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Abstract:

Symbiotic relationships between plant roots and mycorrhizal fungi are the basis for the existence of
plants in many ecosystems. In temperate forests, a majority of trees rely on ectomycorrhizal fungi (EM)
for their supply with vital nutrients like phosphorous and nitrogen, which makes EM a major player
with regard to net primary production. While forest ecosystems are increasingly confronted with
natural and human-induced disturbance events like bark-beetle attacks, windthrows, clear-cutting or
fire outbreaks, the effects on ectomycorrhizal fungi are still not fully understood. The present work
addressed changes in EM community composition induced by the establishment of clear-cut and
girdling disturbance treatments in a semi-natural beech forest of the Austrian calcareous Alps.
Additionally, differences in undisturbed plots between two sampling dates in May and September
were monitored and mycorrhization patterns of young beech trees were analyzed. The examination of
the communities was done by morphotyping, which refers to the visual assessment of EM structures
under a stereomicroscope, and by subsequent DNA analysis of the mycorrhizal root tips. Analysis in
disturbance treatment plots showed that roots were dead three years after treatment establishment.
Results from control plots and young beech trees confirmed a high variation of species presence and
abundance between samples, blocks, seasons and whether they came from young or mature trees.
The work gives evidence to EM status of species of the families Sebacinaceae, Hygrophoraceae,
Pyronemataceae and Clavulinaceae and suggests a possible mycorrhizal status of three species of the
Hyaloscyphaceae.

Symbiotische Beziehungen zwischen Pflanzenwurzeln und Pilzen sind Voraussetzung fiir das
Wachstum und Uberleben von Pflanzen in vielen Okosystemen. In Wildern der gemaRigten Breiten
spielen Ectomycorrhiza (EM) fur den GroRteil der Baume eine wichtige Rolle in der Versorgung mit
Nahrstoffen wie Phosphor und Stickstoff, was EM zu einem wichtigen Einflussfaktor der
Nettoprimarproduktion macht. Wahrend Walddkosysteme zunehmend mit natirlichen und durch
Menschen induzierte Stoérungen, wie Borkenkaferbefall, Windwirfe, Kahlschldge oder Feuer,
konfrontiert werden, ist der Einfluss den diese auf EM Gemeinschaften haben, zu einem groRen Teil
unklar. Die vorliegende Arbeit beschaftigt sich mit den Auswirkungen, die Stérungen durch Kahlschlag
und Ringelung auf EM Gemeinschaften in einem semi-natiirlichen Buchenwald in den dsterreichischen
Kalkalpen haben. Auch Anderungen in den Kontrollflichen zwischen zwei Probenahmen im Mai und
September sowie der Mykorrhizierungsgrad von Jungbdumen wurden untersucht. Die Analyse erfolgte
mittels Morphotypisierung, d.i. die visuelle Einschatzung von EM Strukturen mit Hilfe eines
Stereomikroskops, sowie nachfolgender DNA Anlayse von mykorrhizierten Wurzelspitzen. Die visuelle
Analyse zeigte, dass die Wurzeln in den Storflachen bereits abgestorben waren. Die Ergebnisse der
Kontrollflichen und Jungbdume zeigten eine hohe Variabilitdt in der Zusammensetzung der
Gemeinschaften, mit unterschiedlichen Arten und deren Héaufigkeiten sowohl in einzelnen Proben,
Blocken, Jahreszeiten, Jung- oder adulten Baumen. Die Arbeit bestatigt den EM Status einiger Arten
der Familien der Sebacinaceae, Hygrophoraceae, Pyronemataceae und Clavulinaceae und gibt
Hinweise auf einen moglichen EM Status von drei Arten aus der Familie der Hyaloscyphaceae.
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1. Introduction

Natural and anthropogenic disturbances like fire, bark beetle attacks or clear-cut harvesting have a
significant impact on forest ecosystems due to their extensive destruction of tree cover. In temperate
climates, the frequency of natural disturbances like bark beetle attacks or windthrows has increased
over the last decades and it is expected that climate change will increase disturbance events further
(Silva Pedro et al., 2015). While more than 65,000 hectares of forests were destroyed by windthrows
and snow in the years 2007 and 2008 in Austria, damage by bark beetles resulted in the loss of 132,000
hectares of forests between 2003 and 2011 (FAO, 2015) with an all-time high in 2017 (BFW, 2018). A
deeper understanding of the impact of disturbances on soil biogeochemical processes and microbial
communities can help to minimize negative trade-offs for a more sustainable resource management.
The objective of this master thesis is to determine the impact of clear-cut logging and girdling on the
diversity and structure of ectomycorrhizal communities in a beech (Fagus sylvatica) dominated forest
stand located in the Northern Calcareous Alps. Fungi are a diverse group of organisms that play a vital
part in the functioning of ecosystems. They promote net primary production as plant symbionts, they
play an important role in the degradation of organic material as decomposers, and they are a main
player in the global carbon cycle. The total number of fungal species is still under debate with
estimations ranging from 600,000 up to 6 Mio. species worldwide, with the vast majority still
undescribed (Taylor et al., 2014). A focus will be put on ectomycorrhizal fungi (EM) which are essential
for the uptake of vital nutrients like nitrogen and phosphorus for trees in temperate and boreal forests
and are an important factor for C cycling and soil formation (Dickie et al., 2013).

In this work the effects of clear-cut disturbances on abundance and composition of EM communities
in a semi-natural mountain forest are analyzed by morphotyping and subsequent DNA analysis of
ectomycorrhizal root tips. Additionally, changes in EM community composition are compared between
two sampling dates in May and September. In the course of the May sampling, root tips of cut and
girdled trees in clear-cut and girdling plots were found to be dead after the three-year period from
treatment establishment. Therefore, during September sampling a small number of young trees from
treatment and control plots were collected and their root tips analyzed, to get an indication whether
mycorrhization patterns were different between them and compared to soil samples with root tips
supposedly coming from mature trees. As soil fungal communities at the project site had already been
studied before and right after the establishment of the clear-cut treatments three years before, in the
discussion also a reference to these results is given.

2. Literature review

2.1. Roles of fungi in forest ecosystems

2.1.1. Mutualists

Mutualistic fungi live in symbiotic relationships with another organism. They are characterized by an
intensive transfer of nutrients between the partners (Brundrett, 2004). The most prominent examples
are lichens, where fungi make associations with algae, and mycorrhizae, where fungi make associations
with plant roots. This mutualistic relationship is regarded as having a significant influence on the
composition, diversity and productivity of plants (van der Heijden et al., 2015). Mycorrhizae play an
important role in the uptake of the nutrients phosphorous and nitrogen from the soil, which they pass
on to plant roots in exchange for assimilated carbon (van der Heijden et al., 2015).



There are four main types of mycorrhizae: arbuscular mycorrhizae (AM), ectomycorrhizae (EM), ericoid
mycorrhizae (ERM) and orchid mycorrhizae. While EM species form a net-like tissue for nutrient
transfer, the so called Hartig net, and a dense mantle around the plants’ tips of fine roots, AM fungi
penetrate the host plants’ root cortex cell walls and form arbuscles. Moreover, the mycelia of
mycorrhizal fungi form a dense network in soils which, in addition to the uptake of nutrients and water,
connects plants with each other and seems to be the reason for nutrient flows among them (van der
Heijden et al., 2015).

AM fungi come from the division of Glomeromycota and tend to form symbiotic relations with herbs,
grasses and many trees (van der Heijden et al., 2015). In temperate climates they are much more
abundant in grasslands than in forests (Gerz et al., 2016). EM fungi, in their majority from the division
of Basidiomycota and to a smaller extent from the division of Ascomycota, form symbiotic relationships
with 6,000 plant species which are mainly trees and shrubs (van der Heijden et al., 2015). In temperate
climates they show a high species richness in forests (Gerz et al., 2016). Ericoid mycorrhizae (ERM)
form relationships with plants of the Ericaceae family, whereas orchid mycorrhizae are associated with
the 20,000 to 35,000 orchid species worldwide (van der Heijden et al., 2015). Even though the big
majority of land plants form mycorrhizal relationships, some plant families do not. Among them are
the Brassicaceae, Caryophyllaceae, Juncaceae, Polygonaceae or Saxifragaceae (Brundrett, 2009).
Compiled data from Western, Central and Northern Europe, have listed the status of plant species to
be by 66 % arbuscular mycorrhizal, 4 % ectomycorrhizal, 4 % both arbuscular and ectomycorrhizal, 1
% ericoid mycorrhizal and 25 % non-mycorrhizal (NM). All mycorrhizal types were present in European
zones, with AM species forming most symbiotic relationships. Nevertheless, higher proportions of EM,
ERM and NM plant species could be observed in Northern Europe being coupled with reduced medium
annual temperatures, soil pH and net primary production, along with an increased rate of AM and
obligatory mycorrhizal (OM) plant species in Southern Europe. Against the trend there was an
increased share of OM species in Central European mountains (Bueno et al., 2017).

Interactions between plants and their mutualistic fungi are complex, nevertheless there seems to be
a pattern for plant fungal associations. According to the review of Hempel et al. (2013), where the
mycorrhizal status of 1.758 Central European plant species were compared taking into account their
habitat specifics, obligatory mycorrhizal plants were observed to live in drier, less nutrient containing,
higher pH and higher soil temperature habitats while they tended to be underrepresented in fertile,
moister or acidic soils. Facultative mycorrhizal species showed the highest variability regarding
environmental conditions (Hempel et al., 2013). This higher variability might be due to molecular
regulatives that allow them to form mycorrhizal associations in poor soils (Brundrett, 2004) where
increased nutrient uptake outweighs the drawback of carbon loss, whereas in nutrient rich soil they
stay non-mycorrhizal. Even though there is a range of interdependence between fungi and host plants
with differing rates of benefits among the partners, it seems probable that most mycorrhizal
associations are balanced and beneficial for both partners (Brundrett, 2004).

