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Es gibt nichts praktischeres als eine gute Theorie. 
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Abstract 

In the present work, a form of symbiosis between fungi and plant roots, the so-called 

ectomycorrhiza, is investigated. In this system, water and nutrients are transferred from the 

fungus partner to the plant roots and in return, carbon in the form of sugars is transferred from 

the plant root to the fungal mycelium. Thus, the absorption capacity of the root system is 

increased and the carbon supply of the heterotrophic fungi is provided. Ectomycorrhizas are 

mainly found in association with woody plants in temperate and boreal climate zones. 

The forests of these zones are threatened by climate change, especially by severe summer 

drought. Ectomycorrhizae can mobilize nutrients in the soil and access pore water, which 

would not be possible for tree roots without ectomycorrhizae. They are therefore of great 

importance for the ability of trees to survive drought and recover afterwards. This dissertation 

examines how ectomycorrhizae react to drought. It is not only important to characterize 

processes during a dry period, but also to observe the recovery phase after a dry period, 

because recovery is the decisive factor in determining whether an ecosystem can return to its 

original state after a disturbance. In this dissertation three important questions are examined 

on different experimental scales on the basis of two functional properties of ectomycorrhizae 

(nutrient mobilisation and soil exploration) which are expected to improve the understanding 

of the effects of summer drought on the ectomycorrhizal fungal community of different tree 

species. 

1st What is the influence of summer drought on the ectomycorrhiza community? 

It was found that the allocation of carbon from recent photosynthesis in ectomycorrhizae 

was greatly reduced. However, a carbon limitation of ectomycorrhizae was unlikely. The 

species community of fungi changed towards drought tolerant species. The relative 

proportion of mycorrhizal fungi, which are able to transport water over distances of several 

decimetres, increased. The potential for nutrient mobilisation remained remarkably stable and 

even increased slightly, although this qualitative stability could not compensate for 

quantitative losses of vital ectomycorrhiza due to drought. Nevertheless, the observed 

adaptation could be decisive in determining whether or not a forest ecosystem succumbs to 

drought. 
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2nd What is the influence of the respecitve tree species Fagus sylvatica (European beech) 

and Picea abies (Norway spruce) and their mixture on the ectomycorrhizal fungal community 

under repeated, severe summer drought? 

The mixture itself changed the localisation of fine root production, with the fine roots of 

Norway spruce growing upwards and the fine roots of European beech shifting downwards. 

This effect was enhanced by drought. The decline in diversity of the ectomycorrhizal fungal 

community due to repeated summer drought was less pronounced in the mixed stand than in 

the respective pure stands. This increased the potential for recovery after drought. With regard 

to soil exploration and nutrient mobilisation, there were no clear effects between the two tree 

species and the mixture. 

3rd What is the influence of nutrient ratios on the recovery phase after the end of drought? 

One week after rewatering, a strongly increased carbon allocation from recent 

photosynthates was observed. This effect was reduced more by nitrogen fertilisation and less 

by phosphorus fertilisation. A comparable assimilation rate between recovering and control 

plants suggested a sink control of this carbon flux. As already during drought, increased 

potential for nutrient mobilisation and a relatively high proportion of mycorrhizal fungi 

capable of transporting water over long distances were found during the recovery phase. 

The results of this work contribute to the mechanistic understanding of drought stress 

regulation in ectomycorrhizal fungal communities. There has been a shift in the 

ectomycorrhizal fungal community towards a higher proportion of long-distance exploration 

types. At the functional level, qualitative stability could not compensate for quantitative losses. 

The sink control of the allocation of carbon from recent photosynthates seems to be a general 

principle on different experimental scales. 
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Zusammenfassung 

Ektomykorrhiza ist eine Form der Symbiose zwischen Pilzen und Pflanzenwurzeln. 

Hierbei werden Wasser und Nährstoffe vom Pilzpartner an die Pflanzenwurzeln abgegeben, 

und im Gegenzug wird Kohlenstoff in der Form von Zuckern von der Pflanzenwurzel an das 

Pilzmyzel abgegeben. Somit wird die Absorptionsleistung des Wurzelsystems erhöht und die 

Kohlenstoffversorgung der heterotrophen Pilze gewährleistet. Ektomykorrhizen sind 

hauptsächlich an holzigen Gewächsen in temperatem und borealem Klima zu finden. 

Die Wälder dieser Zonen sind vom Klimawandel, besonders von starker 

Sommertrockenheit bedroht. Ektomykorrhizen können im Boden Nährstoffe mobilisieren und 

auf Porenwasser zugreifen, was für Baumwurzeln ohne Ektomykorrhizen nicht möglich wäre. 

Sie sind deshalb von großer Bedeutung für die Fähigkeit der Bäume, Trockenheit zu überleben 

und sich danach wieder zu erholen. Bei Untersuchungen wie Ektomykorrhizen auf 

Trockenheit reagieren ist es nicht nur wichtig Prozesse während einer Trockenperiode zu 

charakterisieren, sondern auch die Erholungsphase nach einer Trockenperiode zu beobachten. 

Denn die Erholung gibt letztendlich den Ausschlag, ob ein Ökosystem nach einer Störung in 

seinen ursprünglichen Zustand zurückkehren kann. In der vorliegenden Dissertation werden 

auf verschiedenen experimentellen Skalen anhand zweier funktioneller Eigenschaften von 

Ektomykorrhizen (Nährstoffmobilisation und Bodenexploration) drei wichtige Fragen 

betrachtet, welche das Verständnis der Effekte von Sommertrockenheit auf die 

Ektomykorrhiza-Gemeinschaft verschiedener Baumarten verbessern sollen. 

1. Welchen Einfluss hat Sommertrockenheit auf die Ektomykorrhiza-Gemeinschaft? 

Es zeigte sich, dass die Allokation von Kohlenstoff aus der aktuellen Photosynthese in 

Ektomykorrhizen stark verringert war. Eine Kohlenstofflimitierung der Ektomykorrhizen war 

jedoch unwahrscheinlich. Die Artgemeinschaft der Pilze veränderte sich in Richtung 

trockenheitstoleranter Arten. Dabei nahm der relative Anteil von Mykorrhizapilzen zu, die in 

der Lage sind, Wasser über Distanzen von mehreren Dezimetern zu transportieren. Das 

Potential zur Nährstoffmobilisation blieb bemerkenswert stabil und nahm sogar leicht zu, 

wobei diese qualitative Stabilität den quantitativen Verlust vitaler Ektomykorrhizen durch 

Trockenheit nicht kompensieren konnte. Trotzdem könnte die beobachtete Anpassung 

entscheidend dafür sein, ob ein Waldökosystem der Trockenheit erliegt oder nicht. 
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2. Welchen Einfluss haben die Baumarten Fagus sylvatica (Rotbuche) und Picea abies 

(Gemeine Fichte) und deren Mischung auf die Ektomykorrhiza-Gemeinschaft unter 

wiederholter, starker Sommertrockenheit? 

Die Mischung an sich veränderte die Lokalisation der Feinwurzelproduktion, wobei die 

Feinwurzeln der Fichte sich nach oben und die der Buche sich nach unten verlagerten. Dieser 

Effekt wurde durch Trockenheit noch verstärkt. Der durch wiederholte Sommertrockenheit 

bedingte Rückgang der Diversität der Ektomykorrhiza-Gemeinschaft war im Mischbestand 

weniger ausgeprägt, als in den jeweiligen Reinbeständen. Dadurch wurde das Potential zur 

Erholung nach einer Trockenperiode erhöht. Im Gegensatz dazu zeigten sich hinsichtlich 

Bodenexploration und Nährstoffmobilisation zwischen den beiden Baumarten und der 

Mischung keine eindeutigen Effekte. 

3. Welchen Einfluss haben Nährstoffverhältnisse auf die Erholungsphase nach 

Beendigung der Trockenheit? 

Eine Woche nach Wiederbewässerung zeigte sich eine stark erhöhte 

Kohlenstoffallokation aus aktuellen Photosyntheseprodukten zu den überlebenden 

Ektomykorrhizen. Dieser Effekt wurde durch Stickstoffdüngung mehr und durch 

Phosphordüngung weniger stark reduziert. Eine vergleichbare Assimilationsleistung 

zwischen sich erholenden und Kontrollpflanzen legte eine Senkensteuerung dieses 

Kohlenstoffflusses nahe. Wie schon während der Trockenheit, zeigte sich auch während der 

Erholungsphase ein erhöhtes Potential zur Nährstoffmobilisierung und ein relativ hoher 

Anteil an Mykorrhizapilzen, die zu Langstreckentransport von Wasser fähig sind. 

Die Ergebnisse dieser Arbeit leisten einen Beitrag zum mechanistischen Verständnis der 

Trockenstressregulation in Ektomykorrhiza-Gemeinschaften. Es fand eine Verschiebung der 

Ektomykorrhiza-Artgemeinschaft hin zu einem höheren Anteil an Langstrecken 

Explorationstypen statt. Auf funktioneller Ebene konnte die qualitative Stabilität nicht die 

quantitativen Verluste ausgleichen. Die Senkensteuerung der Allokation von Kohlenstoff aus 

aktuellen Photosyntheseprodukten scheint ein generelles Prinzip auf verschiedenen 

experimentellen Skalen zu sein.  
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1 Introduction 

Models of future climate scenarios predict warmer and drier summers and more 

variability in precipitation for the northern hemisphere (Meehl & Tebaldi 2004; Field 2012). 

These scenarios result in short, repeated, very dry periods. Thus, research on the effects of 

drought is an important issue. Trees and forests are ecologically and economically important 

by providing multiple ecosystem services, but are endangered by this climate change-type 

drought (Dale et al. 2001; Carnicer et al. 2011; Young et al. 2017). For example, they are 

important carbon sinks (Goodale et al. 2002; Pan et al. 2011), diverse ecosystems, sources for 

timber and drinking water (Núñez et al. 2006) and they serve recreational purposes (Weyland 

& Laterra 2014). Most temperate and boreal forest tree species are associated with 

ectomycorrhizal (ECM) fungi (Courty et al. 2010a). DNA sequences of more than 100 ECM 

fungal species can be found in a single forest stand (Jumpponen et al. 2010; Hui et al. 2011). 

ECM fungi ensheath fine roots of trees, forming ectomycorrhizae which are most efficient 

organs for water and nutrient uptake by soil exploration via emanating hyphae with ECM 

fungal species-specific properties. For example, they mobilise nitrogen (N) and phosphorus 

(P) by mineral weathering (Hoffland et al. 2004; van Schöll et al. 2008) and enzymatic processes 

(Pritsch & Garbaye 2011). Roots alone mostly are not able to perform these functions with the 

same efficiency. Therefore, ectomycorrhizae are integral parts of trees and forest ecosystems, 

adding numerous functions to root tips of individual trees. However, they are sensitive to 

changes in soil water content as experienced by drought (Swaty et al. 2004; Richard et al. 2011) 

and may thus play a decisive role whether trees succumb to climate change or not. Some 

ectomycorrhizae are also sensitive to anthropogenic soil nutrient additions such as 

atmospheric N-deposition or mineral fertilisation in short rotation forestry, reducing 

mycorrhization rate and ECM fungal diversity (Baum & Makeschin 2000; Lucas & Casper 

2008). The available data strongly suggest that ectomycorrhizae play an important role in how 

forests survive climate change. Therefore, the present thesis investigates the influence of 

drought on functional traits of ectomycorrhizae and as a side aspect, how they are influenced 

by nutrient availability. 
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1.1 Role of mycorrhizae in ecosystems 

Mycorrhizae are symbiotic associations between roots of a vascular plant and a fungus 

(Smith & Read 2007). The term derives from Greek μυκός mykós, “fungus”, and ῥίζα rhiza, 

“root”. So, they are literally fungus-roots and in fact, these are the organs by which plants 

acquire water and nutrients, forming the interface between plants and soil (Smith & Read 

2007). 

To develop exchange processes, both partners should have an excess of a good to trade 

it in for a limiting resource. The first land plants had a surplus of C, but not yet a functional 

root system to acquire nutrients which are less available in oxidative soils than in aquatic 

surroundings (Gryndler 1992). Fungi, on the other hand developed mechanisms to obtain 

these nutrients, as pointed out above. However, they depend on an external C source as they 

are not autotroph. 

During evolution of mycorrhizal associations, several types of mycorrhizae have 

established. In recent ecosystems, the most important ones are arbuscular mycorrhizae, 

ectomycorrhizae, ericoid mycorrhizae and orchid mycorrhizae. About 80% of all land plants 

all over the globe are associated with arbuscular mycorrhizal fungi (Trappe 1987) belonging 

to the Glomeromycota (Schüβler et al. 2001), whereas ectomycorrhizae are dominant in 

temperate forest ecosystems (Tedersoo et al. 2014) occurring mainly on woody species in some 

families of gymnosperms, dicotyledons and one monocotyledon genus (Brundrett 2002) and 

are characterised by an enormous fungal diversity of > 6000 species. Orchid and ericoid 

mycorrhizae only occur in Orchidaceae and Ericaceae, respectively (Smith & Read 2007). 

Mycorrhizae benefit plants in numerous ways. They increase plant nutrient supply by 

extending the accessible soil volume and by mobilising nutrients that would not be available 

to plants without mycorrhizae (Schweiger et al. 1995; Kahiluoto & Vestberg 1998). Further, 

they provide non-nutritional benefits to the extent that they can protect roots from parasitic 

fungi and nematodes (Little & Maun 1996; Cordier et al. 1998; Morin et al. 1999), induce changes 

in plant water relations, phytohormone levels, photosynthesis, etc. (Brundrett 1991). This can 

result in higher yields and/or reproductive success of mycorrhizal plants (Stanley et al. 1993). 

Additionally, C transfer between plants via networks of mycorrhizal mycelia has been 

observed (Simard et al. 1997) which may facilitate establishments of seedlings or growth of 

understorey vegetation shaded by dominant plants (Högberg et al. 1999) and thus stabilising 
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and diversifying ecosystems. At ecosystem level, mycorrhizae play an important role in 

nutrient cycling (Read & Perez-Moreno 2003), they are food sources for soil faunal organisms 

(Setälä 1995), and influence soil microbial populations in the mycorrhizosphere (Pion et al. 

2013). Moreover, mycorrhizal soil hyphae are considered to contribute to soil structure 

(Griffiths et al. 1994; Rillig 2004) and play a major role in below-ground C sequestration 

(Clemmensen et al. 2013). 

