (Fig. 4 a). The first ordination axis separated 
the fungal communities according northern and southern locations 
(ANOSIM for location: R = 0.346, p < 0.0001). The separation along the 
first axis was accompanied by changes in soil chemistry (pH, N, C/N 
ratio, P, Ca and soil moisture, Fig. 4b, Supplement Table S2). 

The second axis separated the fungal community composition ac-
cording to stand type (Fig. 4a, ANOSIM for the stand types: R = 0.291 
and p < 0.0001) and was related to the proportion of conifers (Fig. 4b, 
Supplement Table S2). Soil fungal communities in beech stands clus-
tered separately from those in mixed and conifers stands (Fig. 4a). The 
fungal community compositions of spruce and Douglas-fir stands 
showed strong overlap while those in mixed beech-conifer stands were 
in-between pure stands of spruce, Douglas-fir and beech (Fig. 4a). 

3.4. Tree stand type and site show shifts in fungal orders 

Since we found that the separation of the fungal species (OTUs) was 
mainly driven by stand type and location (north and south), the question 
arose whether this pattern was caused by loss or appearance of distinct 
phylogenetic groups of the fungi. To address this question, OTUs were 
grouped at the level of fungal orders. We used all fungal orders (n = 16) 
with relative abundances above 1% of the sequences for our analysis 
(Supplement Table S3, Supplement Fig. S3). These orders encompassed 
together more than 80% of the sequences (Supplement Fig. S3, Sup-
plement Table S4). 

Russulales, an ectomycorrhizal fungal order (Rinaldi et al., 2008; 
Tedersoo et al., 2010), was enriched in beech stands in the south but not 
in the north locations compared to Douglas-fir (Fig. 5a). Therefore, no 
difference for the Russulales between beech and Douglas-fir forests was 
observed when the south and north locations were combined (Fig. 5a). 
None of the other fungal orders showed a significant shift between 
Douglas-fir and beech in the north or south locations (Fig. 5a). However, 
the combined data for both locations revealed that Tremellales (mainly 
mycoparasitic yeasts, Sterkenburg et al., 2015), Hymenochaetales 
(containing important forest pathogens and wood degrading fungi, 
Tedersoo et al., 2014) and Helotiales (saprotrophic and ectomycorrhizal 
fungi, Cannon and Kirk, 2007) increased in Douglas-fir stands, while 
Boletales (mainly ectomycorrhizal fungi, Cannon and Kirk, 2007) and 
Agaricales (ectomycorrhizal and saprotrophic fungi, Kirk et al., 2008) 
were enhanced in beech stands (Fig. 5a). 

In the mixed beech-Douglas-fir stands, Tremellales, Hymenochae-
tales and Helotiales were also enriched compared with beech stands 
(Fig. 5b). Furthermore, Sebacinales (many ectomycorrhizal and sapro-
trophic species, Cannon and Kirk, 2007) increased in the mixed beech- 
Douglas-fir stands, while Hypocreales (saprotrophic and pathogenic 
species, Sterkenburg et al., 2015) were enriched in beech stands 
(Fig. 5b). 

In spruce and spruce-beech mixtures Tremellales (under most con-
ditions) and Hymenochaetales were enriched compared to beech, sug-
gesting that these orders prefer conifer forests (Fig. 5c,d). In the south 
locations, Russulales were enriched in beech forests compared to spruce 
and Atheliales (saprotrophic and mycorrhizal species, Jülich, 1981; Kirk 
et al., 2008) in spruce and mixed forests compared to beech (Fig. 5c,d). 
Pezizales (many saprotrophic and ectomycorrhizal species, Cannon and 
Kirk, 2007) were strongly enriched across all sites in beech forests 
compared with spruce-beech mixtures (Fig. 5d). Overall, a higher 
number of fungal orders showed significant variation in spruce or beech- 
spruce mixture compared with beech than Douglas-fir and its mixture 
(Fig. 5). 

We also compared the changes in fungal relative abundances be-
tween spruce and Douglas-fir stands and between spruce-beech and 
Douglas-fir beech stands (Supplements Fig. S4a,b). The spruce-Douglas- 
fir comparison showed a number of significantly affected fungal orders 
similar to that found in the beech comparisons (i.e. 5 or 6 out of 16 
orders) (Supplement Fig. S4a). The comparison of the mixtures showed 
the highest number of significant variations (11 out 16) in our study 
(Supplement Fig. 4b). 

Table 2 
Shannon diversity of soil fungi, symbiotrophic (SYM) and saprotrophic (SAP) functional guilds in stand types (Douglas-fir: D; beech: B; spruce: S; mixture of beech with 
Douglas-fir: BD; mixture of beech with spruce: BS), study sites and locations of the study sites. Data are indicated as means (±SE) analyzed by linear models and post 
hoc Tukey HSD test. Different letters in rows indicate significant differences at p ≤ 0.05.   

Mean values Statistical information 

Group D BD B BS S Stand type p (n = 5) Site p (n = 8) Location p (n = 20) 

All fungi 3.89 (0.07) a 4.07 (0.14) a 3.96 (0.10) a 3.94 (0.20) a 3.97 (0.10) a 0.081 <0.001 0.014 
SYM 2.68 (0.09) b 2.51 (0.12) b 2.54 (0.13) b 2.04 (0.23) a 2.43 (0.09) ab <0.001 0.001 0.05 
SAP 3.22 (0.13) a 3.02 (0.33) a 3.24 (0.18) a 3.56 (0.22) a 3.49(0.12) a 0.848 0.175 0.132  
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4. Discussion 

4.1. Forest type and soil properties drive soil fungal composition 

Our results show that Douglas-fir, spruce, beech and the mixtures of 
beech with these conifer species shaped the fungal communities in soil. 
These results are in agreement with other studies demonstrating that 
tree species or community effects influence the structure of soil fungal 
assemblages (Nacke et al., 2016; Bahnmann et al., 2018; Prada-Salcedo 
et al., 2020). Our results further support that main environmental 
drivers of fungal community composition are soil C/N, pH and soil 
moisture. These results show that the overall site effects found in our 
study concur with those reported previously (Clausing et al., 2021; 
Nguyen et al., 2020; Větrovský et al., 2019) and explain the separation 
of the fungal communities between the northern and the southern re-
gion, which are characterized by strong differences in soil properties, 
soil resources and climate (Ammer et al., 2020; Foltran et al., 2020; this 
study). 

