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Summary

Community ecology is the study of the patterns of species distributions and the processes

underlying these patterns. Community ecologists increasingly concur that niche selec-

tion, dispersal and ecological drift jointly influence the assembly of natural communities.

Although patterns of many organism groups have been extensively studied, the processes

that influence the assembly of fungal communities are not well understood. Communi-

ties of saprotrophic mushroom-forming fungi provide important ecosystem services such

as decomposition, and thus play important roles in global carbon and nutrient cycling.

This thesis thus aims at understanding basic mechanisms of fungal community ecology.

To understand assembly processes two fundamental approaches are important. First,

species underlie natural selection, favoring traits that make them better adapted to the

environment. An understanding of the distribution of traits along the fungal tree of life

thus yields first clues to which environmental factors may act as ecological niche selec-

tion. Further, the response of traits along environmental gradients allows to identify

the influence of niche selection of traits. Although phylogeny- and trait-based studies

yield a direct link between the environment and species features – natural selection –

many variables are correlated under natural conditions prohibiting the interpretation of

independent effects. Therefore, the second approach utilizes experiments to disentangle

environmental quantities and to understand the relative importance of environmental

variables on fungal diversity.

After a general introduction, the second chapter thus examines the evolution of sapro-

trophic fungal host specificity to increase our understanding of the importance of the

host as a filter for fungal communities. The third chapter then uses a morphological

trait of mushrooms – the reproductive organ of many fungi –, to ask whether mushroom

color effects fungal prevalence across Europe. To disentangle potentially confounding

variables, the consecutive two chapters use a dead-wood experiment, where the host

(identity and size) and the environment (stand microclimate and local dead wood) were

independently manipulated. In detail, the fourth chapter explicitly tests for the inde-

pendent effects of the host and the environment using fruit body inventories. Using a

subset of this dead-wood experiment, the fifth chapter tests whether organism size pre-
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Summary

dicts assembly processes, expanding the taxon sampling to bacteria, fungi and beetles.

This thesis revealed high specialization of white rot fungi towards angiosperm tree species

and primarily generalism in brown rot fungi (Chapter 2). Further, host identity was

found to be an important driver for the assembly of wood-inhabiting fungi (Chapter

4) and even more important than microclimate. Fungal communities on an angiosperm

tree were further more similar than the community composition on a conifer tree species,

suggesting that wood-inhabiting fungi are selected by the host identity, thus that dif-

ferent fungal species are adapted to decompose specific substrates. Further, this thesis

showed that the occurrence of fungi could be explained by morphological and life-history

traits. In detail, saprotrophic species with dark-colored mushrooms were more prevalent

in cold environments than light-colored species (Chapter 3), suggesting the theory of

thermal melanism for multicellular fungi. Further, using a combined approach (trait-

based and experiment-based), organism size predicted differences in the niche selection

to ecological drift ratio (Chapter 5), suggesting that assembly processes differ between

macro- and microorganisms.

Based on two approaches to study potential mechanisms of fungal assembly, this thesis

could increase our understanding of how evolutionary constraints together with species

traits structures fungal assemblages. Fungal adaptations towards the host tree species

as well as morphological traits and life-history traits influence the assembly of sapro-

trophic fungal communities. Further, besides niche selection, demographic differences

due to community sizes may play an important role in structuring fungal assemblages

by regulating the influence of stochasticity.

To further increase our understanding of assembly processes on fungal community ecol-

ogy, future directions are outlined. In particular the integration of fungal occurrences to-

gether with signals of the phylogeny, traits and the environment within a single method-

ological framework promise further insights into the relative importance of different

assembly processes on fungal communities.
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Zusammenfassung

Die Ökologie der Artengemeinschaften befasst sich mit Mustern der Vorkommen von

Artengemeinschaften und den Prozessen der Artgemeinschaftsbildung. Ökologische Stu-

dien zeigen, dass Nischenselektion, Verbreitung und ökologische Drift gemeinsam Artge-

meinschaftsbildungsprozesse beeinflussen. Obwohl viele Muster der Artgemeinschafts-

bildung bereits intensiv untersucht wurden, sind Prozesse der Artgemeinschaftsbildung

von holzbewohnenden Pilzen bisher noch wenig verstanden. Holzbewohnende pilzliche

Artengemeinschaften leisten wichtige Ökosystemprozesse, wie den Abbau pflanzlicher

Biomasse und spielen deshalb eine wichtige Rolle im globalen Nährstoff- und Kohlen-

stoffkreislauf. Die vorliegende Doktorarbeit zielt daher darauf ab, zentrale Mechanismen

und Prozesse der Artgemeinschaftsbildung von Pilzen zu verstehen.

Um Prozesse der Artgemeinschaftsbildung zu studieren, können zwei grundsätzliche

Wege verfolgt werden. Zum einen unterliegen Arten der natürlichen Selektion (Evo-

lution), die diejenigen Eigenschaften fördert, die eine bessere Anpassung an die Umwelt

gewährleisten. Ein Verständnis der Evolution von Eigenschaften und deren Verteilung im

Artenstammbaum kann erste Einsichten darüber ermöglichen, welche Umweltfaktoren

zu deren Selektion beigetragen haben. Zudem kann die Prävalenz von Arteigenschaften

entlang eines Umweltgradienten Aufschlüsse darüber geben, welche Nischen selektierend

wirken und dadurch Artgemeinschaften beeinflussen. Obwohl Studien der Evolution

und Eigenschaften im Umweltgradienten ein direktes Verständnis zwischen der Umwelt

und Artengemeinschaften erlauben – natürliche Selektion – birgt dieser Ansatz auch

Schwierigkeiten. Werden Daten im Feld unter natürlichen Bedingungen erhoben, sind

meist viele der gemessenen Umweltvariablen korreliert und dadurch ist es nicht möglich

deren unabhängige Effekte zu schätzen. Daher ist es nötig diese Variablen in Experi-

menten unabhängig zu verändern, um deren relative und unabhängige Effekte testen zu

können.

Nach einer Einleitung widmet sich das zweite Kapitel der Evolution der Wirtsspezi-

fizität holzbewohnende Pilze um die Relevanz der Wirtspflanze als Nische für Pilzge-

meinschaften besser zu verstehen. Das dritte Kapitel beschäftigt sich dann mit der

Frage ob die Hutfarbe als Eigenschaft von Pilzfruchtkörpern – dem reproduktiven Or-
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Zusammenfassung

gan von Pilzen – die Prävalenz von Pilzartgemeinschaften in Europa beeinflusst. In

den folgenden zwei Kapiteln werden dann verschiedene Umweltvariablen anhand eines

Totholzexperiments unabhängig voneinander verändert. Hier liegt ein besonderer Fokus

darauf, die unabhängigen Effekte des Wirts (Wirtsbaumart und -größe) und Umwelt

(Bestandesmikroklima und lokales Totholz) zu testen.

Das vierte Kapitel testet explizit die unabhängigen Effekte des Wirts und der Umwelt auf

holzbewohnende Pilzgemeinschaften basierend auf Fruchtkörperinventuren. Das fünfte

Kapitel untersucht dann, ob die Organismengröße Artgemeinschaftsbildungsprozesse

vorhersagen kann, indem zusätzlich zu Pilzen auch Bakterien- und Käfergemeinschaften

des Totholzes untersucht werden. Diese Arbeit zeigte eine hohe Spezialisierung der

Weißfäulepilze auf angiospermen Baumarten und einen hohen Anteil an Generalisten

bei Braunfäulepilzen (Kapitel 2). Die Wirtsbaumart erwies sich ebenfalls als wichtiger

Treiber für die Gemeinschaft von holzbewohnenden Pilzen (Kapitel 4) und überwog den

Effekt des Bestandesmikroklimas. Zudem waren die Pilzgemeinschaften auf einer an-

giospermen Baumart ähnlicher als die auf einer gymnospermen Baumart, was darauf

hindeutet, dass holzbewohnende Pilze durch Anpassung an Wirtsbaumarten durch die

Umwelt selektiert werden. In der vorliegenden Arbeit konnte zudem gezeigt werden, dass

die Prävalenz von Pilzen durch morphologische Eigenschaften beeinflusst wird. Holz- und

Laubbewohnende Arten mit dunkel-farbigen Pilzhüten sind häufiger in kalten Umgebun-

gen als helle Arten (Kapitel 3). Dieses Ergebnis ist konsistent mit der Theorie des ther-

mischen Melanismus. Diese besagt, dass dunkle Organismen Vorteile in kalten Habitaten

haben, da sie durch die dunkle Oberfläche schneller aufwärmen als helle Organismen.

Darüber hinaus konnte die Organismengröße Unterschiede in den Prozessen der Art-

gemeinschaftsbildung (Nischenselektion und ökologische Drift) vorhersagen (Kapitel 5).

Dies deutet darauf hin, dass sich die Prozesse der Artgemeinschaftsbildung zwischen

Makro- und Mikroorganismen unterscheiden.

Basierend auf zwei grundlegenden Ansätzen zur Untersuchung von Artgemeinschafts-

bildungsprozesse, konnte diese Arbeit zu einem besseren Verständnis beitragen, wie

evolutionäre Anpassung und verschiedene Umweltvariablen Pilzartgemeinschaften struk-

turiert. Die Anpassung von Pilzarten an Wirtsbaumarten sowie morphologische Merk-

male beeinflussen die Artgemeinschaftsbildung von Pilzgemeinschaften. Neben der Nis-

chenselektion können demografische Unterschiede wie z.B. die Größe der Organismen

eine wichtige Rolle bei der Strukturierung von Pilzartgemeinschaften spielen.
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1 Introduction

1.1 Community ecology

1.1.1 A brief historical overview

Community ecology is the study of 1) the pattern in the richness, abundance, and com-

position of species and 2) the processes underlying these patterns [Vellend, 2010]. His-

torically, biology/ecology started as purely descriptive, mainly focusing on the formal

classification of species. In the 18th and early 19th century the description of patterns was

seen as the main goal of biology. Linnaeus named/diagnosed more than 13000 species

[Stearn, 1959, Müller-Wille, 2006] based on morphology and became the father of modern

taxonomy by applying a binary classification system based on a genus name and a species

epithet. Alexander von Humboldt quantified the natural world wherever he could, and

also formally described species, however together with further information, e.g., the col-

lection locality and so developed a first classification of distinct plant communities along

an altitudinal gradient (’Naturgemälde’) [von Humboldt, 1807]. Darwin later provided

the theoretical background to understand why species occurred in some locations and

not in others. The theory of evolution by natural selection states that species change

over time and become more adapted to their environment or go extinct [Darwin, 1859].

However, only in the early 20th century, scientists such as Henry Gleason and Frederic

Clements asked why specific communities of species occurred together and why some

habitats support more species than others [Clements, 1916, Gleason, 1922]. Whereas

Clements had the opinion that communities are holistic entities (superorganism-theory),

Gleason had a more individuum-based view of communities. Although these theories

inspired much research, they did, however, not provide a mechanistic understanding of

the underlying assembly processes. The niche-theory provided such a framework, first

formulated by Charles Elton [1927], but usually attributed to George Evelyn Hutchinson

[Hutchinson, 1957]. The niche theory states that only adapted species persist in a niche,

whereas maladapted species are excluded from this niche (see below). Another influen-

tial theory was the ’competitive exclusion principle’ stating that two species, which are

’too similar’ cannot co-exist due to competition for the same resource [Gause, 1964]. A
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student of Hutchinson, MacArthur, provided mathematical and further theoretical foun-

dation [MacArthur and Levins, 1967] to niche-theory but also to other processes such as

dispersal. Another milestone in community ecology was the neutral theory, which was

first seen as opposed to niche theory. The neutral theory assumes that species share

the same traits and emphasized the importance of stochasticity [Hubbell, 2001] such

as ecological drift, introduced e.g., by demographic properties. One study, however,

found that assembly processes change along environmental gradients and thus proposed

the continuum hypothesis [Gravel et al., 2006]. The continuum hypothesis states that

different assembly processes (e.g. niche vs. neutral) are different ends of a continuous

gradient, rather than opposing.

In the following decades, the field of community ecology expanded with increasing num-

bers of survey- and experimental studies, which were describing pattern of species com-

munities. However, while many studies still describe patterns, the focus within commu-

nity ecology has shifted towards the study of underlying processes rather than patterns

[Beck et al., 2012, Keith et al., 2012]. The integration of experiments and phylogenetic,

and trait information into community ecology, together with computationally intensive

methods (e.g., null models or Approximate Bayesian Computation) provides new oppor-

tunities to understand processes of community assembly [McGill et al., 2006]. Parallel

to the advancement of community ecology, population genetics developed rapidly and

served as blue print for later developments in theoretical community ecology.

1.1.2 Towards assembly processes

Some scientists refer to community ecology as ’a mess’ [Lawton, 1999], which does not

allow for general rules, whereas most theoretical ecologists agree that general rules can

be discovered, if the theoretical background is sufficient [MacArthur and Levins, 1967,

Simberloff, 2004]. The advances in population genetics are seen as a model for commu-

nity ecology, because population genetics have a strong theoretical foundation which led

to general and predictable rules [Vellend, 2010]. Population genetics are based on four

fundamental processes: selection, drift, mutation, and gene flow (also called the ’Mod-

ern Evolutionary Synthesis’, [Huxley, 1942]). Although a comparable theoretical basis is

still missing for community ecology, recently a conceptual synthesis was developed with

population genetics as model [Vellend, 2010]. Vellend reduced the mechanisms lead-

ing to local assemblages to four fundamental processes [Vellend, 2010], inspired by the

Modern Evolutionary Synthesis in population genetics: speciation, selection, dispersal

and ecological drift (Figure 1.1). Previous attempts to a conceptual synthesis [Leibold

et al., 2004] were less intuitive as they lacked parallelism to population genetic theory.
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Speciation is the evolutionary process that generates new species in a community. Se-

lection refers to the biotic (e.g., competition) and abiotic (e.g., temperature) sorting of

species and is thus mainly based on niche-theory. Dispersal was further separated in

dispersal limitation and homogenizing dispersal. Dispersal limitation can be the result

of niche selection for dispersal relevant traits (e.g., propagule size) or stochastic (e.g.,

a random change in population or community size). Homogenizing dispersal refers to

a process of very high dispersal rates (’mass effects’), which ultimately leads to more

similar communities than expected and can thus overwhelm niche selection [Leibold and

Chase, 2017]. Ecological drift was initially introduced by neutral theory, which argues

that random change in demographic properties (e.g., birth/death or colonization rate) of

populations or communities has effects on the community assembly. It has been argued

that all proposed theories can be reduced to one of these four fundamental processes

[Vellend, 2010]. For example, the mass effects theory can be reduced to homogeniz-

ing dispersal; the competitive-exclusion principle and niche theory to selection; neutral

theory to dispersal and ecological drift [Stegen et al., 2012]. Concerning the processes

that can result in diverging local communities, selection was referred to as deterministic

processes, whereas ecological drift and dispersal limitation were referred to as stochas-

tic processes. Much of the earlier debate was centered around the question whether

deterministic (thus niche-based) processes vs. stochasticity (neutral processes) deter-

mine community assembly [Zhou and Ning, 2017]. However, as studies accumulated

both deterministic and neutral processes were found to act together in shaping commu-

nity assembly, also known as the ’continuum hypotheses’ [Gilbert and Lechowicz, 2004,

Gravel et al., 2006]. This hypothesis states that community assembly is driven by the

joint effects of deterministic and stochastic (thus niche and neutral processes) and that

different biological systems differ in the relative contribution of those processes. Further,

the relative influence of deterministic and stochastic processes were found to depend on

the spatial scale of the study [Nemergut et al., 2013, Barberán et al., 2014, Leibold and

Chase, 2017]. Conceptually, local communities are more affected by biotic and abiotic

niche selection, low or absent dispersal limitation and a high degree of stochasticity in

dispersal and demographic properties [Barberán et al., 2014, Leibold and Chase, 2017].

Whereas regional and global community assembly is more affected by historic (phyloge-

netic) effects, abiotic niche selection and dispersal limitation and stochasticity become

less influential [Barberán et al., 2014, Leibold and Chase, 2017].
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Adaptation

Figure 1.1: Conceptual synthesis showing four basic assembly processes across spatial scales.
Graphical concept adapted from [Vellend, 2010] and [Ovaskainen et al., 2017].

1.2 Fungal ecology

1.2.1 Importance of fungi in the terrestrial ecosystem

Fungi are extremely species-rich and perform important ecosystem functions [Van Der Hei-

jden et al., 2008, Hibbett et al., 2014, Larsen et al., 2017]. However, we still lack a basic

understanding of the processes underlying fungal community assembly and have also

only preliminary knowledge of the evolutionary history of many groups compared with

the animal and plant kingdoms [Hinchliff et al., 2015]. Fungi are a very species rich

group with a global estimate of 2.2 to 160 million species [Hawksworth and Lueck-

ing, 2017, Larsen et al., 2017] and currently approximately 140,000 described species

(http://www.catalogueoflife.org/annual-checklist/2018/). Fungi further display a huge

diversity of nutritional modes and lifestyles, e.g., parasitic, mutualistic and saprotrophic

[Nagy et al., 2017].

Fungi are a kingdom, taxonomically positioned in the Ophistokonta together with the
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animal kingdom [Schalchian-Tabrizi et al., 2008]. Fungi are composed of eight divisions,

and mushroom-forming fungi are situated paraphyletic within the ‘true fungi’ (hereafter

fungi) formally, the subkingdom Dikarya [Hibbett et al., 2007]. Dikarya consist of two

large clades (phyla), Ascomycota and Basidiomycota which differ in the spore-bearing

structure, the ascus and the basidium, which gives the clades the names. Within both

phyla mushroom-forming fungi can be found in various lineages [Nagy et al., 2017],

however, the most commonly known (‘typical’) fruit body forms can be found in Agari-

comycetes, with a stem and cap. Mushroom-forming fungi have the advantage of being

easily detected by their mushroom, which have enough features for species identification.

Thus, mushroom-forming fungi are of great importance to estimate quantities of commu-

nity ecology for observed communities, e.g., species richness. Further, the mushroom is

the reproductive organ, where sexual spores are produced and released for dispersal, and

thus are important structures necessary to the complete the fungal life-cycle [Webster

and Weber, 2007].

The majority of mushroom-forming fungi can be classified into either mycorrhizal or

saprotrophic [Tedersoo et al., 2010, 2014]. Mycorrhizal fungi are an important compo-

nent of the diversity of soil microorganismal communities in most terrestrial ecosystems

and have tremendous effects on nutrient cycling and plant productivity [Van Der Heijden

et al., 2008, Clemmensen et al., 2013, Averill et al., 2014]. Mycorrhizal fungi provide wa-

ter and nutrients to their plant hosts and also enhance pathogen resistance. In exchange,

mycorrhizal fungi retrieve carbon from the plants [Smith and Read, 2010]. Within forest

ecosystems the most common and most species-rich mycorrhizal type is the ectomycor-

rhiza, which forms symbiosis with roots of woody plants without invading the host cells

[Smith and Read, 2010]. Saprotrophic fungi decay dead organic matter and release car-

bon and nutrients, which is crucial in carbon and nutrient cycling [Floudas et al., 2012].

Saprotroph fungi can be classified as either leaf-litter decayer or dead-wood decayer and

display a high morphological diversity and host variability (Figure 1.2). Whereas As-

comycota are major agents of litter decay along with litter-decomposing Agaricomycetes,

dead-wood is primarily decomposed through Agaricomycetes. This thesis focuses on

wood-decay fungi. Most wood-decay fungi can be classified as either white or brown

rot decay mode [Riley et al., 2014]. White rot fungi degrade both cellulose and lignin

[Blanchette, 1991], reflected by high copy numbers of genes encoding lignin-degrading

class II peroxidases and enzymes acting on crystalline cellulose (cellobiohydrolases and

lytic polysaccharide monooxygenases [LPMOs]) [Riley et al., 2014]. Brown rot fungi

attack cellulose but do not significantly degrade lignin [Worrall et al., 1997], reflected
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by loss of many genes encoding class II peroxidases and diverse carbohydrate-active

enzymes [Floudas et al., 2012, Riley et al., 2014, Nagy et al., 2015].
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Figure 1.2: Examples for saprotrophic fungi of different fruit body types and on various sub-
strates. A) Bracket fungus, Fomes fomentarius on beech (Fagus sylvatica) dead
wood. B) Pileate mushroom of Gymnopilus penetrans on conifer stump. C) Cor-
ticoid Peniophora spec. on angiosperm stump. D) Pileate mushroom of Mycena
capillaris on beech leaf. E) Polyporus squamosus on beech tree. F) Apothecia of
Bisporella citrina on conifer branch. G) Apothecia of Lanzia echinophila on peri-
carp of Castanea sativa. H) Apothecia of Phaeohelotium fagineum on pericarp of
Fagus sylvatica. Photographs by Franz-S. Krah. 7
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1.2.2 Pattern of fungal community ecology

The patterns of community ecology differ with the spatial scale of the study. On global

spatial scales saprotroph fungi were shown to be mainly driven by climate, such as

mean annual precipitation [Tedersoo et al., 2014]. Saprotrophs were further affected

by spatial predictors [Tedersoo et al., 2014], which indicates dispersal limitation on

large spatial scales or unmeasured variables [Lindström and Langenheder, 2012]. On

local scales, wood-inhabiting fungi are affected by leaf litter quality (litter saprotrophs,

[Hättenschwiler et al., 2011]), host tree identity [Baber et al., 2016, Kahl et al., 2017],

microclimate, size of dead wood, amount of dead wood [Heilmann-Clausen and Chris-

tensen, 2004, Bässler et al., 2010] and local dead wood [Rolstad et al., 2004, Olsson et al.,

2011]. The importance of the amount of dead wood further becomes clear considering

threats of modern forestry. Under modern forestry, saprotrophic fungi are threatened

because of declining dead-wood amount [Grove, 2002, Bässler et al., 2010]. The decline of

dead-wood amount ranges between 90% and 99.5% of that in natural old growth forests

[Heilmann-Clausen and Vesterholt, 2008]. Further, fragmentation of dead-wood habitats

(forests) threatens wood-inhabiting fungi on local and regional scales [Heilmann-Clausen

and Vesterholt, 2008]. Fungi with specialized host requirements were shown to be af-

fected much more from fragmentation at various spatial scales than generalist species

[Nordén et al., 2013]. Besides landscape fragmentation, also change in the composition

of dead-wood can negatively affect wood-inhabiting diversity. Forest management in-

creases the amount of coniferous wood and reduces the prevalence of large diameters

of dead wood [Heilmann-Clausen and Vesterholt, 2008]. A gradient of increasing man-

agement intensity has been shown to result in a decrease of functional diversity among

saprotrophic fungi [Bässler et al., 2014a].

1.3 Research gap and approaches

Studies on assembly processes of saprotrophic fungi are extremely rare. However, one

study found decreasing functional diversity (measured as phylogenetic diversity and

based on traits) with increasing management intensity, suggesting changing assembly

processes along a land-use gradient [Bässler et al., 2014a]. Further, fungal spores were

found to have limited dispersal range [Galante et al., 2011, Norros et al., 2014] and es-

pecially rare fungi may be dispersal limited as total propagule numbers are low [Norros

et al., 2012], although saprotrophic fungi in general do not seem to be dispersal limited

at the landscape scale [Komonen and Müller, 2018]. A recent study tested whether traits

8
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could predict saprotrophic fungal assembly processes and found strong niche selection

[Abrego et al., 2017]. Our knowledge about fungal assembly processes is thus restricted

to only a few studies, which have mainly been operating at the local to landscape spatial

scale.

To study the ecology of species and their interactions, researchers have mainly used

methods to produce descriptive statistics, such as alpha diversity measures (e.g., species

richness) or beta diversity measures (e.g., community dissimilarity) or other descriptive

measures such as SADs or distance decay analysis [Vellend, 2010]. However, all have

the disadvantage of being based on anonymous or taxonomic identity. The presence/ab-

sence or abundance of a species might however, result from various assembly processes

[Leibold and Chase, 2017].

Two fundamental approaches may be followed in understanding assembly processes.

First, species share a common evolutionary history. Natural selection favored species

traits, which were more adapted to the environment. A central issue with focusing on

the taxonomic identity alone, is that species are treated as statistically independent.

However, from an evolutionary point of view, this assumptions is wrong and can lead

to spurious interpretations [Felsenstein, 1985]. Species share a common evolutionary

history, and thus it is often assumed that more closely related species share more similar

traits (if traits are phylogenetically conserved), which will ultimately allow them to exist

in similar habitats (niche conservatism, [Losos, 2008]).

Thus, a first approach is to ask for the environmental forces which have selected for the

traits we observe today in extant species. A fundamental understanding of the evolution-

ary history of species and the environmental selection that leads to species differences

allows to understand and hypothesize distributions of species in the environment. A

consequent next step is then to test how traits affect the prevalence of species along

environmental gradients, which allows to identify the influence of niche selection by the

environment based on species traits. In other words, if the environment selects for the

occurrence of a species in a given environment, one might expect to find traits associated

with habitats in that environment. The difference in the distribution of traits between

habitats could then serve as a measure of niche selection. Thus, instead of comparing

species distributions, an alternative and more informative approach is, for example, to

focus on the trait distribution of species. The integration of phylogenies into community

ecological analysis has become crucial for understanding historical effects underlying

community assembly [Webb et al., 2002, Stegen et al., 2012].

This phylogenetic approach has the advantage of a rich evolutionary theory and thus
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a mechanistic understanding of how natural selection acts to shape species traits in re-

sponse to the environment. On the other hand, environmental variables that explain

trait distributions are often highly correlated with other environmental variables and

thus independent interpretations of their effects are not possible.

Therefore, a second approach is the use of experiments to independently manipulate

otherwise confounded environmental gradients. A classical issue in community ecology

is the species-area relationship, which states that larger areas harbor a higher diversity

of species (pattern). At least two opposing theories explain this observed pattern. The

species-energy hypothesis predicts higher resource availability with increasing area [Stok-

land et al., 2012, Wright, 1983]; the habitat-heterogeneity hypothesis predicts higher

habitat diversity with increasing area [MacArthur and MacArthur, 1961]. Experiments

have the advantage to disentangle both resource availability and resource heterogeneity

and thus address their independent effects. However, such experiments often operate at

small ecological scales and a subset of potentially relevant variables, often permitting

generalization of results.

1.4 Thesis outline and objectives

The goal of this thesis was to improve the understanding of basic processes of the com-

munity assembly of mushroom-forming fungi. Following the two approaches outlined

in the previous section, I was first interested in the evolution of saprotrophic fungal

host specificity to increase our understanding of the general importance of the host as

a filter for fungal evolution and potential selection of traits associated with wood decay.

Further following a phylogeny- and trait-based approach, I was then interested whether

a morphological trait of mushrooms – their color – explains fungal habitat prevalence

across Europe. Following the second approach, I then used a dead-wood experiment to

disentangle independent effects of the host and environmental factors on the diversity of

saprotrophic wood-inhabiting fungi. In a first analysis, the relative effects on classical

quantities of community ecology were of importance to be able to compare results to

previous, inconsistent, studies. A second analysis based on the experiment compared the

influence of different assembly processes on fungal communities in comparison to other

wood-inhabiting taxa. The aim was to test if differences in assembly processes could

be explained by the trait organism size by also integrating phylogenetic information.

Based on these results, I provide a deeper mechanistic understanding of the processes

underlying saprotrophic wood-inhabiting fungal assembly based on two fundamental ap-
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proaches, and thus lay the ground for new hypotheses and future directions.
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The specific objectives of this thesis were (Figure 1.3):

1. To test whether different saprotrophic functional groups (decay modes) differ in

their host specificity, to increase the mechanistic understanding of the host as a

driver of niche selection of the diversity of saprotrophic wood-inhabiting fungi

2. To test whether color explains the prevalence of fungi along a large spatial environ-

mental gradient, to generate a mechanistic understanding on how morphological

traits of the reproductive organ of fungi (mushroom) affect the assembly of fungal

communities

3. To identify the independent drivers of the diversity of saprotrophic wood-inhabiting

fungi in a dead-wood experiment. In particular, the relative and independent

effects of the host vs. the environment on diversity of saprotrophic wood-inhabiting

fungi

4. To test whether organism size predicts assembly processes of three wood-inhabiting

taxa (bacteria, fungi and beetles) to generate a mechanistic understanding of un-

derlying assembly processes of various saproxylic organism groups

12
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Figure 1.3: Conceptual overview of PhD thesis.

The chapters 2, 4 and 6 are published:

• Franz-Sebastian Krah, Sebastian Seibold, Roland Brandl, Petr Baldrian, Jörg Müller,

and Claus Bässler. Independent effects of host and environment on the diversity

of wood-inhabiting fungi. Journal of Ecology, 106(4):1428–1442, 2018b; Impact

factor: 5.17 (2017); https://besjournals.onlinelibrary.wiley.com/doi/10.

1111/1365-2745.12939

• Franz-Sebastian Krah, Claus Bässler, Christoph Heibl, John Soghigian, Hanno

Schaefer, and David S Hibbett. Evolutionary dynamics of host specialization

in wood-decay fungi. BMC Evolutionary Biology, 18(1):119–132, 2018a; Impact
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factor: 3.03 (2017); https://bmcevolbiol.biomedcentral.com/articles/10.

1186/s12862-018-1229-7

• Franz-Sebastian Krah, Scott T. Bates, and Andrew N. Miller. rmycoportal - an

r package to interface with the mycology collections portal. Biodiversity Data

Journal, 7:e31511, 2019; Impact factor: 1.26 (2017); https://bdj.pensoft.net/

article/31511/
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2 Evolutionary dynamics of host

specialization in wood-decay fungi

Abstract

The majority of wood decomposing fungi are mushroom-forming Agaricomycetes, which

exhibit two main modes of plant cell wall decomposition: white rot, in which all plant

cell wall components are degraded, including lignin, and brown rot, in which lignin is

modified but not appreciably removed. Previous studies suggested that brown rot fungi

tend to be specialists of gymnosperm hosts and that brown rot promotes gymnosperm

specialization. However, these hypotheses were based on analyses of limited datasets

of Agaricomycetes. Overcoming this limitation, we used a phylogeny with 1157 species

integrating available sequences, assembled decay mode characters from the literature,

and coded host specialization using the newly developed R package, rusda.

We found that most brown rot fungi are generalists or gymnosperm specialists, whereas

most white rot fungi are angiosperm specialists. A six-state model of the evolution of

host specialization revealed high transition rates between generalism and specialization

in both decay modes. However, while white rot lineages switched most frequently to an-

giosperm specialists, brown rot lineages switched most frequently to generalism. A time-

calibrated phylogeny revealed that Agaricomycetes is older than the flowering plants but

many of the large clades originated after the diversification of the angiosperms in the

Cretaceous. Our results challenge the current view that brown rot fungi are primarily

gymnosperm specialists and reveal intensive white rot specialization to angiosperm hosts.

We thus suggest that brown rot associated convergent loss of lignocellulose degrading

enzymes was correlated with host generalism, rather than gymnosperm specialism. A

likelihood model of host specialization evolution together with a time-calibrated phy-

logeny further suggests that the rise of the angiosperms opened a new mega-niche for

wood-decay fungi, which was exploited particularly well by white rot lineages.
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2 Evolutionary dynamics of host specialization in wood-decay fungi

2.1 Introduction

About 2000 billion tons of carbon is present in terrestrial ecosystems [McCarl et al.,

2007], of which 550 billion tons are fixed in vegetation [Siegenthaler and Sarmiento,

1993]. In forest ecosystems, most plant biomass is stored in the form of dead wood

[Horwath, 2007]. Woody plant cell walls consist mainly of the lignocellulose complex

which is composed of the polymeric polysaccharides cellulose, hemicellulose and lignin

heteropolymers [Lundell et al., 2010, Welker et al., 2015]. Cellulose is a macropolymer

consisting of linear chains of glucose subunits that can take on a recalcitrant crystalline

form [Medie et al., 2012]. Hemicelluloses are matrix polysaccharides consisting of various

heteropolymers, e.g., of xylans and glucomannans [Sjöström, 1981]. Lignin is a complex

aromatic polymer that is resistant to hydrolytic degradation [Bugg et al., 2011]. The

amount of cellulose in woody plants is 40–50% of the wood dry weight and for hemicel-

luloses and lignin 15–30% each. The plant biomass further consists of macromolecules

such as lipids, waxes, proteins and phenolic compounds [Horwath, 2007]. The most ef-

ficient agents of the decay of the lignocellulose complex are saprotrophic fungi, which

therefore play pivotal roles in the cycling of carbon [Heimann and Reichstein, 2008]

and nutrients [Harley, 1971] in the forest ecosystem. Wood is produced by angiosperms

and gymnosperms, which together comprise more than 60,000 species [Beech et al.,

2017]. Angiosperms regularly have lower amounts of lignin than gymnosperms, whereas

angiosperms regularly have higher amounts of cellulose than gymnosperms [Cornwell

et al., 2009, Thakur and Thakur, 2014]. Further, angiosperms often have lower amounts

of non-structural secondary compounds (plant extractives) than gymnosperms [Picher-

sky and Gang, 2000, Pallardy, 2008, Cornwell et al., 2009, Thakur and Thakur, 2014],

with some exceptions, e.g., species of the genera Quercus, Fagus or Malus [Wagenführ

and Scheiber, 2007].

The main agents of wood decay are members of the class Agaricomycetes (Basidiomy-

cota). Agaricomycetes contains about 21,000 species with a worldwide distribution, in-

cluding many lifestyles, e.g. mycorrhizal symbionts, pathogens, and saprotrophs. Most

saprotrophic fungi within the Agaricomycetes are dead wood decaying fungi. Dead wood

decay modes can be classified as either white or brown rot. Brown rot fungi attack cellu-

lose but do not significantly degrade lignin [Worrall et al., 1997], resulting in a brownish

residue that breaks into cubical fragments, whereas white rot fungi degrade both cellulose

and lignin [Blanchette, 1991], leaving a bleached fibrous residue (Figure 2.1). Hemicellu-

lose can be degraded by both brown and white rot fungi [Lundell et al., 2014]. Whereas

dead wood is mainly decayed by Agaricomycetes, in plant litter decay, Ascomycota play
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2.1 Introduction

a significant role along with litter-decomposing Agaricomycetes [Schneider et al., 2012,

Lundell et al., 2014]. Other decay modes are also present, such as ’soft rot’ in some

Ascomycota and ’grey rot’ in some Basidiomycota such as Schizophyllum commune [Ri-

ley et al., 2014]. Although many ectomycorrhizal fungi are partially saprotrophic, their

decay abilities are considered marginal compared to wood decay fungi [Maijala et al.,

1991, Rineau et al., 2013].

a) c)

b) d)

Figure 2.1: Brown and white rot residues and fungal fruit bodies. a) Brown rot residue, b)
brown rot fungus, Fomitopsis pinicola (Polyporales, Fomitopsidaceae), c) white
rot residue, d) white rot fungus, Fomes fomentarius (Polyporales, Polyporaceae).
Photographs by Franz-S. Krah (a,b,c) and Heinrich Holzer (d).

The enzymatic basis of the differences between white rot and brown rot has been stud-

ied extensively in comparative genomic analyses [Floudas et al., 2012, Riley et al., 2014,

Nagy et al., 2014, Kohler et al., 2015]. White rot fungi are distinguished by high copy

numbers of genes encoding different carbohydrate-active enzymes (CAZymes) which are

classified based on the CAZy database [Lombard et al., 2014]. In general, CAZymes,

which act on crystalline cellulose are more abundant in white rot genomes compared

with brown rot [Floudas et al., 2012]. Glycoside hydrolase (GH) families (e.g., GH6 and

GH7, including cellobiohydrolases) are more abundant in white rot compared with brown

rot fungi [Floudas et al., 2012]. Further, lytic polysaccharide monooxygenases (LPMOs)
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2 Evolutionary dynamics of host specialization in wood-decay fungi

from the AA9 family are more abundant in white than brown rot fungi [Floudas et al.,

2012]. Apart from Agaricomycetes, LPMOs can be found in Ascomycetes and Mu-

coromycotina [Floudas et al., 2012, Riley et al., 2014]. Finally, lignin-degrading class II

peroxidases (AA2) and other heme-containing peroxidases are more common in white

rot, and reduced or absent in brown rot fungi [Kohler et al., 2015] (for mechanisms of ac-

tion see [Hofrichter et al., 2010]). The most recent common ancestor of Agaricomycetes

was a white rot species (based on an inferred expansions of AA2 and other lignocel-

lulolytic enzymes) with at least four independent origins of brown rot, correlated with

parallel losses of genes encoding diverse CAZys, and the complete loss of ligninolytic

class II peroxidases (AA2) [Floudas et al., 2012], making reversals to white rot unlikely.