The present work focuses on ectomycorrhizal associations which are dominant on the 

tree species studied here. Phylogenetic research shows that ECM associations have developed 

at least eight times independently in different lineages of the Basidio- and Ascomycota 

(Hibbett & Matheny 2009; Tedersoo et al. 2012; Burke et al. 2014). Fossil records of 

ectomycorrhizae have been found from the Middle Eocene (ca. 50 Ma ago) (LePage et al. 1997), 

but molecular clock analyses indicate that the origin of ectomycorrhizae may be about 105 Ma 

ago (Hibbett & Matheny 2009). Literally, ectomycorrhiza means “external fungus-root”, 

reflecting their morphology: Hyphae of ECM fungi form a hyphal mantle around young 

primary fine roots of their host plants, constituting a functional extension of the root system 

into the soil thus being influenced by the two “environments” plant and soil. 

Trees have a wide variety of practical and commercial uses. Two common use practices 

are commercial timberland and agroforestry. In commercial timberland, traditionally 

monocultures were planted. However, it has been shown that mixed species stands often show 

over-yielding compared to monospecific stands (Morin et al. 2011; Pretzsch et al. 2013). 

Regarding climate change related drought periods in summer, Norway spruce (Picea abies (L.) 

Karst.) is considered to be challenged in monoculture (Neuner et al. 2015), because of its 

shallow root system and its low drought tolerance (Boden et al. 2014). Also, European beech 

(Fagus sylvatica L.) is a widely planted tree species threatened by climate change (Gessler et al. 

2007). Both species form monospecific and mixed forest stands, with Norway spruce mostly 

exhibiting increased overall productivity when growing in mixture (Pretzsch et al. 2014). 

These positive mixed stand effects have been attributed to improved soil properties and 

increased overall biodiversity by European beech (Ammer et al. 2008). In addition, below-

ground resource partitioning is likely to contribute to the positive effects of mixture as 

European beech shifts its fine roots from upper to lower soil depths when growing alongside 

Norway spruce because of competition (Bolte & Villanueva 2006; Goisser et al. 2016). Under 

severe summer drought conditions, Norway spruce can adapt by decreasing its fine-root 
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growth (Puhe 2003) while maintaining its standing fine-root biomass (Nikolova et al. 2010), 

whereas European beech exhibited slightly increased fine-root growth during the severe 

summer drought of 2003 (Nikolova et al. 2010). Thus, water limitation evokes different below-

ground responses in these species (Schume et al. 2004), with Norway spruce decreasing water 

consumption and growth in the early stages of drought (Dobson et al. 1990; Maier-Maercker 

1998) and European beech continuing to grow (Burkhardt & Pariyar 2016). The distinct 

physiological responses of these tree species to drought suggest that their ectomycorrhizae 

will be exposed to different conditions under the same drought scenario. In the present work 

this aspect is investigated in article IV. 

Agroforestry is a well-established agricultural system in the tropics and subtropics. In 

temperate regions, it was a common practice until the industrial revolution, when timber 

production became the main way in which humans utilised forests (Nair 1993). However, in 

the second half of the 20th century, farmers again became aware of the benefits of mixing crops 

and trees, such as reducing the losses of soil, water and nutrients (Nair 1993). In addition to 

the agricultural benefits of agroforestry systems, they are important for sequestering C 

(Montagnini & Nair 2004). C sequestration is not only due to the production of above-ground 

biomass–wood in this case–but also due to the storage of assimilated C below-ground in roots, 

microorganisms of the rhizosphere including mycorrhizal fungi and finally SOM (Rillig et al. 

2001; Treseder et al. 2007; Nehls et al. 2010). In Central European agroforestry systems, poplars 

are among the most commonly planted trees (Reisner et al. 2007). They can form both ECM 

and arbuscular mycorrhizal associations. For the nutrition of forest trees, the EAs of their 

ectomycorrhizae play a major role (see chapter 1.3.2). Trees in agroforestry systems, in 

contrast, receive additional nutrients through fertilisation of the adjacent field crops, which 

may either favour ECM fungi that are adapted to nutrient uptake from inorganic rather than 

organic sources, or alter nutrient acquisition strategies of ectomycorrhizae. In the present work 

this aspect is studied in article III. 

1.2 The ectomycorrhizal fungal environment 

1.2.1 The plant – trading carbon and nutrients 

Associations of plant fine root tips with ECM fungi are generally considered to be 

mutualistic. Indeed, these associations evolved because both partners could increase their 
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fitness by provision of goods required by the respective other partner in nutrient poor 

conditions where nutrients are distributed patchily and often difficult to access because of 

surrounding organic material (Read & Perez-Moreno 2003; Lambers et al. 2009). In fact, 

however, it is a mutualism–parasitism continuum depending on the environmental factors 

such as the availability of nutrients or light that influence net costs on either side of the 

association (Johnson et al. 1997). 

The plant-fungus interface of ectomycorrhizae is called Hartig net, consisting of hyphae 

that penetrate the apoplast of the root epidermis in angiosperms (Peterson et al. 2004) and 

additionally the root cortex in gymnosperms (Kottke & Oberwinkler 1986). In contrast to 

arbuscular mycorrhizal hyphae, ECM hyphae normally do not penetrate cells of their host 

plants. The exchange of substances between plant and fungus takes place through this 

interface. 

C in the form of sucrose from the plant is exchanged for water and nutrients from the 

fungus. Therefore, sucrose and invertase are released into the apoplast by the plant, where 

invertase cleaves sucrose into fructose and glucose (both hexoses) (Nehls et al. 2001). Hexose 

transporters are located in both, the plant and the fungal cell walls. They carry fructose and 

glucose into fungal cells and also back into plant cells, which constitutes a control mechanism 

for C drain on the plant side by competition for hexoses together with the expression of 

invertase by the plant (Nehls et al. 2001). Thus, the plant controls C fluxes to the fungus. For 

arbuscular mycorrhizal fungi it has been shown that reciprocal rewards stabilise cooperation 

in symbiosis (Kiers et al. 2011) and that fungal nutrient allocation in common mycorrhizal 

networks is regulated by the carbon source strength of individual host plants (Fellbaum et al. 

2014) leading to the concept of microbial market theory (Werner et al. 2014). In microbial 

market theory, cooperative behaviours of microbes with hosts and other microbes are 

described in economic terms which may be useful to generate predictions about microbial 

interactions (Werner et al. 2014). The first indications of a plant control of carbon drain derive 

from experiments with mineral fertiliser. After N fertilisation reduced extramatrical 

mycelium, less fruiting bodies and lower colonisation of roots tips was observed (Wallenda & 

Kottke 1998; Nilsson & Wallander 2003). Thus, N fertilisation seems to reduce plant 

dependency on ECM fungi which in turn may lead to reduced C allocation towards 

ectomycorrhizae. As pointed out above, mechanisms by the plant to prevent C drain include 

the control of sucrose and invertase export into the common apoplast and thereby sucrose 
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hydrolysis and competition for hexoses present in the Hartig net region of the apoplast. As 

exudation of sugars and other uncharged molecules occurs passively along concentration 

gradients, C efflux may be difficult to control for the plant (Jones & Darrah 1996). Acid 

invertase activity in Betula and Populus is increased upon ectomycorrhiza formation (Wright 

et al. 2000; Nehls 2008), indicating a candidate step for controlling C support to ECM fungi. 

However, in Norway spruce no such increase in invertase activity was detected in ECM plants 

(Schäffer et al. 1995). Hexose transporters are upregulated in poplar roots upon formation of 

ectomycorrhizae (Grunze et al. 2004; Nehls et al. 2007) indicating strong competition with 

fungal hexose transporters. However, post-translational regulation of poplar hexose 

transporters such as phosphorylation has been proposed (Grunze et al. 2004) which would 

allow fine tuning of the activation status of selected transporters in specific root cells. Indeed, 

it has been shown that transgenic poplar plants that overexpress an additional hexose importer 

gene engage less ECM symbioses which are eventually terminated abnormally (Nehls 

unpublished). In the present work this aspect is studied in articles I and III which determine 

ECM sink strength during drought (I) and in the phase of recovery (I & III) using 13CO2 as 

tracer for assimilates in the plant. In article III, different N:P stoichiometries in the substrate 

were applied additionally. 

The C necessary for exchange is produced by photosynthesis. Experiments showed that 

up to 30% of the net photosynthesis products (Söderström & Read 1987; Farrar & Jones 2000), 

or 47–59% of the total below-ground carbon allocation (McDowell et al. 2001) are needed for 

ECM symbiosis. For comparison, regular root exudation only constitutes about 3–5% of net 

photosynthesis (Pinton et al. 2001). To produce these high amounts of C, mycorrhizal plants 

can increase their photosynthetic capacity (Lamhamedi et al. 1994; Loewe et al. 2000). Once 

hexoses are taken up by Hartig net hyphae, they are used for metabolism such as ATP 

generation and amino acid synthesis, and for the formation of fungal carbohydrate storage 

compounds. Both of these mechanisms generate high C sink strength of the ECM fungus in 

symbiosis. The most important C storage compounds in ECM fungi are trehalose, sugar 

alcohols like mannitol, arabitol and erythritol and the long chain carbohydrate glycogen 

(Nehls 2008). Trehalose and sugar alcohols probably are used for long distance C transport to 

support the extramatrical mycelium, whereas glycogen serves as long term storage and, in 

Hartig net hyphae, temporal formation of glycogen granules may act as flux control 

mechanism (Nehls 2008). Experiments investigating ECM fungal sugar metabolism showed 
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high variability in the preference of metabolites and transporters (see Nehls 2008 for a review) 

even within Basidio- and Ascomycota, supporting the multiple and independent evolution of 

ECM symbiosis from different phylogenetic groups. 

In exchange for C the plant receives water and nutrients from the fungus, especially N 

and P. The uptake of N by most ECM fungi occurs in the form of ammonium (NH4+) which is 

preferred, or in the form of nitrate (NO3-) which first has to be reduced to ammonium to be 

synthesised to glutamine together with glutamate (Javelle et al. 2003). Transport to the plant 

occurs either via glutamine or glutamate, depending on the available transporter proteins in 

the cell membranes of either partner of the symbiosis (Smith & Read 2007). The uptake of P 

occurs in the form of inorganic phosphate ions which are transformed to polyphosphate inside 

the fungal cells for transport through hyphae via a motile tubular vacuole system (Ashford & 

Allaway 2002). However, P in the form of polyphosphate is inaccessible for plants. So, it has 

to be transformed back into single phosphate ions to be taken up by the plant. This constitutes 

a control mechanism on the fungal side. For example, Perez-Moreno & Read (2000) showed in 

an experiment with Betula pendula and Paxillus involutus that only 34% of the P extracted from 

substrate material was transferred from the fungus to the plant. 

Often underestimated is the importance of ectomycorrhizae in plant water relations. A 

prerequisite for functioning water transport is a soil-plant-air continuum. If more water is 

transpired than can be taken up by roots, the risk of cavitation in the xylem arises. As water in 

plants mainly moves through hydrostatic forces produced by transpirational water loss, xylem 

embolism eventually leads to xylem failure by loss of conductivity and drying of affected parts 

of the plant (Arango-Velez et al. 2011; Barigah et al. 2013). Therefore, transpiration has to be 

regulated by the plant via opening or closing of the stomata. However, closing stomata to 

reduce transpiration implies that CO2 uptake for C fixation is also reduced. The outcome of 

this compromise is called water use efficiency, expressed as mmol CO2 assimilated per mol 

H2O transpired. If assimilation rate decreases due to stomatal closure, less recent 

photosynthates are available to support ECM symbiosis (Hagedorn et al. 2016). In this case, 

ectomycorrhizae have to be supported by mobilisation of C reserves like starch or by higher 

activity of C releasing enzymes of ECM fungi (chapter 1.3.2). If this is not possible, symbiosis 

may be impaired. 

It has been shown that certain extramatrical mycelial structures (chapter 1.3.1) are able 

to transport water (Duddridge et al. 1980) and that the amount of water transported in this 



Introduction 

18 

 

way can be sufficient to make the difference between survival and death of tree seedlings 

(Boyd et al. 1986). However, the mycorrhizal pathway is not the major way to take up water, 

but may be particularly beneficial under drought stress conditions, similar to the mycorrhizal 

benefits concerning plant nutrition, by providing the minimal requirements for plant survival 

during drought (Read & Boyd 1986). One of the mechanisms involved may be enhanced 

aquaporin expression in ECM compared to nonmycorrhizal plants which is suggested to be 

particularly important during drought stress (Marjanović et al. 2005a, b). Aquaporins are 

membrane intrinsic proteins forming water channels which can open and close to regulate 

water flow through the membrane. Posttranslational regulation mechanisms are mainly 

phosphorylation and glycosylation. A well-known indirect effect on plant water relations is 

the enhanced nutrient status of the plant which can increase water use efficiency (Gessler et al. 

2016). 

1.2.2 The soil – nutrients and moisture 

Soil is a complex and extremely diverse ecosystem in which biotic and abiotic factors 

interact with each other. Its properties vary with bedrock type, age, vegetation and climate 

which in turn influence biotic processes. Soils store water and nutrients to various extents 

depending on their history of origin (Weil et al. 2016). Although weathering of parent material 

includes physical and chemical processes, plants play a major role in soil formation (Taylor et 

al. 2009). They are sources of organic matter and provide C to soil microorganisms by organic 

matter and rhizodeposition (release of C compounds from vital plant roots into the 

surrounding soil) and have high impact on the weathering of minerals (Taylor et al. 2009). 

Microorganisms play a key role in the interactions of plants and soil by mediating fluxes 

between different inorganic and organic nutrient (particularly N and P) pools (Turner et al. 

2013; Vincent et al. 2013). Especially in forest ecosystems, ectomycorrhizae are significant 

contributors to mineral weathering (Hoffland et al. 2004; van Schöll et al. 2008; Taylor et al. 

2009). For example, carbonate rock weathers faster under ECM trees than under arbuscular 

mycorrhizal trees (Thorley et al. 2015). During soil aging, different proportions of the main 

nutrients N and P are available. In very young soils lots of mineral P is present in the form of 

apatite, whereas N contents are very low due to low biological activity. P contents decline 

consistently during soil development, whereas N contents peak in middle-aged soils 

(microbial N2 fixation and atmospheric N deposition). Very old and highly weathered soils 
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(several millions of years old) contain only little amounts of P and N due to leaching and 

erosion (Lambers et al. 2008; Turner et al. 2013). 