A major goal was to understand better the influence of an introduced 
conifer compared with indigenous tree species on soil fungi. In contrast 
to our first hypothesis, we did not observe a reduction but an increase in 
fungal species richness under Douglas-fir. Since the Douglas-fir stands in 
our study had an age of several decades (Ammer et al., 2020) and 

Douglas-fir has been introduced to Germany about 150 years ago (Essl, 
2005), we speculate that adapted fungal species might have evolved the 
ability to form novel associations. Another explanation is that ecologi-
cally compatible fungal species occur in Douglas-fir biomes because of 
the wide geographic range of fungal species (Tedersoo et al., 2014). Our 
results support the latter assumption as the fungal community structures 
in Douglas-fir and spruce forest soils showed a strong overlap. Although 
we have no evidence for the appearance of new species, we cannot 
exclude that evolutionary processes are taking place. However, we 
would expect that new strains would evolve, which are initially similar 
to the existing ones. Such subtle changes cannot be traced with our 
marker gene-based approach. 

In our study, we report a clear separation of fungal composition 
between beech and conifers while beech-mixed stands exhibited inter-
mediate soil fungal assemblages. On our study sites, Lu and Scheu 
(2021) also found separation of microbial community structures be-
tween pure beech and conifers (Douglas-fir and spruce) by employing 
marker lipids. Moreover, they reported intermediate community struc-
tures in mixtures of beech with spruce or Douglas-fir (Lu and Scheu, 
2021). Previous studies (Nacke et al., 2016; Bahnmann et al., 2018; 
Asplund et al., 2019) also found differences in soil fungal communities 
between beech and spruce forests. The shifts observed in soil fungal 
communities among different forests types have been attributed to 

Fig. 2. Effect size for symbiotrophic (a) and sapro-
trophic (b) fungal abundance in conifer and mixed 
tree stands relative to pure beech stands (D/B: 
Douglas-fir and beech; BD/B: Mixture of beech with 
Douglas-fir and beech; BS/B: Mixture of beech with 
spruce and beech; S/B: spruce with beech). Lower 
case letters indicate significant differences at p ≤ 0.05 
(ANOVA for linear mixed effect model with site as 
random factor, n = 8). Significant differences (p <
0.05) of effect sizes from zero are indicated by * (One- 
sample Wilcoxon signed-rank test).   

Table 3 
Soil properties in forest types (Douglas-fir: D; beech: B; spruce: S; mixture of beech with Douglas-fir: BD; mixture of beech with spruce: BS), study sites and locations of 
the study sites. Data are indicated as means (±SE) analyzed by linear models and post hoc Tukey HSD test. Different letters in rows indicate significant differences at p 
≤ 0.05.   

Mean values in stand types Statistical information 

Variable D BD B BS S Stand type p (n = 5) Site p (n = 8) Location p (n = 20) 

pH 3.47 (0.09) b 3.41 (0.08) b 3.40 (0.06) b 3.18 (0.05) a 3.30 (0.08) ab  0.001 <0.001 <0.001 
MC 38.27 (2.56) a 45.26 (3.30) ab 42.07 (2.74) a 54.71 (4.40) c 50.65 (2.69) bc  <0.001 <0.001 <0.001 
C/N 23.89 (0.62) b 22.01 (1.00) a 20.53 (0.52) a 23.43 (0.68) b 23.54 (0.76) b  <0.001 <0.001 <0.001 
C 63.08 (6.99) ab 75.05 (9.23) bc 52.14 (4.17) a 81.10 (6.10) c 75.45 (4.39) bc  <0.001 <0.001 0.981 
N 2.63 (0.26) a 3.34 (0.33) ab 2.57 (0.19) a 3.58 (0.31) b 3.25 (0.22) b  <0.001 <0.001 <0.001 
Na 0.18 (0.03) ab 0.23 (0.05) b 0.16 (0.02) ab 0.13 (0.01) a 0.20 (0.03) b  0.008 <0.001 <0.001 
K 0.77 (0.16) b 0.84 (0.16) b 0.77 (0.17) ab 0.45 (0.07) a 0.64 (0.12 (ab)  0.001 <0.001 <0.001 
Ca 0.89 (0.06) ab 1.01 (0.12) b 0.79 (1.10) a 0.76 (0.05) ab 0.91 (0.06) ab  0.022 <0.001 <0.001 
Mg 1.28 (0.25) bc 1.48 (0.26) c 1.31 (0.31) ab 0.78 (0.12) a 1.14 (0.18) bc  <0.001 <0.001 <0.001 
Mn 0.14 (0.02) a 0.26 (0.05) a 0.20 (0.04) a 0.16 (0.04) a 0.15 (0.03) a  0.071 <0.001 <0.001 
Fe 9.88 (1.74) a 10.02 (1.17) a 9.07 (1.78) a 6.51 (0.68) a 8.54 (1.38) a  0.240 <0.001 <0.001 
S 0.34 (0.03) ab 0.36 (0.04) ab 0.28 (0.02) a 0.35 (0.02) ab 0.39 (0.03) b  0.004 <0.001 0.734 
P 0.27 (0.03) a 0.31 (0.03) ab 0.28 (0.03) ab 0.28 (0.03) a 0.34 (0.04) b  0.010 <0.001 <0.001 
Al 15.90 (3.25) b 15.29 (3.01) ab 14.47 (3.26) ab 9.27 (1.23) a 13.44 (2.53) ab  0.023 <0.001 <0.001  
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indirect effects of dominant tree species through modification of soil 
resources (Augusto et al., 2002; Augusto et al., 2015). Coniferous eco-
systems show lower foliage nutrients (e.g. Ca, K, Mg, P and N) than 
ecosystems dominated by broadleaf species (Augusto et al., 2002; 
Augusto et al., 2015), whereby soil nutrients can be influenced through 
litter production (Stoutjesdijk and Barkman, 1992), consequently lead-
ing to tree-driven soil fungal communities (Prescott and Grayston 2013; 
Urbanová et al., 2015). Such processes are also likely in our study plots 
and have often been reported for different forest types. For example, 
Asplund et al. (2019) found that the fungal communities in beech and 
spruce forests were separated by pH and the C/N ratio. Similarly, Nacke 
et al. (2016) reported that pH and organic carbon were major drivers for 
the separation of beech and spruce fungal communities. Further studies 
demonstrated a strong impact of the litter type on the soil microbiome 
(Urbanová et al., 2015; Prada-Salcedo et al., 2020; Veen et al., 2021). 
We found that the separation of fungal microbiomes according to forest 
type was mainly influenced by the relative abundance of conifers. In 
general, spruce and Douglas-fir forests contain higher and beech-conifer 
mixed stands intermediate organic C and N stocks compared to beech 
stands (Cremer et al., 2016). Therefore, we assume that differences in 
litter type fostered distinct assemblages observed between beech, co-
nifers and their mixtures. 