This white rot ancestor likely lived roughly 290 (+/- ca. 70) million years ago (MYA)

[Floudas et al., 2012]. Analyses of a sample of 62 genomes [Nagy et al., 2014] suggested

that expansions of cellobiohydrolases (GH6, GH7), LPMOs (AA9), and other plant cell

wall degrading enzymes occurred early in the evolution of Agaricomycetes, prior to the

expansion of class II peroxidases (AA2).

Gilbertson [Burdsall et al., 2012] investigated ecological differences between white and

brown rot decay modes, noting that brown rot fungi preferentially occur on gymnosperm

hosts [Gilbertson, 1980]. Gilbertson thus suggested a correlated evolution of brown rot

decay mode and gymnosperm specialization. One study tested Gilbertson’s hypothesis

using phylogenetic comparative methods [Hibbett and Donoghue, 2001]. Their results

suggested that the evolution of brown rot was correlated with the evolution of exclusive

decay of gymnosperm hosts. However, this inference was made from a dataset with

limited taxonomic sampling, with only a total of 130 species [Hibbett and Donoghue,

2001].

To assess the evolution of decay modes and patterns of host specialization among wood

decay fungi in Agaricomycetes, we utilized a time-calibrated mega-phylogeny approach

and drew on the extensive Fungus-Host Distribution Database built by the United States

Department of Agriculture (USDA) [Farr et al., 2017]. We then used this mega-phylogeny

and host associations, which encompassed 1157 species from 14 orders, to test two hy-

potheses: (1) brown rot fungi occur primarily on gymnosperm hosts; and (2) brown

rot fungi switched more frequently towards gymnosperm hosts than white rot lineages.

We further use this large-scale dataset to investigate white rot specialization pattern

and mechanisms, a topic currently neglected due to a focus on specialization pattern of

brown rot fungi.
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2.2 Material and Methods

2.2 Material and Methods

2.2.1 Trait data and character matrix

To test our hypotheses, we gathered data on decay mode and host associations for Agari-

comycetes. For decay mode, we used the ’decay.type’ as published in [Tedersoo et al.,

2014], which is available on the genus level, and we also conducted a literature search for

additional genera. This study investigated lifestyle-dependent global fungal diversity and

therefore coded the trophic status (six states, e.g., biotroph), the lifestyle (17 states, e.g.,

ectomycorrhizal) and decay type (four states, e.g. white rot, brown rot) for more than

10000 genera [Tedersoo et al., 2014]. We used only species with either white or brown

rot in our analysis and excluded other lifestyles (e.g., mycorrhizal). This gave us the

decay mode of particular species in the genera. We then extrapolated this decay mode

to the remaining species of a genus (with one exception, see below). Our justification

is that decay mode has often been a focus of taxonomists and thus was widely used to

distinguish genera such as Antrodia and Antrodiella [Kim et al., 2003], Lentinus and Ne-

olentinus-Heliocybe [Molina et al., 1992], and Daedalea and Daedaleopsis [Rathod, 2011].

We found only three genera where more than one decay mode has been reported: Clitocy-

bula [Wesenberg et al., 2002, Barrasa et al., 2006], Hyphoderma [Gilbertson et al., 1974],

and Mucronella [Gilbertson et al., 1974, Petersen, 1980]. Clitocybula and Mucronella

were deleted from the dataset because no host data were available. For Hyphoderma we

used only the two species where decay mode references were found. To estimate how

this strategy might affect our interpretations, we re-sampled a single species per genus

from our final dataset (hereafter ’one-genus-subset’) and repeated the analyses described

below 100 times.

To gather data on host associations, we used the R package ’rusda’, written for this

study, as an interface to the USDA Fungus-Host Distribution Database (FHDD) [Farr

et al., 2017]. The FHDD contains fungus-host combinations, but does not provide in-

formation on the occurrence frequencies on a particular host (other than the number

of published records on each host). The ’rusda’ package makes it possible to retrieve

(’query’) host data for fungal species, and vice versa. For a detailed description, basic

usage and evaluation of the R package ’rusda’, see Supplementary Text 1 (p. 91).

To retrieve host associations from the FHDD we used the function associations, which

takes an input of species names and provides an output list of fungus-host combinations.

As input we used the NCBI taxonomy for fungi and re-classified the order level where

necessary (Table 2.1). We then produced a dataset of plant phyla by matching host

genera to the Spermatophyta taxonomy downloaded from NCBI taxonomy using the R

23



2 Evolutionary dynamics of host specialization in wood-decay fungi

package ’megaptera’. Thus, we retrieved the phylum information ’Acrogymnosperma’

and ’Magnoliophyta’ for each host species. We refer to ’Magnoliophyta’ as angiosperm

(A) and ’Acrogymnosperma’ as gymnosperm (G) and stored the number of gymnosperm

and angiosperm associations for each fungus species in a table. Species which did not

belong to either Acrogymnosperma or Magnoliophyta were deleted from the dataset.

We further deleted all non-woody plants based on the woodiness dataset which classi-

fied more than 35000 plants into woody and non-woody [FitzJohn et al., 2014]. Thus,

the final host dataset included only woody plants from Acrogymnosperma or Magnolio-

phyta; seedless vascular plants, bryophytes, algae, and non-plant hosts were excluded.

The FHDD covers mainly temperate North America and Europe [Farr et al., 2017].

The host association data were used to calculate the number of angiosperm and gym-

nosperm host species for each fungus species. We defined the ’gymnosperm association’

by dividing the number of gymnosperm host tree species (NG) by the sum of the number

of angiosperm (NA) and gymnosperm host tree species: gymnosperm associations [%]

= NG/(NG + NA). Thus, a gymnosperm association of 100% means that a fungus is

reported exclusively on gymnosperm hosts in the Fungus-Host database, whereas 0%

means only angiosperm hosts are reported. We classified host preferences into three

states: (1) generalism, (2) angiosperm specialization, or (3) gymnosperm specialization.

Based on the distribution of gymnosperm association [%] (Figure 2.7C), we defined spe-

cialization based on the gymnosperm association [%] with a threshold of >90% for gym-

nosperm specialization and a threshold of 610% for angiosperm specialization (hereafter

’90-10 specialization’). Previous studies used exclusivity as a measure of host association

[Hibbett and Donoghue, 2001], but missing or incorrect data for a single fungus observa-

tion may then lead to wrong classification of a species. Nonetheless, we also inferred our

final model (see Statistics and models of host specialization, p. 78) using the exclusivity

coding (hereafter ’100-0 exclusivity’). However, in the exclusivity coding, generalists and

non-exclusive specialists are coded in one state (’generalists’) and thus results might be

hard to interpret.

2.2.2 Mega-phylogeny approach

To test dynamics of host switching, we used phylogenetic comparative methods (PCMs).

For this purpose, we applied a mega-phylogeny approach using the R package ’megaptera’

V. 1.0-25, a pipeline for large-scale automated sequence-retrieval and alignment [Heibl,

11-15.11.2014] (version available on https://github.com/heibl/megaptera). The mega-

phylogeny approach aims at maximising taxon sampling integrating previous knowledge

(e.g. taxonomic information, backbone trees) into the tree inference [Smith et al., 2009].
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2.2 Material and Methods

For our mega-phylogeny approach, we used a backbone guide tree based on phylogenomic

analyses [Floudas et al., 2012, Nagy et al., 2014, Kohler et al., 2015] to provide informa-

tion for deep splits (order level), as resolving such ancient divergences can be difficult

due to sequence saturation [Smith et al., 2009]. Further, mega-phylogeny approaches

often lead to a high number of gaps or missing data, often more than 90% [Smith et al.,

2009]. To reduce the bias of missing data, we computed a reliability measure for each

column of the alignment, which is then supplied to the tree inference program. In this

way, uncertain regions in the alignment are down-weighted in the phylogeny inference

step.

First, we used the R package ’megaptera’ to download all sequences for the species

with decay mode and host association information from GenBank [Benson et al., 2012]

(queried February 2017). We selected seven DNA regions: 18S, 28S and 5.8S rRNA (nu-

clear ribosomal RNA genes), genes encoding RNA polymerase b (rpb1, rpb2), translation

elongation factor 1 (tef1), and ATP synthetase (atp6). We chose the rRNA regions to

obtain high species numbers and the other regions for resolution of deeper nodes [Binder

et al., 2013]. Only sequences of samples identified to species level were accepted.

We used single sequences where only one sequence for a particular species and DNA

region was available. If multiple sequences were available, all sequences of the same

DNA region and organism (putative conspecific sequences) were aligned and a majority

rule consensus sequence was calculated. In the next step, all sequences were compared

to three to six Agaricomycotina reference sequences for each DNA region as a quality

check (Table 2.2).
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2 Evolutionary dynamics of host specialization in wood-decay fungi

Table 2.1: Re-classification of taxonomic orders based on [Binder et al., 2005, Hibbett et al.,
2014, Larsson, 2007]

NCBI Taxonomy Order Genus

Polyporales Agaricales Grifola
Atheliales Agaricales Plicaturopsis
Polyporales Agaricales Xerotus
Polyporales Amylocorticiales Anomoloma
Polyporales Amylocorticiales Anomoporia
Russulales Atheliales Cristinia
Amylocorticiales Atheliales Irpicodon
Atheliales Corticiales Athelopsis
Hymenochaetales Corticiales Basidioradulum
Polyporales Corticiales Byssomerulius
Polyporales Corticiales Candelabrochaete
Polyporales Corticiales Crustoderma
Agaricales Corticiales Cylindrobasidium
Russulales Corticiales Dendrophora
Polyporales Corticiales Dentocorticium
Polyporales Corticiales Hyphoderma
Hymenochaetales Corticiales Hyphodontia
Atheliales Corticiales Hypochniciellum
Polyporales Corticiales Hypochnicium
Russulales Corticiales Laurilia
Polyporales Corticiales Phlebia
Polyporales Corticiales Pulcherricium
Agaricales Corticiales Radulomyces
Polyporales Corticiales Rhizochaete
Hymenochaetales Corticiales Schizopora
Polyporales Corticiales Scopuloides
Cantharellales Corticiales Sistotrema
Hymenochaetales Corticiales Tubulicrinis
Polyporales Gloeophyllales Neolentinus
Russulales Gomphales Ramaricium
Polyporales Hymenochaetales Phaeolus
Polyporales Hymenochaetales Resinicium
Amylocorticiales Polyporales Ceraceomyces
Corticiales Russulales Galzinia
Agaricales Russulales Granulobasidium
Polyporales Russulales Lopharia
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2 Evolutionary dynamics of host specialization in wood-decay fungi

We used the R package ’megaptera’ to calculate the identity (proportion of nucleotides

identical) and coverage (proportion of nucleotide positions in common) with the refer-

ence. Based on the coverage and identity values, thresholds can be adjusted aiming to

maximize both quality and number of taxa. The default values are 0.75 for identity

and 0.5 for coverage. Based on visual inspection of the alignments, we chose identity

thresholds between 0.5 and 0.75 and coverage thresholds between 0.25 and 0.5 for the

seven gene regions. All sequences outside these limits were discarded.

We aligned the remaining sequences for each gene region separately, using GUIDANCE2

[Penn et al., 2010, Sela et al., 2015] with the multiple sequence alignment program

MAFFT [Katoh and Standley, 2013]. GUIDANCE2 computes a reliability score for

each column based on alternative alignments produced by bootstrap guide trees and

four co-optimal alignments based on each bootstrap alignment, created by the heads

or tails algorithm [Landan and Graur, 2008]. We passed the resulting column score as

character weights to the phylogeny inference program RAxML (flag -a; see additional

details on phylogenetic inference below) rather than filtering the alignment using the

column score, which is not recommended [Tan et al., 2015]. We used IQ-TREE version

1.5.3 with specification ’-TESTMERGEONLY’ [Nguyen et al., 2015, Chernomor et al.,

2016] to select a partition scheme among the gene regions. IQ-TREE found six blocks as

the best partitioning scheme (merging the 5.8S rRNA and 28S rRNA into one partition;

Table 2.3). The final alignment had 37466 sites and the proportion of gaps was 92.07%

with 16814 distinct alignment patterns.

Table 2.3: Best partition scheme found by IQ-Tree.

DNA 58s & 28s rRNA 1-7098, 7099-14016
DNA 18s rRNA 14017-18413
DNA rpb1 18414-25159
DNA rpb2 25160-29754
DNA atp6 29755-33001
DNA tef1 33002-37466

We produced a comprehensive backbone guide tree by first assembling an order-level

’genomic’ based backbone tree (Figure 2.2A) from the literature [Floudas et al., 2012,

Nagy et al., 2014, Kohler et al., 2015] and then attaching all species on the order-level

tips of the genomic backbone tree (Figure 2.2 B). We performed maximum likelihood es-

timation, using the concatenated supermatrix of the seven DNA regions, with RAxML

[Stamatakis et al., 2008] on the CIPRES Science Gateway v.3.3 (RAxML -HPC2 on

XSEDE 8.1.11) [Miller et al., 2011] under the GTRGAMMA model with partitioning as
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2.2 Material and Methods

Table 2.4: Tip state frequencies of white and brown rot specialization based on different thresh-
olds of host association [%]. Exclusivity: 100% = gymnosperm specialist, 0% = an-
giosperm specialist. 90-10 specialization: > 90% = gymnosperm specialist, < 10%
= angiosperm specialist. A = Angiosperm; G = Gymnosperm; Gen = Generalist;
W = White rot; B = Brown rot.

Specialisation threshold A-B A-W G-B G-W Gen-B Gen-W

90-10 Specialization 35 530 36 169 55 332
100-0 Exclusivity 31 428 26 145 69 458

described above, the GUIDANCE2 column score (flag –a) and the comprehensive back-

bone tree (flag –g). We subsequently conducted 1000 approximate Shimodaira–Hasegawa

likelihood ratio tests (SH-aLRT branch support). SH-aLRT which are fast, accurate and

robust even for larger phylogenies [Anisimova et al., 2011].

We estimated divergence times of the resulting phylogeny using penalized likelihood as

implemented in the R function chronos from the R package ’ape’ [Paradis et al., 2008].

We used two calibration points, a Late Cretaceous mushroom fossil Archaeomarasmius

legetti [Hibbett et al., 1997], which bears a strong resemblance to extant Agaricales (par-

ticularly Marasmiaceae), and a Middle Eocene ectomycorrhizal fossil, which has been

interpreted as a representative of Boletales [LePage et al., 1997]. We followed the strategy

of a previously published study and used the ectomycorrhizal fossil to calibrate Boletales

with a stem age of 40-60 MYA [Kohler et al., 2015] and A. legetti to date Agaricales with

a stem age range of 70-110 MYA. We also tried the approach of [Floudas et al., 2012]

and used 50 and 90-94 MYA as age priors, which yielded almost identical divergence

time estimates (results not shown).

We applied chronos with three different models of substitution rate variation among

branches: ’relaxed’, ’correlated’ and ’strict’ and compared the model fits using ΦIC [Par-

adis, 2013]. The ’correlated’ model had lowest ΦIC values and thus was used for further

analysis. We are aware that penalized likelihood does not make use of the sequence data

and does not incorporate phylogenetic uncertainty. However, algorithms that perform

joint inferences of the tree and divergence times currently do not implement an option for

character weights, e.g. BEAST [Drummond and Bouckaert, 2015] or character weights

and guide tree, e.g. ExaBayes [Aberer et al., 2014].

To account for phylogenetic uncertainty at nodes with low support values, we produced

alternative trees based on the maximum likelihood phylogeny (Figure 2.3). We created

hard polytomies on nodes with SH-like support values < 80 based on the non-ultrametric

ML tree (Appendix Figure A.1).
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2 Evolutionary dynamics of host specialization in wood-decay fungi

We then used the function multi2di from the R package ’ape’ [Paradis et al., 2008]

and resolved the polytomies randomly and used chronos (as described above) to esti-

mate divergence times. We repeated this 100 times and summarized the dated trees

using TreeAnnotator [Drummond et al., 2012] to calculate a maximum clade credibility

tree (MCCT) with the node option ’Common ancestor heights’ (because the nodes did

not share the same ancestors since polytomies were created at random). We displayed

confidence intervals of the divergence time estimates as HPD (highest posterior density)

for the brown rot clades and the root. Furthermore, we use the 100 ultrametric trees

as input for the transition rates estimation to measure robustness of the results against

phylogenetic uncertainty.
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Trechisporales

Dacrymycetales

Hymenochaetales

Sebacinales

Gomphales

Gloeophyllales

Auriculariales

Cantharellales

Polyporales

Russulales

Boletales

Agaricales

Atheliales

2.0

Calocera_viscosa

Datronia_mollis

Baeospora_myriadophylla

Coprinus_cordisporus

Mycena_tenax

Stropharia_squamosa

Pleurotus_cystidiosus

Phanerochaete_sanguinea

Bondarzewia_mesenterica

Entoloma_nidorosum

Botryobasidium_obtusisporum

Ganoderma_tornatum

Polyporus_admirabilis

Antrodia_hingganensis

Hyphodontia_flavipora

Hypochniciellum_molle

Pycnoporellus_alboluteus

Pholiota_aurivelloides

Microporus_flabelliformis

Dacrymyces_chrysocomus

Antrodia_albobrunnea

Hericium_abietis

Pluteus_spegazzinianus

Phellinus_bicuspidatus

Inonotus_obliquus

Crepidotus_tennesseensis

Psathyrella_conissans

Pleurotus_dryinus

Armillaria_limonea

Pachykytospora_tuberculosa

Phanerochaete_subceracea

Laetiporus_versisporus

Leucogyrophana_sororia

Hypochnicium_polonense

Agrocybe_cylindracea

Antrodiella_aurantilaeta

Epithele_typhae

Polyporus_squamosus

Antrodia_juniperina

Pseudomerulius_curtisii

Sistotrema_biggsiae

Lepiota_cristata

Hericium_erinaceus

Armillaria_gallica

Hymenochaete_anomala

Tapinella_panuoides

Phellinus_pseudoigniarius

Spongiporus_undosus

Hypochnicium_zealandicum

Inonotus_hispidus

Rhodotus_palmatus

Phanerochaete_australis

Boreostereum_radiatum

Fomitopsis_dochmia

Anthracophyllum_lateritium

Armillaria_ostoyae

Hyphodontia_cineracea

Botryobasidium_botryosum

Crustoderma_marianum

Hymenochaete_rhabarbarina

Pholiota_lenta

Galerina_autumnalis

Fulvifomes_robiniae

Gymnopilus_picreus

Hyphodontia_rimosissima

Mycena_arcangeliana

Schizophyllum_commune

Armillaria_mellea

Crepidotus_variabilis

Tubulicrinis_subulatus

Trechispora_subsphaerospora

Cytidia_salicina

Armillaria_tabescens

Peniophora_piceae

Gymnopilus_pampeanus

Mycena_hiemalis

Polyporus_radicatus

Pleurotus_salmoneostramineus

Pleurotus_citrinopileatus

Griseoporia_carbonaria

Microporus_xanthopus

Hypochnicium_karstenii

Gymnopilus_junonius

Lycoperdon_perlatum

Hyphodontia_hastata

Phlebia_radiata

Acanthophysium_weirii

Hymenochaete_unicolor

Gymnopilus_aeruginosus

Hymenochaete_yasudai

Nigroporus_vinosus

Dichomitus_squalens

Pluteus_romellii

Agaricus_xanthodermus

Vararia_investiens

Coniophora_arida

Radulomyces_molaris

Guepiniopsis_buccina

Boidinia_furfuracea

Armillaria_heimii

Xylobolus_frustulatus

Serpula_incrassata

Pluteus_atromarginatus

Botryobasidium_simile

Porodaedalea_chrysoloma

Phlebia_lindtneri

Pholiota_limonella

Lentinellus_montanus

Macrocystidia_cucumis

Lentinus_squarrosulus

Palifer_verecundus

Bondarzewia_montana

Hyphoderma_litschaueri

Armillaria_puiggarii

Erythricium_laetum

Neolentinus_kauffmanii

Hymenochaete_innexa

Trametes_gibbosa

Hymenochaete_separabilis

Hyphoderma_capitatum

Gymnopilus_liquiritiae

Hyphodontia_nespori

Pholiota_carbonaria

Phlebiopsis_flavidoalba

Hyphoderma_setigerum

Asterostroma_andinum

Hexagonia_hydnoides

Lenzites_vespacea

Mycena_speirea

Pleurotus_smithii

Trametes_pubescens

Scopuloides_rimosa

Marasmius_epiphyllus

Gymnopilus_underwoodii

Neolentinus_lepideus

Piloderma_byssinum

Mycena_niveipes

Auricularia_auricula-judae

Gloeophyllum_subferrugineum

Xeromphalina_fraxinophila

Ceriporia_reticulata

Daedalea_quercina

Postia_sequoiae

Lentinellus_castoreus

Agrocybe_praecox

Schizophyllum_fasciatum

Mycena_crocata

Marasmius_alliaceus

Hyphodontia_quercina

Vuilleminia_megalospora

Phellinus_tuberculosus

Microporus_vernicipes

Postia_dissecta

Mycena_amicta

Hymenochaete_corrugata

Hymenochaete_attenuata

Inocutis_jamaicensis

Trichaptum_byssogenum

Junghuhnia_luteoalba

Pluteus_cinereofuscus

Datronia_stereoides

Stropharia_coronilla

Trametes_thujae

Marasmius_haematocephalus

Skeletocutis_subincarnata

Fomitopsis_pinicola

Heterobasidion_irregulare

Auricularia_delicata

Mycena_pseudocorticola

Hyphoderma_tsugae

Steccherinum_laeticolor

Daedalea_dickinsii

Athelia_fibulata

Gloeoporus_pannocinctus

Grifola_frondosa

Volvariella_lepiotospora

Phlebia_tremellosa

Porpomyces_mucidus

Stereum_reflexulum

Pleurotus_opuntiae

Crustoderma_resinosum

Crepidotus_submollis

Auriculariopsis_ampla

Sistotrema_pistilliferum

Abortiporus_biennis

Phlebia_firma

Cerinomyces_ceraceus

Lentinus_tigrinus

Coprinellus_radians

Pluteus_plautus

Mycena_epipterygia

Phellinus_ribis

Sistotrema_athelioides

Athelia_bombacina

Gloeocystidiellum_clavuligerum

Heliocybe_sulcata

Dichomitus_campestris

Hemipholiota_populnea

Resinicium_chiricahuaense

Dacrymyces_dendrocalami

Pholiota_spumosa

Pseudohydnum_gelatinosum

Ganoderma_annulare

Amaurodon_viridis

Mucronella_calva

Resinicium_furfuraceum

Mycena_chlorophos

Pluteus_semibulbosus

Pholiota_squarrosa

Dacrymyces_chrysospermus

Cyathus_stercoreus

Pluteus_curtisii

Hyphodontia_pruni

Hymenochaete_floridea

Serpula_lacrymans

Crepidotus_nyssicola

Acanthophysium_cerussatum

Peniophora_cinerea

Heterobasidion_australe

Oxyporus_latemarginatus

Mycena_purpureofusca

Hymenochaete_tasmanica

Agrocybe_erebia

Crepidotus_appalachianensis

Fibulomyces_mutabilis

Fomitiporia_bannaensis

Phanerochaete_flavidoalba

Dendrocorticium_polygonioides

Phellinus_igniarius

Postia_stiptica

Steccherinum_tenue

Agrocybe_aegerita

Marasmius_delectans

Mycena_polyadelpha

Antrodiella_romellii

Postia_guttulata

Crepidotus_crocophyllus

Entomocorticium_dendroctoni

Meruliopsis_corium

Botryobasidium_subcoronatum

Pycnoporellus_fulgens

Chalciporus_piperatoides

Mycena_leaiana

Lentinus_bertieri

Gloeoporus_dichrous

Coriolopsis_gallica

Corticium_salmonicolor

Psathyrella_piluliformis

Phlebiopsis_gigantea

Pleurotus_djamor

Trechispora_mollusca

Pleurotus_fuscosquamulosus

Bondarcevomyces_taxi

Armillaria_sparrei

Phellinus_erectus

Porodaedalea_yamanoi

Ceriporia_spissa

Ganoderma_resinaceum

Pholiota_terrestris

Psathyrella_subatrata

Artomyces_pyxidatus

Acanthobasidium_norvegicum

Aleurodiscus_scutellatus

Heterobasidion_ecrustosum

Phellinus_calcitratus

Panus_strigellus

Mycena_meliigena

Gloiothele_lactescens

Steccherinum_ciliolatum

Galerina_nana

Hymenochaete_longispora

Junghuhnia_crustacea

Pluteus_phlebophorus

Tubulicrinis_inornatus

Gloeophyllum_striatum

Ganoderma_neojaponicum

Podoscypha_petalodes

Hymenochaete_semistupposa

Crepidotus_calolepis

Pluteus_nanus

Bjerkandera_adusta

Antrodiella_duracina

Fomitiporia_tsugina

Daedaleopsis_tricolor

Calvatia_gigantea

Hyphoderma_pallidum

Antrodia_macra

Coriolopsis_aspera

Mycena_alnetorum

Lentinus_sajor-caju

Coprinopsis_atramentaria

Peniophora_aurantiaca

Athelia_arachnoidea

Acanthobasidium_phragmitis

Hypsizygus_marmoreus

Fuscoporia_viticola

Sistotrema_citriforme

Mycena_erubescens

Amyloporia_xantha

Mycena_abramsii

Hydnopolyporus_fimbriatus

Hymenochaete_sallei

Flammula_alnicola

Radulomyces_confluens

Lentinellus_omphalodes

Megalocystidium_leucoxanthum

Pyrofomes_demidoffii

Ganoderma_mastoporum

Marasmius_berteroi

Hypochniciellum_subillaqueatum

Mycena_pura

Peniophora_limitata

Asterostroma_cervicolor

Phellinus_alni

Auriscalpium_vulgare

Fomitiporia_mediterranea

Trametes_pavonia

Hypochnicium_bombycinum

Agaricus_campestris

Hericium_coralloides

Stropharia_aeruginosa

Xylobolus_annosus

Meripilus_giganteus

Hexagonia_hirta

Steccherinum_bourdotii

Inonotus_patouillardii

Sistotrema_coronilla

Phellinus_populicola

Ganoderma_zonatum

Lepiota_clypeolaria

Lycoperdon_umbrinum

Psathyrella_naucoria

Ceriporiopsis_gilvescens

Fibroporia_gossypium

Lamelloporus_americanus

Heterotextus_alpinus

Schizopora_radula

Mycoacia_fuscoatra

Amylostereum_laevigatum

Cyathus_olla

Paxillus_involutus

Phellinidium_sulphurascens

Pseudolagarobasidium_calcareum

Wrightoporia_avellanea

Pholiota_mixta

Junghuhnia_collabens

Aleurodiscus_grantii

Galzinia_incrustans

Armillaria_nabsnona

Trametes_maxima

Marasmius_scorodonius
Marasmius_rotula

Panellus_stipticus

Phanerochaete_tuberculata

Vuilleminia_cystidiata

Marasmius_siccus

Mycena_adonis

Microporus_affinis

Crepidotus_amygdalosporus

Cyathus_setosus

Ganoderma_fulvellum

Phellinus_adamantinus

Dacryopinax_elegans

Favolus_brasiliensis

Phlebia_unica

Radulomyces_rickii

Crustoderma_dryinum

Lepista_nuda

Gymnopus_fusipes

Phellinus_punctatus

Amauroderma_subrugosum

Galerina_pruinatipes

Phlebia_albida

Oligoporus_balsameus

Spongipellis_delectans

Marasmius_guyanensis

Peniophora_incarnata

Pleurotus_fossulatus

Marasmius_nigrobrunneus

Xylobolus_subpileatus

Phellinus_nigricans

Mycena_zephirus

Henningsomyces_candidus

Strobilurus_trullisatus

Trametes_marianna

Marasmius_hudsonii

Sistotrema_albopallescens

Phellinus_robiniae

Fomitiporia_cupressicola

Phlebia_serialis

Pleurotus_pulmonarius

Cyclomyces_setiporus

Piloporia_sajanensis

Inonotus_nidus-pici

Ganoderma_oregonense

Cylindrobasidium_torrendii

Porodaedalea_cancriformans

Aurantiporus_pulcherrimus

Dacryopinax_spathularia

Panus_conchatus

Ganoderma_tsunodae

Ganoderma_pfeifferi

Perenniporia_tenuis

Tyromyces_chioneus

Crepidotus_sinuosus

Phlebiella_vaga

Ceriporiopsis_jelicii

Ganoderma_chalceum

Skeletocutis_amorpha

Pilatoporus_ibericus

Pleurotus_calyptratus

Pholiota_abietis

Dacrymyces_punctiformis

Hohenbuehelia_grisea

Phanerochaete_deflectens

Galerina_badipes

Fuscoporia_wahlbergii

Asterostroma_medium

Stropharia_ambigua

Hyphodontia_sambuci

Postia_leucomallella

Armillaria_borealis

Lentinellus_ursinus

Mycena_viridimarginata

Hymenochaete_epichlora

Hyphoderma_puberum

Hyphoderma_orphanellum

Antrodia_albida

Trametes_obstinata

Trametes_ochracea

Hyphoderma_mutatum

Crucibulum_laeve

Exidiopsis_calcea

Cyathus_striatus

Marasmius_bulliardii

Phellinus_texanus

Hyphodontia_barba-jovis

Exidia_glandulosa

Heterobasidion_insulare

Polyporus_brumalis

Brevicellicium_olivascens

Byssomerulius_corium

Acanthophysium_lividocaeruleum

Armillaria_hinnulea

Pseudolagarobasidium_acaciicola

Pyrrhoderma_sendaiense

Exidiopsis_plumbescens

Vararia_gallica

Cyathus_pallidus

Leucogyrophana_olivascens

Marasmius_crinis-equi

Tyromyces_fissilis

Henningsomyces_puber

Phanerochaete_arizonica

Amylosporus_campbellii

Phellinus_extensus

Exidiopsis_grisea

Cylindrobasidium_evolvens

Polyporus_varius

Trametes_corrugata

Truncospora_ohiensis

Exidia_thuretiana

Phellinus_umbrinellus

Stereum_rugosum

Steccherinum_robustius

Grifola_umbellata

Ceriporiopsis_subvermispora

Spongiporus_leucospongia

Daedalea_neotropica

Trametes_menziesii

Hyphodontia_abieticola

Psathyrella_candolleana

Junghuhnia_fimbriatella

Hyphodontia_alutacea

Hymenochaete_rubiginosa

Porotheleum_fimbriatum

Tyromyces_subgiganteus

Ganoderma_weberianum

Amylostereum_chailletii

Piloderma_olivaceum

Ceriporiopsis_subrufa

Megalocystidium_luridum

Inonotus_glomeratus

Megacollybia_platyphylla

Dacrymyces_minutus

Hymenochaete_villosa

Melanoporia_castanea

Pluteus_granulatus

Laurilia_sulcata

Mycena_auricoma

Armillaria_calvescens

Antrodia_lalashana

Perenniporia_medulla-panis

Gymnopilus_purpuratus

Hymenochaete_separata

Pholiota_scamba

Phanerochaete_calotricha

Hexagonia_apiaria

Hyphodontia_floccosa

Paxillus_curtisii

Hypsizygus_tessulatus

Mycoacia_uda

Lycoperdon_echinatum

Phlebia_centrifuga

Wrightoporia_lenta

Gymnopilus_penetrans

Pluteus_chrysophlebius

Phellinus_merrillii

Hyphoderma_definitum

Ganoderma_adspersum

Phlebia_concentrica

Gloeocystidiellum_bisporum

Trechispora_farinacea

Psathyrella_dicrani

Pleurotus_cornucopiae

Galerina_atkinsoniana

Pleurotus_ostreatus

Lopharia_cinerascens

Steccherinum_rhois

Heterotextus_miltinus

Daedaleopsis_nipponica

Gloeodontia_columbiensis

Hyphodontia_nudiseta

Ganoderma_applanatum

Heterochaete_shearii

Mycena_sanguinolenta

Hohenbuehelia_petaloides

Sistotrema_resinicystidium

Mycena_plumbea

Mycena_aurantiomarginata

Lentinus_velutinus

Diplomitoporus_lindbladii

Ganoderma_sessile

Scytinostroma_portentosum

Phaeolus_schweinitzii

Phanerochaete_laevis

Stereum_subtomentosum

Volvariella_caesiotincta

Fomitopsis_officinalis

Hypochnicium_geogenium

Coriolopsis_trogii

Corticium_roseum

Boletinellus_merulioides

Scopuloides_hydnoides

Stereum_ostrea

Fomitiporia_langloisii

Mycobonia_flava

Athelopsis_glaucina

Veluticeps_abietina

Polyporus_melanopus

Crepidotus_subverrucisporus

Ganoderma_australe

Postia_fragilis

Pholiota_squarrosoides

Lentaria_micheneri

Porodisculus_pendulus

Inonotus_chihshanyenus

Sistotrema_sernanderi

Meruliporia_incrassata

Armillaria_fuscipes

Strobilurus_tenacellus

Fomitella_supina

Hohenbuehelia_angustata

Rigidoporus_ulmarius

Phellinus_conchatus

Hyphoderma_nemorale

Crepidotus_alabamensis

Galerina_stylifera

Mycena_cinerella

Asterostroma_muscicola

Hapalopilus_rutilans

Skeletocutis_odora

Phellinus_cinereus

Gymnopilus_sapineus

Hyphodontia_breviseta

Hymenochaete_intricata

Hymenochaete_senatoumbrina

Trametes_suaveolens

Aleurodiscus_abietis

Panus_fulvus

Hydnochaete_tabacina

Polyporus_pseudobetulinus

Lentinula_novae-zelandiae

Exidia_crenata

Skeletocutis_nivea

Armillaria_luteobubalina

Laetiporus_persicinus

Phellinus_spiculosus

Hyphodermella_rosae

Dichostereum_effuscatum

Oxyporus_cuneatus

Dentipellis_fragilis

Phanerochaete_chrysosporium

Phlebia_albomellea

Pluteus_aurantiorugosus

Cyphellopsis_anomala

Athelia_neuhoffii

Dacrymyces_san-augustinii

Polyporus_virgatus

Phellinus_badius

Postia_mappa

Crepidotus_nephrodes

Diplomitoporus_crustulinus

Fomitopsis_carnea

Phanerochaete_aculeata

Favolus_squamosus

Dacrymyces_stillatus

Hexagonia_nitida

Aleurodiscus_amorphus

Piptoporus_soloniensis

Antrodia_albidoides

Hyphoderma_transiens

Phlebia_lilascens

Crustoderma_corneum

Callistosporium_graminicolor

Perenniporia_piceicola

Lentinellus_cochleatus

Gloeocystidiellum_porosum

Trametes_cingulata

Scytinostroma_ochroleucum

Stereum_sanguinolentum

Strobilurus_esculentus

Antrodia_crassa

Lepiota_acutesquamosa

Fistulina_hepatica

Irpex_lacteus

Sistotrema_farinaceum

Pseudoinonotus_dryadeus

Hypochnicium_lundellii

Polyporus_arcularius

Ganoderma_microsporum
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Figure 2.2: Genomic phylogenetic tree compiled from [Floudas et al., 2012, Kohler et al., 2015,
Nagy et al., 2015] used as the backbone for the comprehensive guide tree for the
RAxML tree inference. Dacrymycetales served as outgroup. A) Backbone of the
guide tree. B) Comprehensive guide tree, which is the backbone guide tree with
species attached based on their systematic order classification with zero branch
lengths.
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2.2 Material and Methods

2.2.3 Statistics and models of host specialization

We first tested preferences of host species among extant fungi of the two decay modes

using a phylogenetic linear model in the R package ’phylolm’ [Ho and Ané, 2014]. We

tested whether the number of host species (host range) differed between decay modes as a

binary predictor variable. As an evolutionary model for the residual variance-covariance

matrix we used the lambda model [Pagel, 1999]. The number of host tree species was

log10-transformed.