When looking at forest ecosystems, the most important mutualistic partners for trees are
ectomycorrhizal fungi (EM). In exchange for the uptake of nutrients like phosphorus and nitrogen
which is facilitated by the fungal species, trees provide carbon to the fungi which constitutes a main
factor of carbon flow into the soil (Rosinger et al., 2018). It is estimated that there are around 5,000 to
6,000 ectomycorrhizal fungi worldwide (Agerer, 2006).

The composition of EM communities has been shown to differ widely among sites (Pena et al., 2017)
and may be influenced by various factors like plant species composition, tree stand age and chemical
and physical soil parameters (Twieg et al., 2009). EM species display different association patterns:



there are generalist EM species which are able to colonize several host tree species, while others can
only be found on one host tree species (Lang et al., 2011). EM communities tend to consist of a few
dominant and a high number of rare species, where rare species constitute the main factor of EM
diversity at each site (Rosinger et al., 2018). In their study covering the mycorrhizal status of three
broad-leafed tree species, Lang et al. (2011) observed a colonization rate of 75 to 85 % of root tips by
only 35 % of EM species. These species tended to be generalists with little or intermediate host
preference, while only 15 to 25 % of colonized root tips were made up by 65 % rare species with narrow
host range (2011). A similar pattern was observed by Pena et al. (2017) covering forests in three major
forest ecosystems across Germany where 50 % of all root tips were inhabited by host generalists.
Nevertheless, Rosinger et al. (2018) showed in their work summarizing studies of EM communities in
Western Europe, that some rare species occurring only at one studied site can also have a dominant
position there.

In addition to the composition of EM communities, in recent research there has been a trend to focus
on the functions of these communities down to the levels of single EM species. Starting with the
categorization into exploration types that reflect different foraging capabilities by the abundance and
extension of hyphal networks and rhizomorphs that enable EM to interact with the surrounding soil
particles (Agerer, 2001), enzymatic analyses covering these interactions have become important. An
interesting finding was that even though mycorrhizal community composition is different, these
communities seem to be able to fulfill the same functions in different ecosystems (Wang et al, 2017)
and are even able to adapt their functional responses to major ecosystem changes (Nicholson and
Jones, 2017).

Through recent advances in molecular biology regarding sequencing, transcriptomics or bioinformatic
analyses, new insights have been gained in the lifestyles of EM fungi and their relationships with their
host plants. The sequencing of several fungal genomes, beginning with Laccaria bicolor (Martin et al.,
2008) and Tuber melanosporum (Martin et al., 2010), the black truffel species, has brought about
interesting details, like the presence of genes for enzymes for the degradation of organic substances
like glycosyl hydralases, proteases, chitinases and glucanases, which might allow EM species to change
for some time to a saprophytic lifestyle. Conversely, plant tissue degrading enzymes like pectinases or
enzymes for the break-down of lignocellulose are either completely absent or down-regulated to avoid
the host’s defense reactions (Bonfante and Genre, 2010). The loss of lignocellulose degrading enzymes
makes the big majority of EM dependent on the supply of assimilated carbon from their host plants
(van der Heijden et al., 2015).

From the plant’s perspective, costs for the establishment and functioning of the symbiosis are
substantial: it has been shown that up to one third of assimilated carbon is transferred belowground,
with up to 20 % of net primary production flowing into EM fungi (Hobbie and Hobbie, 2008). This figure,
together with the evidence that most ecosystems are inhabited by a large majority of mycorrhizal
plants, makes it likely that mycorrhizal fungi are a main player in the global C cycle (van der Heijden et
al., 2015). Even though not all molecular processes in the interfaces between soil, fungal mycelia and
host plants have been uncovered, several genes in EM genomes for specialized transporters for
phosphorous, organic and inorganic nitrogen forms and hexose transporters give an indication for the
importance of nutrient transfer between the symbiotic partners (Bonfante and Genre, 2010).

The discovery of carbon and nutrient transfer among plants via mycorrhizal networks has received a
lot of attention in the past two decades. As most trees form mycorrhizal relations with various EM
species and these in turn colonize several trees of the same or different species, networks are formed

which connect plant roots with each other (van der Heijden et al., 2015). By using C isotopes, net
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carbon flows of 3 — 10 % between different trees could be observed (Simard et al., 1997), while other
studies have shown the transfer of nutrients like phosphorus or nitrogen between different plants (van
der Heijden et al., 2015). The access to carbon and nutrients via mycorrhizal networks seems to be
especially important for tree seedlings under harsh environmental conditions, as lower mortality rates
have been observed for seedlings having access to mycorrhizal networks compared to seedlings that
have not (Teste et al., 2009). In addition to the transfer of nutrients, in the last years mycorrhizal
networks have been analyzed with regard to their capability to pass on defense signals from plants
confronted with attacks of herbivores or pathogens to neighboring plants (Dickie et al., 2015). As an
example, Song et al. (2010) observed in their experiments that healthy plants connected by
mycorrhizal networks activated their own defense mechanisms after a neighbouring plant had been
infected with a fungal pathogen.

Apart from their role in plant nutrition and signaling, mycorrhizal fungi, together with their
saprotrophic relatives, also fulfill an important function in pedogenesis: with their extensive hyphal
networks and the exudation of acids they bind together soil particles to form aggregates and they
contribute to the weathering of minerals (Dickie et al., 2013). As mentioned above, mycorrhizal fungi
are expected to be of main relevance to C cycling. Apart from their role in carbon transfer through
their networks, they seem to be important for the formation of soil organic matter as their cell
components tend to be difficult to degrade for many organisms. Additionally, they themselves play a
role in the decomposition and uptake of organic matter (Ekblad et al., 2013).

As a last aspect, mycorrhizae are suspected to play a key role in shaping the communities of
microorganisms in the rhizosphere (Frey-Klett et al., 2005). Bacterial communities colonizing EM root
tips have been observed to be highly diverse on different EM species and changing rapidly in
abundance with time (Marupakula et al., 2016). Relations between EM fungi and bacteria, and their
possible effects on plant life, are still unclear, with evidence that mycorrhizae could also have an
antagonistic effect on bacterial species (Moore et al., 2015). Nevertheless, research in this field is still
at the beginning, with new molecular methods possibly being able to gain new insights into the plant-
soil-EM-bacterial interface in the coming years.

New molecular methods might also help to find answers to open questions regarding plant host and
mycorrhizal fungi interactions, like whether hosts are able to select among possible symbionts
according their specific needs, if they can apply regulations regarding carbon transfer, or if fungi
interact antagonistically with other possible symbionts to strengthen their own position (van der
Heijden, 2015).

2.1.2. Saprotrophs

The second big functional group of fungi in forest ecosystems are saprotrophs. Saprotrophic fungi are
vital for the break-down of complex organic matter (Fernandez and Kennedy, 2016), especially their
ability to produce lignocellulose-degrading enzymes like Laccase or Mn-peroxidase is a prerequisite for
further break-down of organic matter through other microorganisms. By removing or changing lignin
in the litter or wood, other organisms gain access to plant components like hemi-cellulose or cellulose,
the C/N ratio is reduced, and further decomposition, e.g. by bacteria, is possible. Nevertheless, there
are differences in substrate preference and degrading abilities of species. While saprotrophs of the
Basidiomycetes tend to be able to degrade lignin, saprotrophs of the ascomycetes seem to prefer
carbohydrates and have lower ligninolytic capabilities (Valaskova et al, 2007).



Like EM fungi, saprotrophic fungi play an important role in the improvement of soil structure (Lehmann
and Rillig, 2015). Hyphae of saprophytic fungi have been shown to create aggregates with fungal
exudates (Tisdall et al., 2012). It is assumed that aggregate formation is achieved by the growth of
hyphae which has influences on the movement of soil particles, along with compression and adhesion
processes. Stabilization is achieved through the exudation of fungal biopolymers, whereas also the
disintegration of soil aggregates could be influenced by fungal growth along with degrading enzymes
(Lehmann and Rillig, 2015).

The diversity of saprotrophs has been shown to be correlated to the variability of substrates, namely
the availability of dead wood at various stages of decay (Heilmann-Clausen et al., 2005) and of different
tree species, with the highest species numbers in forests with many different stages of decaying wood
of diverse tree species (both angiosperms and gymnosperms) (Baber et al., 2016; van der Wal et al.,
2017)). Moreover, saprotrophic fungal genera’s abundances were observed to change with availability
of litter. There are genera that thrive on senescent or freshly fallen leaves, others that are specialized
on fresh litter, while typical saprotrophs are abundant on older litter at the end of the winter
(Voriskova et al., 2014).

It is still under debate how the presence of EM influences the composition of saprotrophic fungal
communities and how decomposition rates are altered. Studies in the 20th century suggested the
inhibition of saprotrophic species and a reduction of litter decomposition rates in the presence of EM
fungi, which is referred to as the ‘Gadgil effect’. Nevertheless, from then on other studies have
obtained differing results which suggest that interactions between saprotrophic and mycorrhizal
communities are complex and the degree of antagonism is also dependent on biotic and abiotic
environmental variables (Fernandez and Kennedy, 2016).