Bahnmann et al. (2018) showed that soil moisture was a main factor 

affecting fungal communities at larger scales. Soil moisture was also a 
significant factor in our study, associated with the separation of the 
fungal communities between the north and south region. This result was 
also supported by marker lipid analyses (Lu and Scheu 2021) and 
highlights the importance of the geographic scale of the studies. Water 
availability affects plant productivity, resulting in differences in root 
biomass on our study sites (Lwila et al., 2021). Plant traits such as fine 
root biomass also influence soil microbes (Prada-Salcedo et al., 2020; 
Teng et al., 2021; Wambsganss et al., 2021). Therefore, belowground 
biomass is a further factor, potentially driving differences between the 
fungal assemblages in the north and south study regions. There is now 
increasing evidence that root exudates also play profound roles in 
shaping belowground microbial communities because of differences in 
quantity and quality among tree species (Brimecombe et al., 2000; 
Haichar et al., 2014; Kardol and De Long, 2018). Experimental studies 
on the role of root biomass and root exudates on fungal assemblages are 
required to clarify the role of Douglas-fir in pure or mixed stands shaping 
soil fungal communities. 

4.2. Douglas-fir affects the soil fungal functional composition 

We discovered functional differences in the fungal assemblages 
among distinct forest types with the highest species richness of 

Fig. 3. Linear discriminant analysis (LDA) according to stand types (a), study sites (b) and location of the study sites (c). The analysis was conducted on measured soil 
properties (relative soil moisture, pH, C, N, C/N ratio, Ca, Mg, K, Na, Mn, Fe, S, P and Al). The corresponding confusion matrix is provided as Supplement Table S3. 
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saprotrophic fungi in Douglas-fir soils. Furthermore, the relative abun-
dance of saprotrophic fungi was higher in Douglas-fir and beech- 
Douglas-fir mixture than in beech stands. The use of OTU abundance 
data is critical due to a number of technical issues but comparisons of 
different methods for fungal community analyses showed consistent 
response patterns to environmental factors (Xue et al., 2019). In our 
study, the observed shift in functional guilds might be attributable to 
litter chemistry, known to shape the identity and composition of sap-
rotrophs (Treseder et al., 2014; Foudyl-Bey et al., 2016; Bahnmann 
et al., 2018). Kubartová et al. (2009) found that Douglas-fir litter con-
tains high cellulose and low lignin contents, which favor decomposer 
communities. This may explain the higher proportions of saprotrophs 
observed in Douglas-fir than beech stands. Further, Awad et al. (2019) 
found a strong influence of conifers on saprotrophic fungal biomass, also 
linked to soil resources such as N and C. In spruce forests, the relative 
abundance of saprotrophic fungi was intermediate between beech and 
Douglas-fir, while the relative abundance of symbiotrophic fungi was 
higher in beech and spruce than in Douglas-fir forests. These shifts 
affected the balance between saprotrophic and symbiotrophic fungi in a 
complex manner, resulting in positive effect sizes for saprotrophic fungi 
in the conifer forests but a specific negative effect size for symbiotrophic 
fungi in Douglas-fir soil. These patterns might reflect inter-guild in-
teractions in which saprotrophs and symbiotrophs compete for soil re-
sources, hence inhibiting each other and slowing down decomposition 
(Gadgil and Gadgil, 1975; Leake et al., 2002; Fernandez & Kennedy, 
2016). Since forest types clearly affected the composition with increases 
in the fungal decomposer community favored especially by Douglas-fir, 
we conclude that tree identity effects shape the functional composition 

of fungal assemblages. 

4.3. Forest type and soil properties influence phylogenetically related 
fungal taxa 

We gained insights into the responsiveness of fungal taxa (grouped at 
the rank of orders) to forest types (relative to beech) and regional fac-
tors. Several saprotrophic fungal orders showed variability between 
north and south locations, indicating susceptibility to microclimate and 
soil properties. However, two specific fungal orders of Helotiales and 
Eurotiales were enriched in Douglas-fir and spruce pure stands respec-
tively, which concurs with higher saprotrophic fungal abundances in 
conifer stands. Furthermore, the orders Hymenochaetales and Trem-
ellales, which are wood degrading fungi and yeasts (Tedersoo et al., 
2014; Sterkenburg et al., 2015), were enriched across all site conditions 
and in conifers stands. This result shows that both spruce and Douglas-fir 
foster similar saprotrophic fungal groups, thereby contributing to the 
observed increase of saprotrophic potential. Genome sequencing of 
members of the Hymenochaetales demonstrated a high number of genes 
for carbohydrate-active enzymes in the analyzed species (Kohler et al., 
2015). Therefore, our results underpin that genomic information can 
enlighten ecological processes. 

In our study, Russulales, which is a ubiquitous fungal group domi-
nated by ectomycorrhiza (Looney et al., 2018), was the most abundant 
order in our study sites, especially in the beech stands. This result agrees 
with the widespread occurrence of Russulales in temperate beech stands 
(Tedersoo et al., 2014; Lang et al., 2011; Pena et al., 2017) and lower 
abundance in spruce forests (Uroz et al., 2016; Asplund et al., 2019). 

Fig. 4. Non-metric multidimensional scaling (NMDS) 
of soil fungal OTU communities based on Bray-Curtis 
dissimilarity measure (a) and main explanatory vari-
ables (b). The tree stands in (a) are indicated by hulls: 
beech (B), spruce (S), Douglas-fir (D), mixture of 
beech with spruce (BS) and mixture of beech with 
Douglas-fir (BD). Significant vectors (b) indicate: soil 
moisture (MC), element concentrations (calcium: Ca; 
phosphorous: P; nitrogen: N), soil pH, C/N ratio and 
proportion of conifers (Conifer_proportion). Data 
points indicate sum of OTUs (n = 3) and means of soil 
properties (n = 3) per site and forest types).   
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However, the enrichment of Russulales was only observed in the south, 
where soil N contents were higher than in the north. Russulales appears 
to be specialized for ammonium acquisition (Nygren et al., 2008). Since 
they descent from white-rot fungi, Russulales may be able to attack 
lignin (Looney et al., 2018) but may not be capable of accessing C from 
cellulose and other C-rich biopolymers (Wolfe et al., 2012). Thus, 
variation of the Russulales appears to be driven by resource availability. 
Similarly, Boletales, which contain ectomycorrhizal fungi with oxidative 
enzymes able to degrade lignin (Op De Beeck et al., 2018), were 
enriched in beech compared with Douglas-fir but were variable in mixed 
and spruce forests. Atheliales was the only ectomycorrhizal fungal order 
that showed a positive effect in a conifer forest. 

Overall, the commonalities of Douglas-fir and spruce were confined 
to saprotrophic taxa, while the influence on other orders was context- 
dependent and affected saprotrophic and ectomycorrhizal guilds like-
wise. The importance of substrate quality for fungal populations has 
been highlighted (Bossuyt et al., 2001; Schröter et al., 2019; Nguyen 
et al., 2020). The phylogenetic positions of the affected fungal orders 
and genomic information from reference species suggest that mecha-
nistic understanding of fungal assemblies comes into reach. 