We modeled dynamics and pattern of host specialization evolution in white and brown

rot lineages using multistate likelihood-based models. We used the function rayDISC

from the R package ’corHMM’ [Beaulieu et al., 2014], which implements a multi-state

version of a continuous-time Markov model, where the Markov process is character-

ized by a Q-matrix. The Q matrix specifies the transition rates between the character

states and hence the model of discrete character evolution. All models were based on

our six-state character coding and the transition rate matrix was a 6x6 matrix: (1)

white rot/angiosperm specialist, (2) brown rot/angiosperm specialist, (3) white rot/-

gymnosperm specialist, (4) brown rot/ gymnosperm specialist, (5) white rot/generalist,

and (6) brown rot/generalist.

The first model allows for all transitions to occur in single steps, e.g. an angiosperm

specialist can switch directly to a gymnosperm specialist without first passing through

a generalist state. Further, in this model transitions between white rot and brown rot

are allowed in both directions. All models allow white rot to brown rot transitions. We

call this the ’Uncorrelated’ model, because switches between the states are not condi-

tioned on previous states. This model may not be biologically realistic. Transitions

from an angiosperm specialist to a gymnosperm specialist may require a transition first

through a generalist, before passing to a gymnosperm specialist, and thus could require

two ’steps’. Thus, we coded further models implementing correlated (dependent) char-

acter evolution. In the second model, we prohibited transitions leading directly from one

specialist to another by setting the direct transition parameters to zero. We call this the

’Correlated hosts’ model. Both the ’Uncorrelated’ and the ’Correlated hosts’ model al-

low for brown rot to white rot reversals. However, brown rot evolution is correlated with

complete losses of genes encoding ligninolytic class II peroxidases (AA2) and reductions

in other decay enzymes, making reversals to white rot unlikely [Floudas et al., 2012].

Accordingly, we constructed a third model where we further disallowed transitions from

brown rot states to white rot states. We call this the ’Correlated hosts - norev’ model.
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For the coding of the Q matrices, see Figure 2.4.

Quncor =
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Figure 2.4: Transition rates between the states in 6x6 Q-matrices with six states: (1) white
rot/angiosperm specialist, (2) brown rot/angiosperm specialist, (3) white rot/gym-
nosperm specialist, (4) brown rot/ gymnosperm specialist, (5) white rot/generalist,
and (6) brown rot/generalist. The first model displays is the ’Uncorrelated’ model
(Quncor) with 30 parameters (rates). The second model is the ’Correlated hosts’
model (Qcor), which forces host shifts to pass through intermediate states (e.g.,
A-W to Gen-W to G-W, instead of A-W to G-W). The third model displays is the
’Correlated hosts’ model, which additionally does not allow reversals from white
rot brown rot (Qcornorev). Numbers are indices of the rates.

We fitted the three models with equal rates (ER) and all rates different (ARD) and

compared the fit of the models by Akaike‘s information criterion (AIC) [Akaike, 1974]

from the log-likelihoods. For model selection we applied a simple root state with equal

weights among the six character states (root.p = NULL). Brown rot has been shown to

evolve repeatedly from white rot ancestors [Nagy et al., 2013, 2015], so we applied an

additional root state treatment which only allows white rot as root state. Thus, after

model selection we ran the final (best) model using an additional root state coding,
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which assumed zero probability for brown rot and equal probabilities for each of the

three white rot states, and compared the models.

Another framework to estimate pattern of host evolution is the coding as three indepen-

dent binary states: white rot - brown rot; angiosperm - no angiosperm; gymnosperm -

no gymnosperm (e.g. using the function corDISC, from the R package ’corHMM’). How-

ever, this model requires unobserved states (no angiosperm and no gymnosperm host).

Such unobserved states may yield high rates as a methodological artifact [Beaulieu and

Donoghue, 2013]. Thus, we decided to use the multi-state implementation in the function

rayDISC.

2.2.4 Phylogenetic signal

We computed phylogenetic signal in decay mode, gymnosperm association, and the six-

state character coding (as defined above). For the decay mode (binary state) we used

the phylogenetic D statistic, which is calculated as the sum of sister-clade differences

based on reconstructed values on all nodes of the tree [Fritz and Purvis, 2010]. The

observed D is then compared against (1) a random expectation (random shuffling of

trait values along the tips), and (2) a trait simulated according to a Brownian motion

model of character evolution along the tree, after the values were converted to a binary

according to a threshold. For the computation we used the function phylo.d in the R

package ’caper’ [Orme, 2013] with 1000 permutations. For the gymnosperm association

we calculated two measures of phylogenetic signal: Pagel‘s lambda [Pagel, 1999] using

the function phylosig from the R package ’phytools’ [Revell et al., 2012], and phyloge-

netic correlograms using the function phyloCorrelogram from the R package ’phylosingal’

[Keck et al., 2016]. Lambda measures the phylogenetic dependence of a trait under the

assumption of a pure Brownian motion model of evolution. Lambda is a transformation

(weight) of the variance-covariance matrix, if other factors than the phylogenetic history

had an effect on the trait. If lambda equals 1 the model fits a Brownian motion model

of evolution. Phylogenetic correlograms measure phylogenetic signal in dependence of

the phylogenetic distance (that is distance in branch lengths). For a single trait, phy-

logenetic signal is measured as the autocorrelation (Moran‘s I) based on a sequence of

phylogenetic weights matrices differing in their mean (phylogenetic distance if method

= ’lag-norm’). We conducted 100 bootstraps for 100 points to generate a confidence

interval. If the confidence interval falls below or above 0 the signal becomes significant.

We rescaled the phylogeny to a tree height of 1 for this analysis.

For the six state character coding we calculated the phylogenetic signal following the

method described in [Bush et al., 2016] (function phylo.signal.disc, the script is available
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2 Evolutionary dynamics of host specialization in wood-decay fungi

at: https://github.com/juliema/publications/blob/master/BrueeliaMS/Maddison.Slatkin.R).

A parsimony score of the discrete trait along the tree is compared to a randomized par-

simony score inferred by randomizing tip states. If the parsimony score falls outside the

random distribution, this indicates a higher conservation than under a random expecta-

tion.

2.3 Results

Our core dataset consisted of 1157 fungal species, including 126 brown rot and 1031

white rot species. Based on the 90-10 specialization coding, we found 205 gymnosperms

specialists, 565 angiosperm specialists and 387 generalists (for tip state frequencies, see

Table 2.4). Our time-calibrated phylogeny contains five brown rot clades (Figure 2.5,

all clades had SH-like support values above 90, Figure A.1), including two in Poly-

porales, one in Gloeophyllales, one in Agaricales and one in Boletales. Clade 1, the

Auriporia-Crustoderma clade, within the Polyporales includes Laetiporaceae, Sparas-

sidaceae, Dacryobolaceae pro parte (Dacryobolus karstenii), Crustoderma and Pycno-

porellus. Clade 2, the Antrodia-Fomitopsis clade, within the Polyporales includes Fomi-

topsidaceae, Dacrybolaceae pro parte (Spongiporus, Oligoporus, Postia pro parte) and

Fibroporia gossypinum. Clade 3, the Gloeophyllum-Neolentinus clade, falls within the

Gloeophyllales. Clade 4, the Fistulina clade, falls within the Agaricales (Fistulina pallida

and F. antarctica). Clade 5, the Serpula-Hygrophoropsis clade, falls within the Bole-

tales (Figure 2.5). The tree and alignment have been deposited in the Dryad repository

(doi:10.5061/dryad.4mc3s).

Figure 2.5: Agaricomycetes species-level dated tree of wood-decay fungi. The species-
level chronogram is based on the maximum clade credibility tree (MCCT)
topology, dated with two fossils indicated by red points. Clades: (1)
Auriporia-Crustoderma (Polyporales), (2) Antrodia-Fomitopsis (Polyporales), (3)
Gloeophyllum-Neolentinus (Gloeophyllales), (4) Fistulina (Agaricales), (5) Serpula-
Hygrophoropsis (Boletales). Blue bars on the brown rot crown nodes indicate
confidence intervals (HPD) from 100 alternative trees. For a detailed maximum
likelihood phylogeny with SH support values and tip labels, see Figure 4.3 and
supplementary data. Figure next page.
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2 Evolutionary dynamics of host specialization in wood-decay fungi

2.3.1 Phylogenetic signal

For decay mode, we found a phylogenetic D value of -0.38, which had a high probability

resulting from a Brownian motion phylogenetic structure (P=0.998) and a corresponding

low probability resulting from a random phylogenetic structure (P=0.00, Figure 2.6A).

We found a lambda value of 0.73 for gymnosperm association and an increasing phylo-

genetic signal towards the tips (Figure 2.6B, red and blue lines indicates significance).

For the six-state character coding, we found that the observed parsimony score was

significantly smaller than under a random expectation (Figure 2.6C).
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Figure 2.6: Phylogenetic signal for decay mode, and two measures of gymnosperm association.
A) Phylogenetic signal D for decay mode (binary variable). A value smaller than
0 indicates strong conservatism. B) Pagel’s lambda and phylogenetic correlogram
for gymnosperm association. A lambda value of 0.73 indicates non-random trait
evolution which is not as conserved as Brownian motion. The phylogenetic signal
increased towards the tips. Displayed is the mean phylogenetic signal with a 95%
confidence interval resulting from 100 bootstraps. C) Phylogenetic signal C for the
six-state coding. The observed value outside of the random expectation distribution
indicates conservatism.

2.3.2 Host preferences among decay fungi

We assessed host preferences among extant decay fungi based on the average number of

host tree species. White and brown rot fungi did not significantly differ in their average

number of host tree species (phylogenetic regression, Figure 2.7A, B, statistics Table 2.5),

although visible trends suggested that white rot species have a larger average host range

on angiosperms (Figure 2.7A), while brown rot species have a larger average host range

on gymnosperms (Figure 2.7B). The histogram of the gymnosperm association showed

a bimodal distribution with two peaks towards the ends of the distribution, represent-

ing extremes of angiosperm vs. gymnosperm specialization (Figure 2.7C). Thus, among
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2.3 Results

the specialized decay fungi most occur exclusively on either angiosperm or gymnosperm

hosts (Figure 2.7C). Based on the gymnosperm association we found that 51% of white

rot species are specialized to angiosperm hosts, whereas 27% of brown rot fungi are

specialized on angiosperms (Figure 2.7D). Among brown rot fungi, however, we found

a higher proportion of generalists and gymnosperm specialists than in white rot fungi

(Figure 2.7D).

Of the five brown rot clades (Figure 2.5), two consisted of mainly generalist species (Poly-

porales clades: Auriporia-Crustoderma and Antrodia-Fomitopsis). Two clades consist of

mainly gymnosperm specialists (Gloeophyllales: Gloeophyllum-Neolentinus; Boletales:

Serpula-Hygrophoropsis). One clade consists of mainly angiosperm specialists (Agar-

icales: Fistulina) (Figure 2.7E). The two Polyporales clades, Auriporia-Crustoderma

and Antrodia-Fomitopsis, however, also display a considerable amount of angiosperm

specialists, exceeding gymnosperm specialists (Figure 2.7E).

Table 2.5: Phylogenetic and normal linear regression on the number of angio- and gymnosperm
hosts between white and brown rot species. Note that the number of fungal species
was log10-transformed. Significant effects were highlighted in bold. We present only
results, which were based on the lambda model as a model of covariance among
species. We compared all available models in the function phylolm from the R
package ’phytools’. The lambda model was the best model based on AIC scores (not
shown).

Phylogenetic linear model Linear model

t value p value lambda t value 100 trees t value p value

Angio- Intercept 2.93 0.003 0.36 3.73 12.74 0.000

sperm (3.70 - 3.76)

Decay mode 1.23 0.221 1.32 1.84 0.066

WR vs. BR (1.30 - 1.35)

Gymno- Intercept 2.81 0.005 0.62 3.88 17.85 0.000

sperm (3.84 - 3.93)

Decay mode -1.60 0.111 -1.66 -7.86 0.000

WR vs. BR (-1.71 - -1.62)

Twelve of the 14 orders in our dataset contained white rot lineages (Figure 2.7F).

Three of these had less than five species (Amylocorticiales, Gomphales, Sebacinales)

and thus we did not interpret host associations for them. White rot species within six

orders were primarily angiosperm specialists (Agaricales, Auriculariales, Corticiales, Hy-

menochaetales, Polyporales, Russulales) (Figure 2.7F). White rot species within three or-

ders were primarily generalists (Atheliales, Cantharellales, Trechisporales) (Figure 2.7F).
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Figure 2.7: Distribution of gymnosperm association among wood-decay fungi and five major
brown rot lineages within Agaricomycetes. A) Number of angiosperm host tree
species for white and brown rot species. B) Number of gymnosperm host tree species
for white and brown rot species. Note the log scale of the y-axis and that the values
were back-transformed. Significances were inferred using phylogenetic regression
(Table 2.5). C) Bimodal distribution of gymnosperm association of wood-decay
fungi. The six-state character coding was based on the gymnosperm association. A
gymnosperm association above 90% was classified as gymnosperm specialist, below
10% as angiosperm specialist and others as generalists (’90-10 specialization’, for
details see Trait data and character matrix). D) Scaled number of host tree species
grouped by the 90-10 specialization coding. E) Number of species for the five
observed brown rot clades (Figure 2.5). F) Number of species for white rot fungi
and scaled number of host tree species grouped by the 90-10 specialization coding.
Note that Amylocorticiales, Gomphales and Sebacinales had less than five host
data points. Angiosperm tree image by Michele M. Tobias under creative commons
(http://phylopic.org, https://creativecommons.org/licenses/by-nc-nd/3.0/).
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2.3.3 Dynamics of Host Switches

Based on the models of discrete trait evolution describing host switching dynamics among

white and brown rot fungi, we found the ’Correlated hosts – norev’ model, with all rates

different, as the best model (model 3.2, Table 2.6). This model assumed host paths via a

generalist state and prohibited reversal from brown rot to white rot, which is consistent

with our expectation that swtiches between angiosperm and gymnosperm specialization

cannot occur in a single step, and that losses of AA2s and other lignocellulolytic en-

zymes makes reversals from brown rot to white rot unlikely. The version of this model

that specified the root state with equal weights for white rot states and zero probability

for brown rot states (model 3.3) performed better than the model which assumed equal

weights among all six states. We display transition rates based on model 3.3 (Figure

2.8). We found disparity in rates of transitions between generalism and angiosperm spe-

cialization between the decay modes. While white rot lineages display high transition

rates from generalism to angiosperm specialization, brown rot lineages display higher

rates from gymnosperm specialization to generalism (Figure 2.8). White rot lineages

further show higher rates of transitions towards angiosperm specialization than the re-

verse, whereas brown rot lineages show the opposite, with higher rates from angiosperm

specialization to generalism than the reverse. White and brown rot lineages both switch

more frequently from gymnosperm specialization to generalism than the reverse (Figure

2.8). The transition rate estimates were consistent across 100 alternative trees (Figure

2.8A, B). The 100 one-genus-subsets yielded consistent relative rates, but rates of white

rot states were higher (especially rates from generalists to gymnosperm specialists, Fig-

ure 2.8A, C). Concerning the rates of transitions from white to brown rot estimated

based on the ML phylogeny, the alternative trees and one-genus-subsets did not yield a

clear picture. The rate estimates based on the ML phylogeny showed one transition rate

from white to brown rot angiosperm specialists (Figure 2.8). The 100 alternative trees

further displayed equally high rates from white to brown rot generalists (Figure 2.9A,

B).
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Figure 2.8: Dynamics of host specialization evolution in wood-decay fungi within Agari-
comycetes based on a multi-state likelihood model. Transition rates based on
the best model (’Correlated hosts – norev’, Table 4.1) and the maximum likeli-
hood phylogeny among six character states: white or brown rot generalist; white
or brown rot angiosperm specialist and white or brown rot gymnosperm special-
ist. The six-state character coding was based on the gymnosperm association. A
gymnosperm association above 90% was classified as gymnosperm specialist, below
10% as angiosperm specialist and others as generalists (’90-10 specialization’, for
details see Trait data and character matrix). Numbers above and below arrows de-
note transition rates and the arrow width reflects the rate size. For rate estimates
based on alternative trees and the one-genus-subsets see Figure 2.9. Angiosperm
tree image by Michele M. Tobias under creative commons (http://phylopic.org,
https://creativecommons.org/licenses/by-nc-nd/3.0/).
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Figure 2.9: Transition rates among six character states based on a maximum likelihood (ML)
phylogeny, 100 alternative trees and the one-genus-subset (100 times bootstrapped).
Transition rates based on the 90-10 (%) specialization thresholds with root state
set to equal probabilities among the white rot states and zero probability for brown
rot states (Table 4.1). Numbers above and below arrows denote transition rates
and the arrow width reflects the rate size. A) Same as Figure 4.8B) Transition
rates based on 100 alternative trees with the bootstrapped 95% confidence interval
(function smean.cl.boot from the R package ’Hmisc’, [Harrell Jr and others, 2017]).
Rates are consistent with the ML rates (A) in terms of relative size. 100 trees were
produced by creating hard polytomies on nodes below a SH support threshold of
80. The polytomies were then resolved 100 times and divergence time (function
chronos) was estimated (for details see method section). C) We extended species
decay mode information to the genus, where further data was missing. Thus we
bootstrapped the full dataset and phylogeny to a single species per genus and
estimated transition rates. Although relative rates (especially between rates and
their reversal rates) remain consistent, white rot transition rates are much higher in
total. This might be explained by the extreme imbalance of the number of genera
(brown rot: 40 genera, white rot: 232 genera) together with a very small phylogeny
(Ntip = 272).

Within the 100 alternative trees, brown rot clades were not collapsed since SH-like sup-

port values were > 90. Transition rates from white to brown rot gymnosperm specialists

were either estimated as zero or very low (Figures 2.8, 2.9).

2.4 Discussion

Brown rot fungi as a whole comprise a larger proportion of gymnosperm specialists than

white rot (Figure 2.7D), which is consistent with Gilbertson’s observations [Gilbertson,

1980]. Nevertheless, most brown rot fungi are generalists and only two of five brown
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2 Evolutionary dynamics of host specialization in wood-decay fungi

Table 2.6: The fit of three alternative models of host evolution among decay fungi of Agari-
comycetes. The best model (shown in bold), based on Akaike weights (w), was the
model 3.3, which allowed only intermediate host transitions (’Correlated hosts’), no
brown rot to white rot reversals (’norev’) and a root prior with equal probabilities
among white rot fungi and zero probability for brown rot states (’white rot equal’).
For model selection based on the exclusivity coding, see Table 2.7.

Model -Ln L AIC ∆ AIC w

Uncorrelated, ER -1870.83 3743.65 1355.72 0.00
Uncorrelated, ARD -1180.64 2421.27 33.34 0.00
Correlated hosts, ER -1774.09 3550.19 1162.25 0.00
Correlated hosts, ARD -1183.56 2395.12 7.19 0.02
Correlated hosts – norev, ER -1941.71 3885.41 1497.48 0.00
Correlated hosts – norev, ARD, root = equal -1183.66 2389.32 1.39 0.33
Correlated hosts – norev, ARD, -1182.97 2387.93 0.00 0.65
root = white rot equal

rot clades display mainly gymnosperm specialists (clades Gloeophyllum-Neolentinus and

Serpula-Hygrophoropsis, Figure 2.7D, E). Brown rot lineages show a higher rate of

switches to gymnosperm specialization than white rot fungi, but brown rot display the

highest rate towards generalism. Brown rot further displayed dynamic transitions be-

tween generalism and specialization (Figure 2.8). White rot fungi are highly specialized

on angiosperm hosts (Figures 2.7, 2.8).

Gilbertson suggested that ”85% of brown-rot polypores occur primarily on conifers”,

which was the basis for later hypotheses about brown rot evolution in general [Gilbert-

son, 1980]. Our analysis could not confirm that brown rot Polyporales occur primarily

on gymnosperm hosts (Figure 2.7E). We found two brown rot clades within Polyporales,

of which the Auriporia-Crustoderma clade consists of mainly generalists and angiosperm

specialists and the Antrodia-Fomitopsis clade of mainly generalists (Figure 2.7E). Thus,

neither of the two brown rot clades within the Polyporales were mainly specialized on

gymnosperms (Figure 2.7E). Our dataset allowed us to extend and evaluate Gilbertson’s

statement for a broad range of brown rot lineages of different clades and orders. Accord-

ing to our analysis, only two of five brown rot clades consist of mainly gymnosperm spe-

cialists, the Gloeophyllum-Neolentinus (Gloeophyllales) and the Serpula-Hygrophoropsis

(Boletales) clades (Figure 2.7E). Further, the majority of brown rot fungi are generalists

(Figure 2.7D). Therefore, the hypothesis that brown rot fungi occur primarily on gym-

nosperms is not generally supported.

Based on our 90-10 specialization coding and a multi-state likelihood model of host

evolution, we found that white rot fungi switched frequently between generalism and
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Table 2.7: The fit of three alternative models of host association evolution in white and brown
rot lineages of Agaricomycetes based on the exclusivity coding (100-0). The best
model (shown in bold), based on Akaike weights (w), allowed only intermediate
host transitions (paths), no brown rot to white rot reversals (no BR reversals) and
assumed equal probabilities for the root state among the six tip states.

Model -Ln L AIC ∆ AIC w

Uncorrelated, ER –1870,83 3743,65 1354,33 0,000
Uncorrelated, ARD –1180,64 2421,27 31,95 0,000
Correlated hosts, ER –1774,09 3550,19 1160,86 0,000
Correlated hosts, ARD –1183,56 2395,12 5,80 0,046
Correlated hosts – norev, ER –1941,71 3885,41 1496,09 0,000
Correlated hosts - norev, ARD, root = equal –1183,66 2389,32 0,00 0,830
Correlated hosts - norev, ARD, –1185,56 2393,12 3,79 0,124
root = white rot

angiosperm specialism with a higher rate towards angiosperm specialism (Figure 2.8).

Within brown rot lineages, this pattern shifted towards frequent switches between gener-

alism and gymnosperm specialization (Figure 2.8). This suggests that brown rot evolu-

tion promoted frequent shifts to gymnosperm specialization. However, the reversal rate

from gymnosperm specialism to generalism is higher, suggesting that specializations to-

wards conifer hosts are not restrictive (Figure 2.8). Based on a much smaller dataset, one

study inferred a correlation between brown rot and exclusive decay of conifer hosts and

suggested that brown rot promotes gymnosperm specialization [Hibbett and Donoghue,

2001]. However, within brown rot, transition rates between gymnosperm specialization

and generalism are high in both directions, with a trend toward generalism, suggesting

that specializations towards conifer hosts are not stable (Figure 2.8). Our findings are

robust against topological and branch lengths variation (Figure 2.9A, B). Further, our

results are robust against different assumptions concerning reversals from white to brown

rot. Transition rate estimates of the model allowing reversals and the one disallowing

reversals were nearly identical (data not shown, however, AIC difference only 7.19 which

is often considered as not substantially different [Burnham and Anderson, 2002]).

Further, we estimated the likelihood model of host specialization evolution based on the

exclusivity coding and found that the transition rate towards gymnosperm exclusivity

was higher for brown rot compared with white rot lineages (Figure 2.9). This finding

is consistent with the 90-10 specialization coding (Figure 2.8). Within the exclusivity

model we found overall higher rates from host exclusivity to generalism (Figures 2.8,

2.10).
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Figure 2.10: Dynamics of host specialization in wood decay fungi within the Agaricomycetes
based on the 100-0 exclusivity coding. Transition rates were further based on the
(best) model 3.3 (Table 4.1) and the maximum likelihood phylogeny. We used a
multi-state model of host specialization evolution with six character states: white
or brown rot generalist; white or brown rot angiosperm specialist and white or
brown rot gymnosperm specialist. Rates towards generalism are likely overes-
timations because ’generalism’ in this model incorporates generalists as well as
specialists. Numbers above and below arrows denote transition rates and the
arrow width reflects the rate size.

However, the stringency of this coding scheme may overestimate the number of gener-

alist taxa, as species found at extremely high rates on a single host species (e.g. >90%,

but less than 100%) are still coded as generalists. Thus, rates towards ’generalists’ are

probably overestimated in this coding scheme. Therefore, interpretations from the exclu-

sivity model should be made with caution. For a more detailed picture, further analysis

should thus include three states of host association, separating generalism, non-exclusive

specialization and exclusivity and treat non-exclusive specialization as an intermediate

state.
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Based on our time-calibrated mega-phylogeny approach, we found that most lineages

within Agaricomycetes radiated after the origins of gymnosperms and angiosperms (Fig-

ure 2.5). Our estimates for branching times are highly consistent with chronograms of

previous studies with more limited species sampling, but more genomic information. One

study found a mean age of 290 million years [Floudas et al., 2012] for the crown node of

Agaricomycetes, which is consistent with our estimate of 282 million years (Figure 2.11).

Using an uncorrelated relaxed molecular clock analysis to date a comprehensive plant

tree of life, a study found mean crown origins of 301 million years for gymnosperms and

217 million years for angiosperms, respectively [Smith et al., 2010].
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Figure 2.11: Branching times for backbone of time-dated Agaricomycetes phylogeny. Branching
times are based on the maximum likelihood phylogeny. Here the full phylogeny
was reduced to order level to display backbone crown age estimates. The root was
dated with an age of 282 million years, which fits well to previous estimates for
the Agaricomycetes [Floudas et al., 2012, Kohler et al., 2015].

Many of the large clades within Agaricomycetes originated before, but diversified after

the angiosperm and gymnosperm origins (Figure 2.5). The estimated timing of origin

of the fungal and plant groups is consistent with our inference that transitions from
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white rot to brown rot occurred among angiosperm specialists (Figure 2.9) or possibly

generalists (Figure 2.9). Relative transition rates in white rot fungi suggest a pattern

of transition away from gymnosperm specialization and towards generalism, followed by

relatively higher rates of angiosperm specialization (Figure 2.8). This pattern away from

gymnosperm specialization and towards angiosperm specialization among white rot is

consistent with the relatively high percentage of white rot angiosperm specialists we

observed (Figure 2.7). Thus, it is plausible that the radiation of angiosperms created

new niches for wood decayers and promoted diversification of white rot fungi.

In conclusion, our models of host evolution suggest that angiosperms may have served

as a new mega-niche, which was exploited particularly well by white rot fungi leading to

high specialization rates. Brown rot lineages switched more frequently towards gener-

alism, suggesting that brown rot fungi were limited in exploiting angiosperm resources.

Whether this limitation on the part of brown rot in exploiting angiosperm resources is

directly related to the loss in copy number of decay-related genes [Kohler et al., 2015]

seems plausible, but remains to be tested by future studies. Moreover, host shifts may be

identifiable at the enzymatic level, if expression patterns for genes coding for key decay

enzymes differ between clades with different host specializations. Such studies represent

exciting future possibilities in this system, and may elucidate the underlying molecular

mechanisms controlling decay mode shifts.
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2.5 Supplementary Information

2.5.1 rusda: an R interface to the United States Department of

Agriculture‘s Fungus-Host Distribution Database

2.5.1.1 Introduction

The United States Department of Agriculture (USDA) has made great effort to com-

pile global fungus-host combinations data. The USDA thus created the Fungus-Host-

Distribution Database (FHDD) to store this data and enable public access. However,

data from this database is not easily available, requiring users to download species in-

formation by hand. This procedure is very time consuming. If large amounts of data

are downloaded, error might occur while compilation of many single files. The risk of

such error increases with the number of taxa required, which increased in recent years.

Comparative analysis often require hundreds or even thousands of species [Smith and

Donoghue, 2008, Smith et al., 2009, Zanne et al., 2013]. A fast and open access to these

data may provide basic research on the ecology and evolution of fungus-host associa-

tions.

To this end, the first author (Franz-S. Krah) developed an R package allowing rapid and

automated access to a large global database of fungus-host combinations by the FHDD.

This database involves more than 300.000 unique fungus-host combinations [Farr et al.,

2017]. However, the web interface of the database makes data analysis difficult, limiting

the use of this database. The aim of the R package ’rusda’ is to make the data con-

tained in the FHDD readily accessible from R, an open source statistical programming

environment.

2.5.1.2 Core package function

Here, the core functions of the ’rusda’ package will be presented. The R package ’rusda’

is available on GitHub via the rOpenSci collective. rOpenSci is a research community

committed to make scientific data retrieval open and reproducible using shared data and

reusable software. The package can be downloaded using the following code:

# I n s t a l l R package ’ rusda ’

i n s t a l l . packages ( ” dev too l s ” )

dev too l s : : i n s t a l l g ithub ( ” ropen s c i / rusda ” )

l i b r a r y ( ” rusda ” )
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2.5.1.3 Querying the database

The USDA Fungus-Host Distribution Database (FHDD) contains data on host (plants)-

fungus combinations. Further it contains a Nomenclature and a Literature database,

which are also accessible via ’rusda’. Within the FHDD only published literature was

used as data basis. Besides the FHDD there is the Specimens Database (SD) which

refers to deposited specimens in the U.S. National Fungus Collections (BPI). The core

function of ’rusda’ is the function associations. Using associations queries can be made

to find all plant associations of a known fungus (spec type = ”fungus”) or to find all

fungal associations of a known plant host (spec type = ”plant”). When querying the

FHDD, the user can input species or genus names or any higher taxon.

# The f o l l ow i ng example code que r i e s fungus−host

# a s s o c i a t i o n s f o r the funga l s p e c i e s : Magnaporthe oryzae

magna . hos t s <− a s s o c i a t i o n s ( x = ”Magnaporthe oryzae ” ,

spec type = ” fungus ” , database = ”FH” )

# The f o l l ow i ng example code que r i e s fungus−host

# a s s o c i a t i o n s f o r a l l s p e c i e s with in the p lant fami ly : Cucurbitaceae

curc . f ung i <− a s s o c i a t i o n s ( x = ”Cucurbitaceae ” ,

spec type = ” plant ” , database = ”FH” )

The argument ”database” specifies whether the FHDD or the SD or both should be

queried. Further arguments allow clean steps, verbosity of the function or if synonyms of

the input should be incorporated in the search. The default is with a cleaning step, which

eliminates non-Linnean species names from the results list. Further, by default synonyms

are queried to increase query success. The resulting structure of the ”curc.fungi” object

is a list of three objects. The first lists synonyms of the input names. The second is a

data table with the input species and the queried combinations and the country of the

record. The third is a data table with the input species and the study identifier number

(ID). The IDs can be directly used as input to the function ”getStudy” to obtain the

full citation.

2.5.1.4 Exploration of the Fungus-Host Distribution Database (FHDD)

The website of the FHDD website does not yield detailed information about the taxo-

nomic distribution of the data stored in the database. To assess the general usability

of the FHDD database, and therefore the R package ’rusda’, we used two species input

datasets. We therefore downloaded two taxonomies for all species of Dikarya and Sper-
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matophyta from the NCBI taxonomy (function stepA from the R package ’megaptera’

[Heibl, 2014]). The resulting taxonomies exhibit Linnean species names only, which were

used as input for the function associations of ’rusda’. The length of the input species

sets were 29,591 for Dikarya and 105,350 for Spermatophyta. The function associations

queries the related fungal (for plant input) or plant (for fungus input) associations for

each species from the datasets. Note that the function associations also accepts names

of higher taxa as input, however we the plant and fungus input names were too long to

download within single sessions. Thus, we downloaded associations in batches of 1000

species.

We used both databases and considered results for synonyms of the input species and

queried fungus-host associations for the two input species sets. We found data for 11,146

Dikarya (37.6 % of input) and 17,345 for Spermatophyta (16.5 % of input). A total of

268,752 (90 % of website information) combinations were found for Dikarya in the FHD.

The discrepancy of 10 % can be explained by the cleaning step of our algorithm. It

deletes records that are no valid species or genera names (e.g., ’wood, submerged’) since

usually the user is only interested in taxonomic data. Another reason is that we did

not query for non-fungal lineages like Oomycetes (e.g. Phytophthora), which are also

present (as pathogens) in the database. We found 87,232 unique combinations for the

Spermatophyta input set, which could not be evaluated due to lacking information on

the website [Farr et al., 2017]. We then matched the retrieved hosts and fungi against

the plant and fungus taxonomies to compute the number if species with host or fungus

information respectively. Therefore, we compared the number of species with informa-

tion based on the FHDD compared with the total species number for a given order in

the NCBI taxonomy. The results are summarized in the Figure 2.12. We hope that this

figure is a useful tool for scientists interested in host associations.

Here we want to point out that of the 13 investigated orders (bold) in this study, six

orders had more or ca. 50% of species with host information. Among those are the or-

ders with most representation in our dataset: Polyporales, Agaricales, Hymenochaetales.

The other groups had below 50% of species with host information (Figure 2.12). On the

plant side we found the two orders with the majority of woody plants in the temperate

zone, Fagales and Pinales, have a very good representation in the database. All plant

species within the NCBI taxonomy (with valid Genus and species names) have at least

1 host association information. However, there are other mainly-woody orders, that

are not very well represented: e.g. Ericales. This overview shows the need for further

recordings and assembly of fungus-host associations in the FHDD (Figure 2.12).
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% of fungal species with host information
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Figure 2.12: Overview of query results using R package ’rusda’ based on the Fungus-Host
Distribution Database (FHDD) using 29,591 Dikarya and 105,350 Spermatophyta
species as input. A) Number of fungal species with plant (host) information (one
or more records). B) Number of plant species with fungal information. Fungal
orders used in this study in bold. Woody plant orders in bold, based on [FitzJohn
et al., 2014].
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3 Effects of temperature on pigmentation

of mushrooms across Europe

Abstract

Many ectotherm animals show a prevalence of dark-colored species in cold environments,

known as thermal melanism. The function of dark colors in the fungal kingdom, however,

is poorly understood. Here, we tested whether the lightness of mushrooms is related to

climate using a dataset of 3.2 million observations in 3,054 species from across Europe.

We show that saprotrophic assemblages are significantly darker in cold climates and sea-

sons, supporting a general theory of thermal melanism. Despite being significantly darker

on average than free-living saprotrophs, the color of mutualistic ectomycorrhizal mush-

rooms was, however, only weakly related to temperature. We thus propose generalizing

the thermal melanism hypothesis to fungi, but suggest that selection on pigmentation

may depend on species’ life history. Because fungi play an important role in terrestrial

carbon and nutrient cycles, understanding the link between color and environmental

temperature will be critical in assessing the response of fungi to global warming.

3.1 Introduction

In cold environments, ectothermic animals more commonly have dark-colored than light-

colored bodies [Kalmus, 1941, Bogert, 1949, Willmer and Unwin, 1981, Kingsolver, 1995,

Trullas et al., 2007] (’Bogert‘s rule’ [Bogert, 1949]). This theory of ’thermal melanism’

[Trullas et al., 2007] has often been studied in the animal kingdom [Kalmus, 1941, Bogert,

1949, Rapoport, 1969, Zeuss et al., 2014, Bishop et al., 2016, Pinkert et al., 2017, Pinkert

and Zeuss, 2018, Heidrich et al., 2017], however, much less is known about the function of

colors within the ectothermic fungal kingdom [Caro, 2017, Cuthill et al., 2017]. A recent

study found dark-pigmented unicellular yeasts in colder environments of a macroclimatic

gradient [Cordero et al., 2018]. Mushrooms are the multicellular reproductive organs of

many fungi [Nagy et al., 2017], with extraordinary diversity in their pigmentation [Gill
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and Steglich, 1987, Veĺı̌sek and Cejpek, 2011], however the causes and consequences of

their coloration are still unknown. Mushrooms are anatomically characterized by fruit

bodies composed of a pileus (cap) and stipe (stalk). The biological role of fruit bodies

is sexual reproduction, and spores formed in the fruit bodies disperse and develop into

mycelia that exploit resources and mate to form new reproductive individuals [Nagy

et al., 2017]. Dark pigments (e.g., melanin) of fungal mycelia have been shown to allow

colonization of cold Arctic and Antarctic environments [Savile, 1972, Robinson, 2001].