2.1.3. Pathogens

Pathogenic fungi in the soil are another fungal group characterized by strong interaction with plants.
In contrast to mycorrhizal fungi, they do not form mutualist relations but adhere to a parasitic lifestyle
(Raaijmakers et al, 2009). Soil pathogens can survive in the soil matter or on decaying wood (van der
Wal et al.,, 2017), nevertheless it is the rhizosphere where they interact with plant roots to start a
parasitic relationship with their host. As the rhizosphere is a diverse biome made up of countless
species of bacteria, fungal mutualists and other micro and macro organisms, strategies of soil
pathogens are counteracted by organisms beneficial to plants which makes the analysis of rhizosphere
processes a complex and interesting field of research (Raaijmakers et al.,, 2009). Moreover, the
outbreak of diseases is often related to biotic and abiotic environmental conditions. It was shown by
Desprez-Loustau et al. that water stress through drought correlated with disease incidences (2006),
while Gomez-Aparicio et al. observed that pathogen distribution varied within sites according to soil
texture and tree species (2012).

While many fungal plant pathogens that occur on upper plant parts are biotrophic, i.e. they are reliant
on living plant tissue for survival, the largest part of soil-borne fungal pathogens is necrotrophic and
kills plant cells after infection. In contrast to biotrophic fungi, which are usually highly host specific,
necrotrophic soil pathogens tend to have a wide host range. Compared to bacteria and viruses which
can only enter plant cells through wounds or natural openings like stomata, fungal pathogens can
infect intact plant cells by specialized organs for attachment and penetration along with enzymes for
degradation. After having killed the infected plant cells, the fungus can spread internally and externally
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by spores and fungal hyphae and continues to attack new tissues which is finally causing root rot
(Raaijmakers et al., 2009).

2.1.4. Community composition

Forest soils in temperate climates are variable in their physical and chemical properties, resulting from
factors like topography, precipitation, temperatures, insolation, the mineral soil or different plant
cover (broadleaved versus coniferous species). Soil fungal community composition is a result of
differing success in the competition for space and nutrients, mainly root exudates, in the rhizosphere
(Raaijmakers et al., 2009).

Voriskova et al. (2014) have shown in their study of a deciduous oak forest in the Czech Republic that
organic matter contents can vary significantly between soil horizons, ranging from more than 80 % in
the L horizon to 42 % in the H horizon and 16 % in the Ah horizon. This, along with correlated N
contents, had implications on the distribution of fungal communities and their activities. While fungal
biomass and enzymatic activities were highest in the L horizon, this layer was also dominated by
saprophytic fungi. With soil depth, variables like pH, fungal biomass and enzymatic activities decreased
while the proportion of ectomycorrhizal fungi increased. Additionally, there were substantial seasonal
changes in community composition: especially in the litter horizon, abundance of dominant
saprotrophic genera changed completely over the year with the highest quantity of species in autumn
at the time of litterfall and the highest enzymatic activity in winter (2014). This is in line with
observations in Finnish and Alaskan boreal forests, where saprotrophs also dominated in horizons with
high soil organic matter (McGuire et al., 2013; Santalahti et al., 2016). Saprotrophs tended to dominate
during seasons with low photosynthetic production (winter), while ectomycorrhizal fungi dominated
in layers with lower dead organic matter content (organic and mineral soil horizons) and during
growing season (spring to autumn). Community composition also showed a high variability between
sites (Santalahti et al., 2016). As for EM species, their abundance and diversity highly increased from
spring to summer, with H and Ah horizons showing the same pattern. Abundance of specific EM species
varied significantly with the season (Voriskova, 2014), which was also observed by Buée et al. in a
beech forest in France (2005). This was attributed to different drought resistance in summer (Buée et
al., 2005) or the ability of some species to change to a saprotrophic lifestyle in winter (Voriskova, 2014).
It was also shown that different EM species have a different time pattern for their enzymatic activities
(Buée et al, 2005) which lead to the assumption that EM fungi have different preferences for physical
and chemical soil properties and show a variety of physiological responses (Koide et al., 2007).

The main influencing factors for the composition of fungal communities in forests seem to be tree
species, pH values and C:N values. While fungal species in coniferous forests have been shown to differ
significantly from the composition in deciduous forests, higher pH values seem to favor EM diversity
and abundance, whereas increasing C:N ratios seem to have the opposite effect (Goldmann et al.,
2015). Species composition has also been observed to differ with stand-age and the availability of
organic nitrogen (LeDuc et al., 2013). Likewise, in their review covering EM communities across
Western Europe, Rosinger et al. recognized the main factors for EM diversity to be host tree species,
pH values, N deposition, mean annual temperatures and precipitation (Rosinger et al., 2018).

An interesting question still under debate is whether fungal diversity is necessary for the functioning
of forest ecosystems (Leake, 2001) or if some species are sufficient for fulfilling all functional roles.
Nicholson and Jones (2017) have shown in their study of 1-year-old tree seedlings from a natural
environment, hosting EM communities of later successional species, compared to seedlings in a
disturbed environment with early successional species, that after transplant into the other
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environment their communities stayed the same but adjusted their functional responses and were
able to adapt to the new situation successfully.

2.2. General effects of disturbances on forest ecosystems

Disturbances are part of natural forest ecosystem dynamics. Nevertheless, disturbance events have
increased worldwide significantly over the last 50 years and are expected to rise further in the coming
decades due to climate change. In Europe, disturbances in boreal and temperate forests are mainly
due to windthrows and bark beetle attacks, while in Southern and Mediterranean countries forest fires
are the dominant source of disturbances (Seidl et al., 2014).

Sites affected by disturbances are confronted with a rapid change in environmental factors, like higher
forest soil temperatures and wider daily amplitudes (Likens et al., 2004), higher air and surface
temperatures especially in disturbed zones with dead trunks and branches left, fewer days with snow-
cover (Hesslerova et al., 2018), higher insolation and wind speed (Stern et al., 2018), and higher soil
temperatures (Buée et al., 2005). Disturbed sites, especially with remaining woody debris, may be
subject to nitrate leaching due to missing uptake by plant roots and higher mineralization
(Scharenbroch and Bockheim, 2008) and the leaching of dissolved organic carbon (Schelker et al.,
2013).

Forests are a major player in the global carbon cycle, where disturbances have been observed to result
in significant changes of CO, fluxes from the soil (Mayer et al., 2017; Zehetgruber et al., 2017)). The
main sources of soil respiration in undisturbed forests were identified to be by 60 % of heterotrophic,
15 % of plant root and 25 % of mycorrhizal hyphal origin (Heinemeyer, 2007). In their study covering
changes after major windthrow events, Mayer et al. (2017b) observed a reduction in autotrophic
respiration by roots and fungal symbionts due to the reduction in plant cover, whereas heterotrophic
respiration increased by 60 %. This increase was attributed to higher soil temperatures and it was
accompanied by a respective decline in soil organic carbon stocks. In another study, they provided
evidence that this decline in carbon stocks could be reduced or totally prevented by advance tree
generation (Mayer et al., 2017a). Similar results were shown by Zehetgruber et al. (2017), where
disturbances by clear-cutting resulted in C effluxes in the first years but slowed down after dense
ground vegetation, mainly consisting of grasses, had been established.

Effects of disturbances depend on the size of the affected area and seem to vary with time passed
since the disturbance event. While the effect of higher soil temperatures and soil moisture could
already be observed with anthropogenic small-scale disturbances like reduced tree cover by thinning
practices (Buée et al., 2005), it was shown that for small scale disturbances with the removal of tree
cover of less than 60 %, higher access to photoactive radiation enhanced photosynthetic production
in the remaining vegetation. This resulted in similar above-ground net primary production levels as
before the disturbance. Nevertheless, after exceeding this threshold, production also decreased non-
linearly (Stuart-Haentjens et al., 2015). Conversely, in the Central Alps increasing numbers of disturbed
areas have been confronted with difficult or failing tree regeneration which makes a permanent loss
of tree cover likely unless costly measures of replanting are taken (Zehetgruber et al., 2017). In another
study, Kishchuk et al. did not encounter significant differences in the soil parameters pH, carbon
content and extractable ammonium 10 years after clear-cut logging, even though there had been
differences immediately after establishment of the treatments, which suggests no long-term effect on
these values (2015).
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2.3. Effects of disturbances on fungal communities in forest ecosystems

Disturbances like clear-cut logging affect forest ecosystems in various ways. When looking at EM fungi,
in addition to the changed physical and chemical conditions, they are confronted with the reduction
and eventual stop of carbon flow from their host trees as soon as their tree roots have died. The
eventual death of EM on root tips results in a loss of EM diversity over time (Jones et al., 2003), which
makes the availability of spore banks vital for recolonization after disturbances (Glassman et al., 2015).
In their comparison of EM communities in mature soils to their spore banks across North American
ecosystems, Glassman et al. (2015) observed a significant difference between species in soils to those
present in spore banks. While spore banks only consisted of a small number of species which might
play a role in early colonization after disturbances, even abundant species in mature soils did not find
their representation there. This goes in line with observations that colonization of tree fine roots after
clear-cutting decreased substantially with increasing distance from the borders of un-cut forest, which
suggests that living mycorrhizal hyphae play an important role for inoculation (Hagerman et al., 1999).
Their propagation methods, along with their ability to cope with higher temperatures and insolation,
changed soil moisture, and a different plant structure like grasses or herbal plants that could lead to
the competition by AM fungi, seem to be the main factors why EM communities after regeneration
were observed to differ significantly in their composition to the time before clear-cuts (Jones et al.,
2003). The time that EM species can survive on the roots of logged trees seems to depend on their
ability to change to a saprophytic lifestyle. When analyzing the genome of two EM species, namely
Laccaria bicolor and Tuber melanosporum, enzymes aimed at the degradation of organic matter,
namely glycosyl hydrolases, proteases, chitinases and glucanases were present, whereas the lack of
ligninolytic enzymes signifies a major drawback for a saprotrophic lifestyle (Bonfante and Genre, 2010).
Studies have shown a reduction of EM species in the growing seasons after the clear-cut harvesting
with a total loss of all species 3 years after logging (Hagerman et al., 1999). In addition to the loss of
species, also a significant reduction or total loss of mycorrhizal networks in disturbed ecosystems is
likely (van der Heijden et al., 2015).