5. Conclusion 

In agreement with our hypothesis (ii), distinct fungal assemblages 
were observed in beech and conifer tree stands. We found that the fungal 
assemblages in spruce stands were similar to Douglas-fir stands, which is 
an indication that Douglas-fir, a non-native tree species in Europe, is 
able to integrate native soil fungal networks similar to native spruce. In 
contrast to our initial hypothesis (i), forest mixtures did not result in 
enhanced fungal species richness in soil. In addition to forest types, we 
unraveled the strong impact of soil properties and climatic factors (pH, 
C/N ratio, Ca, P and soil moisture) on fungal community composition. 
Douglas-fir and beech-Douglas-fir stands demonstrated a shift in fungal 
functional guilds, exhibiting low and high proportions of symbiotrophic 

and saprotrophic fungi, respectively. In concurrence with our hypothesis 
(iii), we observed higher proportions of saprotrophs in conifer than 
beech stands. The shifts in taxonomic and functional structures of soil 
fungi observed in the forest types and different site conditions can 
potentially affect vital ecosystem processes such as decomposition, C 
sequestration and nutrient cycling. 
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Pena, R., Polle, A., 2020. Soil and root nutrient chemistry structure root-associated 
fungal assemblages in temperate forests. Environ. Microbiol. 22 (8), 3081–3095. 
https://doi.org/10.1111/emi.v22.810.1111/1462-2920.15037. 

Nguyen, N.H., Song, Z., Bates, S.T., Branco, S., Tedersoo, L., Menke, J., Schilling, J.S., 
Kennedy, P.G., 2016. FUNGuild: An open annotation tool for parsing fungal 
community datasets by ecological guild. Fungal Ecol. 20, 241–248. https://doi.org/ 
10.1016/j.funeco.2015.06.006. 

Nygren, C.M.R., Eberhardt, U., Karlsson, M., Parrent, J.L., Lindahl, B.D., Taylor, A.F.S., 
2008. Growth on nitrate and occurrence of nitrate reductase-encoding genes in a 
phylogenetically diverse range of ectomycorrhizal fungi. New Phytol. 180, 875–889. 
https://doi.org/10.1111/j.1469-8137.2008.02618.x. 

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., Macglinn, D., Minchin, 
P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner, 
H., 2020. vegan: Community Ecology Package. R package version 2.5-7. https:// 
CRAN.R-project.org/package=vegan. 

Op De Beeck, M., Troein, C., Peterson, C., Persson, P., Tunlid, A., 2018. Fenton reaction 
facilitates organic nitrogen acquisition by an ectomycorrhizal fungus. New Phytol. 
218 (1), 335–343. https://doi.org/10.1111/nph.14971. 

Parlade, J., Alvarez, I., Pera, J., 1995. Ability of native ectomycorrhizal fungi from 
northern Spain to colonize Douglas-fir and other introduced conifers. Mycorrhiza 6 
(1), 51–55. https://doi.org/10.1007/s005720050105. 

Pena, R., Lang, C., Lohaus, G., Boch, S., Schall, P., Schöning, I., Ammer, C., Fischer, M., 
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Supplement Table S1. Confusion matrix based on linear discriminant analysis (LDA) 

of all measured soil properties. The plots with completely correct classification are 

indicated in bold. 

 

Study 
sites 

Harz Dasse
l 

Winnefel
d 

Nienove
r 

Nienbur
g 

Unterlüs
s 

Göhrd
e II 

Göhrd
e I 

Harz 5 0 0 0 0 0 0 0 
Dassel 0 5 0 0 0 0 0 0 

Winnefel
d 

0 0 4 0 0 0 0 0 

Nienover 0 0 1 5 0 0 0 0 
Nienburg 0 0 0 0 4 0 0 0 
Unterlüs

s 
0 0 0 0 1 5 1 0 

Göhrde II 0 0 0 0 0 0 4 1 
Göhrde I 0 0 0 0 0 0 0 4 

         
 

Stand 
type 

D BD B BS S    

D 5 0 0 0 0    
BD 1 6 0 0 0    
B 1 2 7 0 1    
BS 0 0 0 7 2    
S 1 0 1 1 5    

         
     

Location Nort
h 

South       

North 20 0       
South 0 20       
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Supplement Table S2. Correlation of explanatory variables to all, symbiotrophic and 

saprotrophic fungi based on envifit function. The explanatory variables soil properties (pH, 

MC: moisture, Ca: total calcium, P: total phosphorous, N: nitrogen and C/N: C/N ratio) 

and the proportion of conifers among the tree stands (Conifer_proportion) were included 

for analysis while variables C, Na, K, Mg, Fe, Mn and Al were excluded due to 

multicollinearity with exception of N, C/N and P.  

Variable All fungi SYM SAP 

 R2 p R2 p R2 p 

pH 0.3931 0.002 0.3789 0.001 0.271 0.003 
MC 0.3606 0.001 0.3944 0.001 0.4118 0.001 
C/N 0.6599 0.001 0.6524 0.001 0.6244 0.001 

N 0.1568 0.046 0.1188 0.099 0.1978 0.015 
Ca 0.5050 0.001 0.469 0.001 0.3604 0.003 
P 0.4419 0.001 0.4556 0.001 0.5204 0.001 

Conifer_proportion 0.7936 0.001 0.6701 0.001 0.7266 0.001 

 

 



123 
 

Supplement Table S3. Relative abundance (%) of soil fungal orders in tree stands of Douglas-fir (D), beech (B), spruce (S), mixture of beech with 

Douglas-fir (BD) and mixture of beech with spruce (BS). Relative abundance was determined based on the abundance of all fungal orders in each 

tree stand. Fungal orders with abundances > 1% of the total counts were included. Data indicate means (n = 3, ± SE). Differences in relative 

abundance were analyzed with GAMLSS-BEZI model (Fig. 5, Supplement Fig. S4). 