However, the pigmentation of mushrooms may also be an important trait of fungi in cold

environments, because mushrooms are above-ground reproductive organs and thus more

exposed to colder temperatures than the mycelium in the substrate (Figure 3.3). Thus,

we test whether the lightness of mushroom assemblages is correlated with the thermal

environment across Europe.

Temperature varies both spatially, across macroclimatic gradients, and temporally over

seasons (Figure 3.2) and thus we considered its spatiotemporal variability. We used a

Europe-wide dataset of 3,054 mushroom-forming fungal species (Table 3.1) of four orders

within the systematic class Agaricomycetes (Basidiomycota), which covers nine countries

and the past 40 years [Andrew et al., 2017] at a monthly resolution. We measured

mushroom color on representative digital images of each species by decomposing color

into three independent measures: hue, saturation, and lightness (HSL color space, Figure

3.1).

Table 3.1: Data overview. The total number of species in the European fungal dataset; the
number of mushroom-forming species (mushroom = fruit body with cap and stipe)
with color data; and the number of mushroom-forming species with color and se-
quence data. Percent values refer to the ’Mushroom-forming species’ dataset. HSL is
hue, saturation, and lightness. ECM = Ectomycorrhizal; SAP = Saprotroph; Other
= parasitic, endophytic, unknown.

Full Mushroom-forming Mushroom-forming DNA
dataset species species & HSL data sequences

available

ECM 1,989 1,770 1,401 (79%) 1,010 (57%)
SAP 3,481 2,289 1,653 (72%) 1,046 (46%)
Other 261 - - -

Total 5,831 4,059 3,054 (75%) 2,056 (51%)

This method precisely differentiates the lightness values of the fungal species based

on 29,490 color samples. Scaled from 0–100, lightness followed a Gaussian distribution

around a mean of 58 (range: 18.0–97.8, Figure 3.3). We further generated a mega-

phylogeny consisting of 2,056 mushroom-forming species using publicly available DNA
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Figure 3.1: Histograms of mushroom hue, saturation and lightness for ectomycorrhizal and
saprotrophic species (3,054 species). Both ectomycorrhizal fungi (orange) and
saprotrophs (blue) show a hue peak in the interval 1–80 degree, which comprises
the colors red, orange, and yellow (note that this includes brown colors). Ectomy-
corrhizal fungi have on average darker fruit bodies than saprotrophic fungi (Figure
3.7A, Table 3.5). Note that overlapping areas are displayed in darker blue.

sequence data (Figure A.2).
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Figure 3.2: Histograms of temperature of the grids in the European dataset. Displayed are
mean annual temperature values and the annual temperature ranges (maximum -
minimum monthly temperature) of each grid cell used in this study.

Two predominant nutritional modes of carbon acquisition are present in mushroom-

forming fungi: the free-living saprotrophs and mutualistic ectomycorrhizal fungi (ECM)

[Kohler et al., 2015]. Fungi from both nutritional groups perform important ecosystem

processes. As symbionts with many tree species, ECM fungi receive carbon from their

host plants and in return increase mineral nutrition, water uptake, and resistance against
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pathogens of their host trees [Smith and Read, 2010, Tedersoo et al., 2010]; thus ECM

fungi shape the structure and productivity of many forest ecosystems. Saprotrophs decay

dead organic matter and release nutrients, which is crucial in carbon and nutrient cycling

[Floudas et al., 2012]. Saprotrophs and ECM fungi differ in their fruiting phenology

[Büntgen et al., 2013, Boddy et al., 2014] and life history traits [Bässler et al., 2014b,

Calhim et al., 2018, Halbwachs et al., 2015] as well as environmental responses [Tedersoo

et al., 2014]. Previous studies have shown that ECM fungi invest more than free-living

saprotrophs [Bässler et al., 2014b, Alday et al., 2017] in reproductive traits (e.g., larger

fruit bodies). Based on the lightness of each species, we have calculated the average

assemblage-based color lightness (hereafter ’mushroom color lightness’) separately for

saprotroph and ECM fungi at a European grid resolution of 50 km x 50 km for each

month. We tested whether: (1) the lightness of mushrooms differs between free-living

saprotrophic and mutualistic ectomycorrhizal species; and (2) whether mushroom color

lightness increases in climates and seasons with higher temperatures.

3.2 Material and Methods

3.2.1 European fungal species distribution dataset and local dataset

This study utilized data from a component of the ClimFun meta-database, a source of

unified, multi-source data that originated from many independent data repositories of

fungal fruiting records across Europe [Andrew et al., 2017]. We used data from eight of

nine countries with substantial numbers of records across the time span of 1970–2010.

The composition of fungal assemblages was summarized within 50 km x 50 km grid

cells, utilizing the UTM coordinate system (zone 32). Further analyses were based on

the resulting community matrix, consisting of 5,725 species and 743 grid cells. Details

of the local scale dataset can be found in [Büntgen et al., 2013] and a short description

in the caption of Figure 3.5. We coded the main genus-level nutritional mode based

on literature [Rinaldi et al., 2008, Tedersoo et al., 2010]. The nutritional modes were

equally distributed across the latitudinal gradient of the dataset (Figure 3.4).

3.2.2 Environmental data

Our study aimed to test the hypothesis that the mushroom color lightness increases with

temperature. Apart from temperature, we also considered other environmental variables

that potentially impact the average color lightness of fungal assemblages. Among these

variables, we expected that precipitation, UV radiation, and relative forest cover (as a
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Figure 3.3: The theory of ’thermal melanism’ for multicellular mushroom-forming fungi. The
hypothesis predicts that dark-colored mushrooms heat up more rapidly than light-
colored mushrooms and therefore have advantages in cold environments, such as
increased reproductive success.

proxy for darker forests compared to sunnier grasslands and therefore a proxy for mi-

croclimate conditions reflecting e.g., local variation in temperature) may be particularly

important [Tedersoo et al., 2014].

3.2.3 Grid data preparation

We used citizen-science, herbarium and museum data, which are of great potential for

biogeographical and ecological studies despite their potentially biases [Andrew et al.,

2017]. We downloaded temperature, precipitation, and altitude data from the WorldClim

database version 1.4 (http://www.worldclim.org/current) (representative of 1960–1990

bioclimatic variables) [Hijmans et al., 2005], UV index data (UV radiation) from the

NASA website [Newman and McKenzie, 2011], and satellite-based data on relative for-

est cover from the Forest MAP 2000 dataset [Pekkarinen et al., 2009]. All available
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Figure 3.4: Density histogram of the number of species for saprotrophic (blue) and ecto-
mycorrhizal (ECM) fungi (orange) along the temperature gradient. Note log10-
transformation of the y-axis.

environmental variables were gridded at the 50 km x 50 km level. We calculated the

grid cell means only within cells containing fungal records. Temperature, precipitation

and altitude were extracted at 5 km resolution from WorldClim. For temperature, we

used the average annual mean value for the period 1960–1990, along with mean monthly

temperature (1960-1990) calculated from mean monthly minimum and maximum tem-

peratures.

Mean annual temperature values reflect the variability of temperature conditions on a

European scale. Surface temperature may be the most relevant value, because fruit

bodies grow close to the surface, however the surface temperature is highly correlated

with air temperature (temperature used in the analysis) at broad scales [Gunton et al.,

2015]. For precipitation, we used the average annual sum for the same period. For the

UV index, we downloaded all available grid data for each month of 2010 and calculated

the mean UV index across the 12 months for each grid. As far as we know, no reliable

long-term UV radiation data are available at the scale of our study. However, variability

of UV radiation for a given locality across years is less pronounced than the variabil-

ity across localities, indicated by straight and parallel isolines [Newman and McKenzie,

2011]. Solar radiation models show that UV radiation underwent a net change in UV-B

radiation of ca. 3% in the time period 1970–2010 [Williamson et al., 2014]. Furthermore,

these changes through time were spatially consistent across the latitudinal range of our

study [Newman and McKenzie, 2011]. Thus, we consider the values of 2010 to be a

robust proxy for UV radiation for the temporal scale of our study. For the relative forest
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3.2 Material and Methods

Table 3.2: Statistics of the effect of seasonality on mushroom color lightness using generalized
additive models (GAMs) based on a standardized local scale data set (La Chaneaz).
Effects (F-values) of mushroom color lightness in response to month are given for
saprotrophic and ectomycorrhizal fungi. Effects are presented as F-values and sig-
nificant effects are emboldened. The assemblage calculation was based on an abun-
dance community matrix of mushroom-forming fungi (194 ectomycorrhizal and 121
saprotrophic species). Results based on standardized effect sizes based on three null
models are shown. ECM = Ectomycorrhizal; SAP = Saprotroph

Mushroom color Null model
lightness Standardized effect sizes

(non-linear) Ind. swap Richness Frequency

F p value F p value F p value F p value

SAP Month 3.24 0.021 2.94 0.033 2.84 0.037 3.31 0.018
Adj. R2 0.05 0.07 0.07 0.07

ECM Month 6.75 0.010 6.56 <0.001 6.66 0.011 3.76 0.011
Adj. R2 0.03 0.11 0.03 0.06

cover per grid cell, each 50 km x 50 km plot covers 4x106 pixels of satellite imagery.

We obtained the relative forest cover per grid cell as the ratio of forest pixels to non-

forest pixels (e.g., grasslands). Note that some grid cells were partly covered by clouds,

hampering an exact estimation of forest cover. However, considering clouds to be forest

or ignoring clouds resulted in comparable estimates of forest cover (data not shown).

For the correlation among co-variables, Table 3.6 (all pairwise correlation coefficients

r<0.41).

Table 3.3: Pairwise correlation coefficients (r) among environmental variables. Prec. = Pre-
cipitation; RFC = Relative forest cover.

Temp. Log10 Prec. UV index RFC Log10 Months

Temperature - -0.34 -0.21 -0.20 0.01
Log10 Prec. -0.34 - 0.40 -0.09 0.03
UV index -0.21 0.40 - 0.33 -0.09
Log10 RFC -0.20 –0.09 0.33 - -0.05

To address and reduce potential biases associated with observational data, we (i) re-

duced the dataset to mushroom-forming fungi, which are mainly found in the four orders

of the systematic class Agaricomycetes (Basidiomycota): Agaricales, Boletales, Russu-

lales, and Cantharellales. This standardized the dataset to a unique fruit body type,

characterized by soft-fleshed, above-ground stems and caps. This conspicuous mush-

room type attracts most mycologists. (ii) Because the number of records of a species
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3 Effects of temperature on pigmentation of mushrooms across Europe

in a grid cell might reflect collection effort rather than true abundance, we only used

the occurrence of each species in each grid cell. The long sampling period, comprising

four decades, ensures that these data can be reliably interpreted as estimates of the

presence/absence of the species. (iii) To account for possible spatial biases in collection

activity, we only included grid cells with a minimum of 25 species occurrences for each

nutritional mode in the analyses (resulting in 549 and 522 out of the 743 grid cells for

saprotroph and ECM fungi respectively, reducing the dataset mostly in the very north

of Norway). Despite this thorough data preparation, spatial biases in collection activity

may still bias data interpretation. Thus, we applied null models to account for (1) uneven

richness among grids (null model ’richness’), (2) uneven sampling probability of species

(null model ’frequency’), and (3) both factors simultaneously (null model ’independent

swap’). For a detailed description of the null model approaches, see Statistical Analysis.

Note that our response of interest is a mean assemblage trait, calculated based on the

lightness values of the species in an assemblage. If temperature acts as an environmental

filter, the mean color value should reflect temperature conditions on a grid even though

sampling effort differs among grids.

To address a possible shift in color lightness with climate change, we divided our 40-year

dataset into two time intervals: 1970–1990 and 1991–2010. The time between the two

time intervals is the approximate border of accelerated climate warming [Mann et al.,

2004]. As temperature data, we used the E-OBS dataset from the EU-FP6 project EN-

SEMBLES (http://ensembles-eu.metoffice.com) and the data provided in the ECA&D

project (http://www.ecad.eu) [Haylock et al., 2008]. We gridded the temperature on

our 50 km x 50 km grids by selecting the nearest-neighbor temperature value (from the

1/4 degree temperature data) within a maximum range of 15 km. For the analyses, we

considered only grids with at least 25 species for each nutritional mode in each of the

time periods. We reduced the datasets of the two time-intervals to a subset of common

grids, resulting in 356 grid cells. The average temperature difference between the second

and first time-interval was 0.7◦C and was normally distributed with a range of 0.26 to

1.34◦C. We then calculated the difference in temperature and the difference in mushroom

color lightness between the second and first time-interval [Zeuss et al., 2014].

3.2.4 Color sampling

We recorded three independent variables for the cap color of each species, based on the

cylindrical-coordinate representations of points in an HSL color model: hue (e.g., red,

blue), saturation (amount/intensity of hue), and lightness (e.g., ranging from light red

to dark red). For more details on the color model, see [van den Broek and van Rikxoort,
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2004]. Such human vision models have been shown to reliably detect variation in color

in the visible range [Bergeron and Fuller, 2018]. We used the independent component

’lightness’ (L) as the basis to calculate the average assemblage lightness (‘mushroom

color lightness’) based on the community matrix. We then used the mushroom color

lightness as the response variable in our general additive models.

We searched relevant websites (general mushroom websites, e.g., mycokey.com, mykoweb.com,

123pilze.de, mushroomobserver.org, mushroomexpert.com, grzyby.pl, pilze-basel.ch, my-

codb.fr, mycoleron.fr, mykologie.net, discoverlife.org, tintling.com, hlasek.com, fungi-

pedia.org, Wikipedia, mykologie.net, mycoportal.org; and specialized taxon websites,

e.g., mycena.no, cortinarius.org, amanitaceae.org, entoloma.de, inocybe.org, boletales.com)

for representative images employing the following quality criteria: (i) experts (among

authors) chose images with the best color representation of the mushrooms; (ii) at least

half of the cap was visible; (iii) overexposed (flashy) or strongly shaded areas in im-

ages were not sampled; and (iv) cap areas with reflections by water drops, earthy

dirt, or sticky leaves on the cap were not sampled. For species represented by ade-

quate images, we sampled HEX values using the program pipette (Stefan Trost Media,

http://www.sttmedia.com/). For all mushroom-forming species from the dataset, we

sampled HEX values of nine areas on each mushroom cap, situated on a cross (center,

edge, and between center and edge). For species with variable colors, we sampled at least

two images. Each of the nine HEX values was then converted into three values (H, S,

and L) using the website: http://rgb.to. Thus, each mushroom cap yielded at least nine

values for hue, nine for saturation, and nine for lightness. We then calculated the means

of H, S, and L separately for each species and used these mean values to characterize

species color traits in further analyses. The mean hue for each species was calculated

using a circular model (R package ’circular’). Visually, the species lightness sampling

corresponded well with the opinions of experts (among co-authors) on mushroom colors

(Figure 3.6). The main pigments of mushrooms are melanins, a diverse group of black

to brown polymers, and the more colored, low molecular substances such as quinones,

arylpyruvic acid derivatives, styrylpyrones and russupteridins [Gill and Steglich, 1987].

3.2.5 Mega-phylogeny approach

To test for phylogenetic constraints on mushroom lightness, and to carry out phyloge-

netic linear regressions (see Statistical Analysis), we applied a mega-phylogeny approach.

The mega-phylogeny approach maximizes species sampling by integrating prior knowl-

edge (e.g., guide tree) into the tree inference [Smith et al., 2009]. For our mega-phylogeny

approach we followed the protocol described in Chapter 2. In short, we used five gene
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3 Effects of temperature on pigmentation of mushrooms across Europe

regions (28S and 5.8S rRNA, rpb1, rpb2, tef1), with gene partitioning, that resulted

from a partition scheme software [Chernomor et al., 2016], a comprehensive back bone

guide tree based from phylogenomic analysis and a column reliability score. We fur-

ther conducted 1,000 approximate Shimodaira–Hasegawa likelihood ratio tests to assess

branching support (SH-aLRT branch support). The final phylogeny consisted of 1,010

ectomycorrhizal and 1,046 saprotrophic fungal species (see Appendix Figure A.2).

We estimated divergence times of the resulting phylogeny using penalized likelihood as

implemented in the R function chronos. Although we did not interpret timing of events

based on our phylogeny, we time-dated our phylogeny using two calibration points. The

branching time estimates fall within the estimates of previous studies. To estimate the

effect of phylogenetic uncertainty on our interpretations, we repeated phylogenetic anal-

yses with a set of 100 alternative trees. These trees were derived by creating polytomies

on nodes with an SH-aLRT branch support value below 80 based on the non-ultrametric

ML tree. These multifurcations were then resolved randomly using the function multi2di

from the R package ’ape’ [Paradis et al., 2008]. We then estimated divergence times for

each tree following the same calibration protocol as above using chronos. For more

details see Chapter 2.

3.2.6 Phylogenetic signal

We calculated the phylogenetic signal in color lightness and the environmental variables

using four indices: Pagel‘s lambda, Blomberg‘s K, Moran‘s I, and Abouheif‘s Cmean

using the function phyloSignal (R package ’phylosignal’ [Keck et al., 2016], with 99

randomizations) and phylosig from R package ’phytools’ [Revell, 2012]. For a detailed

description and simulation-based tests of all four indices, see [Münkemüller et al., 2012].

3.2.7 Statistical analyses

Based on the monthly grid-by-species community matrix and the species color lightness

values, we calculated an average color lightness of assemblages (‘mushroom color light-

ness’), where assemblages are defined as the total species composition found within a

grid cell. We fitted generalized additive models (GAM) using the function gam from

the R package ’mgcv’ [Wood, 2010]. To test for the effect of temperature (mean annual

and month) on mushroom color lightness, we fitted seven model structures: six models

based on the European dataset (3,054 species) and one on the local-scale dataset (312

species). All models were applied separately for ECM and saprotrophic fungi: (1) a

model with mushroom color lightness as the response and macroclimatic temperature
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3.2 Material and Methods

and month as predictors, along with species number (log10-transformed) and geograph-

ical latitude and longitude as covariates; (2) a model as in (1) but with standardized

effect sizes as responses, calculated from three different null models (see below); (3) a

model as in (1) but with the additional relevant environmental variables as predictors,

namely mean annual precipitation (log10-transformed), UV index, and relative forest

cover (log10-transformed) (refer to Environmental Data); and (4) a model as in (3) but

with standardized effect sizes as responses, calculated from three different null models.

For the local-scale data set, we applied a model with mushroom color lightness as re-

sponse and the month as predictor variable. We also fitted model (1) using monthly

mean temperature as an additional covariate and found highly consistent effects (results

not shown). Within all GAMs we considered spatial location as a covariate (’s(longitude,

latitude) ’) as well as the grid cell as a random effect (’s(grid, bs = ‘re’)’).

Species are statistically non-independent as they share a common evolutionary history

[Felsenstein, 1985]. Therefore, we fitted two additional models on the species level, con-

sidering those species with phylogenic data (2,056 species): (5) a model with species

lightness as the response and species temperature means as the predictor with an inter-

action term for the species’ nutritional mode. Restricting this analysis to those species

that occurred on >10 grid cells, in order to obtain a robust mean value, resulted in 1,629

species (we also used 5 and 15 species as thresholds and obtained consistent results).

Finally, we fitted a model (6) with species lightness as the response and nutritional mode

(ectomycorrhizal versus saprotrophic) as a binary predictor variable. We repeated these

models using 100 alternative phylogenetic trees to assess the effect of phylogenetic un-

certainty. All 100 trees showed consistent results (Figures S 3.1, 3.5).

Three different null models were used to compute standardized effect sizes (SES): ’rich-

ness’ (randomizes community data matrix within grids; maintains sample species rich-

ness), ’frequency’ (randomizes the community data matrix within species; maintains

species occurrence frequency), and ’independent swap’ (randomizes community data

matrix with the independent swap algorithm [Gotelli, 2000], maintaining species occur-

rence frequency and grid species richness) available in the function randomizeMatrix.

We randomized the community matrix 1,000 times (and 1,000 swaps each) and com-

puted the expected color lightness mean for each grid cell and the expected standard

deviation. The standardized effect size (SES) was computed by subtracting the expected

mean from the observed mean, and dividing by the standard deviation (SD, calculated

from 1,000 values of the randomization). Note that in the null model approach, mean

differences across groups (e.g., nutritional modes) become less pronounced if applied for

groups separately. For models 5 and 6, we used phylogenetic regressions using the func-
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3 Effects of temperature on pigmentation of mushrooms across Europe

tion phylolm from the R package ’phylolm’ [Ho and Ané, 2014]. We fitted all models

using four models of trait evolution: Brownian motion (BM), Ornstein-Uhlenbeck (OU)

with random root, Pagel‘s lambda, and Early Burst (EB). We then compared models

using Akaike’s information criterion (AIC).

3.3 Results

3.3.1 Color lightness of mushrooms of ectomycorrhizal and saprotrophic

species

To test our first hypothesis, we applied a cross-species phylogenetic regression using

2,056 species based on the European wide data set. We found that the mushrooms of

ECM species are significantly darker than those of saprotrophs (Figure 3.7A, Table 3.5).

Further, based on a linear mixed effect model we found that the average assemblage-

based color lightness of ECMs was significantly darker than of saprotrophs (Table 3.4),

a pattern consistent across all months of the year (Figure 3.7B).

Table 3.4: Linear mixed effects model for differences in assemblage mushroom color lightness
between saprotroph and ectomycorrhizal fungi. A random effect of grid cell was
incorporated due to repeated sampling of the nutritional modes within grid cells.

t value p value

Intercept 822.04 <0.001
Saprotroph vs. Ectomycorrhizal 126.39 <0.001

Table 3.5: Phylogenetic linear regression test of differences in species color lightness between
saprotroph and ectomycorrhizal fungi. Phylogenetic linear regressions based on dif-
ferent models of trait evolution showed that saprotrophic fungi are significantly
lighter in color than ectomycorrhizal (ECM) fungi. This was consistent across 100
alternative trees with variation in branch lengths and topology. BM, Brownian mo-
tion; OU, Ornstein-Uhlenbeck; Lambda, Pagel‘s lambda; and EB, Early Burst. We
fitted the Lambda model with 100 alternative trees. Effects are presented as z-values
(estimates divided by the respective standard error), and effect sizes above 1.96 or
below -1.96 are highlighted in bold. Superscripts indicate rank of model selection
based on AIC scores.

Model Intercept Saprotrophs vs. ECM

BM3 0.07 0.71
OU randomRoot2 116.74 9.02
Lambda1 4.73 3.28
EB4 0.07 0.71

Lambda 100 trees 7.15 (7.06–7.24) 3.01 (3.00–3.03)
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3.3.2 Color lightness of mushrooms and the thermal environment

To test our second hypothesis, we used generalized additive models (GAMs) simulta-

neously using temperature and seasonality (months) and considering species numbers

and spatial coordinates of grids as co-variates. First, we found that the model of mush-

room color lightness of saprotrophic assemblages showed a higher explained variance

(R2=0.54) than the ECM model (R2=0.25, Table 3.8). The mushroom color lightness of

saprotrophs was significantly positive and almost linearly correlated with temperature (F

value=12.92, Table 5.1, Figure 3.8A), meaning that assemblages in cold environments

were characterized by a greater proportion of species with dark mushrooms (see also

the mapped latitudinal gradient, Figure 3.8). In contrast, ECM color lightness showed

a significant non-linear relationship with temperature, with an increase above 5◦C (F

value=5.26, Table 3.8, Figure 3.8B). Parametric (linear) fits within the ECM models

nonetheless yielded consistent positive relationships between mushroom color lightness

and temperature (Table 3.8).

Further, across Europe, saprotroph assemblages were significantly darker in the colder

seasons of the year (spring, fall and winter), whereas ECM assemblages showed the oppo-

site pattern (F value=94.80, Table 3.8, Figure 3.8). Note that species richness of sapro-

trophs and ECM fungi was equally distributed across Europe (Figure 3.4). In addition to

the large-scale European analysis, we used a standardized local-scale and long-term data

set from Switzerland [Büntgen et al., 2013] (32 years of weekly mushroom counts), to

test seasonality effects on color lightness, independent of the latitudinal gradient present

in the European dataset. Both presence/absence and abundance-weighted measures of

the saprotroph assemblages consistently showed decreased mushroom color lightness in

colder months of the year and a more pronounced effect for the abundance-weighted

analysis (Supplementary Table 3.2 and Figure 3.5). Again, the ECM mushroom color

lightness model showed lower explained variance by season compared to saprotrophs

(Figure 3.5).

Together, these results showed that: (i) saprotroph assemblages exhibit darker mush-

room color lightness in colder temperatures both spatially and temporally at a continental-

scale; (ii) saprotrophic assemblages have higher numbers of dark-colored individuals in

colder months in the local-scale dataset; and (iii) ECM assemblages had overall low ex-

plained variance and even more light-colored assemblages towards the end of the growing

season.
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Figure 3.5: Partial effects of seasonality on mushroom color lightness for a local standardized
dataset. Effect of months on the mushroom color lightness of saprotrophs (left,
blue) and ectomycorrhizal fungi (right, orange). The data set is based on weekly
mushroom counts (total 115.417 fruit bodies) between 1975 – 2006. Five plots of
300 m2 were set up in the fungus reserve ’La Chanéaz’ in western Switzerland in
a temperate forest on area of 75 ha (for details see [Büntgen et al., 2013]). The
dataset is standardized as it does not include an altitude gradient. We summed
weekly records of all plots to obtain monthly values for each year and removed
species which were found in less than three months across all years. Mushroom
color lightness was calculated based on (A) presence/absence data (saprotroph:
F-value=1.65, p=0.146; ectomycorrhizal: F-value=1.30, p=0.255), and (B) abun-
dance data (saprotroph: F-value=3.24, p=0.021; ectomycorrhizal: F-value=6.75,
p=0.01, Table 3.2). Slopes are estimates from generalized additive models (GAMs)
with standard deviations.

68



3.3 Results

F
re
q
u
e
n
c
y

0

100

200

300

400

20 30 40 50 60 70 80 90
Lightness

Figure 3.6: Histogram of mushroom lightness and examples of dark-, medium light- and light-
colored mushroom-forming fungi. Histogram of color lightness of 3,054 mushroom-
forming species. Three exemplar species are shown with their respective color light-
ness (upper half of the pie chart represents each of the 9 single cap measurements;
lower half of the pie chart the respective mean). Species from left to right: En-
toloma sericeum, Cortinarius semisanguineus, Hygrophorus eburneus. Photographs
by Peter Karasch and Franz-S. Krah
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Figure 3.7: Differences in mushrooms color lightness between ectomycorrhizal and saprotrophic
fungi. A) Phylogenetic distribution of saprotrophic (blue) and ectomycorrhizal
fungi (orange). Boxplot shows the lightness of the two nutritional modes of fungi
(ectomycorrhizal and saprotrophic fungi) and the test results based on phylogenetic
linear regression (model Lambda; z = 3.28; p < 0.01; Supplementary Table 3.5).
Boxplots denote the median (horizontal line) and interquartile range (colored box);
whiskers show three times the interquartile range; points indicating values outside
this range. B) Difference of the assemblage-based average mushroom color lightness
between saprotrophic and ectomycorrhizal fungi (for linear mixed effects model,
Table 3.4) and subdivided for each month of the year.70
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3 Effects of temperature on pigmentation of mushrooms across Europe

3.3.3 Effects of climate change on mushroom color lightness

Temperature increased 1◦C on average in Europe across the last century [Pretzsch et al.,

2014]. We thus expected saprotroph color lightness to increase accordingly. ECM fungi

in contrast might either show no response or, if they experience thermal constraints

in warm conditions due to overheating, a stronger effect than saprotrophic fungi. At

the temporal scale of our study (1970-2010), the average warming of 0.7◦C did not yet

significantly affect mushroom color lightness for saprotrophic, nor ECM assemblages

(Figure 3.13, linear model: saprotrophic fungi, R2=–0.003, t=0.234, p=0.815; ECM

fungi, adj. R2=–0.002, t=0.496. P=0.621).

3.3.4 Phylogenetic signal of color lightness

Because species’ shared evolutionary history can constrain traits, and species are not

statistically independent in tests of how the environment affects the color lightness trait

[Felsenstein, 1985], we applied a phylogenetic regression [Grafen, 1989]. We modeled

species lightness as a function of the grid-based mean temperature of each species within

our dataset. We tested various models of trait evolution and 100 alternative trees to

account for phylogenetic uncertainty, as well as an additional model with a random

effect on the genus, to reduce the effective number of degrees of freedom. Across all

evolutionary models, we found consistent significant positive effects of temperature on

species color lightness of saprotrophs, but not all evolutionary models revealed significant

effects for ECM species (Tables 3.7, 3.3). Consistently, we found a low phylogenetic signal

for lightness (Figure 3.10), and only a slight but significant increase of the phylogenetic

signal could be observed towards the tips of the phylogeny (ca. 25 million years). We

further (exemplary) explored phylogenetic signal in color in the widespread and species-

rich genus Entoloma, which revealed lightness shifts on very small taxonomic scales,

and a positive color lightness response with macroclimatic and seasonal temperature

conditions (Figure 3.9).

3.3.5 Alternative hypotheses and null model analyses

Finally, we tested the robustness of our findings by extending analyses to potential alter-

native explanations of the observed results. We, therefore, tested whether temperature is

confounded with other abiotic variables, including mean annual precipitation, UV index,

and relative forest cover (as a proxy for microclimate conditions, i.e., darker forests com-

pared to lighter open habitats). We found that these potential drivers were only weakly

correlated with temperature (r<0.41, Table 3.6). General additive models including all
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3.3 Results

Table 3.6: Phylogenetic regression of the effect of temperature of fungal nutritional modes on
species lightness based on various evolutionary models. Temperature was averaged
for each species occurring at least on 10 grid cells (741 ectomycorrhizal and 797
saprotrophic species). BM, Brownian motion; OU, Ornstein-Uhlenbeck; Lambda,
Pagel‘s lambda; and EB, Early Burst. We fitted the Lambda model based on 100 al-
ternative trees. Effects are presented as t-values (estimates divided by the respective
standard error), and significant effects are emboldened. Superscripts indicate rank of
model selection based on AIC scores. ECM = Ectomycorrhizal; SAP = Saprotroph.

Intercept SAP ECM

t value p value t value p value t value p value

BM3 0.10 0.920 5.59 <0.001 12.50 <0.001
OUrandomRoot2 20.95 <0.001 4.59 <0.001 2.14 0.032
Lambda1 7.22 <0.001 3.17 0.002 1.69 0.091
EB4 0.10 0.920 5.59 <0.001 12.50 <0.001

Lambda 100 7.58 <0.001 2.95 0.002 1.69 0.106
trees (6.53- (2.77- (0.002- (1.61- (0.065-

8.89) 3.11) 0.006) 1.84) 0.160)

variables revealed that the model of mushroom color lightness of saprotrophic fungi ex-

plained more variance than the ECM model (Table 3.9). All models showed the largest

effects for temperature and seasonality driving mushroom color lightness (Table 3.9).

We then applied three null models to test whether uneven species richness or species

frequency might bias interpretations. The ’richness’ model accounts for uneven species

richness among grids, the ’frequency’ model for uneven sampling probability of species

and the ’independentswap’ for both factors simultaneously [Gotelli, 2000]. All three

null models showed consistent effects with the observed average assemblage-based color

lightness as response variable (Figure 3.11, Table 3.9).
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3 Effects of temperature on pigmentation of mushrooms across Europe

Table 3.7: Analysis of variance (ANOVA) test of differences in species lightness between sapro-
troph and ectomycorrhizal fungi and the effect of temperature. Phylogenetic regres-
sions might provide incorrect degrees of freedom if clades share the same trait owing
to common descent. According to Grafen (Grafen 1989), each radiation (e.g., radia-
tion of ectomycorrhizal fungal clade) should be treated as an independent data point
with one degree of freedom (’radiation principle’). Thus, we also used a model that
included ’genus’ clades as a random effect in the function aov from the R package
’stats’ (’+ Error(genus)’) to test for lightness differences between nutritional modes.
We used the “genus” because we found increased phylogenetic mainly within genera
(Figure 3.10). The analysis of variance thus estimates a cross-genus and a within-
genus effect of nutritional mode. The cross-genus effect applies one degree of freedom
for each genus instance (e.g., 150 instead of 150+1386) and thus for each ’radiation’
of ectomycorrhizal fungi. Based on this model, we found a significant difference of
species lightness between the nutritional modes. Significant F values are in bold; Sq,
sum of squares; Df, degrees of freedom.

Sum Sq Mean Sq F value P value Df

Cross- Saprotrophs vs. 13919 13919 31.24 <0.001 1
genus Ectomycorrhizal

Residuals 66836 446 150
Within- Saprotrophs vs.
genus Ectomycorrhizal

Residuals 193152 139.4 1386

Cross- Nutr. mode: Temp. 15571 7786 17.8 <0.001 2
genus Residuals 65184 437 149
Within- Nutr. mode: Temp. 377 188.3 1.352 0.259 2
genus Residuals 192776 139.3 1384
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Figure 3.9: Partial effects of temperature and seasonality on the widespread and species rich
genus Entoloma. A) Ancestral state estimation (function contMap, R package
’phytools’) of the continuous lightness trait showing single-species or small clade
divergences resulting in low phylogenetic signal (Figure 3.10). B) Partial effects
of temperature (F-value=5.67, p<0.05) and month (F-value=18.00, p<0.001) on
mushroom color lightness within the genus Entoloma, based on a generalized ad-
ditive model (R2=0.21). Model is based on 491 grids and 90 species. We ad-
ditionally considered space (geographical latitude and longitude) as a covariate
(F-value=11.64, p<0.001).
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3 Effects of temperature on pigmentation of mushrooms across Europe
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Figure 3.10: Phylogenetic signal of species mushroom lightness and environmental variables.
The phylogenetic signal was calculated as four different measures (right side), and
displayed based on Moran‘s I (phylogenetic correlogram). Confidence interval (CI)
based on 99 bootstraps. Significant phylogenetic signal was detectable only on very
short phylogenetic distances, i.e., between closely related taxa (CI above null line).
The measures of phylogenetic signal show a low signal except for Pagel‘s lambda,
which displayed medium-high values. Based on simulations, one study showed
that Moran‘s I and Abouheif‘s Cmean of 0.1 and 0.2 each, indicate a strength
of Brownian motion of approximately 0.3 (on a scale from 0 to 1) [Münkemüller
et al., 2012].
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3.3 Results
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3 Effects of temperature on pigmentation of mushrooms across Europe

3.3.6 Experimental heating of mushrooms with different color

Finally, we experimentally tested if mushrooms with a dark-colored cap heat up more

rapidly than light-colored mushrooms using two cultured variants of Agaricus bisporus

(Figure 3.12). Artificial solar radiation resulted in an increased warming of the dark-

colored vs. light-colored mushroom caps. This difference became stronger over time.

Using 12 replicates per color, we found that increased warming led to a significant

average difference of 1.2◦C after 5 minutes of artificial solar radiation (Figure 3.12)

Figure 3.12: Experimental effect of artificial solar radiation on mushroom cap temperature. We
used two cultured breeding variants (brown=dark and white=light) of Agaricus
bisporus [Genders, 1982] to test how mushroom cap lightness affects their temper-
ature dynamics. All mushroom individuals were of similar size and fresh weight.
We first cooled mushroom caps to ca. 12◦C in a refrigerator and measured the
initial cap temperature. We then placed caps beneath a solar lamp, which we
positioned at a distance to create ca. 30◦C on the cap surface. We measured the
cap temperature at regular intervals over time using an infrared thermometer (re-
moving the caps from the solar lamp for measurement). We alternated the order
of measurement of dark and light caps. A) Using this experimental design, we first
tested the temporal effect on mushroom cap temperature using 3 dark and 3 white
caps of A. bisporus individuals. We found that dark mushrooms were warmer than
light mushrooms and that this difference increased over time. Error bars denote
the upper and lower range. B) For a more robust statistical test of the warming
deficit of light caps, we then measured 12 dark and 12 light caps before and after
solar lamp exposure and found significantly warmer mushroom caps of the dark
variety after 5 minutes (difference between means: 1.21◦C). Note finally that this
result is consistent with studies demonstrating that dark-pigmented insects and
yeasts heated up faster and reached higher temperatures than lighter individuals
following irradiation [Kalmus, 1941, Willmer and Unwin, 1981]. Boxplots denote
the median (horizontal line) and interquartile range (colored box); whiskers show
three times the interquartile range. Figure on next page.
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3 Effects of temperature on pigmentation of mushrooms across Europe

3.4 Discussion

Using a large-scale European data set, we demonstrated that dark saprotrophic mush-

room assemblages are more prevalent in colder areas and seasons of the year. Our results

together with previous findings [Cordero et al., 2018] support the view that the theory of

thermal melanism is evident across kingdoms. Interestingly, ECM species are generally

darker in phenotype compared to saprotrophs, and their average assemblage-based color

lightness showed a much weaker response to the thermal environment. Our results thus

indicate a lifestyle-specific adaption of mushroom lightness to the thermal environment.