Any kind of mycorrhiza is particularly useful in soils where nutrients are largely 

immobile (i.e. low in soil solution) and not directly accessible for plant roots, but still available 

in minerals or organic macromolecules. Arbuscular mycorrhizal plant nutrition strategies 

(uptake of soluble inorganic N and P forms and few soluble organic N forms from soil 

solution) are partly replaced by ECM strategies in middle aged soils where N and P amounts 

are intermediate and largely bound in organic and/or mineral forms. Such soils are found in 

temperate and especially boreal regions of the northern hemisphere due to soil rejuvenation 

by glaciers of the last ice ages (132,000 to 12,000 years old). ECM fungi are able to access N and 

P bound in organic molecules. For example, in the Alaskan tundra 61–86% of N in plants is 

derived from ECM symbioses (Hobbie & Hobbie 2006) and ECM hyphae have been shown to 

preferentially colonise apatite, a mineral rich in P (Wallander & Thelin 2008; Smits et al. 2012). 

Besides the effects that ectomycorrhizae have on soil formation, soil properties like 

nutrient content and soil moisture feed back on ECM fungal community structure. The impacts 

of these effects largely depend on the ECM fungal species composition. For example, the 

occurrence of Cenococcum geophilum and Rhizopogon vinicolor is positively correlated with 

available P content, whereas occurrence of other species is more strongly influenced by soil 

depth and thereby organic matter content (Twieg et al. 2009) or by inorganic N content (Lucas 

& Casper 2008). 

A low soil water content also influences ECM fungal community composition towards 

species that are more drought tolerant (Shi et al. 2002; Swaty et al. 2004; Cavender-Bares et al. 

2009; Richard et al. 2011; Nickel et al. 2017a). Drought tolerance differs among ECM fungal 

species (Lehto & Zwiazek 2011) and probably also intraspecifically (Lamhamedi et al. 1992). 

For example, C. geophilum is known to tolerate low water potentials (Kerner et al. 2012), 

whereas the thin cell walls of Lactarius spp. are prone to loose integrity under dry conditions 

(di Pietro et al. 2007). Not only ECM fungal community diversity is altered and reduced by 

drought, but also absolute abundance of ectomycorrhizae as more and more fine roots die due 

to water shortage (Nickel et al. 2017a, b). However, certain ectomycorrhizae are able to 

transport water over distances of several centimetres via their extramatrical mycelium 

(Duddridge et al. 1980; Cairney 1992), the organisation of which is described in detail in chapter 

1.3.1. 
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Water movement through soil normally occurs through spaces between soil particles. 

When the topsoil dries between rain events the narrow spaces between these particles create 

a capillary force that can lift water from deeper soil layers to the topsoil. Besides, a local soil 

water deficit can be attenuated by hydraulic lift (Caldwell et al. 1998): Water moves passively 

through roots of deep rooting trees such as European beech from deep soil layers (higher water 

potential) to shallow soil layers (lower water potential), or laterally along the water potential 

gradient. This way of water transport is faster than water movement through soil and in coarse 

soils it is virtually the only way for water transport. Hydraulically lifted water can directly 

enhance survival and activity of ECM roots in dry soils (Querejeta et al. 2003). As ion 

movement and absorption processes in the root are strongly reduced by drought (Russell 1973; 

Dunham & Nye 1976), leakage of hydraulically lifted water and resorption thereof by fungal 

hyphae (Sun et al. 1999) is important for continued nutrient uptake by ectomycorrhizae. 

There are numerous studies investigating the effects of drought on ecosystems (Breda et 

al. 2006; Penuelas et al. 2007; Sowerby et al. 2010; Jactel et al. 2012). However, drought recovery 

determines how fast and if at all ecosystems return to their pre-drought functional state. Still, 

the mechanisms controlling ecosystem resilience are uncertain (Reichstein et al. 2013), but the 

time between drought events may become shorter than the time needed for recovery (Schwalm 

et al. 2017). Most probably, ectomycorrhizae play a crucial role in tree recovery from drought. 

Hagedorn et al. (2016, article I) showed in a 13CO2 tracer experiment that recent assimilates are 

preferentially allocated to vital ectomycorrhizae during recovery after drought. Further, N 

addition seems to reduce this effect (Nickel et al. 2017, article III). 

1.3 Functional traits of ectomycorrhizae 

Functional traits are considered to play a major role in community ecology because they 

are more informative than determining only species richness and abundance (McGill et al. 

2006). Literature distinguishes between response and effect traits. Response traits influence 

the response of an organism to its environment (e.g. the ability to survive dry periods), 

whereas effect traits influence ecosystem function (e.g. the rate at which ECM fungi 

decompose litter) (Lavorel & Garnier 2002). Environmental change can have direct or indirect 

effects on ecosystem functioning. If we consider drying as environmental change and nutrient 

cycling as ecosystem function, the direct effect would be a slowdown of nutrient cycling due 

to soil water deficit (Moore 1986). However, drought would change ECM fungal community 
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composition (Swaty et al. 2004) towards species that are drought tolerant, which in turn 

influences decomposition rates. If those ECM fungal species that will persist in this scenario 

produce litter that is more recalcitrant, this would further slow down nutrient cycling. If 

drought would establish fast with no time for community adaptation, direct effects would 

predominate. If drought and change in community composition occur simultaneously, it 

would be hard to disentangle direct and indirect effects of environmental change on ecosystem 

functioning. However, there are certain traits serving as effect and response traits at the same 

time. Such traits have big effects on ecosystem functioning, because they are at the same time 

filtered by the environment and in turn influence their environment. They further appear in 

high frequencies due to ecological filtering. In the present work two types of traits that are 

considered dual response–effect traits according to Koide et al. (2014) are analysed: soil 

exploration and exoenzymatic activities (EAs). 

1.3.1 Soil exploration 

ECM fungi form extensions of plant root systems, being mediators between plant and 

soil. Due to the low diameter of hyphae (< 10 µm) (Agerer 1997), fungi are able to explore even 

small soil pores that contain soil solution but are not accessible for roots or even root hairs. 

The totality of hyphae that emanate from the hyphal mantle around the fine root tip is called 

extramatrical mycelium. The extent to which ECM fungi can explore the volume around the 

root tip they are associated with is an ecologically relevant feature and was categorised by 

Agerer (2001). 

In the present work, four of these five exploration strategies (Agerer 2001) play a role. 

First, there is the contact exploration type, possessing only few extramatrical hyphae that reach 

less than 0.5 mm into the surrounding soil. Second, the short-distance exploration type with 

abundant emanating hyphae reaching up to 10 mm into the soil matrix. Then there exists the 

medium distance type with three subtypes, each exploring the soil up to several centimetres 

from the root tip with so called rhizomorphs. Rhizomorphs are bundles of hyphae with 

different levels of differentiation (Agerer 2006), able to transport water with similar velocity 

(27 cm h-1) as measured for transport in xylem vessels (Duddridge et al. 1980; Brownlee et al. 

1983). Emanating hyphae of the medium-distance fringe subtype form fans and highly 

branched rhizomorphs that show frequent anastomosis. Medium-distance mat subtype 

ectomycorrhizae form mats of undifferentiated rhizomorphs, as the name suggests. 
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Rhizomorphs of the medium-distance smooth subtype appear rather smooth with only few 

emanating hyphae. Finally, the long-distance exploration type ectomycorrhizae form few but 

highly differentiated rhizomorphs that reach up to several decimetres into the soil. Thus, they 

are able to bridge areas in soil devoid of nutrients and/or water. Rhizomorphs can contain 

large tube-like hyphae with diameters up to 20 µm often lacking cytoplasmic contents and 

cross walls, which are surrounded by thinner, densely cytoplasmic hyphae with thick cell 

walls (Duddridge et al. 1980; Brownlee et al. 1983). However, it is not entirely clear if these 

tube-like hyphae are important for water movement, because there are only few hints for a 

mechanism for solute accumulation which is necessary to create a hydrostatic pressure that is 

high enough for considerable translocation (Cairney 2005). 

Hydrophilic and hydrophobic cell walls of ECM fungi probably make a difference for 

water transport in extramatrical mycelium (Unestam 1991; Unestam & Sun 1995). Hydrophilic 

species like many Laccaria, Lactarius, Russula and Hebeloma species are thought to transport 

water in the apoplast, whereas hydrophobic fungi such as Paxillus involutus and Suillus species 

form rhizomorphs where water may be transported in the symplast (Unestam & Sun 1995). 

However, hyphal tips of hydrophobic species also show hydrophilic properties to be able for 

water uptake (Unestam & Sun 1995). Generally, most contact type fungi are hydrophilic whilst 

most long-distance type fungi have hydrophobic hyphae (Agerer 2001). 

It is not surprising that biomass and therefore maintenance costs vary highly between 

the different exploration types. Long-distance types have been found to have up to ten times 

higher biomass than short- and medium-distance types, respectively (Weigt et al. 2012). Thus, 

the balance of carbon cost and benefit provided by ectomycorrhizae may influence ECM 

fungal community composition and functions. 

1.3.2 Exoenzymatic activities 

Nutrient availability is mainly determined by soil chemical properties. One exception is 

N, which can be fixed biologically by prokaryotes. There are several mechanisms for ECM 

fungi to mineralise these nutrients. Nutrient mobilisation from minerals can be achieved by 

organic acids, as well as siderophores (Hoffland et al. 2004). However, the present thesis 

focuses on nutrient mobilisation from organic substances via excreted enzymes being 

important catalysers in forest nutrient cycling (articles III & IV). 
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Due to their origin within saprotrophic groups of white and brown rot fungi (Hibbett & 

Matheny 2009; Tedersoo et al. 2012; Burke et al. 2014), many ECM fungi possess the ability to 

secrete exoenzymes enabling them to mobilise nutrients. For example, experimentally reduced 

photosynthesis via defoliation revealed an increase in activity of enzymes typical for wood 

degrading fungi in ECM tips of Suillus granulatus (Cullings et al. 2008). Among those enzymes 

are cellulases, phosphatases, chitinases, proteases and laccases (Pritsch et al. 2004, 2011; Pritsch 

& Garbaye 2011). As pointed out above, patchily distributed nutrients are often protected by 

surrounding organic material which can be broken down by these enzymes. 

The litter layer in forests mainly consists of dead plant material, but also of remnants of 

prokaryotic, fungal and animal origin. Although some ECM fungi are apparently able to 

mobilise C from SOM, they mainly receive C from photosynthesis of their host plant (chapter 

1.2.1) (Treseder et al. 2006) or, to a lesser extent, of another plant in the common mycorrhizal 

hyphal network (Simard et al. 1997). While dwelling side by side, ECM fungi preferentially 

take up N from soil, whereas saprotrophic fungi also use soil C (Hobbie & Horton 2007). 

However, stable isotope measurements (13C) of ECM fungal fruit bodies yielded values 

intermediate between what would be expected from pure saprotrophs (SOM as only C source) 

or photosynthesis as single C source (Hobbie et al. 2001; Taylor et al. 2003). Thus, there are 

apparently differences in the saprotrophic potential of different ECM fungi, as also evidenced 

by comparing the endowment with CAZymes (carbohydrate-active enzymes) of different 

ECM fungi (Martin et al. 2016). Although the saprotrophic capacity of ECM fungi has been 

questioned due to clear differences in enzymatic potentials of ECM and saprotrophic fungi 

(Baldrian 2009), it has been assumed that ectomycorrhizae form a saprotrophy-biotrophy 

continuum (Koide et al. 2008; Cullings & Courty 2009). However, recent studies suggest the 

term “saprotrophs” to be avoided in favour of “decomposers” because ECM fungi can degrade 

organic materials but without using the C contained therein (Lindahl & Tunlid 2015). 

In natural forest soils, the main nutrient elements N and P are sequestered in organic 

macromolecules which have to be broken down in order to mineralise N and P and therefore 

make these nutrients accessible for plants and fungi. Sources of organic P accounting for 30–

65% of total P in soils (Vincent et al. 2013) are for example nucleic acids, phospholipids and 

phytate. Phosphomonoesterases that are common among ECM fungi (Courty et al. 2006; 

Hrynkiewicz et al. 2009; Burke et al. 2014) are able to cleave phosphate groups from organic 

phosphates. Phytate is a rather recalcitrant source of P (Lim et al. 2007), but there are also ECM 
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fungi with phytase activity (Antibus et al. 1992). Sources of organic N in soils are proteins and 

especially in forest soils chitin. In soils, proteins often form protein-phenol complexes being 

poorly degradable. Phenoloxidases are able to cleave protein-phenol complexes and have been 

demonstrated in several ECM fungi (Wu et al. 2003; Joanisse et al. 2009). Fungal cell walls and 

exoskeletons of arthropods account for most of the chitin in forest soils. Chitinase activity is 

widespread in ECM fungi (Leake & Read 1990; Lindahl & Taylor 2004), but also in plants 

where they serve among others defence against fungal pathogens and engagement of 

symbiotic interactions with N-fixing bacteria or mycorrhizal fungi (Kasprzewska 2003). 

Additionally, cellulases, hemicellulases, pectinases and possibly laccases can be used to 

degrade cell walls of plants. This enables to access nutrients that are trapped inside dead 

tissues or bound to or embedded in cell walls (Perez‐Moreno & Read 2000; Leake et al. 2002). 

Proteins forming enzymes are synthesised on ribosomes into the rough ER where they 

are glycosylated. Then they are modified if necessary during transport in Golgi vesicles and 

finally transported to the plasma membrane (Peberdy 1994). To be effective outside the cell, 

exoenzymes have to pass the cell wall after synthesis. As the molecular threshold of fungal cell 

walls is lower than molecular weights of many secreted enzymes, it is suggested that secretion 

of most enzymes takes place at hyphal tips where also the cell wall is formed (Peberdy 1994). 

Enzymes brought by vesicles are placed on the outer surface of the cell membrane and become 

included in the cell wall polymers that are increasingly crosslinked as hyphal growth 

proceeds. If they are released into the surrounding, they can break down their substrates. 

However, this is only observed in nutrient-rich environments, but this strategy would be a 

waste of resources when other soil microorganisms compete for the same nutrient sources. 