Even though it was shown that mycorrhizal relationships are beneficial for the re-establishment of
healthy forest ecosystems after disturbances, there is still debate on how many EM species are
necessary for successful reforestation. Even though a large amount of species seems to be favorable
in the long run, in shorter terms a small selection of species seems to be sufficient for successful re-
establishment of tree cover (Hawkins et al., 2015).

As for fungal community composition, the increased quantity of dead wood in disturbed plots may
lead to a change of saprotrophic fungi communities in disturbed plots. Nevertheless, contrary to the
expectation that with increased dead wood also the species number of saprotrophs should increase,
Béssler et al. (2016) could only confirm an increase of the species number of lichens, probably due to
higher insolation levels, after bark beetle dieback, but no increase in species numbers of saprophytic
fungi. Nevertheless, a change of community composition of both guilds was confirmed.

3. Objectives, questions and hypotheses

This work is part of a 3-years-project studying the effects of clear-cut disturbances on a mountain
forest ecosystem in the calcareous Alps (Godbold et al., 2018). Within this project, changes in
environmental parameters like soil moisture, pH values, soil temperatures and soil organic carbon
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contents were monitored. As heterotrophic soil respiration by microbial and fungal communities was
suspected to be the main driver for carbon effluxes after severe windthrow disturbance events in a
similar project (Mayer et al., 2017b), it was decided to take a closer look at the changes in soil fungal
community composition along the three years period within this project. Due to their vital importance
for plant nutrition (van der Heijden et al., 2015), this work puts a focus on ectomycorrhizal species
where the diversity, abundance and temporal variation are analyzed. EM species form a mantle around
the host tree’s root tips (van der Heijden et al., 2015), therefore a method for measuring their diversity
and abundance is morphotyping (Rosinger et al., 2018), which consists mainly of the visual analysis of
tree root tips under a stereomicroscope, the assignment of encountered ectomycorrhizal fungi to a
probable genus or species level, and the counting of their abundance. As morphotyping is a time
consuming and subjective method which requires a lot of experience of the researcher, in the last
decades the preferred methods for identification have become molecular techniques (Rosinger et al.,
2018). Nevertheless, if identification is done based on molecular data from soil samples, the question
is whether this data reflects the abundance of species present on tree root tips. Therefore, based on
the results of the current work, another objective of the 3-years-project is to get an indication whether
high-throughput molecular methods based on soil samples reflect the structure of fungal communities
on tree root tips.

The assumptions for the current work can be summed up in the following hypotheses:

H1: EM communities on tree root tips vary between root tips in plots with disturbance treatments
(girdling, clear-cut) and control plots

H2: EM communities on tree root tips vary between spring and autumn

H3: EM communities on tree root tips vary between tree root tips of mature versus young trees

4. Materials and methods

4.1. Design

The study was conducted in a south-facing mixed forest dominated almost exclusively by beech (Fagus
sylvatica) at a height of around 1,100 m in the calcareous Alps close to the town of Molln in Upper
Austria. The design was established as part of a project for the research of effects of disturbance events
on the carbon cycle (Godbold et al., 2018). In 2015, 4 blocks were designed in the research area at the
same elevation. In each block 4 plots were established, each comprising an area of 30x30 m, and
subjected to the following treatments: the disturbance treatments clear-cut (CC), clear-cut with woody
debris (CCW) and girdling (G) and the control treatment (C). For sampling, each plot was again divided
into 4 subplots, which covered the area within a triangle of three beech trees. The treatments were
established in summer 2015. In clear-cut plots all trees were harvested at around breast-height and
debris was removed. In clear-cut with woody debris plots thin branches and leaves were left on the
ground and open spaces were covered with woody debris in the same density. For girdling plots a 15
cm wide strip of bark was taken off from all trees at breast height. Figures 1 and 2 show the research
site and an overview of the research design.
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4.2. Morphotyping and DNA analysis of mycorrhizal communities on fine root tips

For morphotyping of the mycorrhizal communities on fine tree root tips the first sampling took place
on 28th and 29th of May 2018. In all treatment plots of the four blocks around 1 liter of soil was taken
from the A horizon from 3 subplots, with the exception of plot 2C2, where only samples of 2 subplots
were taken as the organic layer of the third subplot was so deep that no A horizon was encountered
within a depth of 50 cm. Samples were stored in a box with cool-packs and analyzed within 3 weeks
from the sampling date. In the laboratory fine roots were carefully removed from the soil and washed
in tap water, afterwards roots were cut into pieces of 2-3 cm length. From each sample around 300
root tips were chosen randomly, which summed up to a number of 700 to 1000 root tips per subplot
and 2800 to 4000 root tips per treatment. Root tips were analyzed under a stereomicroscope, counted
and assigned to the following categories: Mycorrhizal, Non-mycorrhizal, Semi-Vital/Dead/Broken. The
assignment of the mycorrhizal root tips to morphotypes was done based on the comparison with
pictures and specifications from Agerer and Rambold (2004-2018). For DNA analysis, between 1 and
10 root tips of each identified morphotype was cut from the analyzed piece of fine roots, placed into
a 1.5 ml Eppendorf tube, and frozen. The September sampling was done from 17 to 21 of September
2018. Sampling was done according to procedures in May, with the exception that samples were taken
from 4 subplots of each plot, which summed up to around 1.200 root tips at each plot. In addition to
the soil samples, in Block 1 four young beech trees of around 50 to 80 cm height from the clear-cut
plots (CC and CCW) and 4 young beech trees of the control plot were collected and stored at around 4
°C. Roots of soil samples were washed immediately. Analysis under the stereomicroscope was done
within 2 weeks from the sampling date. For a better respresentation, the brightness and contrasts of
the pictures were increased by 40 % in MS Word.

For DNA analysis, at least one representative sample per morphotype and a number of samples with
unclear morphotype were selected and put into a 96-piece plate with granules and buffer solution
(Qiagen Solution C1). DNA extraction was done with a Qiagen DNeasy PowerSoil HTP 96 Kit according
to the Qiagen centrifuge protocol, dated June 2016, with the change that each centrifuging step was
performed for 15 min at 3900 x g instead of the 6 min at 4500 x g in the standard protocol. The
extracted samples showed a low DNA content of mostly below 30 ng/ul which is why a nested PCR was
chosen for amplification. As a trial nested PCR for 8 samples showed the best results with undiluted
DNA, undiluted DNA was chosen for all samples. The first round of amplification was performed with
the fungi specific primers FQ-F (GGRAAACTCACCAGGTCCAG; Liu et al., 2012)) and TW13
(GGTCCGTGTTTCAAGACG; O’Donnell, 1993). 1 ul of the DNA template was added to a mastermix
consisting of 7.5 pl of GoTaq solution, 0.75 pl of forward and reverse primers (10 uM each) and 5 pl of
distilled deionized water. For the PCR reaction a program (54013035) with initial denaturation at 95 °C
for 2:30 min followed by 35 cycles of denaturation at 94 °C for 30 sec, annealing at 55 °C for 30 sec,
and extension at 72 °C for 1:30 min, and a final extension step at 72 °C for 5 min was chosen The PCR
products were then diluted 1:10 with distilled deionized water and subjected to a second PCR with the
primer pair ITS1-F (CTTGGTCATTTAGAGGAAGTAA) and ITS4 (TCCTCCGCTTATTGATATGC). 3 pl of the
template was added to the mastermix of 22.5 pl GoTaq solution, 2.25 pl of forward and reverse primers
and 15 pl of distilled deionized water. The program (54004535) chosen for this PCR had an initial
denaturation at 95 °C for 2:30 min followed by 35 cycles of denaturation at 94 °C for 30 sec, annealing
at 54 °C for 30 sec, and extension at 72 °C for 1:30 min, and a final extension step at 72 °C for 5 min.
All PCR were run on a Biometra TRIO cycler. The quality of the obtained products was analyzed by
loading 5 ul of each sample on a 2 % agarose gel with the stain Midori Green and watching the result
under fluorescent light. The remaining PCR products were sent to LGC Genomics in Berlin/Germany
for sequencing. The analysis of the sequences was conducted with the software program CLC
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Genomics Workbench 6.9.2. The sequences were trimmed, forward and reverse reads were assembled
and edited. Where necessary, reference sequences were obtained from a BLAST search on the
homepage of the National Center for Biotechnology Information of the U.S. National Library of
Medicine (NCBI) to assist the assembly for improvement of the quality. Taxonomic affiliation was done
by BLAST searches at NCBI and, if possible, assigned to genus or species level based on similarity with
a reference sequence from the BLAST search. In the BLAST search, fungal sequences of the UNITE
database were included. If sequences showed a similarity of more than 97 %, it was assumed to be
from the same species. As more than one third of all samples showed sequences of poor quality or
seemed to result from contamination by other fungal species, it was decided to run a second nested
PCR with basidiomycete specific primers for these samples. In the first round the DNA templates were
amplified with the basidiomycetes specific primer pair Basid 2R+ (ACCGTTGTAGTCTTAACAG; Lynch and
Thorn, 2006) and LB-WT (CTTTTCATCTTTCCCTCACGGT; modified from Tedersoo et al., 2008), whereas
the second PCR round was conducted with the primers ITS1-F and ITS4. The procedure and programs
for thermocycling stayed the same as in the first nested PCR process. The obtained products were
again sent for sequencing and assigned to taxonomic levels as mentioned above. With this approach,
the majority of the samples could be assigned to species, genus or family level. Based on these
reference species, the rest of the identified EM were assigned to one of these reference species by
visual comparison of the microscope pictures.