3.4.1 Nutritional mode disparity

Even though fungi of both nutritional modes (mutualistic ectomycorrhizal and sapro-

trophic) have the same fruit body type (mushrooms), they differ significantly in lightness

(Figure 3.7, Tables 3.5, 3.4). Indeed, we have shown that our study is consistent with

previous studies demonstrating significant differences of morphological traits of the fruit

body between these nutritional modes. It has been shown that mutualistic fungi have

larger fruit bodies as well as larger and more ornamented spores compared to free-living

saprotrophs [Bässler et al., 2014b, Calhim et al., 2018]. Furthermore, the fruit body

size versus number of fruit bodies trade-off is less pronounced for mutualistic fungi in-

dicating an overall higher level of reproductive biomass compared to saprotrophic fungi

[Bässler et al., 2014b, 2016a]. The production of large and many fruit bodies (repro-

ductive biomass [Halbwachs et al., 2016]) requires carbon acquisition, which is costly

for the organism. It has therefore been suggested that the evolution of the mutualistic

lifestyle in mushroom-forming fungi increased their reproductive fitness by receiving car-

bon from the symbiotic host plant which is consistent with mutualism theory [Bässler

et al., 2014b, Calhim et al., 2018, Leigh Jr, 2010]. In contrast, saprotrophic fungi have

to produce enzymes to gain carbon from the breakdown of organic matter. If the pro-

duction of pigments is costly and pigments are correlated with reproductive fitness, we

would expect that the mutualistic lifestyle could afford a higher level of mushroom pig-

mentation compared to free living saprotrophs.

However, mutualistic relationships not only provide opportunities but also constraints.

For example, environmental selection on ECM fungi can be affected by the hosts’ biol-

ogy and ecology via at least two possible mechanisms: (1) ECM species occur in darker

habitats owing to their symbiosis with forest tree species, and because forests are darker

and thus colder during the daytime than open fields or grasslands, ECM species might

have evolved darker mushroom phenotypes in order to enhance warming by solar radia-
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3.4 Discussion

tion. (2) ECM tend to produce fruit bodies towards late autumn (September, October),

when the host tree allocates carbon towards the root and ECM species [Kauserud et al.,

2010, Boddy et al., 2014]. Late fruiting coincides with lower temperatures, which could

also lead to stronger selection for darker mushrooms among ECM species. By contrast,

free-living saprotrophs might be less affected by spatial [Kauserud et al., 2010, Boddy

et al., 2014] and temporal constraints [Büntgen et al., 2013] and thus avoiding very

low temperatures. These additional hypotheses are currently difficult to assess because

habitat characteristics are still poorly characterized for most species due to a lack of

observational studies.

Our results together suggest thermal melanism for saprotroph fungi but do not indicate

that pigmentation of ECM mushrooms is associated with their thermal environment.

However, the weaker environmental selection of ECM mushroom color lightness by tem-

perature (Figure 3.8B) may be caused by a generally darker phenotype of ECM fungi

(Figure 3.7A).

3.4.2 Climate Change and mushroom color lightness

The main finding of our study is that mushroom color lightness of saprotrophs is darker

in cold environments and cold months of the year (Figure 3.8, Table 3.8). We were

further interested whether mushroom color lightness has responded to recent climate

warming (temperature shift). However, even though the trend was slightly positive for

both saprotrophic and ECM fungi, the change in mushroom color lightness was not

yet significant (Figure 3.13). Possible explanations for the lack of relationship between

climate change and mushroom lightness may be that: (1) species occurrences are stable,

but their abundances have changed, which we are not able to track given that our

dataset consists of presence/absence entries; (2) species occurrences are stable at the 50

x 50 km grid scale, as they can disperse and find suitable habitats within this scale. For

example, it is well known that many species move towards higher altitudes due to climate

warming [Chen et al., 2011]; and (3) dark-colored species might still exist by occupying

a suitable “cold” niche [Gange et al., 2018]. This phenomenon has been introduced to

explain that cold pockets prevent plant species from elevation shifts to track climate

warming [Scherrer and Körner, 2011]. Further studies are hence needed to illuminate

changes in abundance on a larger scale, based on fine-grained resolution. A local study

in Switzerland, for example, showed a recent increase in the number of fruit bodies

in the period 1991-2006 compared to 1975-1990 [Büntgen et al., 2013]. Another study

demonstrated a drought-induced reduction of sporocarps and species richness since 1995

[Büntgen et al., 2015]. This suggests that global warming can affect mushroom fruiting.
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3 Effects of temperature on pigmentation of mushrooms across Europe

A warmer environment might allow light-colored species to colonize a new habitat. On

the other hand, dark-colored species might disappear if physiological constraints are

limiting metabolism (e.g., overheating) and may be prone to colonize higher altitudes.

However, our results suggest that a shift in the community composition (change of

occupancy pattern, not abundance) due to global warming, as a result of pigmentation,

is likely a longer-term process.
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Figure 3.13: Effects of climate warming on change in mushroom color lightness. To test for
effects of climate warming on mushroom color lightness, we split our 40-year Eu-
ropean dataset into two time intervals: 1970–1990 and 1991–2010. The border
between these two time intervals marks the approximate border of accelerated
climate warming [Mann et al., 2004]. We calculated the change in temperature as
the mean annual temperature of the first time-interval subtracted from the mean
annual temperature of the second time-interval; the change in lightness is the
mushroom color lightness of the first time-interval subtracted from the mushroom
color lightness of the second time- interval. Effect of a change in temperature on
a change in mushroom color lightness of (A) saprotrophic fungi (blue) and (B)
ectomycorrhizal (orange) between the two time-intervals. Lines are linear model
regressions with error bars displaying 95% confidence interval.

3.4.3 Phylogenetic signal

We found a low phylogenetic signal for lightness (Figure 3.10), suggesting that lightness

of mushroom-forming fungi is not strongly conserved. The phylogenetic signal only in-

creased slightly but significantly towards the tips of the phylogeny (ca. 25 million years),

indicating conserved evolution below the genus level (Figure 3.10). Studies addressing

phylogenetic signal in color traits are rare, but one study found low phylogenetic signal

in plant fruit colors [Stournaras et al., 2013]. Supporting the general finding of low
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3.4 Discussion

phylogenetic signal, the widespread and species-rich genus Entoloma demonstrated that

lightness shifts also occurred on very small taxonomic scales, resulting in a positive color

lightness response with temperature and seasonality, even within this genus (Figure 3.9).

Further, the phylogenetic signal in temperature was equally high as lightness, indicating

a possible adaptation of lightness to temperature (Figure 3.10). Taxonomically well-

sampled fine-scale phylogenomic studies can further elucidate the evolutionary basis of

the color trait.

3.4.4 Alternative explanations beyond the thermal environment

Studies addressing the color lightness of insects have often found significant effects of

precipitation/humidity or UV radiation [Zeuss et al., 2014, Bishop et al., 2016, Hei-

drich et al., 2017]. Some studies suggested that UV radiation affects melanin within

mycelium [Cordero and Casadevall, 2017]. Furthermore, even though it has not yet been

addressed, we found it plausible to assume that the structure of the habitat (microcli-

mate conditions as they entail temperature variability) could also influence mushroom

color lightness. Besides temperature we tested the effects of other environmental factors,

namely mean annual precipitation, UV radiation, and relative forest cover (a proxy for

microclimate conditions), on mushroom color lightness. We found only weak correlations

among all variables (r<0.41), suggesting no confounding effects of precipitation, UV ra-

diation, and relative forest cover on temperature (Table 3.9). Further, in the general

additive model considering all variables, we found that besides temperature and season-

ality, precipitation was a strong predictor of mushroom color lightness for saprotrophs

(however, with lower F-values: 10.56 vs. 6.14, Table 3.9). Furthermore, relative forest

cover and UV index had no significant effects (Table 3.8). For ECM fungi, UV index,

as well as temperature, had small but significant effects on mushroom color lightness

(Table 3.8), however, with a positive response, meaning darker assemblages in environ-

ments with lower UV index (Figure 3.14). In the following, we will briefly discuss the

possible effects of precipitation, UV radiation, and relative forest cover on mushroom

color lightness, although these relationships remain speculative without further studies.
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3.4 Discussion

Precipitation. A recent study found a strong negative correlation between humid-

ity and Lepidoptera color lightness, suggesting a potential role of melanin in protec-

tion against pathogens [Heidrich et al., 2017]. Humid habitats coincide with a higher

pathogen (bacterial, fungal) pressure [Reilly et al., 2014, Yin et al., 2016], and melanin-

based dark pigments protect insects against pathogens [Wilson et al., 2001]. To the best

of our knowledge, such an antimicrobial protection is not known for mushrooms [Cordero

and Casadevall, 2017]. Further, impacting rain might cause mechanical damage in light-

colored species and especially fragile and soft-fleshed mushrooms (pigments can stabilize

cell walls, Figure 3.15).

Biotic effects

- Camouflage
(e.g., against mushroom-
feeding animals)
- Microbial resistance
(e.g., antibiotic)

- Warning colors of
specifically protected
fungi
- Warning colors of
defenseless fungi
mimicking protected
fungi
- Attractive colors
(e.g., spore dispersal
through animals)

Abiotic effects

- Energy harvesting
- Cell development
- Metal binding
- Resistance to
mechanical and
chemical stress

- Protection against
desiccation
- Photoprotection
(e.g. sun- or
UV radiation)

- Thermoregulation
(protection against heat
or cold)

Fluorescence

Hue

Saturation

Lightness

Phenotype

Figure 3.15: Overview of possible abiotic and biotic effects on the mushroom color phenotype.
Abiotic effects were adapted from [Cordero and Casadevall, 2017]; biotic effects
from [Caro, 2017]. The theory of ’thermal melanism’ is highlighted (see also Figure
3.3).

UV radiation. Many studies addressing insects have found effects of UV radiation

on assemblage lightness, favoring darker assemblages in high UV environments [Trul-

las et al., 2007]. Melanin also reduces UV-radiation-induced stress in fungal mycelium

and spores (photoprotection [Cordero and Casadevall, 2017]). Butterfly color lightness

was affected by UV radiation [Heidrich et al., 2017]; this effect was, however, tightly

correlated with temperature, which prohibited disentangling their independent effects.

These variables were not highly correlated in our dataset (Tables 3.8, 3.6), likely be-
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3 Effects of temperature on pigmentation of mushrooms across Europe

cause of the smaller spatial extent. However, we did not find a significant relationship

between mushroom color lightness and UV index for saprotrophs and a positive rela-

tionship with ectomycorrhizal assemblages (Figure 3.14, Table 3.9). Further, we found

that saprotrophic assemblages were darker in spring, fall and winter and lighter in the

warmest months (Figure 3.8). These results together strongly suggest that UV radia-

tion is not a significant driver of (saprotrophic) mushroom color lightness at the scale

of our study. One explanation for the contrasting responses of fungi and insects to UV

radiation [Bishop et al., 2016, Heidrich et al., 2017] might be that mushrooms have

a much shorter existence (hours to days) [Nagy et al., 2017] than butterflies or drag-

onflies (weeks to months [Resh, 2009]). Thus, the exposure time to radiation is lower

for mushrooms, and thus damage caused by UV radiation might cause a lower death rate.

Relative forest cover. Generally, mean annual temperature decreases from temperate

to boreal to arctic areas (latitudinal gradient). This macroclimatic temperature gradi-

ent, along with seasonality, was the main focus of our study, but temperature may also

vary at local-spatial scales due to vegetation properties and/or topographic variation.

From local studies we know that canopy cover is a suitable surrogate for microclimate

conditions [Bässler et al., 2010], creating more buffered but on average cooler climates

underneath the canopy. In our study therefore, grid cells with a high level of forest cover

might be cooler on average than those with a low cover. We, therefore, expected to find a

negative relationship of mushroom color lightness with forest cover (darker assemblages

on grids with a higher level of forest cover). However, even though we found a negative

relationship for both nutritional modes (more pronounced for saprotrophic fungi) the ef-

fect was not statistically significant (Table 3.8). It is important to note that co-linearity

between macro- and microclimate (Table 3.6) is very low. We, therefore, suggest that

macroclimate (represented by mean annual temperature across grids) is more important

than microclimate (variability in forest cover within grids) in affecting mushroom color

lightness. Several studies have followed this approach at smaller grain size and extent

[Bässler et al., 2010, Bässler et al., 2016b]. However, relative forest cover might not fully

represent temperature variability within grids, which might explain the non-significant

negative effect. Forest vs. open-land as proxy for microclimate would further depend

on the tree density (denser would mean colder) and the type of tree species (e.g., Fagus

sylvatica vs. Pinus sylvestris). A thorough test of the effect of local microclimatic vari-

ability on mushroom color lightness is thus left to further, experimental studies.

Finally, it is important to note that we focused on abiotic factors as drivers of mush-

room color lightness; however, biotic factors might likewise play an important role in
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3.4 Discussion

structuring fungal assemblages. To our knowledge, only one biotic hypothesis has been

addressed so far, namely whether mushroom color can act as a warning to herbivores,

but this hypothesis was not supported [Sherratt et al., 2005]. For further hypothesis

testing considering abiotic and biotic factors, we provide a conceptual overview within

Figure 3.15.

3.4.5 Conclusions

Our results provide the first evidence that a morphological trait – mushroom color – con-

tributes to structuring fungal communities at a continental scale. We demonstrate that

dark-colored saprotrophic mushrooms heat up more rapidly than light-colored mush-

rooms and that dark-colored assemblages are more prevalent in colder environments and

seasons of the year. These patterns thus yield further support extending the theory

of ’thermal melanism’ from the animal to the fungal kingdom and within fungi from

unicellular [Cordero et al., 2018] to multicellular fungi. We hypothesize that sapro-

trophic fungi with dark-colored mushrooms are at an advantage in cold climates via

increased reproductive success. Furthermore, this adaptation could play an important

role in maintaining the fungal-driven carbon and nutrient cycling in the Holarctic. The

low phylogenetic signal of color lightness supports the interpretation as adaptive selec-

tion by the thermal environment. Finally, our findings provide intriguing evidence that

transitions from saprotrophic to mutualistic lifestyle may have promoted mushroom-

darkening. However, we found no indication for thermal melanism in ectomycorrhizal

fungi, despite their being significantly darker than saprotrophic species, suggesting that

thermal melanism is specific to functional groups. Our results thus indicate a lifestyle-

dependent response of mushroom pigmentation to the thermal environment. The study

of color has a long tradition in animals and plants, but this study strongly suggests the

need for more research efforts to understand the biology of colors in the fungal kingdom.
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4 Independent effects of host and

environment on the diversity of

wood-inhabiting fungi

Abstract

Dead wood is a habitat for numerous fungal species, many of which are important agents

of decomposition. Previous studies suggested that wood-inhabiting fungal communities

are affected by climate, availability of dead wood in the surrounding landscape and

characteristics of the colonized dead-wood object (e.g. host tree species). These find-

ings indicate that different filters structure fungal communities at different scales, but

how these factors individually drive fungal fruiting diversity on dead-wood objects is

unknown. We conducted an orthogonal experiment comprising 180 plots (0.1 ha) in a

random block design and measured fungal fruit body richness and community composi-

tion on 720 dead-wood objects over the first four years of succession. The experiment

allowed us to disentangle the effects of the host (beech and fir; logs and branches) and

the environment (microclimate: sunny and shady plots; local dead wood: amount and

heterogeneity of dead wood added to plot). Variance partitioning revealed that the host

was more important than the environment for the diversity of wood-inhabiting fungi. A

more detailed model revealed that host tree species had the highest independent effect

on richness and community composition of fruiting species of fungi. Host size had sig-

nificant but low independent effects on richness and community composition of fruiting

species. Canopy openness significantly affected the community composition of fruiting

species. By contrast, neither local amount nor heterogeneity of dead wood significantly

affected the fungal diversity measures. Our study identified host tree species as a more

important driver of the diversity of wood-inhabiting fungi than the environment, which

suggests a host-centred filter of this diversity in the early phase of the decomposition

process. For the conservation of wood-inhabiting fungi, a high variety of host species in

various microclimates is more important than the availability of dead wood at the stand

level.
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4 Independent effects of host and environment on the diversity of wood-inhabiting fungi

4.1 Introduction

Many fungal species inhabit dead wood, where they are important agents of decom-

position and associated fluxes of carbon and nutrients [Floudas et al., 2012, Bradford

et al., 2014]. Although the global number of fungal species living on dead wood is

unknown [Boddy et al., 2007], a review study covering Norway, Sweden and Finland

documented that more than 2,500 species associated with dead wood exist in this area

[Stenlid et al., 2008]. On a single dead-wood log, at least 46 fruiting species can coex-

ist [Heilmann-Clausen and Christensen, 2004]. Despite the importance and diversity of

wood-inhabiting fungi, our understanding of the factors driving the spatial and tempo-

ral patterns of their diversity is limited. It is has been suggested that characteristics

of the colonized dead-wood object (host) and the environment surrounding an object

are important drivers of the diversity of wood-inhabiting fungi [Seibold et al., 2015a,

Heilmann-Clausen et al., 2016]. However, how the host and the environment individ-

ually affect fungal diversity on dead-wood objects is unknown [Bradford et al., 2014].

Untangling and comparing the importance of host versus environmental drivers would

yield basic ecological knowledge about wood-inhabiting fungal communities and allow

predictions about the influence of silviculture on this important group of fungi in forest

ecosystems.

Numerous studies have shown that the host affects the diversity of wood-inhabiting fungi

[Hoppe et al., 2015, Baber et al., 2016, Kahl et al., 2017]. The host is the resource and

provides energy for metabolism, growth and reproduction [Stokland et al., 2012], which

can be depleted [Field et al., 1992]. The host is also the habitat, which is characterized by

specific conditions, e.g. pH, moisture and composition of carbon compounds. Especially

the host tree species and the size of dead wood are important drivers of fungal diver-

sity (tree species: [Ferrer and Gilbert, 2003, Nordén et al., 2004b, Baber et al., 2016];

tree size: [Heilmann-Clausen and Christensen, 2004, Juutilainen et al., 2011]). Physic-

ochemical properties differ between host species, especially between gymnosperms and

angiosperms [Brunow, 2005, Higuchi, 2006], and this difference should contribute to ex-

plaining differences in the composition of fungal communities [Hoppe et al., 2015, Kahl

et al., 2017].

Furthermore, physicochemical properties and hence habitat conditions change over time

and are caused by biotic activity of fungal primary (endophytes) and secondary colo-

nizers (e.g. changes in the composition of carbon compounds [Hoppe et al., 2015]) or

non-fungal saproxylic organisms [Saint-Germain et al., 2007]). Both groups of colonizers

can affect the colonization success of species arriving later - the so-called ’priority effect’
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[Fukami et al., 2010, Dickie et al., 2012, Song et al., 2015, 2017, Hiscox et al., 2015b,a].

With regard to the size of a dead-wood object, a log provides more resources in space

and time for fungi than a branch [Heilmann-Clausen and Christensen, 2004, Juutilainen

et al., 2011]. Furthermore, logs and branches differ in their anatomical, chemical and

physical properties, e.g. the presence of heart wood [Jacobsen et al., 2003]. Therefore,

different wood-inhabiting fungal species could prefer different niches represented by dif-

ferent species and sizes of dead-wood objects [Juutilainen et al., 2011].

Beside host properties, the environment of a dead-wood object affects fungal diversity.

Among environmental conditions, stand microclimate and the amount and heterogene-

ity of dead wood in the surroundings seem to be of particular importance. First of

all, numerous studies have shown that the diversity of wood-inhabiting fungi is corre-

lated with canopy openness - a proxy for microclimate conditions [Bässler et al., 2010,

Bässler et al., 2016b, Lehnert et al., 2013, Horák et al., 2016]. This correlation is not

surprising as forest gap dynamics caused by anthropogenic disturbances, e.g. logging,

or natural disturbances, e.g. windthrows, insects, fire, or snow, is an important driver

influencing the diversity of forest species across numerous taxa at the landscape scale

[Swanson et al., 2011]. Variation in canopy openness is physically correlated to changes

in moisture and temperature regimes and to fluctuations of these variables also within

a dead-wood object [Scharenbroch and Bockheim, 2007, Seibold et al., 2016]. Variation

in microclimate within dead wood can therefore have pronounced effects on the fungal

community [Boddy and Heilmann-Clausen, 2008, Pouska et al., 2017]. However, current

results are inconsistent, and both negative [Bässler et al., 2010, Horák et al., 2016] and

neutral effects [Bässler et al., 2016b] of the microclimate on species richness have been

reported. Second, the amount and heterogeneity (e.g. different host tree species) of

dead wood at and around the stand can effect source populations of fungi [Edman et al.,

2004, Nordén et al., 2004b, Norros et al., 2012] . For example, when the amount of dead

wood in a forest stand is high, we would expect that more individuals occur in an area

owing to the larger dead-wood area (species pool, species-area relationship, [MacArthur

and MacArthur, 1961]). Consequently, more species would be found on a nearby ob-

ject because of increased colonization events due to dense spore rain near existing fruit

bodies (e.g. ’random replacement hypothesis’ [Coleman, 1981]). This view is supported

by one study, which showed that the number of fungal species on freshly cut logs was

higher on sites with large local amounts of dead wood than on sites with small amounts

[Edman et al., 2004],. The mechanism behind this pattern has been attributed to differ-

ences in donor populations caused by differences in resource availability. However, it is

not possible to infer from observational studies a causal relationship between dead-wood
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amount and fungal diversity because under natural conditions, the amount and hetero-

geneity of dead wood are often correlated [Müller and Bütler, 2010]; see also ’habitat

amount hypothesis’ [Fahrig, 2013]). By contrast, other studies observed no differences

in the fungal diversity pattern on objects exposed to different amounts of dead wood

in the surroundings [Olsson et al., 2011, Rolstad et al., 2004]. In these cases, drivers

other than dead-wood amount (e.g. abiotic environment) might have driven the fungal

diversity pattern on the logs.

Despite these numerous observational studies of the drivers of the diversity of wood-

inhabiting fungi, the relative importance and interaction of the host and environment

remain unclear. This lack of knowledge prohibits a deeper understanding of how fungal

communities are structured and limits our ability to take measures to maintain fun-

gal diversity and related processes in managed forest ecosystems. Therefore, we set

up an orthogonal experiment in which we varied the host and the environment. The

host was varied by adding dead wood of different species (fir or beech) and of different

size (branches or logs); The environment was varied by varying the stand microclimate

(sunny plots in forest gaps or plots under shady canopies) and by varying the local dead

wood by adding dead wood in high or low amounts and of low, middle or high hetero-

geneity (for definitions, see Table 4.1). We considered the number of fruiting species of

fungi (hereafter ’number of species’) and the community composition of fruiting species

(hereafter ’community composition’) on dead-wood objects as response variables and ad-

dressed the question: Is the host (species and size) more important for fungal diversity

than the environment (stand microclimate and local dead wood)?
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4 Independent effects of host and environment on the diversity of wood-inhabiting fungi

4.2 Methods

4.2.1 Study area and experimental design

The experiment was conducted in the management zone of the Bavarian Forest National

Park in south-eastern Germany. The management zone covers an area of ca. 6,000 ha

around the ca. 18,000 ha core zone. The former is characterized by montane mixed

forest consisting of Norway Spruce (Picea abies (L.) H. Karst), European Beech (Fagus

sylvatica L.) and Silver Fir (Abies alba Mill.) [Bässler et al., 2010]. Overall, 180 plots of

0.1 ha were arranged in a random block design of five blocks (Figure 2.3).
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Figure 4.1: Study design for testing the effect of the host (tree species and size) and envi-
ronment (canopy openness, dead-wood amount and dead-wood heterogeneity) on
wood-inhabiting fungi. Dead-wood amount was either low or high; dead-wood het-
erogeneity was characterized as combinations of different types of dead wood (two
host species and two sizes). Host species were Fagus sylvatica (European Beech)
and Abies alba (Silver Fir); sizes were branches (fine woody debris; FWD) and
logs (coarse woody debris; CWD). All combinations were set up on plots in sunny
gaps or under shady canopies (inset bottom left). The experimental set-up was a
random block design with five blocks (A-E) on 180 plots (inset bottom middle).
On each set plots with low and high amounts of dead wood, a subset of two CWD
and/or four FWD objects were sampled.
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In autumn 2011, we freshly cut and directly deposited (within less than eight weeks)

ca. 7,400 dead-wood objects of four different types: logs (coarse woody debris; mean

diameter ± SD = 33 ± 6.5 cm, length = 5 m) and branches (fine woody debris; mean

diameter ± SD = 3.2 ± 1.3 cm, mean length ± SD = 2.7 ± 0.88 m) of beech and fir. The

wood objects were taken from trees of the same age that were harvested from the same

forest stand. Each plot contained either fine or coarse woody debris or both and either

beech or fir or both (Figure 4.1; see also [Seibold et al., 2016]), creating three levels

(low, middle and high) of dead-wood heterogeneity. The lowest level comprised either

logs or branches of beech or fir; the intermediate level comprised logs and branches of

beech or fir, or logs or branches of beech and fir; and the highest level comprised logs

and branches of beech and fir (Figure 2.1). Half of the plots contained a low amount

of local dead wood (8 branches of ca. 0.2 m3 ha−1 or 4 logs of ca. 10 m3 ha−1) and

the other half contained a high amount of local dead wood (80 branches of ca. 2 m3

ha−1 or 40 logs of ca. 100 m3 ha−1). We used canopy openness as a surrogate for stand

microclimate [Vodka et al., 2009, Müller et al., 2015, Seibold et al., 2016] and created

each combination of dead-wood amount and heterogeneity twice per block, once in a

sunny gap and once under a shady canopy (Figure 4.1). The sunny gaps are a result

of clearings; an area of 0.1 ha was freed from living or dead trees. Penetration rates

of airborne LiDAR (light detection and ranging) differed considerably between sunny

and shady plots (ca. seven-fold) on an area of 0.5 ha (Figure 4.2). To avoid shading

by a dense grass layer surrounding the logs and branches on sunny plots, each plot was

mowed once a year during the growing season (for details, see [Seibold et al., 2016]).
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Figure 4.2: Characterization of canopy openness using ground observations (tree cover, 0.1 ha)

and LiDAR-based penetration rate (0.5 ha).

We calculated an index of local dead-wood heterogeneity as the number of different

substrate types per plot, ranging from low to high (according to the above classification of

the heterogeneity set-up; [Siitonen et al., 2000], see Figure 4.1). To precisely characterize

the amount of dead wood per plot, we calculated the surface area of each object using

the formula for a truncated cone and summed the surface area of all logs and branches

and of the sampled objects separately (see below). Surface area was calculated from the

length and diameters measured on both ends of each object. We considered surface area

as recommended [Heilmann-Clausen and Christensen, 2004], because we sampled fruit

bodies on the surface of dead-wood logs and branches and because the surface of an object

basically reflects the number of arriving propagules; objects with larger surfaces are more

likely to be reached by a spore (airborne dispersal) or mycelium (soilborne dispersal), as

as suggested [Edman et al., 2004] and in theory by the random replacement hypothesis

leading to a species-area relationship [Coleman, 1981].

4.2.2 Fruit body sampling

We sampled fruit bodies on a subset of two logs and four branches on each plot three

times per year for four consecutive years (2012-2015), which led to a total of 720 sampled

objects (hosts). The first campaign of each year was in spring (April/May), the second in

99



4 Independent effects of host and environment on the diversity of wood-inhabiting fungi

summer (July/August) and the third in autumn (September/October), the main season

of fruit body development. Fruit bodies were identified in the field or, if necessary,

in the laboratory with the aid of a microscope. Voucher specimens were deposited

in the herbarium of the Bavarian Forest National Park. The nomenclature followed

MycoBank [Crous et al., 2004] (see Table A 2.3 for the complete list of species). We

considered all visible species, in contrast to other studies, which restricted investigated

fruit bodies to a size threshold of > 1-5 mm [Nordén et al., 2004a] or 10 mm [Ódor

et al., 2006] or to a taxonomic group, e.g. polyporoid fungi [Junninen et al., 2006]. A

threshold of 1 mm would exclude some of the smallest sporocarps that we observed, e.g.

Hamatocanthoscypha laricionis (Velen.) Svrcek (145 records), whose fruit bodies do not

exceed 0.5 mm [Huhtinen, 1990]. To ensure an effective and non-redundant sampling,

we divided logs into seven sectors, two representing the cut edges of the log and five

representing the trunk surface (each 1 m long), and sampled fruit bodies within each

sector. Each branch was considered as one sector. Based on these data, we calculated a

community matrix, within which the abundance of a species on an object is the sum of

occupied sectors, summed across the three campaigns per year.

4.2.3 Statistical analysis

To approach our study question, we first used variance partitioning to test for overall

effects of host and environment on the number of species and community composition.

Then we used a serial model framework to disentangle the individual effects of all main

predictors and their interactions on richness of species (for definition see below) and

community composition by accounting for sampled surface. For the latter step, we used

three approaches: 1) linear mixed effects and generalized linear mixed-effects models for

the response variable number of species; 2) linear mixed effects models for the first four

axes of a correspondence analysis (LME-CA); and 3) ANOVA-like permutation tests for

constrained correspondence analysis (ANOVA-CCA). The ANOVA-CCA integrates the

full ordination space (all axes), but does not consider the nested design of our study. By

contrast, the LME-CA analysis accounts for the nested design of our study by integrating

a random effect.
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Figure 4.3: Scatterplot of the number of fruiting species of fungi and numbers of fungal fruit
bodies. We found a strong correlation (adjusted R2 = 0.84) and thus analysed the
number of species as a measure of alpha-diversity. Note that the x- and y-axes are
on a log-scale.

4.2.3.1 Data preparation

First, we calculated the number of species for each object and year. This measure was

closely correlated with the total abundance on this object of the respective year (sum of

the sectors for each object and year summed over three campaigns, adjusted R2 = 0.84,

p < 0.001; both were log10-transformed; Figure 4.3, see also above for the definition of

species abundance on an object). Second, we considered the community composition

and used abundance data (square-root transformed) and presence/absence data. We

considered only species that occurred on at least five objects in a respective year, and to

generate robust communities, we considered only objects with at least three species in a

respective year. To increase the explained variance of our final model (described below),
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4 Independent effects of host and environment on the diversity of wood-inhabiting fungi

we empirically tested the influence of species that occurred on at least one to six objects

in a year and compared the explained variance (R2) of our final CCA models. This

exercise showed that inclusion of species that occurred on at least five objects within a

particular year yielded the highest R2 value; we used this threshold for all subsequent

analyses. To test whether the excluded rare species had any effect on our interpretation,

we compared the reduced community matrices with the full community matrix based on

procrustes rotation using the function protest in the R package ’vegan’. All R2 values

of the comparisons were above 0.99; thus, rare species did not significantly affect our

analysis.

4.2.3.2 Variance partitioning

To assess overall effects, we partitioned the variance in the response variables number of

species and the community composition between (1) the host set (host species and host

size) and the environmental set (stand microclimate, local dead wood), considering year

as a covariate. We calculated the individual fractions of the variables sets by using partial

(linear) regression [Peres-Neto et al., 2006] for the number of species using the function

varpart in the R package ’vegan’ [Oksanen, 2015]. For community composition, we used

partial constrained correspondence analysis using the function cca in the R package

’vegan’. We report the adjusted R2 values for individual effects (fractions explained

uniquely by each of the two sets and year as covariate) scaled to 100%.

4.2.3.3 Models for the number of species

To assess the main and interacting effects of each predictor on the number of species,

we constructed a series of models. Our first model, which we termed the ’sample model’

(Table 4.2), included the factorial predictors year and size (logs or branches) and the

interacting relationship between year, size and the log10-transformed sampled surface

(i.e. the surface area of the sampled logs and branches). This model showed signifi-

cant interactions between size and sampled surface across years (Figures 4.6, 4.7). We

therefore decided to include an interaction term that considered year, size and sampled

surface as a covariate in all subsequent models. This approach allowed us to interpret

species numbers as species richness because the models accounted for sampling effort

(surface) [Gotelli and Colwell, 2011]. We therefore used the term ’species richness’ in

cases where we controlled for sampling effort in the models.
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4.2 Methods

In the second model, i.e. the ’basic model’ (Table 4.2), we added treatment vari-

ables (host species, canopy openness, local dead-wood amount and local dead-wood

heterogeneity) to the sample model. Based on this model, we systematically checked for

interactions among all two-way combinations of predictors, i.e. canopy openness, host

species, host size, local dead-wood amount, local dead-wood heterogeneity and year.

We iteratively added one of the two-way interactions to the basic model and tested for

a significantly better fit of the model using the function anova within the R package

’stats’. If the model with the new interaction yielded a significantly better fit (based

on the Chi-square test, as we used models with Poisson error) than the basic model, we

added this interaction to the final model.

Our third, ’final model’ then consisted of the basic model and significant interacting

effects (Table 4.2). We considered only two-way interactions to reduce complexity. We

used linear mixed effects models using the functions lmer/glmer within the R package

’lme4’ [Bates et al., 2015]. Each model contained ’object’ nested within ’plot’ nested

within ’block’ as random effect to account for the nested design and repeated sampling

of objects. The number of species is a count variable; therefore, a statistical model using

the Poisson error distribution with a log-link function would be an appropriate choice

(generalized linear mixed-effects model, GLME). As the results of such models showed

over-dispersion, we included a random variable to account for individual-level variability

[Elston et al., 2001]. In all models that included such an individual-level factor, the algo-

rithm for estimating the model failed to converge. Therefore, we log10-transformed the

number of species and used a linear mixed-effects model (LME). Solutions of the GLME

and LME were consistent (Tables 4.2, 4.3). For all comparisons within and among the

models, we used standardized effect sizes of the parameter estimates with an expected

mean of 0 (z-values = estimates divided by the respective standard error [Bring, 1994],

and p-values were inferred using the R package ’multcomp’ [Hothorn et al., 2008]. Note

that we tested for interactions independent of the significance of main effects as signif-

icant factorial interactions can be meaningful without overall significant effects of the

individual factors (’crossover interactions’, e.g. [VanderWeele and Knol, 2014]).

103



4 Independent effects of host and environment on the diversity of wood-inhabiting fungi

Table 4.2: Serial model framework. We fitted three models for different response variables. (1)
log10-transformed richness of fruiting species of fungi; (2) scores from the first four
CA (correspondence analysis) axes and (3) the constrained correspondence analysis
(CCA) without random effect. The sample model tests for the interacting relation-
ships between sampled surface, size and year. In the basic model, we added the
treatment variable host species and the environmental variables canopy openness
and local dead-wood. The final model included all significant two-way interactions
among these predictors after all combinations were tested (for details, see Statistical
analysis).

Model Description Predictors

Sample Check for co-variation year + host size +

of year, size year : host size : sampled surface +

and sampled surface (1|block/plot/object)

Basic Added treatment variables year + host size +

and systematically checked year : host size : sampled surface +

for interactions among (1|block/plot/object) + host species +

all predictors local amount + local heterogeneity

+ canopy openness

Final Sample model and example: year + size +

all variables with year : host size : sampled surface +

significant interactions (1|block/plot/object) +

(tested in basic model) significant interactions

estimated as overall

and interacting effects

4.2.3.4 Models for the community composition

As outlined above, we used two approaches (LME-CA and ANOVA-CCA) to address the

main and interacting effects of the predictor variables on the community composition as

a response. For the first approach (LME-CA), we subjected the final community ma-

trix to a correspondence analysis (CA) using the function cca in the R package ’vegan’.