Further, freely released enzymes are prone to be degraded by other enzymes meaning costly 

resources are lost, or their products are taken up by other organisms. Therefore, several 

mechanisms evolved to keep excreted enzymes close to the producing cell: they can be 

attached to the cell wall with a glycosylphosphatidyl inositol (also called GPI) anchor, or by 

transglycosylation (Latgé 2007). Other mechanisms include weak ionic forces, disulphide 

bridges and the embedment in extracellular polysaccharide matrices (Pitarch et al. 2002; Rast 

et al. 2003; Pritsch & Garbaye 2011). In intact mycorrhizae, predominantly tight bonds of 

enzymes were found as revealed by repeated rinsing with buffer (Pritsch et al. 2004) or by 

using sequential extraction of extracellular bound fungal enzymes (Pérez-de-Mora et al. 2013). 
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However, not only ECM fungi may be the source of excreted enzymes in 

ectomycorrhizae. Prokaryotes are omnipresent in soils and also occur on the surface of hyphae 

(Mogge et al. 2000). They are also able to secrete a wide spectrum of enzymes such as 

cellobiohydrolase, glucosidase, xylosidase, glucuronidase N-acetylglucosaminidase, leucine 

aminopeptidase, phosphatase and even laccase (Uroz et al. 2013). Thus, measuring the EAs of 

excised ECM root tips means measuring the functional unit ectomycorrhiza consisting of plant 

root, fungal hyphae and associated microorganisms. Ectomycorrhizae of Quercus petraea with 

Xerocomus pruinatus and with Scleroderma citrinum share similar bacterial communities (Uroz 

et al. 2012). For the ECM fungus Morchella crassipes it has been shown that the soil bacterium 

Pseudomonas putida is dispersed, fed with fungal exudates and finally bacterial C is harvested 

(Pion et al. 2013). Further, numerous so-called mycorrhiza helper bacteria have been described 

that assist mycorrhiza formation and interact positively with ectomycorrhizae (Frey-Klett et al. 

2007). 

Even though certain ectomycorrhizae share similar prokaryotic communities (Nguyen 

& Bruns 2015) which excrete enzymes on their own, this does not mean that these 

ectomycorrhizae also have similar EA profiles. Most EAs differ with ECM fungal species and 

are further influenced by environmental factors (Pritsch & Garbaye 2011). However, essential 

functions like phosphatase activity appear to be redundant while specific abilities like phenol 

oxidase activity seem to be restricted to few species (Buée et al. 2007; Rineau & Garbaye 2009). 

As ECM morphology seems to be mostly phylogenetically conserved (Agerer 2006), 

exploration types were recently considered a useful proxy to predict EAs (Tedersoo et al. 2012; 

Hupperts et al. 2017). But in the end, genetic composition originates from the respective 

phylogenetic background (Tedersoo et al. 2012; Tedersoo & Smith 2013). Thus, correlation of 

EAs with exploration types may be an artefact and should be considered with care. 

At single species level the EA profile can be altered by environmental factors (Courty et 

al. 2005; Nickel et al. 2017b). However, taking into account the vast number of ECM fungal 

species in a temperate forest (Jumpponen et al. 2010; Hui et al. 2011) it is important to look at 

the EA profile of the whole community of ectomycorrhizae (Courty et al. 2005; Buée et al. 2007). 

In the present work, this aspect is studied in article IV. 

Eventually, the ecologically relevant processes are the interplay of ECM fungal 

community composition, host tree performance and the environment. For example there are 

seasonal changes in ECM fungal community composition as well as in the EA profile due to 
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changes in soil moisture, nutrient availability und C supply by the host tree (Courty et al. 2008, 

2010b; Kaiser et al. 2010). However, functional complementarity within ECM fungal 

communities has been shown such as seasonally complementary patterns of potential 

metabolic activity in five types of ectomycorrhizae during the course of a year (Buée et al. 2005), 

and seasonally complementary activities of laccase and phosphatase between three types of 

ectomycorrhizae (Courty et al. 2006). Even a single ECM type can balance its EA according to 

its abundance. For example, a negative correlation between leucine aminopeptidase activity 

and the abundance of C. geophilum ectomycorrhizae has been found (Herzog et al. 2013). There 

is also evidence that EAs are stimulated by the increasing amount of nutrients contained in 

recent plant litter in autumn (Mosca et al. 2007). This suggests EAs to be meaningful 

parameters when studying ECM community functions in ecosystems. 

1.4 Aims of the thesis 

The main research questions of this thesis are: 

1. How do ECM fungal communities react under drought (articles I & IV)? 

2. How does tree species mixture influence ECM fungal communities (article II) 

under drought (article IV)? 

3. How does recovery after drought change sink strength and the capacity to 

mobilise nutrients of ectomycorrhizae (article I) and how is this influenced by 

different N:P stoichiometries in the substrate (article III)? 

The present thesis aims to link the environmental factors drought and nutrient 

availability together with the plant-fungus interplay to two functional traits of 

ectomycorrhizae that are considered dual effect–response traits (Koide et al. 2014): 

exoenzymatic activities and soil exploration. This approach shall help to better deduce effects 

of environmental change (drought) on ecosystem functions (nutrient cycling in soils and water 

relations of host plants). 

There are several studies about plants and ectomycorrhizae facing drought (Shi et al. 

2002; di Pietro et al. 2007; Kilpeläinen et al. 2017). However, recovery from drought is decisive 

for ecosystem functioning. In articles I and III the phase of recovery after drought is 

investigated. Article I focuses on the source–sink C allocation during restoration of 

photosynthesis after drought. Article III adds the aspects of differential N:P stoichiometries in 

the substrate and ECM enzymatic potential to C allocation during recovery after drought in a 
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controlled greenhouse experiment. Thus, these two articles aim to contribute to the 

understanding of the plant fungus interplay during recovery after drought and how this 

affects soil nutrient cycling. Articles II and IV transfer the drought topic to a near natural 

ecosystem: the experimental site Kranzberger Forst where European beech and Norway 

spruce grow in mixed stands. As European beech and Norway spruce show different modes 

of rooting, article II investigates the effect of below-ground interaction of European beech and 

Norway spruce on drought susceptibility of Norway spruce. Article IV reports results from a 

three-year rain exclusion experiment simulating repeated severe summer droughts with focus 

on ECM fungal community composition and ECM potential EAs that influence nutrient 

cycling in the system studied. 

Taken together, the present thesis presents studies of trees under drought conducted at 

different levels of experimental control. It reports how plants and their ECM fungal symbionts 

react to the environmental change of water shortage and how these reactions feed back on the 

environment, i.e. how they influence the ecosystem function of nutrient cycling. 
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2 Material and methods 

Throughout the present work, values are given as mean ± 1 standard error (SE) if not 

indicated differently. 

2.1 Overview of the methods and analyses in the articles 

Detailed descriptions of experimental procedures and statistical analyses are given in 

the respective articles (I, II, III, IV). Here, a short summary of the work done by the author is 

given. 

The experiments described in this thesis used different approaches regarding soil or 

substrate for ECM plants. The Kranzberg site (articles II & IV) is a mixed forest growing on a 

luvisol developed from loess over Tertiary sediments (eutric cambisols, FAO classification). 

This site is considered to have nearly natural soil conditions, although experimental plots were 

trenched and roofs were installed over half of the plots. A more controlled experiment was 

performed in the model ecosystems at WSL in Birmensdorf, Switzerland (article I). They 

consisted of respectively two lysimeters (3 m² plantable area each) filled with forest soil in 

open top chambers (3.5 m high) containing European beech trees that were up to 2.5 m tall. 

The most controlled experiment was performed in the greenhouse (article III). Here, poplar 

cuttings were planted into pots containing a substrate mixed from farmland soil adjacent to 

agroforestry plots and vermiculite. Thus, different levels of control and complexity of 

conditions can be compared. 

The great advantage of controlled laboratory or greenhouse experiments is that most 

variables can be controlled. However, their major drawback is that they are artificial systems. 

Thus, they are very useful for detailed questions or extension of existing work, such as 

introducing a further variable. But it is hard to transfer findings of those experiments on 

ecological interrelationships to field conditions. This is why knowledge gained in the 

laboratory should be confirmed in the field. In the present work, the finding of preferential 

carbon allocation to ectomycorrhizae during recovery after drought from a medium controlled 

experiment (article I, open top chambers without illumination, heating and air humidity 

control) were amended by nutrient addition in a highly controlled pot experiment conducted 

in a greenhouse where environmental conditions were more controlled (article III, 

illumination, heating and air humidity control). The ultimate goal of the KROOF experiment 
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is to transfer findings of controlled experiments on drought recovery to ecosystem scale. The 

experiment was established in in 2011 with plot trenching; the drought treatment started in 

2014 with throughfall exclusion and is intended to last for several years with the aim to push 

adult trees to their hydrostatical limits without killing them. Thus, the results presented here 

describe the status quo of the ECM fungal community before onset of drought (article II with 

focus on European beech-Norway spruce interaction, article IV with focus on soil exploration 

and EAs of ectomycorrhizae) and during three successive years of drought (article IV). 

Morphotyping describes the visual (dissecting microscope) classification of 

ectomycorrhizae and was used in all articles. It is a method for preliminary morphological 

classification, as most ECM fungal species cannot be assigned an unequivocal species by 

looking at them, even with a dissecting microscope. Thus, species identification via Sanger 

sequencing of the ribosomal internal transcribed spacer (ITS) DNA region is necessary. In 

contrast to next generation sequencing (NGS) techniques that overestimate species richness by 

including the DNA of non-vital ECM fungi, single hyphae and resting stages (Medinger et al. 

2010), morphotyping is prone to underestimate species richness even when including ITS 

information as it cannot distinguish between visually similar ectomycorrhizae (Erland et al. 

1999). However, it is the best method to distinguish between dead and vital ectomycorrhizae 

and to select vital and intact ECM root tips for EA assays and stable isotope analysis. 

Measuring EAs takes place ex situ in laboratory conditions and thus reveals rather 

potential activities than actual conversion rates of substrates in situ. However, it is a good 

measure of ECM C, N and P demands and it shows well functional adaptations of 

ectomycorrhizae in ecosystems. The method provides insights in the influence of disturbances 

on spatial and temporal dynamics of EAs involved in nutrient cycling (Buée et al. 2007; Mosca 

et al. 2007; Courty et al. 2011). 

Stable isotopes can be used either as tracers to follow translocation or transformation of 

substances of interest, or natural abundances of stable isotopes are measured to infer metabolic 

or transport processes via knowledge about discrimination against certain isotopes in 

processes of interest. A great advantage of stable isotopes is that there is no radioactive decay 

which makes them secure and detectable for ever. 
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3 Results 

3.1 Overview of the results presented in the articles 

3.1.1 Carbon allocation in European beech during recovery from drought (article I) 

In the open-top chamber experiment with ca. 2.0–2.5 m tall European beech trees, net 

photosynthesis and soil respiration decreased during drought by 44% and 28%, respectively. 

The uptake of 13CO2 decreased by 81% and assimilate translocation to ectomycorrhizae was 

strongly reduced. Soil efflux of 13CO2 showed a stronger reduction (83%) than soil respiration 

(≈50%), indicating that other carbon sources, either related to heterotrophic soil respiration or 

tree internal carbon storages contributed to soil respiration but were less sensitive to drought. 

Under drought, the 13C peak from the first pulse labelling in soil CO2 was delayed by one day 

and mean residence times of assimilated 13C in the plant–soil system increased (drought 76 h, 

control 30 h). The recovery of plant and ecosystem carbon fluxes after prolonged drought was 

examined by rewatering the plants. Soil respiration responded rapidly, reaching control 

values within the first 3 days and exceeding thereafter values in controls until the end of the 

growing season. This stimulation of soil respiration nearly compensated for the previous 

drought reduction, with the flux integrated over the entire growing season amounting to 98% 

of that in controls. Net photosynthesis responded similarly but the recovery was delayed by 

approximately one week because of metabolic limitation, as shown by impaired 

photosystem II chemistry. Further, the stimulation of net photosynthesis occurred later and 

compensated for only 82% of the previous drought reduction. A second 13CO2 pulse label was 

applied to the tree canopies when soil respiration exceeded the values in controls but net 

photosynthesis was still slightly below that of controls. The previous drought exposure 

increased the translocation of recent assimilates to below-ground sinks compared to controls, 

as shown by higher 13C signals in mycorrhizal roots and soil microbial biomass and by an 

enhanced 13CO2 soil efflux. The latter signal was enhanced and represents exclusively 

autotrophic respiration, showing that the plant-driven carbon flux was primarily responsible 

for the observed stimulation of soil respiration. The greater allocation and use of recent 

assimilates in below-ground sinks after rewatering shows the high priority trees give to 

investing into their roots for recovery from drought. 
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3.1.2 Below-ground interaction of European beech with Norway spruce (article II) 

When grown intraspecifically at the forest stand Kranzberger Forst under ambient 

conditions, European beech produced a greater proportion of roots within deeper soils (54% 

were deeper than 30 cm) compared to intraspecific Norway spruce root production, which 

concentrated its roots closer to the soil surface (34% ≤ 6–10 cm). Growing root tips of both 

species in intraspecific zones were found deeper than at the respective interspecific zones. 

Thus, both species reacted similarly to growing in mixture by decreasing their average rooting 

depth. Irrespective of depth, fine root production of Norway spruce was strongly reduced in 

mixture, whereas European beech produced equal amounts of fine roots in mixture and when 

neighbouring other European beech trees. When analysed in 10 cm depth increments, 

significant inter- vs. intraspecific differences in fine root production were observed within 0–

10 and 11–20 cm depth increments only (Tukey’s HSD test, α = 0.05). In both European beech 

and Norway spruce, a higher abundance of intraspecifically growing root tips were found 

within 0–10 cm depths when compared to interspecifically growing root tips. This trend was 

also observed within 11–20 cm depths in Norway spruce, but the opposite was found in 

European beech pointing to interspecific complementarity in the vertical distribution of fine 

roots of both tree species. 

Irrespective of tree species and mixture situation, fine root surface area (m² × m-³ soil) 

was higher in the upper soil (> 8.6 cm) than in the lower soil (8.6–25 cm). In the upper soil, fine 

root surface area was higher in European beech alone than in Norway spruce alone and 

intermediate in mixture zones. In the lower soil in mixture zones, fine root surface of European 

beech was higher than of Norway spruce, which was not the case in the upper soil, also 

indicating vertical stratification between European beech and Norway spruce in response to 

below-ground interaction. 