Support for morphotyping of ectomycorrhizal root tips was provided by Prof. Douglas Godbold and
coworkers at the Institute of Forest Ecology, BOKU. Support for DNA analysis of EM root tips was given
by Dr. Markus Gorfer and coworkers at the AIT, Tulln.

4.3. Statistics

Statistical calculations were done with the help of the statistical software PAST version 3 (Hammer et
al., 2001). For comparing the degree of mycorrhization between blocks, seasons and young beech
trees, a two-sample t-test with confidence interval of 95 % and a p-value of 0.05 was used.
Correspondence Analysis was chosen for the visual analysis of patterns between samples.
Correspondence Analysis is a method widely used in various fields of natural and social sciences for
the visualization of proximities among variables in a dataset (Greenacre, 2010).

5. Results

5.1. Mycorrhizal communities on tree root tips in disturbance treatment plots

In May and September sampling, a large majority of roots from soil samples in disturbance plots were
encountered to be dead, with the rare exception of single root tips seemingly coming from young
beech trees. Interestingly, in May some of the trees in the girdling treatment plots still had green leaves
which suggested that these trees were still alive. In contrast, in September they had already shed all
leaves, while trees in control plots had not shed them yet. Examples of dead root tips from treatment
plots are shown in Figures 3 and 4. For a better representation, the brightness and contrasts were
increased in MS Word. The original pictures can be found in the Appendix.

On some of the dead roots EM are still recognizable, as can be observed in Figures 5 and 6.

15



Figure 3. Dead root tips from May Block 3, treatment clear-cut ~ Figure 4. Dead root tips from May Block 1, treatment
with debris, edited girdling, edited

Figure 5. Dead root tips with recognizable EM from May Figure 6. Dead root tips with recognizable EM from May
Block 2-2, treatment girdling, edited Block 2-2, treatment clear-cut, edited

Consequently, only root tips in control plots were analyzed. In May, 3,679 root tips, with 988 root tips
coming from Block 1, 992 root tips from Block 2C1, 766 root tips from Block 2C2 and 933 root tips
coming from Block 3C, were analyzed. For September sampling, the total number of root tips was
5,020, with 1,253 root tips coming from Block 1, 1,289 root tips from Block 2C1, 1,251 root tips from
Block 2C2, and 1,227 root tips from Block 3. Additionally, in September 1,348 root tips of young beech
trees from the control plot and 1,362 root tips from treatment plots of Block 1 were analyzed.

5.2. Degree of Mycorrhization

The degree of mycorrhization between different blocks within May and September samplings showed
no significant difference. Figure 7 shows the comparison of the degree of mycorrhization between May
and September samples. While the degree of non-mycorrhizal root tips was similar in May and
September plots with 15 % and 11 % respectively, in September a significantly higher proportion of
dead/semi-vital/broken root tips with a mean of 56 % compared to 37 % in May, and a lower
proportion of mycorrhizal root tips with a mean of 33 % in September and 48 % in May was observed.
On root tips of young beech trees from the control plot of Block 1, the mycorrhization rate of 68 % was
significantly higher than in September soil samples of presumably mature tree roots, and the ratio of
1 % of non-mycorrhizal root tips and 31 % of dead/semi-vital/broken root tips was significantly lower.
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On root tips of young beech trees from disturbance plots, the ratio of 29 % of dead/semi-vital/broken
root tips was significantly lower compared to roots from soil samples while, in contrast to trees from
the control plot, the degree of non-mycorrhizal root tips was much higher with 23% (p=0.07).

May September
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Figure 7. Degree of mycorrhization on root tips of May and September soil samples and from young beech trees

5.3. Morphotyping

Identified EM on tree root tips were photographed and categorized into morphotypes based on visual
assessment and comparison with reference pictures and descriptions from Agerer and Rambold (2004
to 2018). The identified morphotypes from May samples amounted to 34 morphotypes, for September
sampling to 30 morphotypes, and for young beech trees to 14 morphotypes.
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Interestingly, DNA extraction of 96 samples had the result that species showed a wide range of
morphotypes which required many amendments of the first classification that relied solely on the
analysis of morphotypes. While some species showed a consistent morphotype (for an example see
Figure 8 for Lactarius helvus/pallidus), other samples that were identified by DNA analysis to come
from the same or closely related species showed a wide range of morphotypes (Figures 9 to 12), or
samples showing a similar morphotype were identified as being from — often unrelated - species by
DNA analysis (Examples Figures 13 to 16). Details regarding the assignment of samples to a specific
species can be found in the accompanying information.

Figure 8. Morphotypes of Lactarius helvus/pallidus, edited

Figure 9. Morphotypes of Lactarius rubrocinctus, edited
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Figure 10. Morphotypes of Lactarius blennius, edited

Figure 11. Morphotypes of Sebacina aff. incrustans, edited
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Figure 12. Morphotypes of Hygrophorus discoxanthus, edited

Figure 13. Morphotype of Hydnobolites sp., edited Figure 14. Morphotype of Lactarius pallidus/helvus, edited
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Figure 15. Morphotype of Sebacina aff. incrustans, edited

Figure 16. Morphotype of Inocybe hirtella var. bispora,
edited

5.4. DNA analysis

Based on results from DNA extraction, the presence and abundance of EM on tree root tips is
summarized in Figure 17. In total, 44 species were identified by DNA analysis. Two additional species
were assigned based on the morphotypes, as DNA sequencing did not give a valid result but the
morphotypes suggested two Tomentella species (Tomentella sp. 7 and 8). 6 mycorrhizal root tips from
May sampling, amounting to a percentage of 0.3 %, could not be assigned visually as the quality of the
microscope pictures was insufficient.

29 species were encountered in soil samples from May, 31 species in soil samples from September, 15
species on young beech trees in the control plot and 11 species on young beech trees in the treatment
plots of Block 1 in September. 8 species were exclusively found in soil samples from May, 9 species
solely in soil samples from September, and 5 species were only encountered on roots of young beech
trees. Species richness and abundance were highly variable between blocks, between seasons and
between roots from soil samples and young beech root tips. As regards abundance patterns, in May,
9 species made up 82 % of total abundance, whereas in September abundance was more evenly
distributed with 15 species making up 81 % of total abundance.

Looking at the distribution of EM on root tips in the four blocks in May and September, it can be
deduced that even though many species can be found in more than one block, different species tend
to be dominant in each block. Figure 17 shows the changes in species community composition and
abundance between May and September in the four blocks. The figures suggest a major change in
community composition with many of the abundant species from May becoming less frequent in
September or being completely absent. Their role was taken over mainly by species that had not been
encountered in that block in May.
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Figure 17. Presence of EM on tree root tips and their relative abundances in this block/on young beech trees

Species distribution among the samples was highly uneven (Figure 18). More than 55 % of all species
(i.e. 26 out of 47) were found only in 1, 2 or 3 samples from a total of 35 samples. The maximum
number was a single species that was encountered in 13 samples. This uneven distribution highlights
the high diversity of EM at the Molln experimental site but makes statistically significant comparisons
between blocks, seasons and sample types (soil cores vs. young trees) difficult.
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Figure 18. Species presence in number of samples

Figures 19 to 21 show an overview of the abundance of encountered taxa in May, September and on
young beech trees, on family, genus and species level. The highest proportion of species in May,
September and on young beech trees came from the family of Sebacinaceae (Figure 19). The families
Thelephoraceae, Hyaloscyphaceae and Cortinariaceae were also encountered in all samplings,
whereas Inocybaceae could be found in May samples only in small quantities, whereas they were
abundant in September soil and young tree samples. Hygrophoraceae and Russulaceae from the genus
Lactarius were only encountered in soil samples of presumably mature trees but not on roots of young
trees (Figure 20).

45 4 M Soil cores May 2018

M Soil cores Sep 2018
35

B Young Trees Sep 2018

Figure 19. Abundance of EM on tree root tips (family level)
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45 4 M Soil cores May 2018
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Figure 20. Abundance of EM on tree root tips (genus level)

While the two Hygrophorus species changed roles between seasons, with Hygrophorus unicolor being
one of the most abundant species in May and Hygrophorus discoxanthus present only in September,
Russulaceae of the genus Lactarius had a higher abundance and species variety in September (Figure
21). The species Hebeloma sinapizans from the family of Hymenogastraceae could only be found on
root tips of young beech trees in the control plot of Block 1, where it nevertheless was present on
almost 30 % of all root tips. Cenococcum geophilum was present in all samplings, but it was only
abundant in May samples and on young beech trees in September and did not play an important role
in September soil samples.