We used the scores of the first four CA axes for further analysis. We also used pres-

ence/absence data to calculate the CA (results not shown) and found a high consistency

with the abundance-based results. This consistency was not surprising as we found a

strong relationship between these two correspondence analyses (R2 = 0.96, p < 0.001,

permutations = 9999, based on procrustes rotation with the function protest from R

package ’vegan’). Using the scores of the first four axes from the CA, we applied the

same model framework as for the number of species (see above). As the derived axes
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4.3 Results

from the CA ordination were normally distributed, we used LMEs for these models.

Using scores of the CA axes within the LME-CA framework allowed us to specify a

random effect to account for the nested design of our study. However, to consider the

full ordination space, we fitted in a second approach (ANOVA-CCA) the same series

of models (sample, basic and final) as described above using the function cca in the R

package ’vegan’ and used ANOVA-like permutation tests for constrained correspondence

analysis to test for significance of predictors and interactions (function anova.cca within

the R package ’vegan’). We interpreted effects as significant in our study if effects were

significant across statistical approaches (for species richness LME and GLME; for the

community composition LME-CA and ANOVA-CCA).

4.3 Results

A total of 45,992 sectors were occupied by at least one fungal species (we considered an

occupied sector as a record). The number of records increased with succession (2012:

3,880; 2013: 9,124; 2014: 15,837 and 2015: 17,151). Across all records, we found 291

species of fungi, including 116 species of Ascomycota and 175 species of Basidiomycota.

The most common basidiomycete species was Cylindrobasidium leave (Pers.), and the

most abundant ascomycete species was Hypoxylon fragiforme (Pers.) J.Kickx.f. (for

the rank-abundance curve and the 20 most abundant species, see Figure 4.4). The

set of host variables (host species, host size) clearly explained more of the partitioned

variance of number of species and community composition than the environment (stand

microclimate, local amount and local heterogeneity of dead wood, Figure 4.5).
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4 Independent effects of host and environment on the diversity of wood-inhabiting fungi

Basidiomyota
Ascomycota

20 most abundant:
Hypoxylon fragiforme
Cylindrobasidium laeve
Schizophyllum commune
Stereum sanguinolentum
Trametes hirsuta
Bisporella antennata
Nectria coccinea
Dacrymyces stillatus
Coniochaete velutina
Stereum hirsutum
Exidia plana
Lophium mytilinum
Gloeophyllum sepiarium
Melanomma pulvispyrius
Ascocoryne sarcoides
Bjerkandera adusta
Lachnellula calyciformis
Hypoxylon cohaerens
Amylostereum chailletii
Peniophora cinerea
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Figure 4.4: Rank-abundance curve based on the number of records. The species names of the
20 most abundant species of Ascomycota and Basidiomycota are given. Note that
the y-axis is on a log-scale.
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4.3 Results

Figure 4.5: Variance partitioning of the number of fruiting species of fungi and community
composition of fruiting species between two variables sets. The variance was par-
titioned between the host set (host species and size) and the environmental set
(stand microclimate and local dead wood). The explained variance was 61.6% for
fruiting species richness and 9.2% for community composition of fruiting species.
Remaining variance was attributed to the year, which was included as covariate.

4.3.1 Species richness

The relationship between the number of species and the sampled surface differed be-

tween the two size classes (Figure 4.6). For logs, this relationship was initially negative

and became positive with succession (Figure 4.6). For branches, the relationship was

consistently positive, and effect sizes were higher than for logs (Figure 4.6; Table 4.3,

sample model). The number of species of beech and fir of logs and branches increased
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4 Independent effects of host and environment on the diversity of wood-inhabiting fungi

with the first three years and levelled off in the fourth year with one exception — the

number of species on fir branches showed no clear trend across years (Figure 4.7).
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Figure 4.6: Scatterplots of number of fruiting species of fungi in relation to surface sampled
by year and size. Note the log-scale of the x- and y-axes. The y-axis for logs is
displayed at the top; the y-axis for branches is displayed at the bottom. Shown are
raw data for single objects and the line of best fit with the predicted confidence
interval.

Our mixed-effects models revealed host species, host size and year as important drivers

of species richness (Tables 4.3, 4.4). Beech harbored more species than fir, and logs

harboured more species per surface area than branches (Tables 4.3, 4.4). Local dead-

wood amount and heterogeneity had no significant effect on species richness (Tables 4.3,

4.4). Canopy openness showed no significant effect in the basic model of the GLME

(Tables 4.3, 4.4); therefore, we did not consider this effect as significant.
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Figure 4.7: Box plots showing number of fruiting species of fungi by years (2012-2015), separate
for host species (fir, Abies alba; beech, Fagus sylvatica) and size classes. Note the
log-scale of the y-axis. Black dots indicate the medians; boxes indicate the lower
and upper quartiles; grey dots are outliers; and error bars are the minimum and
maximum without outliers. Angiosperm tree image by Michele M. Tobias under
creative commons (http://phylopic.org, https://creativecommons.org/licenses/by-
nc-nd/3.0/).

We found four significant interactions (Tables 4.3, 4.4); between host species and year

(the richness increase between 2012 and 2013/2014/2015 was stronger for beech than

for fir), between canopy openness and year (the richness difference between 2012 and

2013/2014 was higher under shady canopies than in sunny gaps), between host species

and canopy openness (the richness difference between beech and fir was lower under

shady canopies than in sunny gaps) and between canopy openness and host size (the
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richness difference between logs and branches was lower under shady canopies than in

sunny gaps).
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4.3 Results

Table 4.3: Summary of statistics from the serial model framework with richness of fungal fruit-
ing species as response variable using linear mixed effects models (LME). We show
the standardized effect sizes of the parameter estimates using an expected mean of
0 (z-values, estimates divided by the respective standard error); boldface indicates
significant values. The marginal R2 (variance explained by fixed factors) is given.
Effects in parentheses were not significant in the basic model of the LME or the
generalized linear mixed-effects model (GLME, Table 4.6) and were therefore not
interpreted. The grey-shaded area represents the main treatment effects (without
interaction). The first factor named is the reference factor.

Sample Basic Final

Intercept 7.30 8.45 10.15

Year - 2013 vs 2012 1.90 2.14 1.05

Year - 2014 vs 2012 8.02 8.25 7.13

Year - 2015 vs 2012 5.79 5.99 6.63

Size - branches vs logs -3.20 -3.24 -3.66

Host species - fir vs beech -20.07 -9.01

Canopy openness - shady vs sunny 1.97 (-5.48)

Local amount 0.34

Local heterogeneity - mid vs low -0.66 (-2.32)

Local heterogeneity - high vs low -0.90 -1.82

Year 2013 : host species - fir -6.91

Year 2014 : host species - fir -6.14

Year 2015 : host species - fir -8.31

Year 2013 : canopy openness - shady 3.39

Year 2014 : canopy openness - shady 2.43

Year 2015 : canopy openness - shady -1.27

Host species - fir: canopy openness - shady 7.36

Size - branch : canopy openness - shady 3.33

Canopy openness - open : local heterogeneity - mid 2.52

Canopy openness - open : local heterogeneity - high 1.71

Year 2012 : size logs: sampled surface -1.65 -0.44 -1.21

Year 2013 : size logs: sampled surface 1.38 3.06 3.64

Year 2014 : size logs: sampled surface 1.34 3.06 3.47

Year 2015 : size logs: sampled surface 2.31 4.21 4.62

Year 2012 : size branches: sampled surface 3.38 1.69 3.64

Year 2013 : size branches: sampled surface 3.55 2.05 1.87

Year 2014 : size branches: sampled surface 6.34 4.94 5.10

Year 2015 : size branches: sampled surface 5.38 3.88 4.20

R2 0.57 0.66 0.69
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Table 4.4: Summary of statistics from the serial model framework using richness of fruiting
species of fungi as response variable and generalized linear mixed-effects models
(GLME). We show the standardized effect sizes of the parameter estimates using an
expected mean of 0 (z-values, estimates divided by the respective standard error);
boldface indicates significant values. The marginal R2 (variance explained by fixed
factors) is given. Effects in parentheses were not significant in the basic model of the
GLME or the linear mixed effects model (LME) and were therefore not interpreted.
The grey-shaded area represents the main treatment effects (without interaction).
The first factor named is the reference factor.

Sample Basic Final

Intercept 8.31 9.55 10.22

Year - 2013 vs 2012 0.91 1.04 0.37

Year - 2014 vs 2012 5.56 5.62 4.62

Year - 2015 vs 2012 4.93 5.00 5.28

Size - branches vs logs -3.86 -3.85 -4.03

Host species - fir vs beech -21.06 -6.93

Canopy openness - shady vs sunny 0.01 (-3.45)

Local amount 0.17

Local heterogeneity - mid vs low -0.71

Local heterogeneity - high vs low -0.71

Year 2013 : host species - fir -4.66

Year 2014 : host species - fir -3.41

Year 2015 : host species - fir -4.73

Year 2013 : canopy openness - shady 2.03

Year 2014 : canopy openness - shady 2.00

Year 2015 : canopy openness - shady -1.44

Host species - fir: canopy openness - shady 7.01

Size - branch : canopy openness - shady 2.59

Year 2012 : size logs : sampled surface -1.48 -0.05 -0.63

Year 2013 : size logs : sampled surface 1.98 4.26 4.74

Year 2014 : size logs : sampled surface 1.58 4.06 4.30

Year 2015 : size logs : sampled surface 1.89 4.41 4.48

Year 2012 : size branches : sampled surface 2.25 1.26 2.22

Year 2013 : size branches: sampled surface 1.97 1.01 0.77

Year 2014 : size branches: sampled surface 4.93 3.85 3.92

Year 2015 : size branches: sampled surface 5.16 4.17 4.48

R2 0.52 0.61 0.62
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4.3.2 Community composition

The community composition was mainly driven by host species (Figure 4.8, Tables 4.5,

4.6). Moreover, canopy openness, host size and year also showed significant relationships

with the community composition (Figure 4.8, Tables 4.5, 4.6). We found no significant

overall effects of local amount and heterogeneity of dead wood on the community com-

position (Tables 4.5, 4.6; note that we considered an effect as significant only if the effect

was significant in both the ANOVA-CCA and the LME-CA model).

We found four significant interactions (Tables 4.5, 4.6): between host species and year

(the difference in the community composition between beech and fir increased with time)

and between canopy openness and year (the difference in community composition be-

tween 2012 and 2013/2014/2015 was higher under shady canopies than in sunny gaps),

between host species and canopy openness (the difference in community composition

between beech and fir was higher under shady canopies than in sunny gaps), between

host species and host size (the difference in community composition between beech and

fir was higher on branches than on logs).
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Figure 4.8: Ordination of the community composition of fungal fruiting species based on con-
strained correspondence analysis (CCA). Abundance data were square-root trans-
formed. We used year, canopy openness, size, local dead-wood amount and local
dead-wood heterogeneity as constraint environmental variables. Displayed are the
two main drivers of the community composition, namely host species and canopy
openness. Size had a minor effect (see Table 4.2). Note that most of our en-
vironmental variables are factorial treatments, which cannot be easily displayed
as arrows within the CCA. Angiosperm tree image by Michele M. Tobias under
creative commons (http://phylopic.org, https://creativecommons.org/licenses/by-
nc-nd/3.0/) and the color was changed.
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4.4 Discussion

4.4 Discussion

In this study, we quantified the effects of the host (tree species and size) and the envi-

ronment (stand microclimate: sunny gaps and shady canopies, local dead wood: amount

and heterogeneity of dead wood added to a plot) on the fungal richness and commu-

nity composition on single dead-wood objects over time. Our analysis was based on

an orthogonal experiment that allowed identification and quantification of independent

effects of these variables, which are usually correlated in observational surveys. Variance

partitioning revealed that the host was a more important driver of species richness and

community composition than the environment. Among all individual treatment vari-

ables, we found that the host species had the highest relative effect on the diversity of

wood-inhabiting fungi on a dead-wood object. Canopy openness significantly affected

the community composition. The host size had significant but rather small effects on

species richness and community composition. By contrast, local amount and hetero-

geneity of dead wood showed no significant effects on species richness and community

composition.

4.4.1 The importance of host species and size

Among the investigated variables, host species was important throughout all models

of species richness and explained most of the variation in the community composition

(Tables 4.5, 4.4). Specialization of wood-inhabiting fungi on species of a particular host

genus and to a lesser extent on a tree species have been documented [Heilmann-Clausen

and Christensen, 2005, Baber et al., 2016, Heilmann-Clausen et al., 2016]. Especially

wood of gymnosperms and angiosperms differ in numerous properties [Cornwell et al.,

2009, Kahl et al., 2017]. and many wood-decaying fungi show preferences for one of

these two major plant lineages [Gilbertson, 1980, Hibbett and Donoghue, 2001, Hoppe

et al., 2015]. Such clear differences in preference for gymnosperm and angiosperm trees

have also been shown for assemblages of phytophagous insects [Brändle and Brandl,

2006]. Furthermore, our results showed that the effect of year differed between host

tree species, as indicated by their interaction (Table 4.3). This result points to clear

differences between the two host species in their successional trajectories. However, we

did not measure decomposition explicitly, and the decomposition process can succeed

at very different rates in different tree species [Weedon et al., 2009]; thus, we did not

interpret this interaction as a difference in decomposition between tree species.

We are far from having a complete mechanistic understanding of why fungal communities

differ between host species and why the communities show different successional trajec-
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4 Independent effects of host and environment on the diversity of wood-inhabiting fungi

tories. The differences in fungal communities between beech and fir might be due to both

abiotic and biotic factors (filters) and their interactions. It is well known that species

of host trees differ considerably in their physicochemical properties and hence in basic

habitat conditions for fungi [Cornwell et al., 2009, Kahl et al., 2017, Hoppe et al., 2015].

However, recent studies have also shown the importance of endophytic fungi of wood,

which are prevalent even in living trees and are able to switch to a saprophytic lifestyle

after the death of the tree [Promputtha et al., 2007, Parfitt et al., 2010, Song et al., 2017].

Activity of this primary colonizer community also potentially influences micro-habitat

conditions of the host tree via modification of woody compounds (e.g. lignin, cellulose

decay with cell wall density loss; [Schilling et al., 2015, Song et al., 2017]) and related

metabolites plus the possible response (production of secondary metabolites) of the host

[Hiscox et al., 2015b]. The endophytic community is most likely primarily driven by

the identity of the host species, i.e. angiosperm versus gymnosperm, and secondarily by

the vitality of the host [Schwarze et al., 2000], which could also contribute in explaining

differences in diversity patterns between hosts (Figure 4.8, Table 4.5). However, to the

best of our knowledge, no study has demonstrated the differences in wood-endophyte

communities of angiosperm and gymnosperm trees. Even though we did not determine

the endophytic community at the beginning of the experiment, we detected fruit bodies

of 5 of 11 known endophytic species on beech objects (angiosperm wood) (Biscognauxia

nummularia, Eutypa spinosa, Fomes fomentarius, Hypoxylon fragiforme and Stereum

rugosum; Figure 4.9). Most species were missing in the fruit body record in the first

year after exposure; however, the 5 detected species were found after four years. Inter-

estingly, Hypoxylon fragiforme was highly abundant at the start and across all years,

and was the most abundant species in our experiment (Table B.1, Figure 4.8). This

observation supports the view that species known as endophytes are prevalent after tree

death in consecutive years. Experiments have demonstrated that the identity and abun-

dance of primary colonizers can have effects on species communities of later decay stages

(known as ’priority effect’), which can differ with tree species [Hiscox et al., 2015b,a,

Leopold et al., 2017]. More studies are needed to disentangle the complex interactions

between abiotic and biotic effects driving the differences in fungal communities among

host species.
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Figure 4.9: Occurrence of fruit bodies of five endophytic fungi in four years of the initial phase
of decomposition, given as the number of records (sectors occupied) per year.

Our model framework, which standardized for the sampling effort, revealed a signif-

icant negative difference between branches and logs. This means that logs harbor on

average a higher number of species per surface area of an object than branches. One

possible explanation for the observed pattern might include the more cryptic variation

in dead-wood characteristics within a log compared to a branch. For example, temper-

ature, wood density, water content, and decay stage can considerably vary within large

logs [Graham, 1924, Saint-Germain et al., 2010, Leather et al., 2014]. Therefore, the

effect of dead-wood size might include an increase in the number of habitats (niches),

i.e. habitat heterogeneity, which is an important driver of saproxylic beetle richness

[Seibold et al., 2016].

4.4.2 The importance of the stand microclimate

Our models consistently revealed a significant effect of microclimate on the community

composition. This effect indicates that fungal species differ in their preferences for mi-

croclimate conditions and suggests that wood-inhabiting fungi are adapted to different

microclimates. Norros and colleagues showed that sunlight and freezing causes severe

spore mortality, which supports the view that microclimate is an important environ-

mental filter for wood-inhabiting fungi [Norros et al., 2015]. Moreover, in our models,

we found a significant interaction of host species and canopy openness (Tables 4.5, 4.6).

Based on a visual inspection of the ordination (Figures 4.8, 4.10) for unconstrained corre-

spondence analysis), this interaction suggests that the community composition of beech

and fir are more similar in sunny gaps than under shady canopies (Table 2.1). Beech

and fir specialists seem to form more distinct communities under shady canopies, which

are characterized, e.g. by microclimatic conditions with fewer and lower temperature

amplitudes than in sunny gaps. Sunny gaps are characterized by a harsh microclimate
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4 Independent effects of host and environment on the diversity of wood-inhabiting fungi

(e.g. more temperature extremes), which might be unfavorable for host specialists, and

thus opportunistic species become predominant and communities become more similar.

An example of a host specialist is Amylostereum chailletii. This species was recorded

only on fir and occurred on 84% of all occupied objects under shady canopies and on

only 16% of the objects in sunny gaps. An example of a host opportunistic species

that becomes more abundant in sunny gaps is Coniochaeta pulveracea. This species was

recorded on both beech (74%) and fir (26%) but occurred on 96% of all occupied objects

in sunny gaps. Species of the genus Coniochaeta consist mainly of very small, black, hard

fruit bodies, and it is known that some even survive fires, which are adaptations that

suggest that Coniochaeta sp. are specialists of harsh microclimate conditions [Wicklow,

1975]. However, at present, we have only a limited understanding of the morphological

and physiological adaptations of fungi to environmental conditions [Norros et al., 2015,

Pringle et al., 2015] and how they relate to different host species and subsequently in-

fluence assembly processes.
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Figure 4.10: Ordination of the community composition of fungal fruiting species based on cor-
respondence analysis (CA). Abundance data were square-root transformed. We
colour coded tree species (red: beech, blue: fir) and canopy openness (light: sunny,
dark: shady).

Species richness, in contrast to the community composition, was not significantly

affected by canopy openness (Table 4.3). Some of the few existing studies have suggested

that canopy openness reduces the number of species [Bässler et al., 2010, Horák et al.,

2016] and another reported no effect [Bässler et al., 2016b]. One explanation for the

conflicting results might be that these studies were based on survey data, in which

important drivers of species richness were either unknown or correlated, which leads to

confounding effects. In survey studies, the history of the dead-wood objects is usually

unknown. The cause of death, however, can have strong effects on the species diversity,

which might overlay effects of microclimate [Renvall, 1995, Boddy, 2001, Nordén et al.,

2004b]. For example, mortality might be caused by large-scale windthrow or insect-pest

disturbance, in contrast to thinning under a dense canopy with patchily distributed dead
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wood throughout the year [Fricker et al., 2008]. Thus, different levels of canopy openness

(and thus microclimates) are created depending on the cause of death. Furthermore, the

way a tree dies affects the chemical and physical properties of the log or branch [Stokland

et al., 2012], and consequently, this affects how the subsequent decay succession proceeds

[Renvall, 1995, Stokland et al., 2012, Ottosson et al., 2014]. In addition, the amount

of dead wood in survey studies is often correlated with microclimate; larger gaps, e.g.

caused by a disturbance event, are not only correlated with more dead wood but also alter

the stand microclimate. In such a scenario, it is furthermore not possible to disentangle

effects of dead-wood amount and dead-wood heterogeneity (see above and [Müller and

Bütler, 2010, Seibold et al., 2015a, Bässler et al., 2016b]). Our study overcame such

confounding effects by standardizing the history of the hosts (trees of the same history

and age harvested from one stand), cause of death (cutting by chainsaw), local dead-wood

amount, local dead-wood heterogeneity and one of two microclimate conditions (either

sunny gaps or shady canopies). Hence, a similar number of species but a clear difference

in the community composition supports the view that fungal species are adapted to

different microclimates.

4.4.3 Effects of local amount and heterogeneity of dead wood

Against our expectation, the local amount and heterogeneity of dead wood on a plot

had no significant effect on species richness on a single dead-wood object (Tables 4.3,

S 4.4). Furthermore, we did not find a tendency for this pattern to change over time

(no significant interaction terms). When the amount of dead wood on a plot is high,

we expected that more individuals would be able to coexist in an area owing to the

larger area (species pool). Clearly, spores can disperse over long distances [Hallenberg

and Kuffer, 2001, Brown and Hovmøller, 2002]; however, the probability of colonization

decreases with distance, and the majority of sources for successful colonization might be

located some hundred meters from the considered object [Norros et al., 2012] or even less

[Galante et al., 2011]. Thus, we expected that local dead wood would increase the species

richness of an object nearby. Some of earlier studies supported this view [Edman et al.,

2004], other studies did not find an effect of local enrichment on the diversity of fungi

on a dead-wood object in the surroundings [Rolstad et al., 2004, Olsson et al., 2011].

There was no dispersal limitation at the scale of their studies of similar spatial scale

[Rolstad et al., 2004]. Thus, spores and mycelia might be omnipresent at the scale of

our study as well (landscape covering ca. 24,000 ha), and wood-inhabiting fungi are not

limited in their ability to colonize dead wood, at least in the early successional stage.

Another explanation for the mechanism behind this pattern might be that the early
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colonization and subsequent species diversity determines the subsequent communities.

As outlined above, it has been shown that numerous wood-decay fungi are latently

present as endophytes in sapwood of a wide range of still-living angiosperm trees [Parfitt

et al., 2010]. The endophyte community might therefore act as a filter and determine

the secondary colonizers and subsequent communities independent from local donors or

the number of colonization events. Therefore, the lack of a significant effect of the local

dead-wood amount might be caused by priority effects [Fukami et al., 2010, Hiscox et al.,

2015b]. The priority effect states that the succession of species communities is affected

by the predecessor community. However, we aimed at focusing on the very early stage

of succession, with species from the endophytic and secondary colonizer communities

[Boddy, 2001, Parfitt et al., 2010] (see Table 4.4 for the complete species list). Overall,

our study demonstrated that the local dead-wood amount and heterogeneity at the

scale of our study are not important for species richness and community composition on

single dead-wood objects in the early phases of wood decomposition. Further studies are

needed to shed light on the distribution and relevant scale of donor populations affecting

the colonization of a dead-wood object within and across landscapes and to untangle

these processes from priority effects.

4.4.4 Conclusion

Our study demonstrated that host is a more important driver of the diversity of fruiting

species of fungi than the environment. A closer look revealed that the host species had

the highest relative effect on the diversity of wood-inhabiting fungi, followed by microcli-

mate and host size, but not local dead wood. We hypothesize that the combined effects

of tree species and canopy openness leads to a preponderance of host specialists under

shady canopies that shift towards communities dominated by host opportunists or mi-

croclimate harshness specialists in sunny gaps. For the conservation of wood-inhabiting

fungi, forest managers should provide dead wood of a broad range of tree species, ex-

posed to different microclimatic conditions. This goal can be achieved most efficiently

by enriching dead wood of larger sizes during regular logging activities independent of

the availability and distribution of existing dead wood in the surroundings.

123





5 Assembly processes linked to organism

size in a dead-wood experiment

Abstract

The study of organism size in ecology has a long history, however, whether assembly

processes differ between macro- and microorganisms remains speculative. Important

variables are often correlated in survey studies, introducing potential bias into inter-

pretations of niche selection, dispersal limitation and ecological drift. We therefore use

an orthogonal dead-wood experiment on landscape scale, to disentangle spatial and en-

vironmental effects. We tested whether assembly processes vary with organism size

and focus on the niche selection to ecological drift ratio, as the influence of disper-

sal limitation is negligible on the scale of our study. As size categories we used i) a

between-taxon approach based on bacteria, fungi and beetles and ii) a within-taxon ap-

proach based on small, medium and large beetles. Variation partitioning and a recent

null model framework consistently showed a decreasing niche selection to ecological drift

ratio with organism size. Our findings thus suggest that assembly mechanisms differ

between wood-inhabiting macro- and microorganisms. In detail, our study supports

the “size-demography hypothesis”, stating that larger organisms have smaller commu-

nity sizes, increasing the influence of ecological drift. Our results thus emphasize the

role of demographic properties, e.g., community size, as important driver of variation in

assembly processes on landscape-scale.

5.1 Introduction

Community ecologists increasingly concur that niche selection, dispersal and ecological

drift jointly influence the assembly of natural communities [Farjalla et al., 2012, Ste-

gen et al., 2012, Thompson and Townsend, 2006, Vellend, 2010, Zhou and Ning, 2017].

Most of our current knowledge of assembly processes has been derived from research

on animals and plants [Clements, 1916], raising the question whether microorganismal
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assembly follows different or similar processes [Barberán et al., 2014]; thus whether as-

sembly is constant for organisms of different size classes [Farjalla et al., 2012]. Organism

size is a central measure in various areas of biology, e.g., metabolic theory [McMahon,

1973], biogeography [Bergmann, 1847] or r/K-selection ecology [MacArthur and Levins,

1967]. Although organism size is an integrative trait for differences in dispersal abilities

and demographic properties [Farjalla et al., 2012], its role in assembly processes is still

poorly understood. Assembly processes differ based on the spatial scale [Leibold and

Chase, 2017]. Especially dispersal limitation becomes more influential on regional to

global scales [Barberán et al., 2014, Leibold and Chase, 2017]. Previous studies have

focused on niche selection and dispersal [Farjalla et al., 2012, Wu et al., 2017], whereas

the relative importance of niche selection and ecological drift have rarely been addressed

[Zhou and Ning, 2017]. To test whether assembly processes differ between organism of

increasing size, our experiment operates at the local to landscape scale to reduce the

influence of dispersal limitation.

Differences in demographic properties and life-history traits between macro- and mi-

croorganisms lead to two basic expectations relating assembly processes to organism size.

First, many microorganisms (e.g., bacteria) were found to be able to survive in various

contrasting habitats because of metabolic and phenotypic plasticity (’size-plasticity hy-

pothesis’, [Farjalla et al., 2012]), which may decrease the influence of niche selection with

decreasing organism size. Second, macroorganisms tend to have smaller community sizes

compared to microorganisms [Barberán et al., 2014, De Bie et al., 2012, Savage et al.,

2004]. Small community sizes were simulated to be prone to increased ecological drift,

because random extinctions have a greater effect on local communities [Barberán et al.,

2014, Orrock and Watling, 2010], which may decrease the influence of niche selection

with increasing size.

Previous studies have shown increasing influence of niche selection with increasing or-

ganism size [Farjalla et al., 2012, Soininen et al., 2013, Wu et al., 2017], whereas other

studies found the opposite result [Beisner et al., 2006, De Bie et al., 2012, Zinger et al.,

2017]. Some results were based on survey studies, where important variables are often

correlated (Chapter 4, [Müller and Bütler, 2010]). The interpretation of partial spatial

and environmental effects for independent assembly processes may then introducing po-

tential bias.

Within this study we therefore want to contrast different expectations of size-mediated

influences of niche selection and ecological drift (hereafter ‘selection’ and ‘drift’) on local

spatial scale. We test the following hypothesis relating the influence of selection and drift

to organism size: If metabolic plasticity of microorganisms reduces the local habitat to
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5.1 Introduction

act as filter, we expect microorganism to be less niche selected than macroorganisms

(’size-plasticity hypothesis’). If larger community size reduces the influence of stochas-

ticity, we expect microorganisms to be less influenced by drift than macroorganisms

(’size-demography hypothesis’) (Figure 5.1).

Large

Medium

Size of organisms
does not predict
assembly processes.
Assembly
mechanisms do not
differ betweenmicro-
andmacroorganisms

Niche selection / Ecological drift ratio

Small

Size-plasticity
hypothesis

Size-demography
hypothesis

Size-neutral
hypothesis

Smaller organisms
display increasing
metabolic plasticity
and functional
redundancy and thus
lower influence of
niche-selection
(Farjala et al. 2012)

Larger organisms have
smaller community
sizes, increasing the
influence of drift
and thus decreasing
the influence of
niche selection
(Orrock &Watling 2010)

Figure 5.1: Hypotheses relating the selection to drift ratio to organism size. Small (Bacteria
and small beetles); medium (Fungi and medium-large beetles); large (Beetles and
large beetles); for beetle size classes see Figure 5.5.

Dead wood harbors a high diversity of taxa of various average body sizes [Stokland

et al., 2012] within spatially distinct resource units (e.g., dead-wood log), where many

different organisms are exposed to the same host and environmental conditions. There-

fore, we used a local-scale orthogonal dead-wood experiment to test these hypotheses.

Wood-inhabiting bacteria, fungi and beetles were reported to display high dispersal ca-

pabilities on local and landscape scales [Forsse and Solbreck, 1985, Komonen and Müller,

2018, Nilssen, 1984]. To test these hypotheses, we use a between-taxon (bacteria, fungi

and beetles) and a within-taxon approach (small, medium and large beetles, coding

based on average measured body size). We manipulated microclimate (sunny vs. shady

plots) and tree species identity (beech vs. fir) (Chapter 4, [Seibold et al., 2016]) (Figure

5.2A). To quantify niche selection vs. ecological drift, we used variation partitioning

[McArdle and Anderson, 2001] and a recent null model framework [Stegen et al., 2012],

which is based on standardized effect sizes of a phylogenetic turnover and null deviations

of a taxonomic turnover (Figure 5.2B).
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Figure 5.2: Experimental study design and methodological overview. A) Study design of the
orthogonal dead-wood experiment and approximate ranges of organism sizes of
wood-inhabiting taxa: bacteria, fungi and beetles. Units are in mm. B) Variance
partitioning and null model framework developed by [Stegen et al., 2012]. βMNTD
= beta mean nearest taxon distance; RCbray = Raup-Crick null model for Bray-
Curtis distances; SES = Standardized effect size.128
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5.2 Material and Methods

5.2.1 Study area, experimental design and sampling

Assembly processes vary with the spatial extend of the study [Barberán et al., 2014,

Leibold and Chase, 2017], and thus our experiment operates at the local scale ( 25.000

ha) to standardize for spatial bias in interpretations (Figure 5.1). On local spatial

scales, historical effects (e.g., shared ancestry) and dispersal are less influential, whereas

stochasticity (ecological drift) gains importance; niche selection operates on both scales

[Barberán et al., 2014].

The experiment was conducted in the Bavarian Forest National Park in south-eastern

Germany. This study is part of a large experiment, which was described in detail by

(Chapter 4) [Seibold et al., 2016]. Here we used a subset of this experiment, which was

described in detail in [Seibold et al., 2018]. In brief, the experiment included 46 and 42

(for beetles) plots of 0.1 ha, which were arranged in a random block design comprising

four blocks. In autumn 2011, we freshly cut and directly deposited (within less than

eight weeks) 120 dead-wood logs (mean diameter ± SD = 33 ± 6.5 cm, length = 5 m)

of beech and fir on the plots. The wood objects were taken from trees of the same age,

that were harvested within the same region. The same number of plots contained logs

of either one and both tree species. We used canopy openness as a surrogate for stand

microclimate [Müller et al., 2015, Seibold et al., 2016, Vodka et al., 2009] and placed

logs in sunny gaps and under a shady canopy (Figure 5.1A). We sampled bacteria, fungi

and beetles on 64 dead-wood logs. We sampled bacteria and fungi on the same 64 logs.

24 plots intersected with the beetle sampling.

Beetles were sampled in 2013, 2014 and 2016 using stem emergence traps, which were

installed when snow was melting (within April all years) and operated the end of August

in 2013 and 2016, but for technical reasons only until mid-June in 2014. Note that most

beetle larvae developed in the wood the year before they emerged, thus sampling years

match to sampling of fungi and bacteria. Traps were emptied monthly and beetles were

identified to species by taxonomists. All data were pooled to years. Emergence traps

were mounted about 1 m away from one end of a log in the first year and moved to the

same position near the other end in the second year and in the initial position in the

fourth year. Each trap consisted of a 30 cm wide steel sheet bent around and nailed to

a log and two strips of lightproof cotton fabric stapled to the log to cover side openings.

Each trap had three transparent collecting jars filled with 96% ethanol to preserve beetles

[Wikars et al., 2005].
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Fungi and bacteria were sampled in September 2012, 2013 and 2015 from 60 logs

using a cordless drill (Makita, Anja, Japan) equipped with a 0.8x40 cm wood auger.

Each log was drilled four times at log position 0.5 m, 1.5 m, 3.5 m and 4.5 m. In 2013,

we shifted the location of the drill ca. 15 cm towards the center of the log. The drill

was operated slowly to avoid overheating and introduced at an angle of ∼45◦ to a line

perpendicular to the log axis and went through the log. To avoid cross-contamination

between samples, the wood auger was flamed and wiped with ethanol after each drilling.

Samples were pooled per log and year. The wood samples were stored at -40◦C until

further processing.

5.2.2 Sequencing of fungi and bacteria

In the laboratory, wood samples were freeze-dried. Dead wood was milled using Ultra

Centrifugal Mill ZM 200 (Retsch, Haan, Germany) to fine powder. The resulting fine

powder was used for molecular analyses. Total genomic DNA was extracted from 200

mg of material and the fungal community composition was analyzed by high-throughput

sequencing based on PCR amplification of the fungal ITS2 region [Ihrmark et al., 2012]

as described previously [Baldrian et al., 2016]. Consensus sequences were constructed

for each cluster, and the closest hits at the species level was identified using BLASTn

against UNITE [Koljalg et al., 2013] and GenBank. Where the best hit showed lower

similarity than 97% with 95% coverage, the best genus-level hit was identified. For

convenience, we refer to the taxa as ‘OTU’ (operational taxonomic unit) irrespective if

it was an identified species (beetles) or consensus sequences (bacteria and fungi).

5.2.3 Data preparation and community composition analysis

We first assessed potential effects of environmental factors on the community compo-

sition. To minimize the effect of sequencing error for fungi and bacteria, we removed

singletons and doubletons and OTUs below a sample-based relative abundance threshold

of 0.0001 after visual inspection (Figure 5.1). Finally, for all three community matrices

we kept only OTUs occurring on at least two logs and logs with at least three OTUs. To

assess whether removal of rare OTUs might affect interpretation, we sequentially raised

the minimum number of OTUs on a log from 1 to 6 and found mantel correlations above

0.997 for all comparisons with the full matrix. Then we used Bray-Curtis dissimilar-

ity with non-metric multi-dimensional scaling (NMDS) (function metaMDS, R package

vegan [Oksanen, 2015]). We set the minimum number of random starts to 50. For bac-

teria, we were not able to derive meaningful ordinations with this approach and thus
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used the function monoMDS (R package vegan) with the method ’hybrid’. To assess

the variance explained by each environmental factor on the community composition, we

used permutation tests (function envfit, R package vegan) with 999 permutations.
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Figure 5.3: Sample-based relative abundance of fungal and bacterial OTUs and threshold (red
horizontal line) under which OTUs were removed to reduce potential sequencing
error.

5.2.4 Phylogenies

For the bacteria phylogeny, the 16S rRNA gene region was directly used for phylogenetic

inference. The sequences were aligned using MAFFT [Katoh and Standley, 2013] and the

multiple sequence alignment was then subjected to maximum likelihood tree inference

using FastTree [Price et al., 2009] with parameters as in [Kembel et al., 2014]. The

beetle phylogeny was taken from [Seibold et al., 2015b] and pruned to recorded species.