Site Harz  Dassel 

Stand type D SE BD SE B SE BS SE S SE  D SE BD SE B SE BS SE S SE 

Eurotiales 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.06  0.02 0.01 0.00 0.00 0.00 0.00 0.02 0.01 0.06 0.03 
Helotiales 0.26 0.11 0.32 0.22 1.12 0.62 0.70 0.10 0.93 0.21  2.20 0.48 2.06 0.60 1.12 0.27 1.46 0.17 4.38 1.40 

Hypocreales 0.00 0.00 0.00 0.00 0.10 0.09 0.04 0.01 0.03 0.01  0.47 0.13 0.11 0.03 0.04 0.02 0.61 0.02 0.75 0.20 
Mytilinidales 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01  0.34 0.23 0.00 0.00 0.03 0.03 0.09 0.08 0.03 0.01 

Pezizales 0.02 0.00 0.55 0.43 2.46 0.72 0.10 0.06 0.03 0.01  1.09 0.03 0.33 0.15 0.07 0.03 0.37 0.23 0.71 0.23 
Agaricales 6.53 1.16 4.65 1.32 9.50 3.25 8.29 1.49 7.23 0.58  3.28 0.28 6.37 1.49 6.61 3.35 5.52 1.15 4.32 0.98 
Atheliales 0.12 0.11 0.39 0.39 0.01 0.01 0.39 0.38 0.51 0.30  3.28 1.03 0.29 0.19 0.09 0.06 5.20 1.18 5.10 1.17 
Boletales 0.10 0.02 0.07 0.03 0.03 0.03 0.32 0.17 0.23 0.17  0.58 0.16 0.39 0.15 0.80 0.01 0.80 0.23 3.58 1.44 

Cantharellales 1.08 0.57 0.42 0.35 0.17 0.11 1.96 1.45 0.13 0.02  0.29 0.10 0.49 0.23 0.44 0.19 0.09 0.02 0.01 0.00 
Hymenochaetales 0.06 0.05 7.49 7.48 0.01 0.00 0.11 0.08 0.04 0.02  0.27 0.17 0.03 0.02 0.01 0.01 0.10 0.06 0.13 0.08 

Russulales 2.82 1.68 2.49 2.39 6.81 1.42 6.20 1.71 6.34 1.66  0.85 0.52 7.40 2.63 11.73 1.56 5.46 2.28 4.73 1.69 
Sebacinales 0.66 0.63 0.32 0.24 0.01 0.01 2.68 1.46 0.17 0.08  1.63 1.41 0.34 0.23 0.02 0.01 0.07 0.07 0.00 0.00 

Thelephorales 0.16 0.09 1.21 0.98 1.88 0.30 0.51 0.15 4.64 1.52  3.32 0.90 3.27 1.74 0.21 0.05 0.67 0.32 1.70 1.02 
Trechisporales 0.00 0.00 0.00 0.00 0.27 0.18 0.02 0.01 0.10 0.08  0.33 0.05 0.03 0.02 0.02 0.01 0.58 0.49 0.35 0.05 

Tremellales 1.21 0.57 1.28 0.72 0.34 0.11 0.75 0.32 0.37 0.13  3.18 0.92 0.91 0.11 0.81 0.23 0.42 0.10 0.56 0.16 
Mortierellales 10.65 1.00 8.10 2.63 2.69 0.21 5.19 1.09 6.19 1.54  5.54 0.36 3.32 0.51 0.50 0.13 0.75 0.26 0.81 0.13 

 Winnefeld  Nienover 

Eurotiales 0.14 0.02 0.08 0.04 0.01 0.00 0.05 0.03 0.04 0.01  0.05 0.01 0.03 0.00 0.10 0.06 0.02 0.00 0.06 0.02 
Helotiales 2.42 0.27 2.58 0.15 1.79 0.21 2.67 0.20 2.27 0.44  2.86 0.51 2.33 0.23 2.89 0.75 2.46 0.54 2.67 0.17 

Hypocreales 1.19 0.08 0.97 0.23 0.63 0.07 2.05 0.86 0.85 0.08  2.60 1.08 0.68 0.07 0.47 0.03 0.90 0.06 0.90 0.19 
Mytilinidales 0.02 0.01 0.25 0.13 0.87 0.40 0.03 0.01 0.30 0.01  0.30 0.19 0.49 0.34 0.42 0.25 0.58 0.28 0.06 0.01 

Pezizales 1.38 0.20 2.57 0.38 0.97 0.11 0.17 0.02 0.90 0.19  3.29 1.22 3.26 0.90 0.32 0.10 0.19 0.05 0.70 0.54 
Agaricales 6.77 3.38 3.62 0.43 4.77 0.70 8.72 3.51 3.74 1.26  1.01 0.31 4.33 0.33 4.59 0.63 5.37 1.59 5.89 1.96 
Atheliales 2.73 0.23 0.69 0.37 0.02 0.01 2.43 0.78 1.83 0.44  5.15 1.35 2.82 2.48 0.24 0.14 2.80 0.21 6.67 1.62 
Boletales 0.18 0.03 0.44 0.35 0.99 0.40 0.51 0.15 0.58 0.21  0.10 0.03 0.20 0.09 0.37 0.15 0.77 0.28 0.34 0.03 

Cantharellales 0.02 0.01 0.03 0.01 1.11 0.64 0.03 0.01 0.04 0.02  0.19 0.17 0.95 0.78 0.21 0.16 0.54 0.36 3.39 3.38 
Hymenochaetales 3.01 2.44 0.03 0.02 0.01 0.00 0.03 0.02 0.08 0.04  4.09 3.64 0.53 0.25 0.02 0.01 0.05 0.03 0.10 0.07 

Russulales 5.04 1.53 6.20 2.75 5.17 0.74 5.37 1.24 8.44 3.60  2.44 0.99 5.92 2.38 10.11 4.05 10.04 0.57 4.75 3.12 
Sebacinales 0.52 0.23 0.10 0.08 0.08 0.07 0.15 0.07 1.13 0.55  0.36 0.13 0.03 0.01 0.07 0.06 1.04 1.01 0.61 0.31 

Thelephorales 0.77 0.12 1.66 1.05 1.02 0.42 0.37 0.20 1.98 1.11  2.35 1.58 2.04 1.71 1.05 0.65 0.26 0.16 0.63 0.22 
Trechisporales 0.93 0.20 5.00 2.84 0.40 0.07 0.82 0.28 3.49 0.15  2.89 1.85 1.14 0.60 0.76 0.20 0.20 0.09 1.18 0.49 

Tremellales 1.65 0.02 0.85 0.15 0.42 0.13 0.67 0.25 0.48 0.05  0.77 0.22 1.00 0.26 0.33 0.07 0.72 0.16 0.62 0.05 
Mortierellales 1.78 0.19 2.72 0.25 0.81 0.10 0.88 0.16 2.74 0.14  0.71 0.17 1.79 0.31 1.16 0.17 1.24 0.32 0.89 0.36 
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Continuation of Supplement Table S3. 