Tables 1 and 2 show the 10 species with highest abundance in May and September soil samples and
their corresponding abundance in the second sampling. Four of the most abundant species in May
were not encountered in September samples (Table 1), whereas four species, namely an uncultured
Sebacina species (Sebacina sp. 3), an uncultured Tomentella species (Tomentella sp. 1), Cortinarius aff.
ferrugineovelatus and Lactarius blennius, were abundant in both samplings. Three of the abundant
species in September were not encountered in May (Table 2).
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Figure 21. Abundance of EM on tree root tips (species level)
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Species Family Sum May | Sum Sep
Sebacina sp. 3 Sebacinaceae 18,13% 5,01%
Hygrophorus unicolor Hygrophoraceae 13,88%
Hyaloscyphaceae sp. 2 Hyaloscyphaceae 11,05% 2,21%
Sebacina sp. 1 Sebacinaceae 7,99%
Tomentella sp. 1 Thelephoraceae 7,65% 4,59%
Cenococcum geophilum Gloniaceae 6,40% 0,60%
Sebacina epigaea Sebacinaceae 6,12%
Cortinarius aff. ferrugineovelatus Cortinariaceae 5,84% 6,50%
Lactarius blennius Russulaceae 5,16% 8,58%
Sebacina incrustans sp. 2 Sebacinaceae 2,72%

Table 1. Ten most abundant species in May soil samples
Species Family Sum May Sum Sep
Sebacina flagelliformis Sebacinaceae 1,42% 10,19%
Lactarius blennius Russulaceae 5,16% 8,58%
Sebacina sp. 6 Sebacinaceae 0,11% 7,21%
Cortinarius aff. ferrugineovelatus Cortinariaceae 5,84% 6,50%
Lactarius rubrocinctus Russulaceae 5,01%
Sebacina sp. 3 Sebacinaceae 18,13% 5,01%
Inocybe erinaceomorpha Inocybaceae 0,17% 5,01%
Tomentella sp. 1 Thelephoraceae 7,65% 4,59%
Inocybe hirtella var. bispora Inocybaceae 4,59%
Lactarius helvus/pallidus Russulaceae 4,47%

Table 2. Ten most abundant species in September soil samples

For the visual presentation of distribution patterns between samples, Figures 22 and 23 show a
Correspondence Analysis based on species abundance data. In Figure 22 there is an overview of all
blocks with respective species, whereas Figure 23 gives a close-up of proximities for all samplings

without showing species details.
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The Correspondence Analysis shows a proximity among May samples and, to a lesser extent, also
among September samples of Blocks 2C1, 2C2 and 3C, whereas Block 1C stands out because of three
dominant species, an uncultured Sebacina species (Sebacina sp. 3) in May, Lactarius blennius in
September and, on both sampling dates, an uncultured Tomentella species (Tomentella sp. 1). In
September, Plot 2C1 stands apart as it has a large number of species only encountered in this plot (7
out of 17) and a high abundance of Sebacina flagelliformis, which was encountered in all blocks in
September and in three of the four blocks in May, although in the blocks 1C, 2C2 and 3C at lower
abundance rates.
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Figure 23. Correspondence Analysis based on abundance of species (close-up of blocks and young beech trees)

When looking at the family level, the proximity of families with different blocks and samplings is
depicted in Fig. 24. While May samples of plots 2C1 and 2C2 have a higher share of species of the
Gloniaceae, Hyaloscyphaceae and Hygrophoraceae families, in September there seems to be a shift
to families like the Thelephoraceae or Sebacinaceae, which had also been important in May samples
of plots 1C and 3C. The family of Russulaceae is especially important in September samples of plots
1C and 3C, the family of Inocybaceae only played a major role in September samples.
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Figure 24. Correspondence Analysis of May and September soil samples based on abundance of families
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Looking at the abundance values of EM species on root tips of young beech trees from Block 1 in
September, similar patterns as in soil samplings can be observed. Species abundance levels vary highly
between young beech trees of control and treatment plots, as well as between samples of young trees
and soil samples. In each sampling there are different dominant species, a majority of all encountered
species (16 of 25) were only encountered either on young trees of control or treatment plots or in
September soil samples and there were only 4 species that were encountered in all three samplings.

Tables 3 and 4 show the ten most abundant species present on young beech trees of control and
treatment plots of Block 1 and their respective levels in the other samplings. The most abundant
species on young beech trees from the control plot was not encountered on young beech trees from
treatment plots and vice versa. On young beech trees from the control plot a higher number of species
(15) was found compared to beech trees from treatment plots (11), whereas in both cases the five
most abundant species colonized around 80 % of all mycorrhizal root tips (80,86 % in treatment plots
versus 81,73 % in control plot).

Species Family 1CB 1B 1C
Hebeloma sinapizans Hymenogastraceae 28,65%

Cenococcum geophilum Gloniaceae 18,16% 4,20% 0,60%
Sebacina sp. 2 Sebacinaceae 14,92% 0,75%
Hyaloscyphaceae sp. 1 Hyaloscyphaceae 13,08% 3,81%
Tomentella sp. 1 Thelephoraceae 6,92% 4,59%
Tomentella sp. 7 Thelephoraceae 6,59% 0,89%
Cortinarius aff. ferrugineovelatus Cortinariaceae 3,78% 0,60% 6,50%
Pseudotomentella sp. Thelephoraceae 2,59% 6,60% 0,30%
Tomentella sp. 3 Thelephoraceae 2,49%

Hydnobolites sp. Pezizaceae 1,08%

Table 3. Ten most abundant species in September samples of young beech trees in the control plot (1CB) compared to young
beech trees of treatment plots (1B) and soil samples of Block 1 (1C)

Species Family 1CB 1B 1C
Sebacina incrustans sp. 1 Sebacinaceae 40,33% | 4,05%
Inocybe curcumina Inocybaceae 0,65% 19,34% | 3,75%
Sebacina incrustans sp. 2 Sebacinaceae 8,85%
Pseudotomentella sp. Thelephoraceae 2,59% 6,60% 0,30%
Tomentella sp. 6 Thelephoraceae 5,70%

Inocybe glabripes Inocybaceae 4,95% 0,36%
Sebacina sp. 4 Sebacinaceae 0,76% 4,80% 2,15%
Cenococcum geophilum Gloniaceae 18,16% 4,20% 0,60%
Tuber puberulum Tuberaceae 3,90%

Sebacina sp. 2 Sebacinaceae 14,92% 0,75%

Table 4. Ten most abundant species in September samples of young beech trees in treatment plots (1B) compared to young
beech trees of control plot (1CB) and soil samples of Block 1 (1C)

When doing a Correspondence Analysis of the species distribution of EM on root tips of young beech
trees compared to those of September and May soil samples in Block 1, we see a diverse picture (Fig.
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25): not only do species and their abundances differ to a high degree between soil samplings in May
and September, also species on young beech trees are different based on whether the samples come
from beech trees in control plots or from treatment plots. Interestingly, of all the 30 species that were
encountered in Block 1 from all samplings, only 1 species, namely an uncultered Sebacina species
(Sebacina sp. 4) was encountered in May and September soil samples, as well as on young beech trees
of control and treatment plots. In contrast, 16 out of the 30 species were only found in one of the four
samplings.
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Looking at the family level, Fig. 26 shows a correspondence analysis of Block 1 soil and young beech
tree samples. While in September soil samples, species of the families of the Russulaceae are
prominent, species of the Hymenogastraceae and Gloniaceae have a higher share on young beech
trees of the control plot whereas species from May soil samples of young beech trees from treatment
plots are closer to the Sebacinaceae. Tuber puberulum, as the only encountered species of the
Tuberaceae, is only present on young beech trees of treatment plots.

1.09

®Hap

0.54

jomycetaceae

®May 1C

Tuberaceaes 18
® Sebacinaceae

1CE menogastraceae
r T T T
-2.0 -1.5 -1%Gloniaceae -0.5

®Hyaloscyphaceae

®Cortinariaceae 05

®Clavulinaceae -1.0

-2.0-

T J
0.5 1.0

®Inocybaceae

®Hygrophoraceae

Russulacea®sep 1C

Figure 26. Correspondence Analysis on family level of Block 1 May (May 1C) and September (Sep 1C) soil samples and samples

of young beech trees of control (1CB) and treatment plots (1B)

5.5. Exploration Types

In order to analyze whether the temporal change of EM communities is reflected in a change in
Exploration Types, all encountered species were assigned to an Exploration Type (Table 5) based on
the assignment of Agerer (2006). For species where no Exploration Type could be found in literature,
they were assigned to an Exploration Type based on visual characteristics in the microscope pictures.

These Exploration Types are marked with an * in Table 5.

Species Family Exploration
Type
Lactarius helvus/pallidus Russulaceae C
Lactarius rubrocinctus Russulaceae c
Lactarius blennius Russulaceae C
Peziza depressa Pezizaceae SD°
Hygrophorus discoxanthus Hygrophoraceae SD*
Hygrophorus unicolor Hygrophoraceae SD*
Sebacina sp. 1 Sebacinaceae SD
Sebacina sp. 2 Sebacinaceae SD
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Sebacina sp. 3 Sebacinaceae SD
Sebacina sp. 4 Sebacinaceae SD
Sebacina sp. 5 Sebacinaceae SD
Sebacina sp. 6 Sebacinaceae SD
Sebacina incrustans sp. 1 Sebacinaceae SD
Sebacina incrustans sp. 2 Sebacinaceae SD
Sebacina aff. incrustans Sebacinaceae SD
Sebacina flagelliformis Sebacinaceae SD
Sebacina epigaea Sebacinaceae SD
Tomentella sp. 1 Thelephoraceae SD*
Tomentella sp. 2 Thelephoraceae SD*
Tomentella sp. 3 Thelephoraceae SD*
Tomentella sp. 5 Thelephoraceae SD*
Tomentella sp. 6 Thelephoraceae SD*
Tomentella pilosa Thelephoraceae SD*
Pseudotomentella sp. Thelephoraceae SD
Tomentella sp. 7 Thelephoraceae SD*
Tomentella sp. 8 Thelephoraceae SD*
Tomentella sp. 4 Thelephoraceae MD*
Thelephora sp. Thelephoraceae MD
Elaphomyces barrioi Elaphomycetaceae SD
Tuber puberulum Tuberaceae SD
Inocybe curcumina Inocybaceae SD
Inocybe cf. fuscidula/splendens Inocybaceae SD
Inocybe glabripes Inocybaceae SD
Inocybe erinaceomorpha Inocybaceae SD
Inocybe hirtella var. bispora Inocybaceae SD
Hyaloscyphaceae sp. 1 Hyaloscyphaceae SD*
Hyaloscyphaceae sp. 2 Hyaloscyphaceae SD*
Hyaloscyphaceae sp. 3 Hyaloscyphaceae SD*
Tarzetta catinus Pyronemataceae SD*
Clavulinaceae sp. Clavulinaceae SD*
Cenococcum geophilum Gloniaceae SD
Hypholoma sublateritium Strophariaceae SD*
Cortinarius aff. ferrugineovelatus Cortinariaceae MD
Hebeloma sinapizans Hymenogastraceae MD*
Hysterangium sp. Hysterangiaceae MD
Hydnobolites sp. Pezizaceae C/SD°
not assigned