Regarding ectomycorrhizae, ca. five times more ECM root tips were found without 

rhizomorphs compared to ECM root tips with rhizomorphs. This ratio was not significantly 

influenced by tree species and soil depth. For both tree species, relative abundances of ECM 

groups (with or without rhizomorphs) were not significantly different between upper and 

lower soil. Ectomycorrhizae without rhizomorphs were relatively more abundant in 

intraspecific Norway spruce in the upper soil compared to the respective interspecific 

situation, while ECM root tips with distinct rhizomorphs were relatively less abundant. There 
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were no significant differences among ECM groups of European beech in the upper, and in 

European beech and Norway spruce in the lower soil. 

3.1.3 Fertilisation reduces C allocation to ectomycorrhizae after drought (article III) 

Fertilisation with N and P enhanced plant growth in irrigated treatments of the 

greenhouse experiment with poplar under drought and different fertilisation regimes. 

Provision of N in drought-treated plants was significantly higher (p < 0.01) until the end of the 

experiment while irrigated plants had taken up the fertilised N in the first three quarters of the 

experiment. Soil moisture, stomatal conductance and water use efficiency were not 

significantly altered by fertilisation regime, indicating that bigger plants did not experience 

differential drought stress. 

During severe drought with 25% irrigation compared to the control, net assimilation and 

hence source activity was significantly reduced by the irrigation regime (p < 0.05), while water 

use efficiency was significantly increased (p < 0.001). Drought reduced the relative number of 

fine-roots as below-ground sinks. At harvest, double the amount of non-vital ECM tips were 

found in the drought treatments compared to the irrigated treatments. 

During recovery (100% irrigation of the control), water use efficiency of recovering 

plants was still significantly higher than that of control plants (p < 0.05), but there was no 

significant difference in net assimilation anymore (p = 0.350). After one week of recovery, 

below-ground sinks (ECM tips) of plants recovering from drought showed higher 13C 

abundances (C allocation) than ECM tips from irrigated treatments (p < 0.005). This effect was 

highest in treatments without N fertilisation (p < 0.005). ECM tips of recovering plants that 

were fertilised with nitrogen did not show significant differences in 13C abundances compared 

to ECM tips of irrigated plants. The non-fertilised treatment showed the greatest difference in 

13C abundance between ECM tips of irrigated and recovering plants. 

In ECM tips of plants recovering from drought, activities of xylosidase, glucuronidase 

and cellobiohydrolase did not show significant differences among treatments. Laccase activity 

was not detectable. Yet, activities of chitinase, β-1,4-glucosidase (both degrading cell walls) 

and phosphatase (P mobilising) were significantly higher in ECM tips of plants recovering 

from drought compared with continuously irrigated treatments. The effect of drought on the 

activity of the N mobilising enzyme leucine aminopeptidase was significantly different 

depending on nitrogen fertilisation. In N-fertilised treatments, ECM tips of recovering plants 
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showed significantly higher activity than tips from irrigated treatments, while in treatments 

without N addition, the activity of recovering ECM tips was decreased compared with that in 

continuously irrigated treatments. Thus, ectomycorrhizae of recovering plants had a higher 

potential to release nutrients from soil organic matter, thereby influencing nutrient cycling. 

3.1.4 Ectomycorrhizal responses to extended drought (article IV) 

Based on morphotypes, drought was a strong predictor for the abundance of the contact, 

short- and medium-distance exploration type groups in the throughfall exclusion experiment 

at Kranzberger Forst. Repeated summer droughts led to a progressive decline in contact types 

relative to control (p < 0.05) and a strong decline relative to control in short-distance and 

medium-distance types (p < 0.05) causing a strong increase in relative abundance of long-

distance types relative to the other types. By contrast, long-distance types were not affected in 

the first 2 years of drought, significantly decreasing in abundance relative to control only after 

3 years (p < 0.01). Soil depth was also a major predictor for the abundance of all three 

exploration type groups, with ca. 90% vital tips occurring in the topsoil. By contrast, based on 

phylotype data, drought was a weak predictor for the abundance of exploration type groups, 

with only the abundance of short-distance and medium-distance types being decreased 

significantly in the final year (p < 0.01). 

The effect of throughfall exclusion on ECM fungal diversity indices differed between 

European beech and Norway spruce, irrespective of the competitive situation. In the 

throughfall exclusion plots, the ECM fungal diversity indices remained unchanged in the first 

2 years of drought for European beech but declined from the second year of drought onwards 

for Norway spruce. After three years of throughfall exclusion, there was a significant 

difference in the morphotype diversity indices between European beech and Norway spruce 

with a much stronger decline being observed in Norway spruce. Phylotype diversity indices 

responded less to drought, but also exhibited a pronounced decline in samples from the 

Norway spruce zone after the third drought period. ECM fungal diversity declined less upon 

drought when European beech and Norway spruce grew in mixture. 

Overall, the most pronounced effect of throughfall exclusion on EAs and differences 

between the qualitative measure EAper tip and the quantitative measure EAper vol was observed 

in the topsoil. EAper tip was remarkably stable in Norway spruce and European beech 
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ectomycorrhizae while EAper vol decreased over repeated drought years, which was mainly 

caused by a decline of vital ectomycorrhizae on throughfall exclusion plots. 

The EAs of some ECM fungi became dominant under throughfall exclusion, mainly 

because other morphotypes disappeared. This led to an increase of the cellulolytic potential of 

the ECM fungal community in throughfall exclusion plots. Laccase activity disappeared in 

Norway spruce ectomycorrhizae from the topsoil of the Norway spruce zones after three years 

of drought along with laccase-positive morphotypes. 

3.2 Additional results not presented in the articles 

3.2.1 13C signature and abundance of ectomycorrhizae during drought (data not 

shown in article I & IV) 

Labelling with 13CO2 in the open top chamber experiment reported in article I showed 

that during drought net assimilation and hence C allocation to ECM root tips was strongly 

reduced compared to the continuously irrigated control treatment (Fig. 1). Exploration types 

were differentially enriched with 13C, but only two days after labelling and before rewatering. 

After these two days and after rewatering the measuring error enormously increased. In 

ectomycorrhizae of continuously irrigated trees, the amount of 13C was positively correlated 

with the amount of extramatrical mycelium and hence with mycelial biomass (contact: 26.84 ± 

14.92‰; short-distance: 77.64 ± 24.46‰; long-distance: 273.62 ± 85.02‰ V-PDB; Fig. 1). Among 

ectomycorrhizae of drought treated trees short distance types were most enriched (-13.76 ± 

4.40‰ vs. contact: -28.45 ± 0.51‰ and long-distance: -23.64 ± 2.92‰ V-PDB; Fig. 1). There were 

no significant differences before rewatering, 6 days after labelling and at any time point after 

rewatering. The European beech trees in this experiment originated from sites with different 

natural precipitation regimes and were considered as different ecotypes. However, based on 

13C label no differences between ecotypes were detected. 
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Figure 1: δ 13C values of ectomycorrhizae of European beech trees from the experiment reported in 

article I. The values reported here show the situation two days after labelling in the drought phase of 

the experiment before rewatering. Different letters indicate significant differences between contact, 

short- and long-distance exploration types (α = 0.05; Tukey-HSD test following one-way ANOVA). 

Error bars indicate ± 1 SE. 

 

Results from natural 13C signatures confirm the reduced flux of recent assimilates. In 

drought treatments of the open top chamber experiment communicated in article I, 

ectomycorrhizal δ 13C values are higher (-27.85 ± 0.28‰ V-PDB) than in control treatments 

(-29.52 ± 0.23‰V-PDB; p < 0.001). Stable isotope measurements from the throughfall exclusion 

experiment Kranzberger Forst communicated in article IV showed similar results. After the 

third period of throughfall exclusion, ectomycorrhizae of drought treated European beech 

trees had a higher abundance of 13C (-26.98 ± 0.21‰ V-PDB) than ectomycorrhizae of European 

beech trees that did not experience drought (-28.26 ± 0.19‰ V-PDB). In contrast, throughfall 

exclusion did not significantly alter 13C abundance of Norway spruce ectomycorrhizae 

(control: -26.92 ± 0.21, throughfall exclusion: -26.84 ± 0.50‰ V-PDB; treatment × beech vs. 

spruce interaction: p < 0.01). 

Regarding exploration type abundances in the open top chamber experiment reported 

in article I, drought increased relative abundance of long-distance types significantly (24 ± 4 

vs. 48 ± 9%; p > 0.05). Relative abundance of contact types was also increased in drought 

treatments, yet not significantly (24 ± 4 vs. 40 ± 11%; p = 0.173), whereas relative abundance of 

short distance types was not markedly changed by drought (control: 30 ± 2%; drought: 29 ± 

2%). 
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3.2.2 Effects of tree species mixture on ectomycorrhizae of European beech and 

Norway spruce under drought (data not shown in article IV) 

In the first year of the throughfall exclusion experiment Kranzberger Forst before onset 

of drought, the abundance of ectomycorrhizae of all exploration types was lower in mixture 

compared to pure European beech and Norway spruce zones, respectively (p < 0.05). After one 

year of drought this was only true for short-distance types (p < 0.01), however, without an 

effect of throughfall exclusion. The other exploration types did not show significant 

differences between mixture and pure European beech and Norway spruce zones, 

respectively. After two years of drought, again ectomycorrhizae of all exploration types were 

significantly more abundant in pure European beech and Norway spruce zones, respectively, 

compared to mixture zones (p < 0.05) Even after three years of drought, the effect of tree species 

mixture did not depend on the throughfall exclusion treatment and only contact type 

ectomycorrhizae were less abundant in mixture compared to mono zones (p < 0.05). Soil depth 

also did not influence the effect of tree species mixture significantly. 

Regarding qualitative EAs the effect of mixture depended on the throughfall exclusion 

treatment. While levels of cellobiohydrolase and glucosidase did not differ markedly between 

mixture and pure European beech and Norway spruce zones, respectively (see article IV) in 

control plots (celMix: 4.63 ± 0.57, celMono: 4.19 ± 0.54; glsMix: 14.72 ± 1.32, glsMono: 14.61 ± 1.26 pmol 

mm-2 min-1), activities of both enzymes were increased in monospecific zones compared to the 

mixture zone after three years of experimental drought (celMix: 6.01 ± 0.80, celMono: 8.55 ± 1.16; 

glsMix: 19.61 ± 1.49, glsMono: 26.99 ± 2.74 pmol mm-2 min-1; p < 0.05). This effect was more 

pronounced in the organic soil layers (p < 0.05). Quantitative EAs did not exhibit any mixture 

effects. 

3.2.3 Effects of drought on enzyme activity profiles of ECM fungal species in a long-

term experiment (data not shown in article IV) 

During evaluation of data from the throughfall exclusion experiment Kranzberger Forst 

an interactive platform was established in the R computing environment (R-Core-Team 2016). 

This platform displays a spearman’s rank correlation matrix containing qualitative EAs and 

ECM fungal species abundance. The user can specify year of experiment, treatment, soil depth 

and tree species. This enables inspection of interrelationships between qualitative EAs and 

ECM fungal species abundance as well as within these sets on the sample type scale. However, 



Results 

37 

 

clear trends were only detectable after aggregating data at ecosystem level. Yet, data analysis 

at this fine scale showed how transient and variable the examined system reacted to 

throughfall exclusion. Additionally, it revealed that there was great variability between the 

years within control plots. For example, in 2016 in the topsoil of control plots abundance of X. 

pruinatus (Xer_pru in Fig. 2 & 3) associated with fine roots of European beech was positively 

correlated with qualitative EAs of all (eight) enzymes measured (Fig. 2), whereas in the same 

type of sample in 2015 this positive correlation was found for qualitative EAs of only three 

enzymes measured (Fig. 3). Additionally, correlations among EAs originating from the same 

sample type of control plots as described in the first example was never negative in 2016 (Fig. 

2), but in the year before there were also negative correlations (Fig. 3). Less variable between 

the years were correlations among ECM fungal species (Fig. 2 & 3) as certain species share 

similar environmental requirements. This was also reflected by data from throughfall 

exclusion plots (Fig. 4 & 5). 
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Figure 2: Spearman’s rank correlation matrix of qualitative EAs and ECM fungal species abundances. 

The choice in the upper panel computed results for 2016 (3 years of throughfall exclusion) in the topsoil 

of control plots for ectomycorrhizae associated with European beech. Positive correlations are indicated 

by blue colours and negative correlations are indicated by red colours. The darker the colour the 

stronger the correlation. Dots appear where number of observations was not sufficient to calculate a 

correlation. 
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Figure 3: Spearman’s rank correlation matrix of qualitative EAs and ECM fungal species abundances. 

The choice in the upper panel computed results for 2015 (2 years of throughfall exclusion) in the topsoil 

of control plots for ectomycorrhizae associated with European beech. Positive correlations are indicated 

by blue colours and negative correlations are indicated by red colours. The darker the colour the 

stronger the correlation. Dots appear where number of observations was not sufficient to calculate a 

correlation. 
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Figure 3: Spearman’s rank correlation matrix of qualitative EAs and ECM fungal species abundances. 

The choice in the upper panel computed results for 2016 (3 years of throughfall exclusion) in the topsoil 

of throughfall exclusion plots for ectomycorrhizae associated with European beech. Positive 

correlations are indicated by blue colours and negative correlations are indicated by red colours. The 

darker the colour the stronger the correlation. Dots appear where number of observations was not 

sufficient to calculate a correlation. 
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Figure 3: Spearman’s rank correlation matrix of qualitative EAs and ECM fungal species abundances. 

The choice in the upper panel computed results for 2015 (2 years of throughfall exclusion) in the topsoil 

of throughfall exclusion plots for ectomycorrhizae associated with European beech. Positive 

correlations are indicated by blue colours and negative correlations are indicated by red colours. The 

darker the colour the stronger the correlation. Dots appear where number of observations was not 

sufficient to calculate a correlation. 
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4 Discussion 

4.1 How do ECM fungal communities react under drought? 

The results communicated in article IV clearly showed that during drought ECM fungal 

species composition shifted towards drought tolerant species. This effect was caused by the 

differential ability of ECM fungi to cope with low soil water potentials. For example, cell walls 

of Lactarius spp. are relatively thin and thereby prone to loose integrity under dry conditions 

(di Pietro et al. 2007). On the other hand, C. geophilum with highly melanised cell walls and a 

suite of proteins that alleviate drought stress is known to tolerate even very low soil water 

contents (di Pietro et al. 2007; Kerner et al. 2012; Fernandez & Koide 2013). 