Site Nienburg  Unterlüss 

Stand type D SE BD SE B SE BS SE S SE  D SE BD SE B SE BS SE S SE 

Eurotiales 1.04 0.25 0.75 0.29 0.06 0.01 0.16 0.05 0.62 0.51  0.65 0.18 1.52 0.81 1.89 1.57 5.06 1.69 2.16 0.74 
Helotiales 3.43 0.92 2.16 0.60 2.59 0.20 2.08 0.25 2.32 0.53  3.40 0.43 6.47 2.59 2.44 0.47 2.28 0.36 4.47 0.28 

Hypocreales 3.22 0.87 1.29 0.43 0.96 0.17 0.95 0.21 2.78 0.44  2.10 0.23 1.00 0.21 1.33 0.10 1.71 0.19 1.04 0.18 
Mytilinidales 0.24 0.10 1.03 0.29 0.63 0.20 2.20 0.92 0.74 0.40  0.15 0.01 0.32 0.19 0.37 0.19 1.75 0.77 2.76 1.00 

Pezizales 0.41 0.22 0.20 0.07 0.04 0.01 0.03 0.02 0.46 0.07  2.18 0.42 0.34 0.17 0.19 0.06 0.03 0.03 0.04 0.03 
Agaricales 3.09 0.44 4.50 1.41 7.13 0.21 8.15 1.96 6.47 1.99  2.22 0.76 3.20 0.17 5.07 1.68 5.08 0.16 3.81 0.64 
Atheliales 0.12 0.12 0.04 0.03 1.21 0.37 2.03 0.66 2.46 0.72  0.54 0.45 1.34 0.93 1.93 1.83 2.46 1.20 2.07 0.54 
Boletales 0.19 0.12 1.59 0.66 1.62 0.17 0.83 0.19 0.57 0.18  0.17 0.10 1.36 0.50 0.90 0.27 0.43 0.11 0.42 0.15 

Cantharellales 0.65 0.43 2.54 2.52 0.11 0.02 0.04 0.03 0.02 0.01  0.23 0.12 0.03 0.02 0.06 0.03 1.97 1.95 2.67 0.67 
Hymenochaetales 0.47 0.24 1.22 1.17 0.03 0.01 0.28 0.27 0.15 0.05  0.05 0.02 0.06 0.03 0.01 0.00 0.18 0.08 0.37 0.31 

Russulales 6.62 1.35 3.09 0.40 6.86 0.94 5.97 2.01 2.49 1.50  1.67 1.00 4.29 1.08 3.30 0.29 5.21 0.40 4.30 0.24 
Sebacinales 0.10 0.09 1.05 0.82 0.53 0.22 0.44 0.17 0.36 0.20  0.09 0.03 0.15 0.07 0.20 0.12 0.07 0.02 0.20 0.01 

Thelephorales 0.72 0.62 1.62 0.32 1.36 0.74 1.47 0.35 1.39 0.33  0.10 0.05 0.73 0.23 0.75 0.46 0.09 0.03 0.43 0.17 
Trechisporales 1.38 0.07 0.29 0.08 0.86 0.49 1.58 1.36 1.17 0.66  0.42 0.14 0.94 0.33 0.26 0.10 0.12 0.03 0.10 0.07 

Tremellales 1.72 0.15 0.62 0.03 0.60 0.15 0.59 0.11 1.06 0.47  1.26 0.21 1.05 0.33 0.28 0.07 0.28 0.06 0.03 0.01 
Mortierellales 1.04 0.28 1.43 0.07 1.07 0.20 0.58 0.17 3.55 0.73  7.45 0.87 1.41 0.49 2.31 0.56 0.73 0.24 0.61 0.27 

 Göhrde II  Göhrde I 

Eurotiales 0.74 0.19 0.91 0.37 0.70 0.58 1.09 0.35 0.62 0.19  0.26 0.06 0.09 0.02 0.96 0.26 0.46 0.15 0.87 0.24 
Helotiales 3.14 0.56 3.47 0.33 3.59 1.33 1.59 0.12 2.59 0.35  5.08 1.28 3.36 0.48 2.75 0.20 2.43 0.14 3.03 0.20 

Hypocreales 0.74 0.20 0.84 0.16 2.78 1.92 1.07 0.09 1.16 0.05  1.70 0.25 1.33 0.26 1.34 0.31 1.06 0.20 0.83 0.15 
Mytilinidales 0.14 0.02 1.47 0.24 1.94 0.91 1.35 0.17 1.26 0.18  0.18 0.10 0.06 0.02 1.42 0.30 2.10 0.37 1.76 0.22 

Pezizales 0.01 0.01 0.01 0.00 0.03 0.03 0.01 0.01 0.00 0.00  0.14 0.02 0.25 0.06 0.25 0.13 0.06 0.04 0.02 0.01 
Agaricales 0.98 0.37 4.86 1.96 3.03 1.46 4.06 0.88 2.97 0.75  4.81 2.46 6.98 1.58 5.61 1.21 4.07 2.52 2.98 0.67 
Atheliales 0.34 0.18 1.00 0.50 0.94 0.94 3.74 0.95 7.20 0.96  0.17 0.16 0.01 0.00 0.01 0.00 1.42 0.39 1.61 0.17 
Boletales 0.50 0.16 0.75 0.37 0.25 0.17 0.70 0.17 0.59 0.18  0.54 0.02 0.35 0.12 2.68 0.82 5.00 3.18 0.83 0.15 

Cantharellales 0.01 0.00 0.01 0.00 0.07 0.04 0.16 0.14 0.33 0.33  0.05 0.00 0.19 0.07 0.15 0.06 0.10 0.09 0.10 0.07 
Hymenochaetales 0.07 0.02 0.03 0.01 0.01 0.00 0.03 0.00 0.10 0.06  0.15 0.07 0.97 0.95 0.02 0.00 0.09 0.05 0.03 0.01 

Russulales 18.39 1.60 11.58 0.68 7.48 3.08 12.18 1.09 7.61 0.83  4.16 1.96 3.66 1.91 5.80 2.04 3.85 1.58 8.95 0.97 
Sebacinales 0.10 0.03 0.20 0.04 0.00 0.00 0.01 0.00 0.04 0.00  0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Thelephorales 0.13 0.08 0.28 0.15 3.18 1.62 0.06 0.01 0.08 0.03  0.02 0.01 0.46 0.35 0.19 0.07 0.20 0.10 0.46 0.16 
Trechisporales 0.04 0.00 0.10 0.08 0.07 0.03 0.19 0.09 0.23 0.14  0.69 0.23 1.40 0.80 0.59 0.29 0.14 0.08 1.05 0.40 

Tremellales 0.94 0.07 0.91 0.31 0.49 0.09 0.38 0.04 0.22 0.03  4.10 0.68 3.27 0.27 0.79 0.23 0.64 0.08 1.57 0.07 
Mortierellales 0.72 0.10 1.35 0.48 1.08 0.27 0.91 0.07 0.47 0.13  2.01 0.35 1.80 0.34 2.70 0.20 1.47 1.32 0.47 0.08 
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Supplement Table S4. Relative abundance of soil fungal orders in pure (European 

beech; Douglas-fir; Spruce) and mixed (European beech with Douglas-fir; European 

beech with Spruce) tree stands.  Relative abundance compiled out of total abundance 

(1,640,160 reads) comprising all orders.  