Table 5. Exploration Types of encountered species

Exploration Types marked with * were assigned based on microscope pictures, exploration types marked with ° based on
Tedersoo and Smith (2013), exploration types of all other species are based on Agerer (2006)



Figure 27 shows the distribution of Exploration Types of species from May and September soil samples
and of young beech trees in control (1CB) and treatment plots (1B). In all samplings a large majority of
around 95 % consisted of species with a Short Distance (SD) Exploration Type. While on root tips from
soil samples species with a Contact (C) Exploration Type were encountered, in some plots even at high
abundance, they were absent on root tips of young beech trees. In contrast to the other samplings,
young beech trees of control plots had a higher proportion of species with a Medium Distance (MD)
Exploration Type and the only species with a Long Distance (LD) Exploration Type.
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Figure 27. Distribution of Exploration Types of species in May and September soil samples and on young beech trees from
control (1CB) and treatment plots (1B)

6. Discussion

The finding that tree roots in treatment plots were dead three years after treatment establishment,
made comparisons between EM on fine root tips in disturbance treatment plots and control plots
impossible. Even though in some samples single roots seemed to be alive, their visual appearance gave
the impression that they were coming from young beech trees growing in or close to the sampling
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spots. The observation that on some dead root tips EM mantles were still recognizable, could be taken
as indication for active EM. Nevertheless, as all of these EM were black, it is more likely that these
structures were recalcitrant to degradation. A study of Fernandez et al. (2013) showed that black EM
species like Cenococcum geophilum had 4 to 10 times longer degradation times compared to other EM
which they attributed to the high melanin contents of their mantles. Studies regarding the persistence
of metabolically active EM on root tips after clear-cut treatment establishment show differing results.
Even though some researchers could not find active EM on tree root tips two years after clear-cut
treatment establishment (Harvey et al., 1980, Parsons et al., 1994, cited in Hagerman et al., 1999),
Hagerman et al. (1999) found seemingly active EM even three years after treatment establishment
which they attributed to saprophytic capabilities of some EM species.

Looking at the EM community composition in control plots and on young beech trees, it can be
concluded that there seems to be hardly any pattern behind the distribution and abundance of
observed ectomycorrhizal fungi. Less than half of the species could be found in more than three of the
35 samples and also abundant species often were only abundant in some samples or plots while they
were rare or could not be found in others. This suggests a high diversity of species in a relatively small
area. Nevertheless, the fact that 27 out of the encountered 46 species were found in more than one
block without a clear correlation between them, could indicate that all blocks share a common species
pool where environmental conditions and/or microbial or plant interactions of a specific microsite are
the decisive factors for the successful formation of a symbiotic relationship of an EM species with a
tree.

The mechanisms behind the overrepresentation of one EM species compared to another are still
largely not understood. Nevertheless, the encountered distribution seems to be typical for EM
communities in temperate regions. When summing up studies of 98 sites from EM communities on
beech, spruce and pine trees across Europe, Rosinger et al. (2018) found that research sites usually
were characterized by communities with a unique profile. While there was a low number of abundant
species present across sites, on beech trees more than 80 % of all species were only encountered in
one or two sites. Even though many of these species were found at low abundances, others
represented the dominant taxa at these sites. From their results they drew the conclusion that
abundant species across various sites had a low host-specificity and were able to thrive within a larger
band of environmental parameters, whereas rare species were dependent on their ecological niche.
Nevertheless, mechanisms are largely unclear, as when looking at their functional roles, EM
communities seem to be highly dynamic: on the one hand, EM communities consisting of different
species and living in different ecosystems were shown to fulfill the same functional roles (Wang et al.,
2017), whereas on the other hand, communities were also able to adapt to new environments and
adjust their functional responses when they were transferred between sites (Jones and Nicholson,
2017).

A drawback for the study of EM communities is that there still is a high number of species which have
not been clearly described yet, e.g. in our study, of the 44 species identified by DNA analysis, 23 could
not be assigned to a described species so far. Even though for most of them DNA alignments with a
similarity of more than 97 % could be found in the UNITE database, these sequences usually came from
uncultured species, which makes statistical comparisons across studies difficult. For this purpose,
Tedersoo et al. (2017), who, in a comprehensive study of soil inhabiting fungi from 38 countries in
temperate and tropical regions, found that only a minority of around 15 % could be assigned to family
level or below, with the rest of taxa still undescribed, suggested a common provisional naming based
on the fungal ITS region and rRNA genes for these often difficult to cultivate fungi. In this respect, an
interesting question could be whether species, especially rare species, can only be found in
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geographically restricted areas, or if they are distributed over large areas with higher abundances only
in their ecological niche.

The difference in community composition between May and September gives an example of how quick
communities can change within a rather short time. Abundant species in May did not necessarily
correlate with abundant species in September. Some abundant species in May could not be
encountered in September and vice versa. Even though studies have observed changes in community
composition over time (Koide et al., 2007, Santalahti et al., 2016), this complete change within a period
of 3.5 months is striking. A possible explanation might lie in an extraordinarily warm and dry summer
in the region. When looking at climate data from a time series of the climate station in Bad Ischl, which
is at a distance of around 50 kilometers from the research site at a height of 512 m, the period between
June and August 2018 was ranked the 5™ highest for mean temperatures and the 8™ lowest in
precipitation since the beginning of measurements in the 1850s (ZAMG, 2019). This suggests that many
of the prevalent species in May were not able to thrive in the harsh summer months with low soil
moisture and high upper soil temperatures. It seems that their places were occupied by species that
were more adapted to these conditions. Moreover, as many of the abundant September species were
not encountered there in May or only at low abundances, the results suggest that they nevertheless
were present in the soil either as living hyphae, on root tips at low abundances, or in spore banks. The
results of the present work confirm findings of a study conducted by Courty et al. (2008), who found
high spatial and temporal variations in EM community composition along a time series of 15 months
in a French oak forest. Even though the sites were dominated by four species, their abundance differed
highly between seasons and communities were observed to change significantly within even one
month.

As regards exploration types, more than 90 % of encountered EM on tree root tips showed a Short
Distance exploration type. In comparison to compiled results of Rosinger et al. (2018) of European EM
communities, this value is untypical, as in their results EM with SD exploration type accounted for only
around 30 % across sites. The reason for this high value is unclear. A possible explanation could be that
precipitation values in the region, with values between 1,250 mm and 2,000 mm per year (ZAMG,
2019), are high, which is why there had not been much evolutionary pressure for the selection of
species that are able to transport water over large distances. One limitation to the obtained result is
that some of the encountered species had to be assigned to an exploration type by the author based
on the microscope pictures as no exploration type could be found in literature or the mentioned
exploration types did not allow for assignment to only one exploration type. This may have led to
wrong assignments. An interesting detail is that species with Medium and Long Distance exploration
types reached a higher proportion of mycorrhization only on young beech trees in the control plot of
Block 1. This might be an indication for their role in forming hyphal networks between young and adult
trees for a better support of young trees with nutrients and water (Teste et al., 2009). On roots of
young trees in disturbance treatment plots no species with LD and only a very low proportion of species
with MD exploration types were encountered. Moreover, the mycorrhization rate was much lower
than on young beech trees in control plots. Judging from their height, these young trees seem to have
started growing shortly before disturbance treatment establishment which must have given them the
opportunity to profit from inoculation via living hyphae or spore banks. Nevertheless, over the three
years of disturbance treatment establishment, compared to young beech trees in control plots, their
EM communities seem to have evolved differently.

An interesting question is whether the species of the families Hygrophoraceae, Hyaloscyphaceae,
Clavulinaceae, Pyronemataceae and Strophariaceae can be classified as EM. It has been observed that
several saprotrophic species interact with roots mycorrhized by EM fungi. Sometimes fungi also live as
endophytes within tree roots (Baldrian and Kohout, 2017) which makes classification difficult.
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Additionally, Brundrett and Tedersoo (2019) pointed out, that mycorrhizal status of plants is frequently
interpreted incorrectly which may have led to wrong conclusions in many studies. In order not to
misinterpret EM status, they suggested to scrutinize samples based on the root age and number of
mycorrhizal root tips and judge them according to whether the mantle is uniformly present and the
Hartig net can easily be distinguished. Moreover, it is important that the formation and branching of
EM is synchronized with root tip growth, so that the presence of saprotrophic fungi on older root tips
is not misjudged as mycorrhizal association. In their review of mycorrhizal status, Tedersoo et al. (2010)
list the genera Hygrophorus, Clavulina, Tarzetta as well as the taxa Peziza depressa as ectomycorrhizal
based on results of recent studies. As regards Hypholoma sublateritium, no hints regarding
ectomycorrhizal activities could be found in literature, which probably indicates that the wood-
decaying fungi was a contaminant. Likewise, also for the family of Hyaloscyphaceae no studies
supporting a mycorrhizal status could be found in literature. There are species of the Hyaloscyphaceae
family that act as plant endophytes and there are indications for a strong interaction between them
and EM species (Nakamura et al., 2018), which might be the reason for their presence in the samples.
Nevertheless, the pictures shown below highly suggest a mycorrhizal status of the samples, and there
is also indications in literature suggesting mycorrhizal status of unnamed species belonging to the
order of Helotiales (Tedersoo and Smith, 2013). This is why the three species identified as belonging
to the family of Hyaloscyphaceae by DNA analysis were included in the results as EM.