Regarding the abundance of contact exploration types, results from experiments 

reported in articles I and IV are contradictory. Abundances of contact type ectomycorrhizae of 

tall trees decreased upon drought (article IV), whereas those of small trees slightly increased 

(article I). Bakker et al. (2006) argue that contact types decline upon drought because of 

shrinking soils leading to loss of contact with substrate. So, probably the different types of 

substrates present in the two experiments made the difference as soil water contents in 

drought treatments of both experiments were comparable. Intriguingly, the relative 

abundance of long distance types increased in both experiments articles I and IV are based on, 

even though these types are most carbon costly to maintain. This is shown by highest C 

allocation from recent assimilates to long-distance ectomycorrhizae under normal soil 

moisture conditions in the present study and underpinned by up to ten times higher biomass 

of their extramatrical mycelium compared to short-distance types (Weigt et al. 2012). This 

means that carbon costs of long-distance types do not seem to be limiting plant-fungal 

interactions in times of soil water shortage, but rather fungal drought resistance may be 

positively related to the presence of rhizomorphs. The results presented here suggest that the 

latter is the case, because under drought short-distance types received most of recent 

assimilates. Yet, the short-distance types did not seem to be very drought tolerant as their 

relative abundance decreased in both experiments, but generalisation is difficult given the 

numerous phylogenetic origins of ECM fungi (Hibbett & Matheny 2009; Tedersoo et al. 2012; 

Burke et al. 2014) that most probably influence their interaction with host trees as well as their 

drought resistance. 
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Most long-distance types have hydrophobic surface properties (Unestam & Sun 1995; 

Agerer 2001). There is not much work available on the concepts of hydrophobic and 

hydrophilic ECM fungi. However, Lehto & Zwiazek (2011) stress the probability that 

hydrophobic ECM fungi are more drought resistant and more able to transport water from 

drying soil, making them important for plant nutrition in drought conditions. Further, a group 

of proteins called hydrophobins has been shown to coat hyphal surfaces of filamentous fungi 

during aerial growth (Wösten & de Vocht 2000). These proteins render fungal surfaces 

hydrophobic, thus preventing desiccation (Linder et al. 2005). As mentioned above, C 

allocation from recent photosynthesis is positively correlated with mycelial biomass of ECM 

fungi under adequately watered conditions. However, under drought conditions short-

distance types received most of the few assimilation products. Thus, according to the microbial 

market theory short-distance types should provide the highest benefit to the European beech 

plants studied in article I. Possible benefits for the plant may be the compromise between 

relatively low biomass of the ECM fungi that have to be maintained, combined with a 

voluminous envelope of emanating hyphae (Agerer 2001). This combination can enable the 

respective fine roots to access pore water of the soil, yet only over short distances. However, 

as carbon did not seem to be limiting, additional benefits to the plant such as increased ability 

to mobilise nutrients may have led to the observed preferential C allocation. 

Given that C transfer from recent assimilates to roots is strongly reduced during 

drought, the remaining ECM fungi have to be supported with C from tree reserves like starch. 

This effect should be reflected by shifts in the natural abundances of 13C. When stomatal 

conductance decreases, CO2 concentration in the gaseous spaces within the plant decreases, 

too thereby reducing the 13C isotope discrimination of RuBisCO (Barbour & Farquhar 2000). 

Additionally, starch which is used as storage compound by plants and may be used to support 

ectomycorrhizae (Loewe et al. 2000) during drought-impaired photosynthesis (Luo et al. 2009) 

shows δ 13C values that are ca. 2‰ higher than in overall plant biomass (Wanek et al. 2001). 

This leads to higher δ 13C values in ECM root tips of drought stressed plants, which was also 

found in the experiments communicated in articles I and IV. In the naturally dry year 2003, 

Nikolova et al. (2010) also found an enrichment of 13C due to drought at the same site the 

experiment reported in article IV was conducted. There are several other studies confirming 

this finding and stressing a correlation of stomatal conductance and 13C abundance (Peuke et 

al. 2006; Ruehr et al. 2009). Another reason for higher 13C values in ectomycorrhizae is their 
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mode of nutrition. Saprotrophic fungi are enriched in 13C compared to ECM fungi (Hobbie et 

al. 2001; Taylor et al. 2003). However, the effect size of both phenomena (stomatal closure 

during drought and using SOM as C source) is about the same making it difficult to determine 

if the observed enrichment in 13C of ectomycorrhizae derived from altered nutrition mode of 

the ECM fungi or from 13C enriched C supply from the tree. Moreover, the saprotrophic 

potential of ECM fungi is highly debated (Koide et al. 2008; Cullings & Courty 2009). In a recent 

review Lindahl & Tunlid (2015) advocate decomposition of organic matter by ECM fungi to 

primarily grant access to mineral nutrients rather than to the carbon contained therein. This is 

in line with findings of Hupperts et al. (2017) who reported highest β-glucuronidase activities 

during full leaf expansion of Populus tremuloides and no strong response to leaf abscission, 

supporting the nutrient acquisition model. Altogether, this points strongly towards C supply 

of ectomycorrhizae during drought from tree C reserves. 

Even EAs do not provide clear evidence of the nutritional mode of ECM fungi, because 

as pointed out above ECM fungi can degrade organic materials, but without using the C 

contained therein (Lindahl & Tunlid 2015). Yet, EA profiles are indicative of the interaction of 

ectomycorrhizae with their environment. The results presented in article IV unequivocally 

show that even though abundances of ectomycorrhizae strongly declined, the functionality of 

the ECM community was maintained with respect to EAs on a qualitative basis. The relative 

stability of ECM EAs upon environmental disturbance has often been observed (Diedhiou et 

al. 2010; Jones et al. 2010). Yet, data presented in article IV show an increase of leucine 

aminopeptidase activity at the ECM root tip level after three years of severe summer drought. 

This probably constitutes a compensation mechanism for the overall decline in EAs at soil 

volume level, as also suggested by Herzog et al. (2013) who found leucine aminopeptidase 

activity negatively correlated with the abundance of C. geophilum. Repeated summer drought 

further increased extracellular cellulolytic potential at the ECM root tip level. This again raises 

the question of the nutritional mode of the ectomycorrhizae. And again, evidence suggests 

rather breakdown of cellulose to gain access to nutrients contained in dead plant material 

(Hupperts et al. 2017) than saprotrophic carbon acquisition (Courty et al. 2007; Bréda et al. 2013) 

as the relative increase of long-distance exploration types suggests that carbon was not 

limiting, especially given that before drought, long distance types were least abundant 

(Goisser et al. 2016; Hagedorn et al. 2016). The present results thus indicate an overall 

qualitative preservation of functionality regarding EAs at ECM root tip level. However, the 
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strong decline in numbers of vital ectomycorrhizae led to a quantitative functional loss at 

ecosystem level. This was made particularly clear by the loss of laccase activity caused by 

disappearance of laccase active ECM fungal species. 

Taken together, the present findings indicate that ECM community structure shifted 

towards drought tolerant species. The relative increase in long-distance types—be it because 

of enhanced drought survival due to hydrophobicity or because of promotion by the host 

plant—probably increased water availability for ECM fungi and plants. At low C support by 

the plant, short-distance exploration types may take over this function. Regarding EAs, the 

ECM communities studied here reacted to drought by maintaining or even increasing their 

EAs qualitatively, but were not able to compensate for quantitative losses, leading to reduced 

nutrient cycling within the ECM community. 

4.2 How does tree species mixture influence ECM fungal communities under 

drought? 

In the present work tree species mixture was studied in a mature Norway spruce- 

European beech mixed forest. The results presented in article II show that European beech and 

Norway spruce exhibited similar distribution of fine roots when growing intraspecifically. 

However, when growing next to each other in mixture, European beech shifted its fine root 

production to deeper soil layers whereas Norway spruce shifted its fine roots to shallower soil 

layers. These findings confirm the work of Bolte & Villanueva (2006). Yet, most 

ectomycorrhizae of both tree species were found in the upper soil, which is the region where 

nutrients are abundant and where precipitated water can be absorbed. There is not only spatial 

divergence between European beech and Norway spruce in fine root production, but also 

temporal divergence in water consumptions: while evergreen Norway spruce consumes soil 

water from temperatures above 7 °C (Lagergren & Lindroth 2002) European beech begins to 

transpire considerable amounts of water not before bud break. 

Regarding ECM fungal species diversity, tree mixture had a beneficial effect by reducing 

the decline of ECM fungal diversity due to drought compared to single tree species zones. This 

result supports the stress gradient hypothesis of increased facilitation among plant species 

with increasing stress levels (Bertness & Callaway 1994). Among ECM fungi there are species 

with a very narrow host spectrum down to single tree species and generalist species, such as 

C. geophilum forming symbioses with numerous tree species. Even though most ECM fungal 
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species found at the plots in Kranzberger Forst were associated with both, European beech 

and Norway spruce, there were some that have been found exclusively associated with only 

one tree species. This finding confirms results from a survey in a mixed stand of Pseudotsuga 

menziesii and Pinus muricata by Horton & Bruns (1998). However, there is only few data 

available on the drought tolerance of single ECM fungal species. But it is likely that reduced 

competition for non-limiting resources due to different soil exploration of the two tree species 

(Bolte & Villanueva 2006) led to the observed higher ECM fungal species diversity in tree 

species mixture zones compared to single tree species zones. Another reason could be the 

different strategies of European beech and Norway spruce to overcome drought. While 

European beech trees produce new fine roots even at low water potentials, Norway spruce 

trees stop fine root growth and maintain standing fine root biomass (Mainiero et al. 2010; 

Nikolova et al. 2010). This could enable ECM fungal species that colonise fine roots of both 

trees to occupy not only spatial, but also temporal niches, depending on the fine root activity 

of their respective host tree, which would facilitate recolonization of fine roots after dry spells. 

This indicates mixture to increase resilience of forest ecosystems after drought. The theory of 

recolonization is also supported by the fact that drought-tolerant ECM fungi were found 

among the four most frequent morphotypes shared by European beech and Norway spruce. 

Further, ECM fungi colonising both tree species may contribute to resource partitioning 

between fungi and different trees by forming functional connections (so called “wood wide 

web”) which could facilitate stress resistance (Beiler et al. 2010). Another temporal effect is 

water availability. Before bud break of European beech, soil water consumption of evergreen 

Norway spruce lowered soil water content more in pure Norway spruce than in mixed zones 

due to less abundant fine roots of Norway spruce in mix zones and probably also because of 

the capacity of European beech for hydraulic redistribution (Caldwell et al. 1998). This may 

positively influence recovery of the ECM fungal community during the dormant season of 

European beech despite the higher transpiration capacity of European beech leaves compared 

to Norway spruce needles. Further, input of European beech litter may be beneficial for 

neighbouring Norway spruce, as it can significantly alter the topsoil properties (i.e. reduced 

humus accumulation and acidity) and hence nutrient release from litter decomposition and 

nutrient cation mobility (Göttlein et al. 2012). This is supported by the higher share of Norway 

spruce ectomycorrhizae without rhizomorphs in mixture compared to pure Norway spruce 

which is outlined in detail in the discussion section of article II. 
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The overall abundance of ectomycorrhizae of all exploration types was lower in tree 

species mixture zones compared to monospecific zones. This can be explained by the higher 

distance between individual trees in the mixture zones, resulting in an overall lower fine root 

density. The lack of a tree species mixture effect is underpinned by annual variation in the 

results that were transient and did not allow to deduce clear patterns (see also chapter 3.2.3). 

Regarding qualitative EAs, the few significant interactions of throughfall exclusion × 

zone indicated that tree species and mixture situation per se had only minor effects on the 

outcome of EA in the drought treatment. However, tree species mixture decreased the rise of 

cellulolytic potentials due to drought and this effect was more pronounced in the topsoil. This 

could be interpreted as a response to altered litter quality in mixture zones with lower amounts 

of easily degradable European beech litter requiring higher efficiency in breakdown potential. 

However, these mixture effects only became apparent after three years of experimental 

summer drought. This can probably be attributed to changes in niche occupation by roots of 

the two tree species, as indicated by the reduction in some enzyme activities (leucine 

aminopeptidase and phosphatase) in Norway spruce from mixture but not in European beech 

from mixture in the topsoil, and their increase in the deep layers. Thus, tree species mixture 

seems to have minor influence on qualitative EAs, at least after the time period of three 

drought years analysed and reported in article IV. The fact that tree species in combination 

with drought had minor effect on quantitative EAs of their ECM fungal community further 

supports the assumption that C is not a limiting factor. Given that Norway spruce closes its 

stomata earlier than European beech during drought establishment, it could be hypothesised 

that EAs of Norway spruce ectomycorrhizae increase earlier as an increase of ECM EAs as a 

response reduced C allocation has been shown previously (Cullings et al. 2008). According to 

the microbial market theory (Werner et al. 2014) and the assumption that ectomycorrhizae 

degrade SOM primarily to gain access to nutrients locked therein (Lindahl & Tunlid 2015; 

Hupperts et al. 2017), this increase in EAs upon reduced C allocation could be interpreted as a 

response to higher “prices” of a scarce resource. 

Taken together, mixture of European beech and Norway spruce mitigated negative 

impacts of recurrent summer drought on ECM fungal diversity, indicating mixture to increase 

resilience of forest ecosystems after drought. It took three years of experimental summer 

drought to generate significant mixture effects. 
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4.3 How does recovery from drought change sink strength and the capacity to 

mobilise nutrients of ectomycorrhizae and how is this influenced by 

different N:P stoichiometries in the substrate? 

The results reported in article I clearly showed that during drought net photosynthesis 

and soil respiration were reduced. Using 13CO2 as a tracer it could be shown that recent 

assimilates were translocated to fine roots even during very low water availability. Yet, soil 

respiration showed a dilution effect caused either by heterotrophic processes or C supply of 

roots from tree reserves like starch (Loewe et al. 2000; Klein & Hoch 2015). Drought further 

reduced the velocity of C transport from leaves to roots more than previously reported (Ruehr 

et al. 2009). This indicates sink control and not source limitation as outlined in article I. 

In both experiments communicated in articles I and III, recovery after severe drought 

was examined by rewatering the respective systems. Results of both experiments showed 

increased C allocation from recent assimilates to ectomycorrhizae at similar photosynthetic 

capacity in previously drought treated setups compared to control treatments. These results 

also support the concept of sink control, as source activity (photosynthesis) in recovering and 

control plants was at similar levels. Further, the concept of an ecological stress memory was 

supported by the imprint of a drought effect on plant source and sink tissues, the underlying 

mechanisms of which are still poorly understood (Ogle et al. 2015). The greater allocation and 

use of recent assimilates in below-ground sinks after rewatering showed that trees give high 

priority to investing into their roots for recovery from drought. The likely reason for this 

response is the metabolic need for root and mycorrhizal restoration to re-establish capability 

of trees to acquire water and nutrients after an extended drought (Lehto & Zwiazek 2011; 

Volkmann et al. 2016). 