For fungi, we first removed yeast OTUs based on taxonomy from the OTU list and thus

retained only filamentous fungi. Yeasts were not analyzed due to a very small community

size. For the fungal phylogeny, we used the BLASTn best hit of the 5.8S rRNA for

the phylogeny inference. We aligned the sequences using MAFFT and estimated the

topology and branch lengths using RAxML [Stamatakis, 2014] on the CIPRES Science

Gateway [Miller et al., 2011]. As the fungal 5.8S rRNA can be uninformative, we also

computed averaged taxonomic distances (function taxa2dist, R package vegan) based

on taxonomic information. We then computed the beta mean nearest taxon distance

(βMNTD) based on a patristic phylogenetic (function cophenetic, R package stats) and

taxonomic distance matrix. Procrustes analysis between both βMNTD matrices was
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5 Assembly processes linked to organism size in a dead-wood experiment

highly correlated (R2=0.90, p=0.001); we thus presented only the results based on the

phylogeny.

5.2.5 Variation partitioning and null model analysis

The main objective of our study was to address differences in assembly processes between

wood-inhabiting taxa. To achieve this, we used variation partitioning [McArdle and

Anderson, 2001] and a null model framework [Stegen et al., 2012]. Variance partitioning

was often used to address assembly mechanisms [Zhou and Ning, 2017]. Here the partial

effects of space and environment on the community composition were estimated. Partial

environmental effects were often interpreted as niche effects, whereas partial space as

dispersal limitation [Wu et al., 2017]. However, space has also been interpreted as

unmeasured environmental variables [Langenheder et al., 2012, Wang et al., 2013]. For

the calculation of the variance partitioning, we used the partial distance-based two-

way permutational multi-variate analyses of variance [Anderson, 2001, Wu et al., 2017].

As spatial input, we used the axis of a principal coordinate analysis (PCoA) based on

Euclidian distances of the spatial coordinates between the plots. As environmental input,

we used the PCoA axis based on three environmental variables (tree species, canopy

openness and time since tree death). This implementation of the variation partitioning

estimates the number of included axes (of the PCoA) using the Kaiser–Guttman rule [Wu

et al., 2017]. The null model framework provides as stepwise procedure to divide pairwise

community comparisons into underlying mechanisms of species niche selection, dispersal

limitation, homogenizing dispersal and ecological drift (for a detailed description see

Figure 5.1 and [Langenheder et al., 2017, Stegen et al., 2012]). A null model expectation

was generated using 999 randomizations. We calculated the abundance weighted version

of the βMNTD (beta mean nearest taxon distance) with the null model ’taxa shuffle’

and the abundance weighted version of the Raup-Crick null model [Chase, 2010, Stegen

et al., 2012]. Using phylogenetic correlograms (function phyloCorrelogram, R package

phylosignal [Keck et al., 2016]), we found a significant increase in phylogenetic signal

near the tips of the phylogeny (Figure 5.4), supporting the use of the mean nearest taxon

distance [Stegen et al., 2012].

To address relative differences in assembly processes between taxa, we compared the

ratio between assembly processes, rather than their absolute values [Wu et al., 2017]

as the comparison of absolute values was shown to be problematic [Kraft et al., 2011,

Stegen et al., 2012]. We define the selection to drift ratio as (i) partial environmental

variance divided by residual variance and (ii) niche selection divided by ecological drift

within the null model framework. To demonstrate independence of dispersal limitation
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5.3 Results

we additionally computed the ratios by adding (i) partial spatial variance to residual

variance and (ii) dispersal limitation to ecological drift. Besides the comparison of

assembly processes between taxa, we also addressed differences in assembly processes

within beetles. Therefore, we extracted mean body size from literature [Seibold et al.,

2015b] and divided the beetle community into three communities with small, medium

and large beetle species. We used the 33% and 66% quantiles as thresholds to separate

the beetle communities (Figure 5.5) resulting in three size classes: 0-2.2, 2.2-4.0 and

4.0-23.0 mm. We followed this approach to be able to directly compare the results to

the between taxa approach.

5.2.6 OTU richness

To test for differences in OTU richness between taxa, we computed the expected number

of OTUs. To account for false singletons potentially due to sequence errors, we applied

the approach recently developed by [Chiu and Chao, 2016]. This nonparametric method

estimates a true singleton count based on the relationship between the frequency of

singletons and doubletons.

5.3 Results

We found 3431 bacterial OTUs, 1333 fungal OTUs and 266 beetle OTUs (for beetles

OTUs equals species; 12237 individuals) after preparation of community matrices. Bac-

teria predominantly belonged to Alphaproteobacteria, Actinobacteria and Gammapro-

teobacteria; fungi belonged mainly to Agaricomycetes, Leotiomycetes and Sordariomycetes.

Most species-rich beetle families were Staphylinidae, Curculionidae and Nitidulidae (Fig-

ure 5.6).

5.3.1 Community composition

The community composition of bacteria was significantly affected by time since tree

death (R2=0.94). The community composition of fungi was significantly affected by tree

species (R2=0.23) and time since tree death (R2=0.60). The community composition

of beetles was significantly affected by canopy openness (R2=0.20) and time since tree

death (R2=0.47, Table 5.1, Figure 5.7). Within beetles, small, medium and large beetle

communities were significantly affected by canopy openness and time since tree death

(Table 5.1, Figure 5.7).

133



5 Assembly processes linked to organism size in a dead-wood experiment

Table 5.1: Post-hoc environmental fits of tree species identity, canopy openness and time since
tree death on the non-metric multi-dimensional scaling (NMDS) of three wood-
inhabiting taxa. Ordination was performed using non-metric multi-dimensional scal-
ing. Displayed are adjusted correlation coefficient (R2) derived from a permutation
test with 999 permutations. Significant values are highlighted in bold. Time = Time
since tree death (years); Canopy = Canopy openness

Between taxa

Bacteria Fungi Beetles

Predictor R2 p R2 p R2 p

Tree species <0.00 0.640 0.23 0.001 0.01 0.429

Canopy openness <0.00 0.732 <0.00 0.948 0.20 0.001

Time since tree death 0.94 0.001 0.60 0.001 0.47 0.001

Within taxon

Small Medium Large beetles

R2 p R2 p R2 p

Tree species <0.00 0.749 0.01 0.606 <0.00 0.775

Canopy openness 0.28 0.001 0.50 0.001 0.41 0.001

Time since tree death 0.61 0.001 0.33 0.001 0.23 0.001

5.3.2 Partial variation partitioning and null model analysis

The selection to drift ratio decreased with increasing organism size, from bacteria to

fungi to beetle communities based on both variation partitioning and the null model

framework (Table 5.2, Figure 5.8A, B; and for raw model output see Figure 5.10). For

the variation partition the decrease is stair-like, whereas for the null model framework

the effect between bacteria vs. fungi and beetles is almost binary (Figure 5.9). Further

beetles have a numerically slightly higher ratio than fungi, however, fungi have a higher

ratio than beetles if dispersal limitation was added to drift (Figure 5.11). Within beetles

the selection to drift ratio consistently decreased with increasing beetles body size (for

the coding see Figure 5.5). This was consistent across the variation partitioning and null

model framework; both displayed a stair-like decrease (Figure 5.5C, D). For the results

of the individual components see Figure 5.12.
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Figure 5.8: Expected number of OTUs [Chiu and Chao, 2016] between bacteria, fungi
and beetles and between small, medium and large beetle communities. Sig-
nificance was tested using linear mixed-effects model (Beetle–Fungi: z=–11.41,
p¡0.001; Beetles-Bacteria: z=–17.28, p<0.001; Fungi–Bacteria: z=–7.445, p<0.001;
Large–small beetles: z=–7.38, p<0.001; Large-medium beetles: z=–7.97, p<0.001;
Medium–small beetles: z=0.88, p=0.656; random effect on log). Significance is
indicated by small letters. Boxplots denote the median (horizontal line) and in-
terquartile range (colored box); whiskers show three times the interquartile range;
points indicating values outside this range.
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framework between taxa. C) Selection to drift ratio inferred based on partial varia-
tion analysis between taxa within beetles. D) Selection to drift ratio inferred based
on a null model framework between taxa. For individual assembly processes see
Figure 5.11
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Table 5.2: Variation partition statistics table based on 999 permutations. E∩S = Partial envi-
ronmental effect; S∩E = Partial spatial effect; E∪S = Intersected partial spatial and
environmental effect.

Between taxa

Bacteria Fungi Beetles

R2 p R2 p R2 p

E∩S 0.34 0.001 0.27 0.001 0.25 0.001

S∩E <0.01 0.613 0.02 0.070 0.04 0.001

E∪S 0.06 - 0.05 - 0.03 -

Residual 0.61 - 0.66 - 0.67 -

Within taxon

Small Medium Large beetles

R2 p R2 p R2 p

E∩S 0.32 0.001 0.27 0.001 0.19 0.001

S∩E 0.05 0.004 0.03 0.092 0.07 0.012

E∪S 0.01 - 0.07 - 0.01 -

Residual 0.62 - 0.64 - 0.73 -

137



5 Assembly processes linked to organism size in a dead-wood experiment

- Selection
- Dispersal

- DriftRes.
S∪E
S∩E
E∩S

0

25

50

75

100

Pa
rti
al
va
ria
nc
e
(%

)

Bacteria Fungi Beetles

Selection
Dispersal

Drift

0
20
40
60

DLDrift HD Su Sl

0
20
40
60
0

20
40
60

Pe
rc
en
tt
ur
no
ve
r

* * *

*

B

D

A

C

LargeSmall
0

25

50

75

100

Medium

Pa
rti
al
va
ria
nc
e
(%

)

DLDrift HD Su Sl

0
20
40
60

0
20
40
60

0
20
40
60

Pe
rc
en
tt
ur
no
ve
r

*

*

* *
*

Figure 5.10: Assembly processes inferred using two methods. A) Partial variation partitioning
based on Bray-Curtis dissimilarity. S∩E = Partial variance explained by space;
E∩S = Partial variance explained by environment; E∪S = Intersecting partial vari-
ance explained by both environment and space. Res. = Residuals, unexplained
variance. For exact R2 and p-values see Table 5.2. B) Null model based compo-
nents of assembly processes. For histograms see Figure 5.11. Drift = Ecological
drift; DL = Dispersal limitation; HD = Homogenizing dispersal; Su = Selection
upper (SES > 2); Sl = Selection lower (SES < -2). C) Variation partitioning
for size classes within beetles Figure 3. D) null model framework for size classes
within beetles.
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Figure 5.12: Individual components and ratios of assembly processes inferred using variation
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based on partial variation analysis between taxa. B) Components of assembly pro-
cesses based on null model framework between taxa. C) Components of assembly
processes based on partial variation analysis based within beetles. D) Compo-
nents of assembly processes based on null model framework within beetles. DL =
Dispersal limitation.

5.4 Discussion

In this study we tested different alternative hypotheses how assembly processes expressed

by the selection to drift ratio could be relation to organism size (Figure 5.1D). Varia-
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tion partitioning as well as null model analysis consistently showed that the selection

to drift ratio decreased with organism size between and within taxa. Thus, selection is

more relevant for small organisms than for larger ones and contrary drift had a higher

relevancy for larger organisms than for small ones. This opens up the opportunity to pre-

dict assembly processes by organism size (Figure 5.8) and supports the ’size-demography

hypothesis’ (Figs. 5.1, 5.8). This hypothesis stats that small community size (typical

for larger organisms) leads to increased ecological drift on local scales and thus to re-

duced niche selection. Based on variation partitioning and a recently developed null

model framework we found support for the ’size-demography hypothesis’. Thus, that

organism size predicts differences in assembly processes, which was demonstrated across

taxa and within beetles. The cross-taxa approach used broad size categories and thus

a within-taxon approach was added which was based on measured average body size

measurements. Our results thus suggest that assembly processes differ between wood-

inhabiting taxa and that those differences are predictable at least partly by the organism

size. Further, the ’size-demography hypothesis’ states that variability in demographic

properties (e.g., community size) is the main underlying driver of assembly processes on

local spatial scale (Figure 5.1). From previous studies we know that smaller organism

tend to have larger community and population sizes [Savage et al., 2004] and that com-

munity size is linked to stochasticity [Orrock and Watling, 2010]. Here we could further

show that bacteria have larger community sizes than fungi, and fungi than beetles (Fig-

ure 5.8). However, note that we do not have information about the total community

and population sizes within the meta-community. A promising approach of such evalu-

ations might be aerial biodiversity assessments to generate a more complete list of the

locally occurring fungi (meta-community), but large-scale experiments are still lacking

[Abrego et al., 2018]. On the other hand, large communities are typically associated

with smaller organism (r-strategy). Large communities might be less prone to ecological

drift because high propagule/species numbers can override random death processes, sup-

pressing stochasticity [Leibold and Chase, 2017]. The general phenomenon is known as

homogenizing dispersal or ’mass effects’ [Leibold et al., 2004, Mouquet and Loreau, 2003]

with a steady replacement of local deaths. Without local dispersal limitation the influ-

ence of niche selection can thus increase for organism with large community sizes. Here

we want to argue that all species have similar dispersal abilities on local scales, however,

that organisms with smaller population/community sizes are more prone to ecological

drift and thus less niche selection. Thus, ecological drift plays an important role for

local-scale community assembly, which may result in a niche selection gradient along the

organism size gradient. Alternative explanations for higher influence of niche selection
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on smaller organisms might be that i) smaller organism are more specialized than larger

organisms and operated in smaller spatial niches; Many bacterial species were indeed

found to habitat specialized [Barberán et al., 2014]. Further, a recent experimental

transplant study indicates an underestimation of bacteria in their habitat specialization

and role in decomposition [Glassman et al., 2018]. Further, we found that bacterial

communities displayed high phylogenetic clustering (βMNTD < -2, Figure 5.2), indicat-

ing niche specialization [Zhou and Ning, 2017]. Taken these results together, evidence

is accumulating that bacteria might be more specialized and less functional redundant

than previously assumed. ii) Bacteria are more prone to priority effects than fungi and

beetles. Previous studies have suggested that wood-inhabiting bacteria are effected by

priority effects of fungal substrate alteration and thus niche-modification [Kielak et al.,

2016], however, the current data basis is weak. Especially fungi and bacteria compete for

cellulose [De Boer et al., 2005], however, antagonistic as well as synergistic interactions

were reported [Johnston et al., 2016]. Fungi and beetles displayed higher phylogenetic

overdispersion (βMNTD > 2) than clustering (Figure 5.2), indicating limiting similarity

or competitive exclusion [Stegen et al., 2012], whereas bacteria were more structured by

phylogenetic clustering. This indicated higher competitive ability by fungi and beetles,

which may wood structural niches and therefore bacteria. Given the low amount of se-

cured data we here argue that any interpretation remains speculative, however, suggest

that assembly within dead wood can be predicted by traits associated with organism

size. Here we assumed equal dispersal abilities between taxa, which is supported by

many studies [Forsse and Solbreck, 1985, Komonen and Müller, 2018, Nilssen, 1984,

White et al., 2007]. Further, we found overall low partial spatial effects (significant only

for beetles with, however, low R2=0.04) and higher influences of homogenizing dispersal

than dispersal limitation in bacteria and beetles (Figure 5.2). For fungi, we found higher

dispersal limitation than homogenizing dispersal, but no significant effect of partial spa-

tial variance (Figure 5.2). Nonetheless, to account for potential bias in interpretation we

computed the selection/drift ratio and the selection/drift + dispersal limitation ratio.

Both showed overall consistent results (Figure 5.11). It is important to note that disper-

sal limitation within the Stegen null model framework is a purely neutral process [Stegen

et al., 2012]. Others proposed that dispersal limitation could also result from variation

in dispersal traits (e.g., propagule size). Thus, we yield further suggestive evidence that

wood-inhabiting taxa display similar dispersal abilities on local scale between, at least

within the early phase of decomposition. Our analysis further revealed the interesting

case that fungi reacted more similar to beetles than to bacteria within in the null model

analysis (Figure 5.8C). One explanation may be that dispersal events of fungi may be
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more similar to beetles than to bacteria. Most fungi reproduce once a year and live as

diploid mycelium during most of the lifecycle [Peay et al., 2008]. Single yearly dispersal

events may increase the influence of ecological drift on landscape scales. We therefore

agree with [Peay et al., 2008] to interpret fungi as ’hybrid’ between macro- (mycelium)

and microorganisms (spores).

Using classical variation partitioning and a recent null model framework we consis-

tently found that assembly processes were predicted by organism size within a dead-wood

experiment. Our study thus provides support that assembly processes differ between

macro- and microrganisms. In particular we found support for the ‘size-demography

hypothesis’, emphasizing demographic properties such as community size as important

factor in local assembly processes.
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Figure 5.4: Phylogenetic correlograms based on mean values of tree species identity (right col-
umn) and canopy openness (left column) for each species. Mean traits were calcu-
lated based on at least 10 logs for fungi and bacteria and at least 3 logs for beetle
OTUs. Overall phylogenetic signal increased near the tips suggesting the use of the
mean nearest taxon distance (MNTD) to measure phylogenetic turnover.
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Figure 5.7: Ordination of bacteria, fungi and beetle community composition based on non-
metric multi-dimensional scaling (NMDS). Beetle community composition is further
presented for small, medium and large beetles, separated according to their mean
body size. The effects of canopy openness, tree species and time since tree death
were fitted to the ordination using 9999 permutations. Canopy openness and tree
species are binaries, with 0 indicating shady canopies and European beech, and 1
indicates sunny canopies and Silver fir. Only significant vectors are displayed as
arrows. The length of arrows indicates strength of R2. For the full statistics table
see Table 5.1.
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6 rMyCoPortal - an R package to interface

with the Mycology Collections Portal

Abstract

The understanding of the biodiversity and biogeographical distribution of fungi is still

limited. The small number of online databases and the large effort required to access

existing data have prevented their use in research articles. The Mycology Collections

Portal was established in 2012 to help alleviate these issues and currently serves data

online for over 4.3 million fungal records. However, the current process for accessing the

data through the web interface is manual, therefore slow, and precludes the extensive use

of the existing datasets. Here we introduce the software package rMyCoPortal, which

allows users rapid, automated access to the data. rMyCoPortal makes data readily avail-

able for further computations and analyses in the open source statistical programming

environment R. We will demonstrate the core functions of the package, and how rMyCo-

Portal can be employed to obtain fungal data that can be used to address basic research

questions. rMyCoPortal is a free and open-source R package, available via GitHub.

6.1 Introduction

Global climate and land-use change are major threats to life on earth, and studies con-

tinue to document how animal and plant distributions and phenology have changed due

to these factors [Parmesan, 2006]. Although many studies exist that report range and

phenological shifts in plant and animals, less is known about inter- and intra-annual

shifts of fungal fruiting and occurrence. Large-scale fungal phenology patterns have

only recently been addressed [Boddy et al., 2014]. In the last decade, several long-time

observational data in Europe were used to study the effects of climate change on fungal

fruiting phenology [Andrew et al., 2018, Büntgen et al., 2015, 2012, 2013, Gange et al.,

2007, Kauserud et al., 2008, 2010]. The majority of studies were based on herbarium, mu-

seum and citizen science fruit body observations of mushroom-forming fungi (reviewed in
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6 rMyCoPortal - an R package to interface with the Mycology Collections Portal

[Boddy et al., 2014]). Several studies at different spatial scales found shifts of the average

fruiting date later in the year and the fruiting season has expanded in both directions

[Boddy et al., 2014, Andrew et al., 2018, Büntgen et al., 2012, 2013, Kauserud et al.,

2008, 2012]. However, such phenological shifts have been mainly studied in European

and emerging species distribution models (SDM) based on future climate projections

have yet to be studied. Open-source data provide an important resource for studying

fungal biodiversity [Andrew et al., 2017]. The Mycology Collections data Portal [Miller

and Bates, 2017] has made great efforts to compile fungal specimen metadata that doc-

ument distributions of fungi, with 42% of the records therein being georeferenced (Table

6.1) [Miller and Bates, 2017]. MyCoPortal is built on the open-source Symbiota platform

[Gries et al., 2014], and currently serves over 4.3 million unique fungal records, these

being primarily specimen-based [Miller and Bates, 2017]. Although the MyCoPortal has

been widely used and highly cited (>30 citations since 2015), data from this portal, how-

ever, is not readily accessible and requires users to download the data manually through

a web interface. This procedure is very time consuming, especially when working with

complex queries and building large datasets. After download, the data then needs to be

further processed before basic exploration can be undertaken.

Here we wish to highlight three important data analysis techniques that are facilitated

by rMyCoPortal:

1. Visualization of fungal species ranges

2. Creation of heatmaps of fungal biodiversity throughout the world, and

3. Modelling of habitat suitability

To this end, the first author has developed software that allows rapid and automated

access to a large global database of fungal distribution records, eliminating the need to

use the existing web interface. rMyCoPortal is written as a package for the popular R

open-source statistical software [R Core Team, 2015] to make data contained in MyCo-

Portal accessible in the R programming environment. In this publication we introduce

the core functionality of the R package and briefly demonstrate the potential uses of the

data to address the data analysis techniques mentioned above.
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Table 6.1: Collection statistics retrieved in November 2018 via
http://mycoportal.org/portal/collections/misc/collstats.php.

Collection Statistic Number

Occurrence records 4,369,313

Georeferenced 1,843,633 (42%)

Imaged 1,913,838 (44%)

Identified to species 3,302,781 (76%)

Families 1,693

Genera 8,314

Species 113,811

Total taxa (including subsp. and var.) 120,275

6.2 Installation

The package can be downloaded and installed using the R package ’devtools’ [Wickham

et al., 2018], using the following code:

## I n s t a l l R package rMyCoPortal

i n s t a l l . packages ( ” dev too l s ” )

dev too l s : : i n s t a l l . g ithub ( ”FranzKrah/rMyCoPortal” )

l i b r a r y ( ”rMyCoPortal” )

# Now you w i l l a l s o need to i n s t a l l Docker .

The download and usage of the package does not require a GitHub account. An

account is, however, required if the user would like to actively contribute to functions of

the package or launch an issue.

6.3 Usage

6.3.1 Core package function

Here, we present the core functions of the rMyCoPortal package. rMyCoPortal makes use

of several R packages that allow interaction with web data content, including ’RSelenium’

[Harrison, 2018], ’XML’ [Lang and the CRAN Team, 2018], and ’httr’ [Wickham, 2017];

but also plotting packages such as ’ggplot2’ [Wickham, 2016]. rMyCoPortal further

relies on Docker (https://docs.docker.com), which performs virtualization, also known

as ’containerization’. Lastly, rMyCoPortal also provides the class ’records’, especially
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6 rMyCoPortal - an R package to interface with the Mycology Collections Portal

introduced to provide user-friendly interaction with the downstream data analysis (e.g.,

plotting).

6.3.2 Querying the database

At the core of rMyCoPortal is the function mycoportal. Using mycoportal, queries can be

made to find all records of a known fungal species. Further, all input specifications (i.e.,

query modifiers) that are present on the website can be adjusted within said function.

Some important modifiers are the inclusion of synonyms or the geographic area. The

user may also input a higher taxon, e.g., genus or family. The records are then stored

in an S4 class object which can be directly subjected to a variety of plotting functions.

The functions plot distmap and plot datamap can be used to visualize species distri-

butions and heatmaps of species diversity, respectively (Figure 6.1). The downloaded

data records can then further be used for subsequent statistical analysis, for example

climate suitability modelling (Figure 6.1, R code in vignette of the R package), changes

in phenology or to create species lists for a given locality.

## Download data f o r Amanita muscaria

am. rec <− mycoportal ( taxon = ”Amanita muscaria ” )

## Plot s p e c i e s d i s t r i b u t i o n

p l o t distmap (x = am. rec , mapdatabase = ” s t a t e ” , i n t e r a c t i v e = FALSE)

## Plot r e co rd s heatmap f o r s t a t e s o f USA

p lo t datamap (x = am. rec , mapdatabase = ” s t a t e ” , index = ” rec ” )

The download and usage of the package does not require a GitHub account. An

account is, however, required if the user would like to actively contribute to functions of

the package or launch an issue.

6.3.3 Species distribution modeling

The above code demonstrates the core functionality of the rMyCoPortal package for

querying fungal records and also for basic data exploration. Using the mycoportal func-

tion, we queried the database for all observations for the mushroom-forming fungus

Amanita muscaria (fly agaric) and modeled the current and future projected habitat

suitability (Figure 6.1) using the ’biomod2’ R package [Thuiller et al., 2016]. Detailed

code to create the species distribution models (SDMs) is provided in the vignettes in the

R package.
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Figure 6.1: Three data analysis techniques enabled by the ’rMyCoPortal’ R package. A) A map
made with georeferenced records available from MyCoPortal showing the species
distribution of Amanita muscaria throughout the lower 48 contiguous states (using
function plot distmap). B) A heatmap showing the number of records of Amanita
muscaria for the lower 48 contiguous states (using function plot datamap). This
function can also be used to plot the number of species if higher taxa are queried.
C) The lower two plots show the projected habitat suitability given the current
climate, and the projected habitat suitability based on future climate, as predicted
by the global climate change model CCSM4 and the A1F1 scenario which predicts
an increase of 4◦C at the end of the century (R code provided in the vignette in
the R package).

6.3.4 Data limitations

The data contained in the MyCoPortal database is an important resource to address

ecological research questions, however there are some limitations to be considered. First,

the majority of the data within the database is localized within North America. Second,

currently only 42% of the records are georeferenced with longitude/latitude values (Table

6.1), which limits their application. However, most observations are georeferenced to the

county level, which allows further localization e.g., via U.S. Gazetteer files. Third, the

meta-data for each specimen is limited and only provides basic information such as the

collector and collection date or the location. For example, the host plant species is often

not available (30% has host data) within the meta-data, however, these data could often

be accessed and extended via the herbarium labels, which can be loaded into R via the

function details.
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6.4 Conclusion

In this paper, we have shown how the R package ’rMyCoPortal’ can be utilized to access

the Mycology Collections data Portal. This package allows for easy and rapid access

to MyCoPortal fungal data, speeding up a process that would otherwise be tedious

and slow. Connecting the MyCoPortal database to the R statistical interface opens

a wide range of research possibilities, where queried data can be efficiently processed

and used to address scientific questions. Further, the ’rMyCoPortal’ package has the

potential to be modified to access other data portals, such as those for vascular plants

(http://swbiodiversity.org/seinet/) or arthropods (http://symbiota4.acis.ufl.edu/scan/portal/),

which are also built on the Symbiota platform. We hope this R package inspires scien-

tists to conduct studies related to how fungal biodiversity and biogeography responds to

global climate change.
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7 General discussion

This thesis followed two basic approaches to understand assembly processes of sapro-

trophic fungi. A first approach focused on the evolution of an assembly relevant trait

(host specificity) and how a morphological trait affects the prevalence of species along

an environmental gradient. A basic understanding of the evolution of traits can yield a

mechanistic link to the selective forces that have shaped the trait distribution across the

tree of life and ultimately why species differ with respect to a given trait [Webb et al.,

2002]. Further, how traits change along environmental gradients can yield a basic under-

standing of the mechanistic link between traits and the habitat that selects for species

[Cadotte and Tucker, 2017]. Understanding the trait evolution and responses of traits

to environmental variables can yield a first basic understanding of the relevant drivers of

community ecology. Although the integration of phylogenetic- and trait-information into

community ecology can yield first insights into assembly processes, many environmen-

tal quantities are correlated, restricting a detailed mechanistic understanding [Graham,

2003, Müller and Bütler, 2010]. A second approach, thus used a dead-wood experi-

ment to disentangle the relative and independent effects of various important drivers of

fungal community assembly. Both approaches can yield complementary information of

saprotrophic fungal assembly processes. The importance of the host tree identity for

saprotrophic wood-inhabiting fungal diversity became apparent within both approaches.

In detail, this was demonstrated by vast differences in host specialization between fun-

gal functional groups as well as overwhelmingly large effects of the host tree species on

fungal community composition. Further, this thesis is the first to find that saprotroph

assemblages are affected by the morphology of their reproductive organ (mushroom)

on continental scales. Species with dark-colored mushrooms are more prevalent in cold

environments than light-colored species. This thesis thus demonstrated that the theory

of thermal melanism [Trullas et al., 2007] can be expanded to multicellular fungi and

thus towards a large group of ectotherm organisms [Cordero et al., 2018, Pinkert and

Zeuss, 2018]. Finally, integrating the dead-wood experiment, phylogenetic- and trait-

information as well as prevalence of three wood-inhabiting organism groups, this thesis

could show that assembly processes differ between macro- and microorganisms. From a
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fungal perspective, the host tree identity acts as a strong filter on the assembly of com-

munities, whereas the climate has relatively smaller effects. However, climate, especially

temperature, likely affects fungal assembly via the color of mushrooms. Further, demo-

graphic properties of fungi – small spores and large mycelium – may further determine

the relative role of ecological drift for their assembly. The results of the chapters 2 to 5

will be discussed in more detail in the following sections.

Observed community

Regional community

Local community

Global community

Ecological Drift Niche selection

Species traits

Dispersal

Speciation/
Adaptation

Color
Organism size

Host > Climate

Evolution of
host specificity

limited
not
limited

Chapter II
Chapter III
Chapter IV
Chapter V

Figure 7.1: Overview of the results within the conceptual model overview from Figure 1.1. The
colors denote the chapters and at which level the chapters contribute to a deeper
understanding of assembly processes.

Chapter 2 showed that two functional groups (white and brown rot) of wood-decay

fungi differ considerably in their host specialization. Whereas white rot fungi are pri-

marily angiosperm specialists, brown rot fungi are primarily generalists and conifer spe-

cialists. Radiations of the angiosperm clade were followed by radiations of most clades of

wood-decaying fungal species. However, white rot fungi display a higher species diversity

compared to brown rot fungi, suggesting that white rot fungi had advantages exploit-

ing angiosperm substrates. A recent study explored possible molecular mechanisms of
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substrate specificity. A recent study grew Fomitopsis pinicola, a brown rot fungus, on

various substrates and found differentially expressed wood-degrading genes (DEGs) as

well as differentially expressed RNA-editing genes [Wu et al., 2018]. Both could pro-

vide an understanding of how species degrade different substrates (generalism). One

explanation might be that wood-decay fungi can change their decay apparatus relative

to the substrate [Wu et al., 2018]. More studies with a broad set of fungal species and

substrate combinations are, however, needed to show that differential gene expression

and RNA editing can explain the host specificity observed among wood-inhabiting fungi.

Further, it is currently unclear how the fungus can recognize the substrate. It will be

interesting to see whether generalists vs. specialists as well as white rot vs. brown rot

fungi differ in the number of DEGs. Based on the results of Chapter 2 one would expect

to find a low level of DEGs in white rot specialists and a high level of DEGs in brown

rot generalists. Besides a deeper mechanistic understanding of the molecular basis of

substrate specificity, further macroevolutionary studies could increase our understand-

ing of how host specificity affects fungal assembly. Chapter 2 of this thesis focused on

a rough classification of specificity, namely angio- and gymnosperm specialism between

two functional groups. A more fine-grained analysis of the evolutionary history of fungi

and their hosts, together with a consideration of the paleoclimate would increase our

understanding of the evolution of wood-decay fungi. For example, whether radiations

of wood-decay fungal clades coincided with host expansions vs. shifts in the paleoclimate.

Chapter 3 showed, for the first time, significant effects of a morphological trait of

mushrooms on the prevalence of species along an environmental gradient on continental

scale. Interestingly, color has so far gained little to no attention in mushroom-forming

fungi [Sherratt et al., 2005, Cuthill et al., 2017]. Previous studies found that ectothermic

animals and yeasts with dark-colored bodies are more frequently found in cold environ-

ments than those with light-colored bodies [Kalmus, 1941, Bogert, 1949, Willmer and

Unwin, 1981, Kingsolver, 1995, Trullas et al., 2007, Cordero et al., 2018]. In particular,

Chapter 3 found that the average assemblage-based lightness of saprotrophs increased

with increasing temperature, thus that assemblages in cold climates show a prevalence

of saprotrophic species with dark-colored mushrooms. These results suggest the theory

of thermal melanism (TTM) for multicellular mushroom-forming fungi and thus expand

the TTM from animals and unicellular fungi [Cordero et al., 2018] to multicellular fungi.

These findings further strongly suggest adaptation of mushrooms towards the thermal en-

vironment. However, to confirm the theory of thermal melanism for mushroom-forming

fungi, further experiments are needed to show a fitness benefit of dark-colored species
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under cold environments. Such a fitness advantage is most likely linked to a reproduc-

tive quantity such as the number of spores produced or the maximum mushroom size

[Aguilar-Trigueros et al., 2015]. I suggest a series of experiments to expose fungi with

dark and light mushroom color under cold conditions and apply artificial solar radiation

to finally quantify and compare growth rates and spores produced. Besides saprotrophic

fungi, Chapter 3 also tested the TTM for mutualistic ectomycorrhizal fungi (ECMs).

ECMs color lightness showed only weak responses towards the latitudinal and seasonal

temperature gradient. This suggests that the TTM is lifestyle-dependent. Free-living

saprotrophs and mutualistic ectomycorrhizal fungi thus differed in their responses of the

color trait with temperature. The following discussion must remain speculative, however,

may provide hypotheses to be tested. Mutualism theory predicts that both partners of

the relationship are at a fitness advantage [Connnor, 1995, Leigh Jr, 2010]. Such a fitness

benefit for mutualistic ECMs might be an advantage in the trade-off between mycelial

growth (to reach new resources) and pigmentation of mushrooms (to increase reproduc-

tive success). ECM fungi might need to invest less carbon into additional vegetative

mycelium because of a carbon supply by their host plant [Högberg et al., 2010] and thus

may invest more into pigment expression. In other words, I propose that ectomycor-

rhizal individuals were favored by natural selection that increased pigment expression

rather than mycelial growth. Saprotrophs, on the other hand, depend on the decom-

position of dead organic matter (e.g., dead wood) [Worrall et al., 1997, Floudas et al.,

2012]. Thus, an extended mycelium is needed to reach new or exploit current resources,

which might be more important than securing reproductive success. In other words, I

propose that natural selection favored individuals with extended mycelial growth rather

than pigmentation, and thus reproductive success. Such a trade-off could be studied by

growing saprotrophs on standardized substrates and first of all testing, whether a higher

substrate amount yields more mycelium or more mushroom biomass.

Chapter 4 showed that the host was more important in structuring the diversity of

wood-inhabiting fungi than the environment. In detail, the host tree species affected

the species richness and community composition more than the other variables. This

suggests niche selection of fungi adapted to the contrasting substrate of angio- and gym-

nosperm wood. Both differ in numerous properties [Cornwell et al., 2009, Kahl et al.,

2017], and many wood-decaying fungi were shown to preferentially grow on either of the

two major plant lineages [Gilbertson, 1980, Hibbett and Donoghue, 2001, Hoppe et al.,

2015] (Chapter 2). However, we still have a limited understanding of the host speci-

ficity and the underlying mechanism that regulate host specificity (see also discussion
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for Chapter 2). However, Chapter 2 and 4 showed that functional groups differ in host

specificity, which may explain some of the observed differences in community composi-

tion between angiosperm and gymnosperm hosts found in Chapter 4. Chapter 4 found

that the community composition differed strongly between the angiosperm and gym-

nosperm tree species (Figure 4.8). Further, the variation in the community composition

was lower on angiosperms than on gymnosperms (Figure 4.8). This may be explained

by the divergence in host specificity of white and brown rot fungi found in Chapter 2.

The community composition on angiosperm trees might be more similar to each other

than the community composition on conifer trees, because more species are specialized

towards angiosperms whereas most species occurring on conifers are generalists (Chapter

2). A preponderance of white rot angiosperm specialists would then lead to an observed

specific niche selection on beech and thus more similar communities. Whereas a prepon-

derance of brown rot generalists would then lead to an observed unspecific establishment

and niche selection on fir and thus more random and dissimilar communities. A potential

weakness of the dead-wood experiment, however, is the low number of host tree species

(two), which prevents from generalizing the results to a general host filter hypothesis.