In Figures 28 to 37 the samples assigned by DNA analysis to the families of Hygrophoraceae,
Hyaloscyphaceae, Pyronemataceae, Clavulinaceae and Strophariaceae are depicted. Even though the
branching is not always fulfilled, root tips seem vital and the Hartig net is visible. Nevertheless, it is
possible that the chosen primers were not suitable for detection of a specific EM and the DNA result
came from contaminant hyphae or spores present on the sample. As this is seems to be a common
problem in studies, for the confirmation whether a fungal species really adheres to a mycorrhizal
lifestyle, Heijden et al. (2015) suggested the analysis of the fungi’s genome with focus on EM specific
genes, e.g. for transporters needed for nutrient exchange.

38



Figure 28. Sample of Hygrophorus unicolor, edited Figure 29. Sample of Hygrophorus unicolor, edited

Figure 30. Sample of Hygrophorus unicolor, edited Figure 31. Sample of Hyaloscyphaceae sp. 1, edited

Figure 33. Sample of Hyaloscyphaceae sp. 3, edited

Figure 32. Sample of Hyaloscyphaceae sp. 2, edited
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Figure 34. Sample of Tarzetta catinus, edited Figure 35. Sample of Clavulinaceae sp., edited

Figure 36. Sample of Hypholoma sublateritium, edited Figure 37. Sample of Peziza depressa, edited

Pictures of the samples assigned to the species Hygrophorus discoxanthus by DNA analysis can be seen
in Figure 12.

Another interesting aspect of the results of this work, is the high morphological variation of species
that were identified to be of the same or closely related species by DNA analysis. Not only surface
colour and texture varied, some samples even showed different exploration types (see Fig. 9 and 10).
This observation gives us new hints regarding the functional adaptability of EM fungi, while we must
also take into consideration that the sequencing result might have come from a contaminant whose
DNA preferably paired with the chosen primers. Even though in the last decades new molecular
methods have given us new insights into EM ecology, scientists warned of pitfalls which can lead to
wrong conclusions (Lindahl et al., 2013). Pena et al. (2010) stated that their species assignments based
on morphotyping tended to overestimate species numbers by around 30 %, Menkis et al. (2005) found
a high morphological diversity of taxa leading to wrong results in morphotyping, while the frequent
presence of non-EM fungi on root samples lead to misjudgments in DNA analysis. These aspects limit
the validity and comparability of studies relying on just one method and highlight the importance of
the combination of both morphological and molecular methods, with DNA analysis of several samples
of an identified morphotype for verification.
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When comparing the results of the current work to fungal data obtained from soil samples — not from
tree root tips - using a high-throughput approach for DNA analysis from rightly before and after
treatment establishment in the years 2015 and 2016 (Godbold et al., 2018), there are some major
differences: in the data of the years 2015 and 2016, the most abundant EM taxa came from the families
of Inocybaceae, which only ranked fourth in the present results of September, and were present only
in low quantities in May. A striking finding in the years 2015 and 2016 was that no indication for the
presence of species belonging to the Russulaceae could be found. This was rather untypical, as the
genus Russula and Lactarius usually play a prominent role in temperate European mixed forests (Pena
et al.,, 2010, Buée et al.,, 2005, Goldmann et al., 2015, Pena et al.,, 2017, Rosinger et al., 2018,
Schirkonyer et al., 2013). Contrary to these results, in the current work three Lactarius species could
be found on tree root tips, with Lactarius blennius being one of the most abundant species in May and
September, whereas L. rubrocinctus and L. helvus/pallidus were only encountered in one block in
September. The reason for their absence in the years 2015 and 2016 might lie in environmental factors.
Additionally, their morphology, with a smooth surface and no emanating hyphae, may have made
them difficult to detect in soil samples. This underlines the importance of including a morphological
analysis of mycorrhizal tree root tips in studies of EM communities, as data solely coming from high-
throughput molecular methods based on soil samples may not always reflect the mycorrhization
patterns on tree roots.

7. Conclusions

The present work started with a short overview of the diversity of fungi and a classification of their
roles within ecosystems. Concentrating on ectomycorrhizal fungi, which play a main role for net
primary production in forest ecosystems, current knowledge was summarized and put into the context
of disturbance regimes that increasingly threaten ecological equilibria and commercial revenues of
temperate forests on the Northern hemisphere.

The initial objective of the practical part of this thesis, the comparison of EM communities on tree root
tips between disturbed and control plots three years after disturbance treatment establishment, was
not possible, as tree roots in treatment plots were encountered to be dead. Therefore, the focus of
this thesis was shifted to the monitoring of EM community composition between two sampling dates
in May and September. Additionally, in September young beech trees of treatment and control plots
in one block were sampled to get an indication whether the mycorrhization rate and community
composition differed between them and the communities from soil samples which were assumed to
come from mature trees.

A high variability of species and their abundances between sampling plots, blocks, seasons and tree
roots of mature versus young trees, could be found. This suggests a high microsite diversity. As 27 of
the 46 species were nevertheless encountered in more than one block without a statistically significant
pattern for their occurrence, this might be an indication that all blocks share a common species pool
with biotic and abiotic characteristics being the main factors behind microsite community composition.
Especially the change of community composition between May and September is striking and seems
to be due to an exceptionally dry and warm summer in the region that favored some species in
comparison to others. The mechanisms behind these changes, whether they are triggered by different
physiological optima and competition between EM or by processes initiated by their host plants, still
need to be uncovered.
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Mycorrhization patterns on young beech trees of disturbance treatment and control plots differed
widely between them and also compared to communities on mature trees. Even though the young
trees from disturbance treatment plots seem to have germinated already before treatment
establishment, the observation of lower mycorrhization rates and the absence of species with Medium
and Long Distance exploration types may be a result of their solitary positions with no access to
mycorrhizal networks. As the sampling number of 4 trees from disturbance treatment plots and 4 trees
of the control plot is low, the results can only be taken as indication and further research is necessary
for verification.

Attention was also drawn to the fact that comparisons with other studies covering EM communities
are difficult to impossible due to the high number of undescribed species. As many of them are difficult
to culture and lack fruiting bodies, a common naming and standardized description might help to
include them in regional or continental diversity studies. For these studies, also a combination of
morphotyping and DNA analysis is suggested, as the single use of one of these methods can lead to
the over-/underestimation of species numbers and the underrepresentation of families with restricted
exploration patterns. A combination also has the advantage of giving us a better understanding of the
morphological and functional variability of species.

Finally, this work provided evidence for the confirmation of the mycorrhizal status of species belonging
to the families of Sebacinaceae, Hygrophoraceae, Pyronemataceae and Clavulinaceae. Mycorrhizal
status of three species of Hyaloscyphaceae and Hypholoma sublateritium is suggested but will still
need further proof for verification.

8. Perspectives

Even though scientists from all over the world regularly provide new insights into the fascinating
lifestyles and enormous diversity of ectomycorrhizal fungi, our knowledge regarding their functions,
interactions and relationships with their plant hosts, other microbes in the rhizosphere and among
them is still rather basic.

Based on the focus of the present work the following questions still need to be answered:

e From which spatial extent do disturbances like clear-cutting result in a permanent loss of EM
diversity?

e |s functional variability of species with long-distance propagation modes sufficient to step in
when a large part of EM diversity was eliminated during large-scale disturbances?

e How long after a disturbance event are vital EM propagules present?

e Isthere a timely succession among symbiotic fungal species after disturbances?

e Are there key species which are beneficial for a quick establishment of seedlings in forests
after disturbances?

e s aninoculation with selected fungal species beneficial for a quick establishment of seedlings
in forests after disturbances?

e Which symbiotic fungal species are beneficial for the establishment of seedlings of selected
tree species in calcareous mountain forest soils?

e Do similar ecosystems share over-regional EM species?
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With increasing numbers and extent of disturbance events due to ecologically unfavorable forest
management practices and changes in the global climate regime, a better insight into the roles and
functional mechanisms of EM fungi will be necessary, to be able to develop guidelines for protection
and battle the challenges of the present and future.
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Pictures (original) without editing

Figure 3. Dead root tips from May Block 3, treatment Figure 4. Dead root tips from May Block 1, treatment
clear-cut with debris girdling

Figure 5. Dead root tips with recognizable EM from Figure 6. Dead root tips with recognizable EM from
May Block 2-2, treatment girdling May Block 2-2, treatment clear-cut

Figure 8. Morphotypes of Lactarius helvus/pallidus



Figure 9. Morphotypes of Lactarius rubrocinctus

Figure 10. Morphotypes of Lactarius blennius




Figure 11. Morphotypes of Sebacina aff. incrustans

Figure 12. Morphotypes of Hygrophorus discoxanthus
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Figure 13. Morphotype of Hyndobolites sp. Figure 14. Morphotype of Lactarius pallidus/helvus
Figure 15. Morphotype of Sebacina aff. incrustans Figure 16. Morphotype of Inocybe hirtella var. bispora
Figure 28. Sample of Hygrophorus unicolor Figure 29. Sample of Hygrophorus unicolor
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Figure 30. Sample of Hygrophorus unicolor Figure 31. Sample of Hyaloscyphaceae sp. 1

Figure 32. Sample of Hyaloscyphaceae sp. 2 Figure 33. Sample of Hyaloscyphaceae sp. 3

Figure 34. Sample of Tarzetta catinus Figure 35. Sample of Clavulinaceae sp.
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Figure 36. Sample of Hypholoma sublateritium

Figure 37. Sample of Peziza depressa
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