Results reported in article III add that fertilisation can influence sink strength of 

ectomycorrhizae. Only treatments that were not N-fertilised showed significantly higher C 

allocation to ectomycorrhizae recovering from drought compared to regularly irrigated 

treatments. When high amounts of N are available there might be less need to restore root and 

ectomycorrhizal metabolism as N can be used to synthesise amino acids, many of which–

especially proline–can also act as osmoprotectants (Handa et al. 1986; McNeil et al. 1999). P 

fertilisation also reduced C allocation to ectomycorrhizae recovering from drought compared 

to non-fertilised treatments, but to a lesser extent than N fertilisation. The fact that fertilisation 
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reduced sink strength of ectomycorrhizae also supports the microbial market theory (Werner 

et al. 2014). When nutrients are abundant and accessible for the plant, there is no need to “pay” 

C for ECM foraging. However, in continuously irrigated treatments added nutrients were 

already taken up at the end of the experiment. Therefore, this hypothesis could not be tested 

directly under control conditions. But fertilisation enhanced plant growth leading to bigger 

plants in especially N-fertilised and continuously irrigated treatments with higher nutrient 

demands. Although not significantly, these bigger plants also had higher C allocation to 

ectomycorrhizae compared to smaller plants. As N contents in the substrate of all continuously 

irrigated plants were similar, the bigger and therefore more demanding plants may have 

invested more C in ECM symbiosis foraging for nutrients which also supports microbial 

market theory. 

Regarding ECM capacity to mobilise nutrients the results presented in article III show 

that fertilisation had no direct effect on enzyme activities. This is an intriguing result, as 

downregulation of ECM EAs upon fertilisation has been reported as outlined in the discussion 

section of article III. A reason may be that these particular ectomycorrhizae were adapted to 

high nutrient contents in agricultural soils. Exoenzyme activities of ectomycorrhizae can be 

very stable upon disturbance (Diedhiou et al. 2010; Jones et al. 2010). Yet, ectomycorrhizae of 

recovering plants showed higher potentials to degrade plant and fungal cell walls. This would 

be beneficial in order to obtain N- and P-rich substrates contained in dead tissues from roots 

and microorganisms that did not survive the drought treatment. Enhanced phosphatase 

activity during recovery from drought may help to mobilise P from dead cells and tissues, 

which were made accessible by the chitinolytic and cellulolytic activities of ectomycorrhizae. 

After severe drought, there might be an increased need for P to restore metabolism. 
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5 Conclusions and outlook 

Using functional traits that serve as effect and response traits at the same time it was 

possible to predict the indirect effects of environmental change on ecosystem function via ECM 

fungi. Regarding effects of drought on (several years to long-term) established ECM fungal 

communities under experimental water exclusion, articles I (drought experiment in open-top 

chambers) and IV (throughfall exclusion experiment at Kranzberger Forst) have shown that 

during drought species composition shifted towards drought tolerant species. Soil exploration 

by ectomycorrhizae shifted towards long-distance exploration types which can transport 

water and solutes over a distance of several cm. This supports the hypothesis that those ECM 

exploration types are beneficial for the plant under conditions of low water availability, given 

the high C cost for maintaining their vast extramatrical mycelium. However, there was no 

indication that C was limiting. Stable isotope analysis of natural 13C abundance revealed a 

reduction in allocation of recent assimilates to ectomycorrhizae under drought, but the 

experimental approach did not allow to determine if this loss was balanced by C from tree 

reserves or by C from SOM (ECM saprotrophic potential). Drought experiments using 13C 

labelled plant litter would help to quantify how much C is derived from SOM. However, care 

has to be taken that decomposition of labelled plant litter and thereby 13CO2 from soil 

respiration does not enter the assimilation process. 

Following a 13CO2 pulse labelling confirmed reduced C allocation from recent assimilates 

to ectomycorrhizae under drought. Qualitatively, EAs of ectomycorrhizae under drought 

showed a remarkable stability. However, qualitative stability could not compensate for 

quantitative losses as many ECM root tips succumbed to drought. Thus, under drought 

conditions the surviving drought tolerant ECM fungi, most of which being able to transport 

water over long distances, received less recent assimilates but C did not seem to be limiting. 

On an individual level, ectomycorrhizae maintained their EAs, but were not able to 

compensate for losses at ecosystem level. This may lead to a reduction in nutrient cycling 

processes. 

The interactive platform computing correlation matrices of all EAs and ECM fungal 

species abundances at sample type level as described in chapter 3.2.3 is envisaged to be used 

for future studies. Detailed comparisons enable to follow regulation of EA profiles of different 

single ECM fungal species in selected soil depths, associated with fine roots of selected host 
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trees. With increasing data sets, it may also be possible to compute co-occurrence and niche 

partitioning among ECM fungal species instead of the labour intensive method of micro 

mapping (Agerer et al. 2002). Further, the interrelationships that are presented may guide the 

design of future experiments investigating effects of drought on EAs of certain ECM fungal 

species. 

Regarding the influence of tree species mixture on ECM fungal communities during 

drought, articles II and IV have shown that mixture per se shifted fine root distribution of 

Norway spruce upwards and fine root distribution of European beech downwards. This effect 

was enhanced by drought. Tree species mixture alleviated the negative effects of recurrent 

summer drought on ECM fungal community diversity, thereby increasing resilience of the 

studied ecosystem after drought. Reasons for this may be the selection for drought tolerant 

generalist species being able to colonise new grown roots after drought release. Tree species 

identity and mixture during drought had only minor effects on EAs and soil exploration 

properties of ectomycorrhizae in the system studied. Thus, from an ECM fungal community 

point of view, tree species mixture has the potential to increase resilience of the ecosystem after 

drought. 

Regarding the phase of recovery from drought, articles I and III showed that C allocation 

from recent assimilates was greatly enhanced after one week of recovery from drought 

compared to continuously irrigated treatments at similar photosynthetic capacity indicating 

sink control of C fluxes. Trees were found to increase below-ground C allocation thus 

apparently prioritising to restore root and thereby ECM functions. Fertilisation with mineral 

N and P reduced this effect with greater influence of N fertiliser compared to P fertiliser. The 

capacity of ectomycorrhizae to mobilise nutrients from their substrate was more influenced by 

previous drought with some indirect effects of fertilisation mediated by enhanced plant 

growth. Thus, C fluxes in trees after drought release seem to be sink controlled with alleviating 

effects of P and especially N fertilisation regarding impacts of drought stress on ecosystems. 

Different levels of experimental control showed results on sink control of C allocation 

and potential nutrient mobilisation obtained in a highly controlled greenhouse experiment 

(article III) were transferable to larger scales. Sink control of C allocation from recent 

assimilates has also been found in the open top chamber experiment (article I) and an increase 

in cellulolytical potential of ECM root tips was confirmed in the near natural ecosystem setup 

(article IV). 
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Facing climate change, forest management should promote mixed forests in order to 

increase their resistance and resilience to repeated summer drought. Ironically, as fertilisation 

seems to mitigate negative effects of drought stress on ectomycorrhizae, anthropogenic N 

deposition may moderate drought impact on forest ecosystems. However, it is questionable if 

this effect could outweigh the negative effects of anthropogenic N deposition on ECM species 

diversity. Due to fertilisation of adjacent field crops, agroforestry systems may be rather 

resilient against short-term drought. Thus, poplars and potentially also other tree species in 

agroforestry systems may be a promising tool to sequester C, apart from their other ecological 

and agricultural benefits. 

Finally, it would be important to conduct experiments refining hydrophobicity concepts 

of ECM fungal surfaces regarding drought resistance. To build on the work presented in article 

III, the next step should be to carry out field experiments to validate the present findings in 

agricultural practice. The experimental system in Kranzberg forest reported in articles II and 

IV has shown that the below-ground system is very stable facing drought. However, after three 

years of throughfall exclusion some Norway spruce trees succumbed to drought showing 

vulnerability of Norway spruce to drought. To determine whether emerging facilitation effects 

of tree species mixture will continue, prolongation of the experiment with increasing stress 

levels and further sampling is required. Thereafter, drought stress release by rewatering as 

envisaged in the experimental concept of this long-term experiment is ultimately required to 

determine resilience of the system. 
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7 Articles 

7.1 I: Recovery of trees from drought depends on belowground sink control 

Nature plants, 2, 16111. doi:10.1038/nplants.2016.111. 

Year: 2016 

Authors: Hagedorn F, Joseph J, Peter M, Luster J, Pritsch K, Geppert UT, Kerner R, 

Molinier V, Egli S, Schaub M, Liu J-F, Li M, Sever K, Weiler M, Siegwolf RTW, Gessler A 

& Arend M 

 

The following article reports results from the open top chamber experiment and an 

additional pot experiment for analysis of metabolites. Recent photosynthates were traced from 

source to sink tissues until they were finally released into the soil matrix. This was done during 

and after drought because climate projections predict higher precipitation variability with 

more frequent dry extremes. During drought, photosynthetic activity of forest trees decreases, 

either by stomatal closure or by direct environmental control of sink tissue activities. In the 

end, drought effects on forests depend on the ability of forest trees to recover. However, the 

mechanisms controlling ecosystem resilience are largely uncertain. Here, the effects of drought 

and drought release—as experienced by short but intense summer droughts—on the carbon 

balances in European beech trees were investigated. This was achieved by combining CO2 flux 

measurements, metabolomics and 13CO2 pulse labelling. During drought treatment in the open 

top chambers, net photosynthesis, soil respiration and the allocation of recent assimilates 

below-ground were reduced. The pot experiment showed that carbohydrates accumulated in 

metabolically resting roots but not in leaves. These findings indicate sink control of the tree 

carbon balance. After drought release in the open top chambers, soil respiration recovered 

faster than net photosynthesis. Further, CO2 fluxes exceeded those in continuously watered 

trees for months. This stimulation was related to greater assimilate allocation to the roots and 

metabolisation of these assimilates in the rhizosphere. These findings show that trees prioritise 

the investment of assimilates below-ground, probably to regain root functionality after 

drought. It is proposed that root restoration may play a key role in ecosystem resilience to 

drought, in so far as the increased sink activity controls the recovery of carbon balances. 

  



Articles 

63 

 

   



Articles 

64 

 

  



Articles 

65 

 

  



Articles 

66 

 

  



Articles 

67 

 

   



Articles 

68 

 

  



Articles 

69 

 

  



Articles 

70 

 

  



Articles 

71 

 

  



Articles 

72 

 

  



Articles 

73 

 

  



Articles 

74 

 

  



Articles 

75 

 

  



Articles 

76 

 

  



Articles 

77 

 

  



Articles 

78 

 

7.2 II: Does belowground interaction with Fagus sylvatica increase drought 

susceptibility of photosynthesis and stem growth in Picea abies? 

Forest Ecology and Management, 375, 268-278. doi: 10.1016/j.foreco.2016.05.032. 

Year: 2016 

Authors: Goisser M, Geppert UT, Rötzer T, Paya A, Huber A, Kerner R, Bauerle T, 

Pretzsch H, Pritsch K, Häberle K-H, Matyssek R & Grams TEE 

 

The following article reports results from the experimental site Kranzberger Forst one 

year before the first throughfall exclusion treatment (2013) investigating drought susceptibility 

of Norway spruce when neighbouring other Norway spruce or European beech trees. It hast 

been frequently observed that mixed stands of European beech and Norway spruce over-yield, 

when compared to respective monospecific stands. Over-yielding is attributed to enhanced 

resource uptake efficiency through niche complementarity alleviating species competition, for 

example through enhanced root stratification in mixture. Mixture effects at the organ (leaf, fine 

root), tree and stand scale were analysed in a mature forest with European beech-Norway 

spruce group mixture. Under inter-specific conditions fine-root production and depth of water 

uptake of Norway spruce shifted to shallow, drought-prone soil horizons. Overall, lowered 

fine root production and ramification along with a reduction in long-distance ectomycorrhizal 

exploration types resulted in decreased soil exploitation in Norway spruce when growing 

together with European beech. Drought sensitivity of Norway spruce was exemplified by a 

distinct decrease in stomatal conductance, net CO2 uptake rate and stem growth during 

periods of natural water limitation. Nevertheless, species interaction effects were absent in leaf 

gas exchange and stem diameter growth, during a natural six-week summer drought period 

in 2013 as well as in the extremely dry year of 2003. These findings may result from seasonal 

shifts between positive and negative effects of European beech neighbourhood on soil water 

availability for spruce and the group-wise mixture pattern, where spruce is exposed to 

competition with beech only along group edges. The results suggest, compared to single tree 

mixture, group-wise mixture of beech and spruce to be a favourable silvicultural option in the 

face of climate change.  



Articles 

79 

 

  



Articles 

80 

 

  



Articles 

81 

 

  



Articles 

82 

 

  



Articles 

83 

 

  



Articles 

84 

 

  



Articles 

85 

 

  



Articles 

86 

 

  



Articles 

87 

 

  



Articles 

88 

 

  



Articles 

89 

 

  



Articles 

90 

 

  



Articles 

91 

 

7.3 III: Nitrogen fertilisation reduces sink strength of poplar ectomycorrhizae 

during recovery after drought more than phosphorus fertilisation 

Plant and Soil, 1-18. doi:10.1007/s11104-017-3354-2. 

Year: 2017 

Authors: Nickel UT, Winkler JB, Mühlhans S, Buegger F, Munch JC & Pritsch K 

 

The following article reports results from the greenhouse experiment with poplar under 

drought and different fertilisation regimes. As shown in article I, drought reduced the C flux 

from leaves (source) to mycorrhizal roots (sink). However, during recovery from drought, C 

flux exceeded the levels observed in irrigated controls. This process is probably sink-

controlled. Here, this source–sink relationship was studied in an agronomically used poplar 

clone grown at different levels of N and P fertilisation as used in silvoarable agroforestry 

systems. A fully factorial pot experiment was conducted combining four fertiliser and two 

drought regimes. Gas exchange and chlorophyll and flavonol indices were regularly 

monitored. One week after rewatering, a 13CO2 pulse labelling was performed. Plants were 

harvested one week after recovery. At harvest, an excess in C allocation to ectomycorrhizae 

was observed in non-N-fertilised treatments. However, net photosynthesis only recovered to 

the level of continuously irrigated controls. Drought increased chitinase, cellulase, 

phosphatase and peptidase activities, but the latter only in N-fertilised treatments. Higher 

activities of chitinase and celluluase in ectomycorrhizae of recovering plants suggest the 

degradation of plant and fungal cell walls and arthropod-derived chitin from individuals that 

died during drought. Enhanced phosphatase activity during recovery from drought may help 

to mobilise P from dead cells and tissues, which were made accessible by the chitinolytic and 

cellulolytic activities of ectomycorrhizae. After severe drought, there might also be a need for 

phosphorus to restore metabolism. The results further indicate that allocation of recent 

photosynthates is most likely sink-controlled because, after drought release, source activity 

recovered to the level in irrigated plants, but 13C allocation to ECM (C-sink) was much higher. 