 
Order (> 1 %)  RA (%) Order (0.003 % - 0.005 %) RA (%) Order (< 0.003 %) RA (%) 

Russulales 18.43 Dacrymycetales 0.042 Annulatascales 0.0029 
Agaricales 15.01 Erysiphales 0.037 Umbilicariales 0.0028 
Helotiales 7.66 GS20 0.036 Jaapiales 0.0025 

Mortierellales 6.87 Filobasidiales 0.036 Mucoromycotina 0.0022 
Atheliales 5.36 Leucosporidiales 0.035 Exobasidiales 0.0019 

Thelephorales 3.26 Geoglossales 0.035 Pachnocybales 0.0017 
Hypocreales 3.20 Microbotryomycetes 0.034 Diversisporales 0.0016 
Tremellales 2.86 Orbiliales 0.034 Phaeomoniellales 0.0016 

Boletales 2.37 Agaricomycetes 0.032 GS37 0.0015 
Trechisporales 2.26 Glomerellales 0.025 Urocystidales 0.0015 
Mytilinidales 1.93 Rhizophydiales 0.024 Erythrobasidiales 0.0014 

Pezizales 1.81 Spizellomycetales 0.024 Malasseziales 0.0014 
Eurotiales 1.60 Phacidiales 0.022 GS07 0.0013 

Cantharellales 1.58 Endogonales 0.0182 Pleurotheciales 0.0013 
Hymenochaetales 1.54 Basidiobolales 0.0182 GS23 0.0012 

Sebacinales 1.02 Glomerales 0.0181 GS03 0.0012 
  Corticiales 0.0170 Lecanorales 0.0012 

Order (0.05 % - 1 %) RA (%) Tremellodendropsidales 0.0145 Ustilaginales 0.0008 
  Mytilinidiales 0.0143 Archaeosporales 0.0007 

Chaetothyriales 0.872 Kriegeriales 0.0137 Calcarisporiellales 0.0007 
Auriculariales 0.829 Kickxellales 0.0135 Dothideomycetes 0.0007 
Pleosporales 0.602 Onygenales 0.0134 GS09 0.0007 
Polyporales 0.406 Atractiellales 0.0132 Georgefischeriales 0.0006 

Archaeorhizomycetales 0.392 GS04 0.0130 Gigasporales 0.0005 
Sordariales 0.366 Cystofilobasidiales 0.0109 Microbotryales 0.0005 
Mucorales 0.353 Myrmecridiales 0.0098 Peltigerales 0.0005 

Trichosporonales 0.327 Diaporthales 0.0096 Taphrinales 0.0005 
Umbelopsidales 0.293 Ostropales 0.0084 GS06 0.0005 

Geastrales 0.242 GS34 0.0079 Olpidiales 0.0005 
Xylariales 0.215 Coniochaetales 0.0070 Lulworthiales 0.0004 

Capnodiales 0.201 GS05 0.0068 Amylocorticiales 0.0004 
Chaetosphaeriales 0.197 Dothideales 0.0059 Sclerococcales 0.0003 

Zoopagales 0.168 GS21 0.0056 Barbatosporales 0.0002 
Venturiales 0.144 Microascales 0.0053 Caliciales 0.0002 

Sporidiobolales 0.133 Candelariales 0.0050 Coryneliales 0.0002 
GS22 0.125 Lobulomycetales 0.0050 Incertae 0.0001 

Rhytismatales 0.104 Ophiostomatales 0.0048 Teloschistales 0.0001 
Saccharomycetales 0.093 Hysterangiales 0.0046 Harpellales 0.0001 

Phallales 0.090 Acarosporales 0.0042 Platygloeales 0.0001 
Pezizomycotina 0.058 Pyxidiophorales 0.0038   

GS11 0.053 Hysteriales 0.0037   
Thelebolales 0.051 Chytridiales 0.0035   

  Tubeufiales 0.0030   
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Supplement Fig S1. Rarefaction curves for soil fungal OTUs. Curves show three 

replicates per plot in beech (B), spruce (S), and Douglas-fir (D) stands and mixture of 

beech with Douglas-fir (BD) and mixture of beech with spruce (S) according to study sites 

(Harz, Dassel, Winnefeld, Nienover, Nienburg, Unterlüss, Göhrde I and II. 
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Supplement Fig. S2. Relative abundance of symbiotrophic (SYM), saprotrophic (SAP), 

pathotrophic (PAT), others and unidentified (unknown) fungi in soil of the study sites Harz, 

Dassel, Winnefeld, Nienover, Nienburg, Unterlüss, Göhrde II and Göhrde I in different 

tree stands of Douglas-fir (D), beech (B), spruce (S), mixture of beech with Douglas-fir 

(BD) and mixture of beech with spruce (BS). Other fungi are all fungi for which no clear 

guild annotation was obtained. Unknown fungi lack phylogenetic information. Data show 

means (n = 3 per site and stand). 
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Supplement Fig. S3. Relative abundance of abundant fungal orders (>1 %) among the 

different study sites of Harz, Dassel, Winnefeld, Nienover, Nienburg, Unterlüss, Göhrde 

II and Göhrde I in different tree stands of Douglas-fir (D), beech (B), spruce (S), mixture 

of beech with Douglas-fir (BD) and mixture of beech with spruce (BS). Orders are 

arranged according to phyla Ascomycota (blue), Basidiomycota (pink to violet) and 

Mortierellomycota (dark cyan). Other fungi represent the sum of all fungi with abundances 

< 1% per order. Unknown fungi lack phylogenetic information. Data show means (n = 3 

per site and stand). 
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Supplement Fig S4. Changes in the relative abundance of fungal orders in conifer and 

mixed stands: (a) spruce/Douglas-fir, (b) beech-spruce/beech-Douglas-fir. Data are 

shown as log ratio of odds (log(OR)). Green cells (negative values) indicate enrichment 

of a fungal order in Douglas-fir and beech-Douglas-fir forests and blue (positive values) 

indicate enrichment in spruce and beech-spruce forests. Significant differences at p ≤ 

0.05 (GAMLSS model with BEZI family, n = 4 for the fungal orders in stands in the north 

and south location, n = 8 for the pooled data) are indicated with stars (* p < 0.05, ** p < 

0.01). Significant orders are highlighted in blue.  
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CHAPTER 5: GENERAL DISCUSSION 

 

5.1. General overview and conclusions  

In this thesis, the factors contributing to seasonal fine root trajectories in European 

beech dominated stands along climatic and soil fertility gradients are highlighted. This 

thesis also highlights the impact of tree species composition on soil fungi in pure and 

mixed beech-conifer tree stands (Fig. 5.1).  

 

Figure 5.1. Schematic diagram illustrating the synopsis of this thesis. The green arrows show 
the study on the impact of mixing beech with either Douglas-fir or Norway spruce on soil fungal 
composition while the brown arrows portray the study on seasonal trends of root biomass and 
fungi in pure beech stands. The question marks indicate research questions to be investigated 
in future.     

In this thesis, the first goal was to determine which factors influence seasonal patterns 

of fine root biomass in beech dominated stands on sites that differ in climate and soil 

P content. Addressing this goal, the present results highlighted that beech fine root 

biomass seasonal trends are variable depending on the site. For example, at the P-

low site, root biomass was higher in spring than fall, contrary to what was observed at 

the P-high site (both organic layer and mineral soil). In this thesis, it has been shown 

that climate explained a higher portion of variance of fine root biomass in the mineral 
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soil than in the organic layer, whereas soil water content explained a higher portion of 

root biomass variation in the organic layer (i.e. ~2 times more in organic layer that 

mineral soil). Soil moisture has been elaborated as the key factor affecting root 

biomass and turnover (Gill and Jackson, 2000; Leuschner and Hertel, 2003). Root 

biomass patterns were studied in pure and mixed beech-conifer tree stands by Lwila 

et al. (2021). They showed that root biomass at the dry and poor nutrient was higher 

than at the humid and nutrient-rich region, irrespective of the tree stand type but 

significant differences were only detected for pure beech stands: root biomass was 

nearly twice greater in nutrient poor and dry region than in the humid and nutrient-rich 

region (Lwila et al. 2021).  Although the study by Lwila et al. (2021) was only done in 

spring, it reflects the findings in this thesis that root biomass is driven by differences in 

climate factors and nutrients. Considering that the organic layer is important for tree 

nutrition, especially on sites limited with P (Lang et al. 2017; Clausing and Polle, 2020), 

fine root biomass may be severely impacted by limited water content. The results on 

beech response to nutrients and climate in this thesis and the study by Lwila et al. 

(2021) are particularly important because they show beech root system plasticity in 

response to nutrients and climate factors. These findings are important for 

understanding beech adaptation to changing environmental conditions, contributing to 

information on sustainable forest management.  

In addition, mycobiomes are important for organic matter decomposition, release of 

mineral nutrients and nutrient uptake by trees (Baldrian, 2017; Brundrett and 

Tedersoo, 2018). This thesis provided insights on the impact of shifts in P and N 

nutrition on ectomycorrhizal fungi (EMF), which support tree nutrition (Clausing et al. 

2021). The results from this study show that EMF composition, richness and diversity 

were not affected by nutrient inputs, an indication of relative stability of EMF 

communities to moderate nutrient input, as also shown for N deposition by Lilleskov 

et al. (2019). Therefore, beech trees can still rely on symbiotic associations with EMF 

to enhance nutrient uptake and tree productivity. The insights gained from 

collaborative research in this thesis (Clausing et al. 2021) showed that EMF of the 

orders Russulales were negatively and Boletales positively impacted by P and P+N 

additions in the mineral soil in fall, implying that fungal structures are influenced by 

nutrient dynamics. Whether the seasonal effects of root biomass, soil and root 

associated fungi elucidated in this thesis can be extrapolated to conifer stands needs 
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investigation in future (question marks in Fig. 5.1). Given various factors such as litter 

input, litter quality and root exudation which impact microbial communities (Stoutjesdijk 

and Barkman, 1992; Augusto et al., 2002), it is likely that seasonal patterns in root 

biomass and fungal assemblages along climate and nutrient gradients in conifers will 

be different from what has been found in the pure beech tree stands in this thesis. 

Moreover, nutrients such as P and N showed a general pattern of being higher in 

spring than fall. Studies (Netzer et al. 2017; Zavišić and Polle, 2018) also support P 

mobilization from stem and root in spring to support leaf flushing. Therefore, all these 

changes in nutrient cycling and litter input may show different patterns in root biomass 

and fungal composition in conifers or mixed beech-conifer stands, hence the need for 

future investigation (Fig. 5.1).   

In this thesis, the further goal addressed the impact of mixing beech with non-native 

(Douglas-fir) and native (Norway spruce) conifers on soil fungi (Likulunga et al. 2021). 

The inclusion of Douglas-fir in this study was important because this tree species has 

been planted in Germany since 1820s (Booth,1877; Knoerzer and Reif, 2002), yet its 

impact on native soil fungal communities is unknown. Moreover, concerns about 

negative effects of non-native Douglas-fir on local diversity are discussed (Schmid et 

al. 2014).  The study (Likulunga et al. 2021) in this thesis showed that Douglas-fir can 

accommodate local soil fungal communities, i.e. similar assemblages as native 

spruce. In this thesis, it has also been shown in agreement with other studies (Pena 

et al. 2017; Asplund et al. 2019) that conifers form fungal communities different from 

beech. This finding reinforces the previous conclusion from the first and second thesis 

goals that seasonal changes in root biomass and fungal composition may differ in 

conifers. The results from this thesis (Likulunga et al. 2021) further indicated a 

reduction in abundance of symbiotrophs in Douglas-fir and mixed beech-Douglas-fir 

tree stands. Whether the reduction in abundance of symbiotrophs translates into 

negative effects on forest ecosystem functions resulting in less nutrient coupling 

between soil and plants needs investigation. Positive effects such as an enhancement 

in nutrient cycling and provision to the trees without mycorrhizal intervention may also 

be envisaged. Further, it should be noted that here fungal communities were only 

studied in the upper 10 cm depth after removal of non-decomposed litter (leaves, 

twigs, etc.) (Likulunga et al. 2021). Considering the different rooting patterns of beech 

and conifers (flat root system in conifers than beech), different type of litter input (i.e. 
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conifers have lower foliar nutrients of P, N, K, Ca and Mg: Augusto et al. 2002; Augusto 

et al. 2015) and variation of fungal composition in litter, humus and mineral soil 

(Asplund et al. 2019, Khokon et al. 2021), it is likely that conifers and beech-conifers 

will portray different fungal structures, a suggestion that requires further investigation. 

Moreover, we found that in pure beech stands, fungal communities in organic layer 

and mineral soil were distinct (Clausing et al. 2021). The strong stratification of fungal 

communities between the organic layer and mineral soil has also been demonstrated 

across large-scale biogeographic regions in Germany stocked with beech, spruce and 

other tree species (Khokon et al. 2021). In addition, soil nutrients are impacted by 

season as demonstrated from the study in this thesis (Clausing et al. 2021) (generally 

high P and N in spring than fall) and therefore, may influence seasonal shifts in fungal 

assemblages in conifers and beech-conifer mixed stands. Whether conifer stands, in 

which needle litter is shed throughout the year (Portillo-Estrada et al. 2013; Fu et al. 

2017), show different seasonal patterns of fungal communities than beech forests 

needs to be investigated (Fig. 5.1).  
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