However, this was less pronounced in the presence of N and P fertiliser. Overall, this suggests 

that either (1) sink strength is an indicator of the impact of drought stress and that this sink 

strength can be reduced especially by fertilisation with N, or (2) that recent photosynthates 

were partitioned between two sinks (i.e. ECM and above-ground growth).  
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7.4 IV: Quantitative losses vs. qualitative stability of ectomycorrhizal 

community responses to 3 years of experimental summer drought in a 

beech-spruce forest 

Global Change Biology. doi: 10.1111/gcb.13957 

Year: 2017 

Authors: Nickel UT*, Weikl F*, Kerner R, Schäfer C, Kallenbach C, Munch JC & Pritsch K 

 

The following article reports results from the first three years of the throughfall exclusion 

experiment at Kranzberger Forst. Forest ecosystems in central Europe are predicted to face an 

increasing frequency and severity of summer droughts because of global climate change. 

European beech and Norway spruce often coexist in these forests with mostly positive effects 

on their growth. However, their different below-ground responses to drought may lead to 

differences in ECM fungal community composition and functions. This was examined at the 

individual root levels and at ecosystem levels. Retractable roofs were installed over plots at 

the experimental site to impose repeated summer drought conditions. Zones were assigned 

within each plot where trees neighboured the same or the respective other tree species to study 

mixed species effects (see also article II). ECM fungal community composition changed and 

the numbers of vital mycorrhizae decreased for both tree species over 3 drought years (2014–

2016), with the ECM fungal community diversity of beech exhibiting a faster and of spruce a 

stronger decline. Mixed stands had a positive effect on the ECM fungal community diversity 

of both tree species after the third drought year. Relative abundance of ectomycorrhizae with 

long rhizomorphs increased in both species under drought, indicating long-distance water 

transport. However, there was a progressive decline in the number of vital fine roots during 

the experiment, resulting in a strong reduction in enzyme activity per unit volume of soil. 

Hydrolytic enzyme activities of the surviving ectomycorrhizae were stable or stimulated upon 

drought, but there was a large decline in ECM fungal species with laccase activity, indicating 

a decreased potential to exploit nutrients bound to phenolic compounds. Thus, 

ectomycorrhizae responded to repeated drought by maintaining or increasing their 

functionality at the individual root level, but were unable to compensate for quantitative losses 

at the ecosystem level. These findings demonstrate a strong below-ground impact of recurrent 

drought events in forests.  
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Tables S3, S4, S7 and S8 are not suitable for printing. Therefore, refer to the electronic 

appendix of the published original article, please.  
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8 Appendix 

8.1 Abbreviations used in figures 2–5 

Cel  cellobiohydrolase activity 

Glr  gucuronidase activity 

Gls  glucosidase activity 

Lac  laccase activity 

Leu  leucine-aminopeptidase activity 

Nag  N-acetyl-glucosaminidase activity 

Pho  phosphatase activity 

Xyl  xylosidase activity 

Cen_geo  abundance of Cenococcum geophilum (FR.) 

Cla_1  abundance of Clavulina (J. SCHRÖT.) sp. 1 

Cor_1  abundance of Cortinarius [(PERS.) GRAY] sp. 1 

Gen_his  abundance of Genea hispidula (BERK. ex TUL. & C. TUL) 

Ino_umb abundance of Inocybe umbrina (BRES.) 

Lac_ame abundance of Laccaria amethystine [(HUDS.) COOKE] 

Lac_bic  abundance of Laccaria bicolor [(MAIRE) P.D. ORTON] 

Lac_ble  abundance of Lactarius blennius (FRIES) 

Lac_tab  abundance of Lactarius tabidus (FR.) 

Lact_1  abundance of Lactarius (PERS.) sp. 

MT_11  abundance of unidentified morphotype 11 

MT_18  abundance of unidentified morphotype 18 

MT_58  abundance of unidentified morphotype 58 

No_myc  abundance of vital, but not mycorrhized root tips 

Rus_1  abundance of Russula (PERS.) sp. 1 

Rus_2  abundance of Russula (PERS.) sp. 2 

Rus_fel  abundance of Russula fellea [(FR.) FR.] 

Rus_nig  abundance of Russula nigricans (FR.) 

Rus_och  abundance of Russula ochroleuca (PERS.) 

Scl_cit  abundance of Scleroderma citrinum (PERS.) 

Thel_1  abundance of Thelephora (PERS.) sp. 1 

Tom_1  abundance of Tomentella (PERS.) sp. 1 

Tom_2  abundance of Tomentella (PERS.) sp. 2 

Tom_bot abundance of Tomentella botryoides [(SCHWEIN.) BOURDOT & GALIZIN] 

Tub_pub abundance of Tuber puberulum (BERK. & BROOME) 

Tyl_ast  abundance of Tylospora asterophora [(BONORD.) DONK] 

Xer_chr  abundance of Xerocomus chrysenteron [(BULL.) ŠUTARA] 

Xer_pru  abundance of Xerocomus pruinatus [(FR.) ŠUTARA] 

  



Appendix 

144 

 

8.2 Approval letters from publishers 

8.2.1 Article I 

 



Appendix 

145 

 

8.2.2 Article II 

 



Appendix 

146 

 

8.2.3 Article III 

 



Appendix 

147 

 

  



Appendix 

148 

 

8.2.4 Article IV 

 

  



Appendix 

149 

 

Danksagung 

Während meiner Arbeit am Helmholtz Zentrum München und dem Verfassen dieser 

Dissertation haben mich viele Menschen finanziell, fachlich, seelisch und tatkräftig 

unterstützt. An dieser Stelle möchte ich meinen Dank für diese Unterstützung aussprechen, 

ohne die diese Arbeit nicht möglich gewesen wäre. 

Zuallererst möchte ich meiner Doktormutter, Chefin und Mentorin PD Dr. Karin Pritsch 

danken. Sie hat diese Dissertation angeregt, mich sicher über alle Hürden geführt und stand 

mir stets mit ihrem Wissen und ihrer Unterstützung zur Seite. Sie hat mir wertvolle 

Dienstreisen zu Kongressen ermöglicht und war eine nie versiegende Quelle der Inspiration. 

Danken möchte ich auch Herrn Prof. Dr. Jean-Charles Munch, in dessen Institut meine 

Reise begann. Er hat mir auf seine unkomplizierte Weise alle Mittel zur Verfügung gestellt, 

die ich für die Durchführung dieser Arbeit benötigt habe und war immer bereit, sich für mich 

einzusetzen. 

Nach der Emeritierung von Prof. Munch wurde ich von Prof. Dr. Jörg Durner in seinem 

Institut aufgenommen wo ich meine Arbeit ohne Unterbrechung fortsetzen konnte. Ihm und 

Prof. Dr. Johannes Kollmann möchte ich auch für ihre Bereitschaft danken, meine Arbeit zu 

prüfen. 

Ich möchte Prof. Dr. Diethart Matthies, der auch schon meine Masterarbeit betreut hat, 

für seine Bereitschaft danken, meinem Thesis Committee anzugehören und mich auch durch 

das Doktorat zu begleiten. Er gab mir wertvolle statistische Unterstützung. Von ihm lernte ich 

die Grundlagen des experimentellen Designs und der Datenanalyse, was mir stets eine große 

Hilfe war. 

Für das Regenausschlussexperiment im Kranzberger Forst war viel Vorbereitung nötig. 

Ich danke Dr. René Kerner für die Einarbeitung und die Organisation der ersten beiden Jahre, 

für die vielen lustigen und verrückten Stunden am Binokular und für die Freundschaft, die 

daraus entstand. 

Ein weiterer Pfeiler für das tägliche Überleben war Dr. Fabian Weikl; der beste 

Büronachbar und anfangs noch Mitdoktorand, den man sich wünschen kann (auch wenn es 

manchmal recht warm in der guten Stube war). Mit seiner mikrobiologischen Expertise, als 

Ko-Autor und nicht zuletzt als Freund war er mir eine große Hilfe und ein Vorbild. Danken 



Appendix 

150 

 

möchte ich auch meinem Mitdoktoranden Philipp Koal, der mir die Welt der Bodenkunde 

nahegebracht und mich den Umgang mit Bodenproben gelehrt hat. 

Ohne Franz Buegger und Gudrun Hufnagel wären viele technische Probleme ungelöst, 

tausende Proben ungemessen und so manche Weinflasche ungeöffnet geblieben. Ihre 

Kompetenz, Zuverlässigkeit und Freundschaft waren mir eine große Hilfe. 

Ein großer Dank geht auch an meine Ko-Autoren/innen und an meine Kollegen/innen, 

die mich als Ko-Autor und zu ihren Experimenten eingeladen haben, allen voran Dr. Michael 

Goisser und Dr. Martina Peter. Ich bedanke mich für die tolle Zusammenarbeit und den 

kulturellen und fachlichen Austausch mit den Kollegen aus der Schweiz (ich vermisse 

schmerzlich das Znüni mit Kaffee und Ragusa). 

Tatkräftige Unterstützung habe ich von unserem Labortechniker Arsin Sabunchi 

erhalten und von etlichen Praktikanten/innen, Studenten/innen und Auszubildenden. 

Besonders erwähnen möchte ich hier die Arbeit von Christina Hartung, Carina Meyer, Neele 

Alberding, Ahmad Mahmood, Elisabeth Koc, Charlotte Völkel, Alexander Wendler, Mareike 

Bamberger, Jelena Vucic und Johanna Kössl. 

Ohne die Unterstützung meiner Familie hätte ich diese große Aufgabe nicht bewältigen 

können. Hier möchte ich ganz besonders meiner wundervollen Frau Catharina danken. Sie 

hat immer an mich geglaubt und mir immer Kraft gegeben, hatte immer zwei offene Ohren 

und hat an all das gedacht, was ich sonst vergessen hätte. Danke für alles; bis zur 

Unendlichkeit und noch viel weiter! 

Ich danke meinen Eltern Gudrun und Peter, meinen Schwiegereltern Christiane und 

Horst, meinen Schwägerinnen und Schwagern Connie, Tobi, Steffi und Alex und deren 

Kindern Mathilda, Gregor, Eleonore und Henri für die vielen entspannenden Momente, 

aufbauenden Gespräche, inspirierenden Erlebnissen und musikalischen Soiréen. Ganz 

besonders danke ich meiner Großmutter Elfriede, die in ihrem Garten meine Begeisterung für 

Biologie und Botanik geweckt hat, die immer einen guten Rat zur rechten Zeit hat und die 

einzige Person ist, mit der ich Akkordeon-Duette spielen kann. 

  



Appendix 

151 

 

Lebenslauf 

Uwe Tobias Nickel geb. Geppert 
Geboren am 26.06.1987 in Bad Waldsee, Deutschland 
Hasenkamp 10, 22880 Wedel, Deutschland 

06/2013 – 
03/2017 

Doktorand,  Helmholtz Zentrum München und Technische Universität München 

Thema: Ectomycorrhizae and drought: effects of carbon and nutrients on functional traits 

Publikationen: 

· Hagedorn F et al. (2016): Recovery of trees from drought depends on belowground sink control. 
Nature plants, 2, 16111. doi:10.1038/nplants.2016.111. 
· Goisser M et al. (2016): Does belowground interaction with Fagus sylvatica increase drought 

susceptibility of photosynthesis and stem growth in Picea abies? Forest Ecology and 
Management, 375, 268-278. doi: 10.1016/j.foreco.2016.05.032. 
· Nickel UT et al. (2017): Nitrogen fertilisation reduces sink strength of poplar ectomycorrhizae 

during recovery after drought more than phosphorus fertilisation. Plant and Soil, 419(1), 405–
422. doi:10.1007/s11104-017-3354-2. 
· Nickel UT et al. (2017): Quantitative losses vs. qualitative stability of ectomycorrhizal 

community responses to 3 years of experimental summer drought in a beech-spruce forest. 
Global Change Biology. doi: 10.1111/gcb.13957 

Tagungsbeiträge: 

· New Phytologist Symposium 2014, CH-Zürich, Posterpräsentation 
· Jahrestagung der Arbeitsgemeinschaft Stabile Isotope e.V. 2014, München, Posterpräsentation 
· 8th International Conference on Mycorrhiza 2015, US-Flagstaff/Arizona, Posterpräsentation 
· Tagung der Gesellschaft für Ökologie 2016, Marburg, Vortrag 

01/2013 – 
05/2013 

Wissenschaftlicher Mitarbeiter,  Botanische Staatssammlung München 

Labortätigkeit und Datenauswertung zur molekularen Phylogenie der Gattung Stylochaeton, 
sowie Mitarbeit bei der Digitalisierung von Herbarbelegen. 

10/2011 – 
02/2012 

Studentische Hilfskraft,  Philipps-Universität Marburg 

Betreuung des Kurses „Pflanzenökologie“ mit Schwerpunkt auf der statistischen Auswertung von 
Versuchsergebnissen. 

2010 – 
2012 

Master of Science (Biologie),  Philipps-Universität Marburg 

Schwerpunkt: Pflanzenökologie und Geobotanik 

Abschlussarbeit: Wirtsspezifität und intraspezifische Konkurrenz des fakultativen Hemiparasiten 
Odontites vulgaris 

Note: 1,5 

2007 - 
2010 

Bachelor of Science (Biologie),  Universität Ulm 

Schwerpunkt: Ökologie & Biodiversität 

Abschlussarbeit: Charakterisierung von Bombus terrestris Arbeiterinnen aus verschiedenen 
Funktionsgruppen hinsichtlich Sozialverhalten und chemischen Erkennungssignalen 

Note: 1,8 

2003 - 
2006 

Abitur,  Gymnasium Bad Waldsee 

Note: 2,0 

 