Nonetheless, the two tree species used were of two highly diverged lineages, angio- and

gymnosperm tree species. Thus, the host identity treatment created a strong binary

gradient. Further, a previous study showed that a preponderance of species grow on

either of the two substrates [Hibbett and Donoghue, 2001] (Chapter 2). Another dead-

wood experiment, however, without climate standardization, used 11 tree species and

consistently found a high effect by host identity compared with other variables [Baber

et al., 2016, Purahong et al., 2018]. Besides the host tree identity, we also found sig-

nificant effects of the stand microclimate and further a significant interaction of host

identity and microclimate. This result suggests that host specialization might not be

seen independent from climatic adaptations. In general host specificity may be driven

by (i) capabilities of the fungus to degrade the hosts woody compounds (ii) shared ge-

ographical range and thus climatic requirements of the fungus and the host; (iii) and

similar dispersal abilities between host and fungus (at least over evolutionary timescales).

Climate affects the occurrence of the host and the fungus and thus fungal diversity on

dead-wood is affected directly as well as indirectly by climate. Especially strong climatic

shifts may lead to rapid contractions or expansions of tree species distributions and thus

affect fungal evolution [Thuiller et al., 2005, 2011]. Such effects have been found for

leaf-mining flies [Winkler et al., 2009], however, similar studies are lacking for wood-

inhabiting fungi. A research focus on the interaction between fungus-host-climate both

on evolutionary as well as ecological scales may further elucidate underlying mechanisms
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of fungal community assembly.

Chapter 5 used phylogenetic and trait information together with a recently developed

null model framework to disentangle different assembly processes [Stegen et al., 2012].

The null model is based on the conceptual synthesis [Vellend, 2010] and was used to test

for the relative influence of niche selection and ecological drift on fungal assembly. Fungal

community turnover was explained mainly by ecological drift, then dispersal limitation

and homogenizing dispersal, then niche selection. Thus, niche selection surprisingly had

the smallest influence on fungal assembly, which was in contrast to the expectation that

the host would act as a strong filter structuring fungal communities. A high degree

of drift suggests the influence of demographic properties, e.g. random birth/deaths in

local communities [Hubbell, 2001]. To further understand this result, the analysis was

expanded to include bacteria and beetles. Bacteria, fungi and beetles differ in organ-

ism size, which is one of the most basic properties of organisms [Blackburn et al., 1990,

White et al., 2007]. Size is an integral trait with important implications for demographic

properties and dispersal capabilities [Farjalla et al., 2012]. Thus, it was hypothesized

that organism size predicts the influence of niche selection vs. ecological drift on local

scale. An assumption of the study was, that on local scale all three taxa are not disper-

sal limited, which is supported by previous studies [Nilssen, 1984, Forsse and Solbreck,

1985, Komonen and Müller, 2018] and results of Chapter 5. The main result of Chapter

5 was that organism size predicts the selection to drift ratio, suggesting different assem-

bly processes among wood-inhabiting macro- and microorgansisms. The study showed

an increasing selection to drift ratio with decreasing organism size, both across bacteria,

fungi and beetles and with beetles of decreasing average body size (measured trait).

The results supported the ’size-demography hypothesis’, that assembly processes on lo-

cal scales could be explained by differences in their community sizes. Larger organisms

tend to have smaller community sizes [Savage et al., 2004, White et al., 2007], which were

shown to be more prone to ecological drift [Orrock and Watling, 2010]. Niche selection

influences community assembly but it is probably partly overwhelmed by ecological drift

stemming from small community sizes, within which local random extinctions are more

effective in structuring local communities. Although niche selection via host specificity

influences fungal communities on dead wood (Chapter 2 and 4), small local commu-

nity sizes may introduce substantial ecological drift (Chapter 5). These findings raise

the questions: why does the community composition (Chapter 4) display such strong

differences between the host trees if drift has such a high relative influence compared

to niche selection (Chapter 5)? This might first of all be a methodological artefact of
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one or both of the methods. Community composition might overestimate dissimilarity,

whereas the null model approach might underestimate the influence of niche selection.

Niche selection within the null model framework is defined as significant difference of the

beta mean nearest taxon distance (βMNTD) from a random expectation. Thus, pairwise

community comparisons which are more or less phylogenetically similar than expect by

chance are considered significant and thus interpreted as niche selection. The underlying

assumption is that more closely related species share more similar traits and thus react

more similar to environmental gradients [Stegen et al., 2012]. However, if a trait under

consideration, e.g., host specificity displays convergence of a trait (e.g., brown rot decay

mode) this assumption partly is invalidated (Chapter 2). In a case of repeated evolution

of a trait, very phylogenetically distant species can share very similar traits. In the case

of fungi, we know that brown rot fungi evolved repeatedly at least 5-7 times (Chapter 2)

and that more than one brown rot clade is consisting mainly of generalists (Chapter 2).

This could lead to an underestimation of niche selection if it is interpreted based on the

mean nearest taxon distance. The absence of a consideration of phylogenetic relatedness,

as in measures of community composition, such as community dissimilarity, could lead

to an overestimation of dissimilarity. Communities which consist of two species, which

are exclusively only found in one of the communities, would result in a high degree of

observed dissimilarity. However, if the two species are closely related, e.g., sister species

and habitats are equal, then the two species may not coexist because of competitive

exclusion or similarity [MacArthur and Levins, 1967], and not because of differential

abiotic habitat filtering. In other words, the two communities would be more similar

than expected from the occurrence alone. Thus, measures of community composition

might overestimate dissimilarity of communities. It might thus be problematic to use

quantities of community composition without phylogenetic information, however, also

quantities which consider phylogenetic relatedness may bias interpretations. Further

studies are needed to test the methods for such interpretation biases.

Finally, understanding biodiversity – both the pattern of their occurrence and pro-

cesses underlying these patterns - is critical to gain a mechanistic understanding of

assembly processes. Such knowledge will increase our ability to implement evidence-

based management and conservation strategies to protect species and ecosystems and

to predict future responses to e.g., habitat loss and climate change. Both, habitat

loss and climate change, are major threads to fungal species occurrence and abundance

[Heilmann-Clausen et al., 2015]. Dead-wood reduction due to modern forest management

is causing habitat loss for wood-inhabiting fungi. Global climate change affects host tree

species distributions [Iverson and Prasad, 1998, Parmesan, 2006, Fei et al., 2017, Chen
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7 General discussion

et al., 2011] and thus will likely affect availability of resources for wood-inhabiting fungi.

However, most studies addressing biodiversity focus on the description of pattern (e.g.,

species richness and community composition) rather than on mechanistic explanations.

In a meta-analysis, it was found that the majority of studies addressing climate change

did not provide any mechanistic explanation for the observed pattern [Urban et al., 2016]

and similar numbers could be expected from community ecology as a whole. Although

many survey-based studies accumulated, so far fungi and particular wood-inhabiting

fungi have been rarely studied within experiments [Heilmann-Clausen et al., 2015, Sei-

bold et al., 2015a] or evolutionary studies, although they are the main agents of wood

decomposition and thus play important roles in global carbon and nutrient cycling [Stok-

land et al., 2012]. Thus, here I want to demonstrate how results based on a mechanistic

understanding of the community assembly of species can be used to predict the effect of

climate change on fungal diversity. A key aspect of climate change is an increasing aver-

age temperature [IPCC, 2014]. Increasing average temperature will have direct as well as

indirect effects on the diversity of wood-inhabiting fungi. Direct effects of climate change

will mainly affect the community composition (Chapter 4) and assembly processes via

morphological traits such as color lightness, which is linked to the thermal environment

(Chapter 3). Climate change will further affect host availability [Thuiller et al., 2005,

Parmesan, 2006] and thus indirectly fungal diversity, given the stronger experimental

effects of host vs. environment (Chapter 4) and especially the strongly host specialized

white rot fungi (Chapter 2). Climate change is predicted to further change precipitation

regimes which will, together with climate warming, increase drought occurrences [Allen

et al., 2010, IPCC, 2014]. Variation in water content within dead-wood may further

affect demographic properties (abundance, stochastic birth/death processes) and thus

affect stochastic processes. Chapter 5 revealed significant influence of drift on local as-

sembly processes. Reduced local abundances, for example, may reduce the effect of drift,

leading to an increase of niche selection or changed dispersal limitation. It is important

to emphasize that studies purely based on diversity pattern recently found inconsistent

effects of e.g., dead-wood resource (host) vs. climate [Bässler et al., 2010, Bässler et al.,

2016b]. In summary, climate may affect fungi indirectly via change in host tree avail-

ability or directly via changed (micro-) climatic conditions (Chapter 4), e.g., via thermal

adaptations such as color (Chapter 3). This effect might be especially critical for highly

specialized white rot fungi (Chapter 2).

Based on two fundamental approaches to study potential mechanisms of fungal as-

sembly, this thesis could increase our understanding of how evolutionary constraints

together with species traits structures fungal assemblages. Fungal adaptations towards
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the host tree species as well as morphological traits and life-history traits influence the

assembly of saprotrophic fungal communities. Further, besides niche selection, demo-

graphic differences due to community sizes may play an important role in structuring

fungal assemblages by regulating the influence of stochasticity.
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8 Future directions

In general, future directions should address the question whether the climate or the host

are more important for fungal evolution and community ecology. To reach this goal, to

further advance the understanding of assembly processes and to further expand the find-

ings of this thesis, research effort should be directed into 1) broadening data-acquisition

methods and 2) utilizing newly developed data-analysis methods. Within the general

research field of fungal community ecology, involving e.g., host specificity, currently

only few studies are utilizing high-throughput sequencing approaches. Although meta-

barcoding has recently gained some attention within fungal ecology studies [Hibbett

et al., 2009], other ’OMICS’ (transcript-, gen-, proteomics) approaches have rarely been

used and ’METAOMICS’ (metatranscript-, metagenomics) are especially rare [Yadav

et al., 2016]. Here I will thus propose an experimental approach involving transcriptome

analysis to study responses of mushrooms to environmental stress on a molecular level

to complement existing approaches addressing the molecular underpinnings of substrate

specificity [Wu et al., 2018]. Further, comparative genomics could be used to study the

genomic basis for the observed color diversity even within single genera. Besides exploit-

ing novel sequencing methods to study fungal adaptations and genome evolution, novel

data-analysis methods should be used to (re)analyze existing and newly generated data.

Currently many analytical approaches within fungal community ecology are based on

descriptive statistics [Ovaskainen et al., 2017] or null models [Ulrich and Gotelli, 2010].

Null models iteratively produce stochastic expectations of ecological patterns by ran-

domly permutation of the data by excluding certain processes (e.g., species interactions)

of interest [Gotelli, 2000]. However, null models display several statistical challenges,

e.g., the strength of randomization has direct effects on the type-I error rate [Zhou and

Ning, 2017]. Thus, there is a need to build parametric models where such uncertainties

can be estimated with the parameters of interest. Here I will propose the use of such

a novel framework to study assembly processes based on the described local-scale dead-

wood experiment (general understanding of assembly processes) and continental-scale

European fungal dataset (prediction of effects of future host distributions and climate

change).
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8 Future directions

Effects of host, climate and drift on fungal assembly processes

Fungal community assembly is driven by the abiotic environment and the host (Chapter

2, 4), neutral processes (Chapter 5) as well as niche selection through e.g., morphological

traits (Chapter 3). Another important factor is competition (competitive exclusion, lim-

iting similarity), which becomes more influential on local spatial scales [Barberán et al.,

2014, Leibold and Chase, 2017]. Finally species share evolutionary history, and thus

species are not statistically independent [Felsenstein, 1985] but also that more closely

related species are more likely to show similar traits and functional responses (’niche

conservatism’, [Losos, 2008]). To better understand the interplay of abiotic and biotic

filtering, niche conservatism and traits as well as neutral processes on local assembly

processes, I propose to use hierarchical modelling of species communities (HMSC). This

method has only recently been developed with the advantage of being a parametric

model framework. The currently used null model framework used in Chapter 5 [Stegen

et al., 2012] allows to infer similar quantities, however, a parametric modelling framework

comes with advantages over null model approaches. The advantages are listed in Box 1

within [Ovaskainen et al., 2017], however, one important feature is model validation and

prediction. This framework thus allows to predict inferred relations into future climate

scenarios, which allows to more directly present predicted future effects with confidence

estimation given the data and model. A null model approach does not allow parametric

predictions and thus remains entirely speculative about future developments. Figure 2.5

presents a conceptual framework, how the dead-wood experiment can be used to build a

HMSC model. The central research objective could be whether the host or environment

filter more on fruit body traits or whether assembly processes are neutral regarding trait

distributions. Given the effects of the climate on community composition within Article

I and the high influence of drift found within Chapter 2 it can be expected to find a

combination of niche selection by climate which affects morphological trait composition

(e.g., fruit body size or color) alongside high influence of neutral processes.

This approach allows to disentangle various assembly processes in a model frame-

work, given the data is derived from an experimental setup. As highlighted above, this

model allows to make predictions given future climate scenarios. Environmental change,

however, does not act unidirectional on fungal assemblages only, but also on trophic-

interactions fungi are involved in. Climate-induced range- as well as phenological shifts

have been reported for plant and fungal species [Parmesan and Yohe, 2003, Thomas

et al., 2004, Lenoir et al., 2008, Harsch et al., 2009, Chen et al., 2011, Gottfried et al.,

2012, Kauserud et al., 2012, Boddy et al., 2014]. Thus, on large-scale spatial scales as
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Figure 8.1: Conceptual framework to test for signals of environmental filtering (niche selec-
tion) vs. random processes on wood-inhabiting assembly. Graphical representation
adapted from [Ovaskainen et al., 2017].

well as temporal (seasonal) scales it can be expected that climate affects both plant host

as well as fungal occurrence/ abundance simultaneously. The above proposed model

framework allows predictions and thus I propose to use HMSC modeling on large-spatial

scales to test whether the host (diversity) is more important for fungal diversity than

the macroclimate (controlling for other environmental effects). Such a model can once

be fit for fungi and once for host tree species across Europe. Then future host distribu-

tions can be modelled given future climate scenarios, which can then be used as input

alongside future climate into the fungal model for further predictions. Such a framework

is displayed in Figure 8.2. As data basis one could use the fungal species distributions

and phylogeny from Article 4 together with host data derived from GBIF [Gbif, 2017].

Beyond tree species identity (host), the climate had significant effects on the com-

munity composition of mushroom-forming fungi (Chapter 4). To gain a more mech-

anistic understanding of how climate affect fungi, I propose to perform experimental

treatment of mushrooms to test for their responses to environmental stress. It is cur-
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8 Future directions

rently unknown whether mushrooms are able to react to environmental stress, e.g., to

secure spore production even under harsh conditions. Therefore, a first approach could

be laboratory experiments where cultured mushrooms (e.g., Lentinula eodes) are ex-

posed to heat, drought and frost stress and subsequent transcriptome analysis to test

for differences in gene expression levels between treatments and controls. Using such

experimental approaches, it could be tested whether mushrooms react to environmental

stress independently from a mycelial response and if yes, what are specific responses on

a molecular level, e.g., upregulation of heat-shock or metabolism-related proteins [Liu

et al., 2017]. A previous study demonstrated 577 differentially expressed genes only in

the mature fruit body of Lentinula eodes [Song et al., 2018], suggesting a potential for

mushroom-exclusive responses to environmental stress.
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Effects of morphological traits on fungal assembly processes

Fitness advantage of dark-colored mushrooms in cold environments

A key finding of this thesis was a significant effect of temperature and seasonality on color

lightness of saprotroph mushrooms assemblies (Chapter 4). Saprotroph assemblages are

darker in cold environments and seasons of the year. This result suggests the theory

of thermal melanism (TTM) for mushrooms. As a recent study pointed out, for full
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support of the TTM three conditions must be met, demonstrating that color variation:

(1) displays a geographic pattern with the thermal environment (2) affects the temper-

ature of the organism and (3) increases fitness [Cordero et al., 2018]. Chapter 3 could

sufficiently demonstrate support for (1) and (2), however, additional experiments are

needed to demonstrate condition (3). Such experiments should define basic parameters

of mushroom fitness [Pringle and Taylor, 2002] (e.g., total biomass, number of viable

spores, fruiting duration) and compare dark- vs. light-colored individuals in cold envi-

ronments. The expectation is that dark-colored mushrooms are at a fitness advantage

in cold environments.

Genomic basis of mushroom color diversity

Mushroom-forming fungi display tremendous color diversity within their reproductive

organs known as mushrooms (Chapter 3). However, we are only beginning do under-

stand the ecological and evolutionary causes of this color diversity. Interestingly even

genera display a high amount of color variability, e.g., within the genus Amanita. One

explanation might be that color in mushroom is under rapid adaptive selection by the

environment (e.g. macroclimate). Thus, further ecological and evolutionary studies will

help to further understand the underlying causes of color in mushrooms. Here I propose

to study the genetic underpinnings of the high color diversity at the genomic level, that is

finding the genes under strong selection, and the evolutionary mechanisms by which ge-

netic diversity may be generated (gene duplication, deletions/insertions, changes in gene

network). One potential approach is to draw on published genomes of Amanita and

to sequence additional Amanita genomes to generate genomes of the full color palette.

Amanita is a well-studied genus and important to the nutrition of many forest tree

species (ectomycorrhizal species). The phylogenetic relationships are well known [Wolfe

et al., 2012] and recently, the first genomes in this genus have become available [Kohler

et al., 2015].

Fungal pigments share many chemical structures with pigments found in plants and

animals, e.g., melanin, betalains, quinones and carotenoids. Thus, assembled genomes

and transcriptomes from other Amanita species could be used to annotate genome as-

semblies. Once the genes within the assemblies have been identified one could proceed

to identify homologs to pigment-related genes in plants and animals and perform com-

parative genomic analysis. The main hypothesis would be that gene duplications led

to an increased mutation rate of pigment related genes, which then led to an increased

diversity in the color phenotype.
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Irmgard Krisai-Greilhuber, Thomas W Kuyper, Beatrice Senn-Irlet, Ulf Büntgen, Jef-
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László G Nagy, Robert Riley, Andrew Tritt, Catherine Adam, Chris Daum, Dimitrios

Floudas, Hui Sun, Jagjit S Yadav, Jasmyn Pangilinan, Karl-Henrik Larsson, Kenji

Matsuura, Kerrie Barry, Kurt Labutti, Rita Kuo, Robin A Ohm, Sukanta S Bhat-

tacharya, Takashi Shirouzu, Yuko Yoshinaga, Francis M Martin, Igor V Grigoriev,

and David S Hibbett. Comparative Genomics of Early-Diverging Mushroom-Forming

Fungi Provides Insights into the Origins of Lignocellulose Decay Capabilities. Molec-

ular biology and evolution, 33(4):959–970, 2015.

Laszlo G Nagy, Renata Toth, Eniko Kiss, Jason Slot, Attila Gacser, and Gabor M Ko-

vacs. Six key traits of fungi: Their evolutionary origins and genetic bases. Microbiology

spectrum, 5(4), 2017.

LG Nagy, D Floudas, R Riley, K Barry, IV Grigoriev, and DS Hibbett. Diversification of

wood decay systems in early evolution of agaricomycotina. In Phytopathology, volume

103, pages 181–181, 2013.

Diana R Nemergut, Steven K Schmidt, Tadashi Fukami, Sean P O’Neill, Teresa M Bilin-

ski, Lee F Stanish, Joseph E Knelman, John L Darcy, Ryan C Lynch, Phillip Wickey,

and Scott Ferrenberg. Patterns and processes of microbial community assembly. Mi-

crobiology and Molecular Biology Reviews, 77(3):342–356, 2013.

Paul A Newman and Richard McKenzie. Uv impacts avoided by the montreal protocol.

Photochemical & photobiological sciences : Official journal of the European Photo-

chemistry Association and the European Society for Photobiology, 10(7):1152–1160,

2011.

Lam Tung Nguyen, Heiko A. Schmidt, Arndt Von Haeseler, and Bui Quang Minh. IQ-

TREE: A fast and effective stochastic algorithm for estimating maximum-likelihood

phylogenies. Molecular Biology and Evolution, 32(1):268–274, 2015.

Arne C Nilssen. Long-range aerial dispersal of bark beetles and bark weevils (Coleoptera,

Scolytidae and Curculionidae) in northern Finland. Annales Entomologici Fennici, 50:

37–42, 1984.

195



Bibliography

Björn Nordén, Frank Götmark, Marie Tönnberg, and Martin Ryberg. Dead wood in
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Pedro R Peres-Neto, Pierre Legendre, Stéphane Dray, and Daniel Borcard. Variation

partitioning of species data matrices: Estimation and comparison of fractions. Ecology,

87(10):2614–2625, 2006.

Ronald H Petersen. Gloeomucro and a note on physalacria concinna. Mycologia, pages

301–311, 1980.

Eran Pichersky and David R. Gang. Genetics and biochemistry of secondary metabolites

in plants: An evolutionary perspective, 2000.

Stefan Pinkert and Dirk Zeuss. Thermal biology: Melanin-based energy harvesting across

the tree of life. Current Biology, 28(16):R887–R889, 2018.

Stefan Pinkert, Roland Brandl, and Dirk Zeuss. Colour lightness of dragonfly assem-

blages across north america and europe. Ecography, 40(9):1110–1117, 2017.
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De Barba, Philippe Gaucher, Ludovic Gielly, Charline Giguet-Covex, Amaia Iribar,
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A Figures

Figure A.1: Phylogeny with SH support values. A zoom-able version with species names and
Shimodaira–Hasegawa approximate likelihood ratio test support values (SH-aLRT
branch support). Figure see next page.
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Favolus squamosusPolyporus squamosusDatronia stereoidesDatronia mollis
Polyporus varius

Dichomitus eucalypti

Trametes hirsutaTrametes villosa
Trametes suaveolensTrametes thujae
Trametes conchifer
Trametes velutina
Trametes pubescens

Trametes purpureaTrametes obstinataTrametes versicolor
Trametes ectypaTrametes ochracea

Trametes drummondiiTrametes membranacea

Lenzites gibbosaTrametes gibbosa
Trametes pocas
Lenzites vespaceaTrametes pavonia

Trametes menziesii

Perenniporia formosanaTrametes cubensisTrametes orientalis
Trametes cinnabarina
Pycnoporus coccineusTrametes cingulataTrametes marianna
Trametes elegansTrametes meyeniiTrametes maxima
Daedaleopsis confragosaDaedaleopsis septentrionalis

Lopharia cinerascensDentocorticium sulphurellum

Wrightoporia lentaWrightoporia avellaneaAmylosporus campbelliiAleurodiscus scutellatusAleurodiscus disciformis

Creolophus cirrhatus
Hericium erinaceusHericium coralloidesHericium abietis
Hericium americanum
Hericium alpestre

Dentipellis fragilisDentipellis separansLaxitextum bicolor
Wrightoporia cylindrosporaEntomocorticium dendroctoni

Gloeocystidiellum porosumBoidinia furfuracea
Pseudoxenasma verrucisporum

Auriscalpium vulgareGloiodon strigosus

Lentinellus vulpinusLentinellus cochleatus

Lentinellus ursinusLentinellus castoreus
Lentinellus montanus

Lentinellus flabelliformis
Lentinellus omphalodesLentinellus micheneri

Echinodontium tinctoriumLaurilia sulcata

Amylostereum chailletiiAmylostereum areolatumAmylostereum laevigatumAmylostereum ferreum

Scytinostroma odoratum

Scytinostroma ochroleucum
Asterostroma mediumAsterostroma laxum

Lopharia mirabilisAsterostroma andinum
Scytinostroma portentosumGloiothele lactescens

Vararia gallicaVararia ochroleuca

Peniophora piniPeniophora piceaePeniophora incarnata

Peniophora pithyaPeniophora aurantiaca

Peniophora cinerea
Peniophora nudaPeniophora limitata
Peniophora lycii

Vararia sphaericospora
Dichostereum granulosum
Dichostereum effuscatum
Dichostereum pallescens
Scytinostroma eurasiaticogalactinum
Vararia investiens
Scytinostroma jacksoniiScytinostroma galactinum

Gloeocystidiellum clavuligerum
Gloeocystidiellum porosellumGloeocystidiellum bisporum

Artomyces pyxidatus
Gloeodontia columbiensis
Gloeocystidiellum subasperisporumGloeodontia discolor

Aleurodiscus aurantius

Aleurodiscus penicillatusAcanthophysium weirii
Acanthobasidium norvegicumAcanthobasidium phragmitis

Aleurodiscus amorphusAleurodiscus grantii

Aleurodiscus abietis

Aleurobotrys botryosus

Stereum peculiareGloeocystidiellum wakullumMegalocystidium leucoxanthumMegalocystidium luridum

Aleurodiscus cerussatusStereum ostrea

Aleurodiscus lapponicusAcanthophysium cerussatumAleurodiscus laurentianus

Stereum rugosumStereum sanguinolentum
Stereum reflexulum
Stereum gausapatum
Stereum hirsutumStereum subtomentosum
Stereum complicatum

Xylobolus annosusConferticium ochraceum
Gloeocystidiellum tristeGloeocystidiellum heimii

Acanthophysium lividocaeruleum
Xylobolus subpileatusXylobolus frustulatus
Aleurodiscus oakesiiAleurodiscus mirabilis

Heterobasidion occidentale
Heterobasidion parviporum

Heterobasidion irregulare
Heterobasidion australe
Heterobasidion araucariaeHeterobasidion ecrustosum
Heterobasidion insulare
Heterobasidion annosum

Bondarzewia berkeleyi
Bondarzewia mesentericaBondarzewia montana

Galzinia incrustans
Asterostroma cervicolorAsterostroma muscicola

Gloeophyllum mexicanum
Osmoporus odoratusGloeophyllum odoratum
Veluticeps berkeleyiVeluticeps abietinaGriseoporia carbonaria

Gloeophyllum abietinum
Gloeophyllum striatumGloeophyllum trabeum
Gloeophyllum sepiariumGloeophyllum subferrugineum

Heliocybe sulcata

Neolentinus ponderosusNeolentinus lepideusNeolentinus kauffmaniiNeolentinus adhaerens

Cytidia salicina

Vuilleminia megalosporaVuilleminia comedens
Vuilleminia coryli
Vuilleminia cystidiata

Dendrocorticium polygonioides
Dendrocorticium roseocarneum
Punctularia strigosozonata

Corticium roseum
Corticium salmonicolor
Erythricium laetum

Amphinema diademaAmphinema byssoides
Piloderma lanatum

Piloderma olivaceumPiloderma croceum
Piloderma byssinum

Fibulomyces mutabilis
Athelia decipiensAthelia arachnoidea
Athelia neuhoffii

Athelopsis glaucinaAthelia fibulata
Athelia epiphylla

Leptosporomyces galziniiLeptosporomyces raunkiaeri

Hygrophoropsis aurantiaca

Chalciporus piperatoidesPaxillus involutusBoletinellus merulioides
Phlebopus marginatus

Leucogyrophana arizonica
Pseudomerulius curtisii
Leucogyrophana olivascensLeucogyrophana romellii
Leucogyrophana mollusca

Bondarcevomyces taxiPseudomerulius aureus
Leucogyrophana montana
Tapinella atrotomentosaTapinella panuoides

Leucogyrophana sororia
Serpula lacrymansSerpula himantioides

Serpula pulverulenta
Meruliporia incrassataSerpula incrassata

Coniophora aridaConiophora marmorata

Resupinatus trichotisResupinatus applicatus

Volvariella lepiotosporaVolvariella caesiotinctaVolvariella volvacea
Volvariella bombycina

Macrocystidia cucumis
Limacella gliodermaLimacella illinita
Callistosporium graminicolor
Pluteus salicinus

Pluteus petasatusPluteus curtisii
Pluteus pellitusPluteus spegazzinianusPluteus cervinus
Pluteus atromarginatusPluteus tricuspidatus

Pluteus plautus
Pluteus longistriatusPluteus semibulbosus
Pluteus granulatusPluteus leoninusPluteus umbrosus

Pluteus nanusPluteus cinereofuscus
Pluteus podospileusPluteus ephebeus

Pluteus aurantiorugosus
Pluteus lutescensPluteus romellii
Pluteus chrysophlebiusPluteus admirabilis
Pluteus phlebophorusPluteus thomsonii

Entoloma conferendumEntoloma mougeotii
Entoloma nidorosum
Entoloma rhodopolium

Hypsizygus tessulatus
Hypsizygus marmoreusHypsizygus ulmarius
Lepista nuda

Psathyrella incertaPsathyrella candolleanaPsathyrella typhae

Psathyrella maculata
Psathyrella hydrophilaPsathyrella piluliformis

Psathyrella kitsiana
Psathyrella dicraniPsathyrella pennata
Coprinus cordisporus

Psathyrella pygmaea

Psathyrella subatrata
Coprinopsis phlyctidosporaCoprinopsis atramentaria
Psathyrella conissansPsathyrella spadiceaPsathyrella naucoria

Crucibulum laeveCyathus setosus
Cyathus poeppigiiCyathus striatus
Cyathus pallidus
Cyathus ollaCyathus stercoreus

Agaricus arvensisAgaricus augustusAgaricus campestrisAgaricus xanthodermus

Lepiota clypeolariaLepiota acutesquamosa

Lycoperdon echinatum
Lycoperdon pyriformeLycoperdon umbrinum
Lycoperdon perlatumLycoperdon marginatumCalvatia gigantea

Agrocybe aegeritaAgrocybe parasiticaAgrocybe cylindraceaAgrocybe erebia

Galerina atkinsoniana
Hemipholiota populneaGalerina pruinatipesGalerina triscopa

Galerina nanaGalerina badipes

Galerina marginataGalerina autumnalisGalerina unicolor
Galerina stylifera

Agrocybe firmaAgrocybe praecoxAgrocybe tuberosa

Stropharia squamosa

Hypholoma radicosumHypholoma marginatum
Hypholoma dispersumHypholoma sublateritium
Hypholoma fasciculareHypholoma capnoides

Stropharia aeruginosaStropharia ambiguaStropharia coronilla

Pholiota carbonaria
Pholiota astragalina

Pholiota decorata
Pholiota lubricaPholiota lenta
Pholiota spumosa

Pholiota mixta

Pholiota scambaPholiota squarrosa

Pholiota aurivelloides
Pholiota abietis
Pholiota adiposa
Pholiota limonellaPholiota aurivellaPholiota terrestris
Pholiota gummosaPholiota nameko
Pholiota squarrosoidesPholiota flammans

Flammula alnicolaPholiota lucifera
Pholiota abieticola
Pholiota pinicola

Agrocybe duraKuehneromyces mutabilis

Gymnopilus flavusGymnopilus bellulus

Gymnopilus sapineusGymnopilus penetransGymnopilus hybridus

Gymnopilus spectabilisGymnopilus pampeanusGymnopilus junoniusGymnopilus fulgens

Gymnopilus underwoodii
Gymnopilus aeruginosusGymnopilus purpuratus

Gymnopilus liquiritiaeGymnopilus picreus

Crepidotus applanatusCrepidotus nyssicolaCrepidotus amygdalosporus

Crepidotus sphaerosporusCrepidotus cesatii

Crepidotus variabilis
Crepidotus epibryus
Crepidotus subverrucisporusCrepidotus martinii
Crepidotus luteolus
Crepidotus cinnabarinusCrepidotus tennesseensisCrepidotus submollis

Crepidotus alabamensis

Crepidotus mollisCrepidotus calolepisCrepidotus uber
Crepidotus lundelliiCrepidotus versutus

Crepidotus sinuosusCrepidotus malachius

Crepidotus crocophyllusCrepidotus nephrodesCrepidotus appalachianensis

Mycena erubescensMycena amicta
Mycena adscendens
Mycena chlorophosMycena longiseta
Mycena polyadelpha
Mycena laevigataMycena maculata

Mycena leaiana
Mycena tenaxMycena belliae
Mycena subcanaMycena epipterygiaMycena clavicularisMycena tintinnabulumMycena crocataMycena cinerella

Mycena abramsiiMycena alnetorum
Mycena aurantiomarginataMycena zephirusMycena algeriensis
Mycena plumbeaMycena rubromarginata
Mycena galopusMycena sanguinolenta
Mycena haematopodaMycena haematopus
Mycena niveipes
Mycena seynesiiMycena renati
Mycena citrinomarginata
Mycena viridimarginataMycena purpureofusca

Mycena meliigena
Mycena pseudocorticolaMycena polygramma
Mycena metataMycena arcangeliana

Mycena capillarisPanellus stipticus
Mycena rosellaMycena pura

Mycena strobilicolaMycena galericulata

Mycena tenerrima

Radulomyces molarisRadulomyces rickiiRadulomyces confluens

Xeromphalina fraxinophilaXeromphalina cauticinalisXeromphalina campanellaXeromphalina kauffmanii

Mycena speirea
Mycena hiemalisMycena olida

Tricholomopsis decoraTricholomopsis rutilans

Lachnella villosa
Cyphellopsis anomala

Cylindrobasidium evolvens
Cylindrobasidium laeveCylindrobasidium torrendii

Strobilurus conigenoides
Strobilurus trullisatusStrobilurus albipilatus
Strobilurus tenacellusStrobilurus esculentus

Marasmius hudsonii
Marasmius epiphyllus

Marasmius crescentiae
Flammulina velutipes

Armillaria cepistipes

Armillaria gallicaArmillaria calvescens
Armillaria borealis
Armillaria geminaArmillaria ostoyae

Armillaria hinnulea
Armillaria novae−zelandiae
Armillaria puiggarii

Armillaria pallidulaArmillaria fumosaArmillaria limoneaArmillaria luteobubalina

Armillaria heimii
Armillaria sparreiArmillaria fuscipes

Armillaria tabescensArmillaria mellea

Armillaria sinapina
Armillaria nabsnona

Rhodotus palmatus

Marasmius delectans

Marasmius plicatulusMarasmius wynneiMarasmius berteroi
Marasmius bulliardiiMarasmius oreades

Marasmius siccus
Marasmius haematocephalusMarasmius puerariae

Marasmius tenuissimus
Marasmius nigrobrunneusMarasmius graminum
Marasmius guyanensisMarasmius crinis−equi

Lepiota cristata
Marasmius rotula
Marasmius capillarisMarasmius rotalis

Marasmius scorodoniusMarasmius alliaceus
Marasmius copelandii

Lentinula novae−zelandiaeLentinula edodes
Lentinula boryana

Gymnopus fusipesMarasmius quercophilusRhodocollybia laulaha

Anthracophyllum lateritiumAnthracophyllum archeri

Mycena acicula
Henningsomyces puberHenningsomyces candidus

Mycena auricomaMegacollybia platyphyllaPorotheleum fimbriatum

Chondrostereum purpureumGloeostereum incarnatum
Baeospora myosuraBaeospora myriadophyllaAthelia bombacina

Mycena adonis
Panellus ringensPanellus violaceofulvus

Mucronella calva
Hohenbuehelia mastrucata
Hohenbuehelia unguicularis

Nematoctonus geogeniusHohenbuehelia petaloidesHohenbuehelia angustataHohenbuehelia griseaNematoctonus robustus

Pleurotus ostreatus
Pleurotus eryngiiPleurotus sapidusPleurotus spodoleucus

Pleurotus pulmonarius
Pleurotus abieticolaPleurotus australis

Pleurotus citrinopileatusPleurotus cornucopiae
Pleurotus dryinus
Pleurotus smithii
Pleurotus fuscosquamulosusPleurotus cystidiosus

Pleurotus levisPleurotus opuntiaePleurotus calyptratus

Pleurotus flabellatus
Pleurotus djamorPleurotus salmoneostramineus

Pleurotus purpureo−olivaceusPleurotus rattenburyi

Schizophyllum umbrinum
Schizophyllum commune
Schizophyllum radiatumSchizophyllum fasciatum
Auriculariopsis ampla
Fistulina hepaticaFistulina antarctica
Fistulina pallida

Hypochniciellum subillaqueatumHypochniciellum molle

Hyphoderma capitatumTsugacorticium kenaicum
Resinicium chiricahuaenseResinicium furfuraceum

Hyphodontia subalutaceaHyphodontia floccosaHyphodontia abieticolaHyphodontia barba−jovisHyphodontia alienataHyphodontia cineraceaHyphodontia curvisporaHyphodontia alutacea

Hyphodontia hastata
Tubulicrinis hirtellusTubulicrinis globisporus

Tubulicrinis subulatus
Tubulicrinis gracillimusTubulicrinis inornatus

Poriodontia subvinosaBasidioradulum radula

Asterodon ferruginosusTrichaptum byssogenum
Phellinus adamantinusPhellinus noxius

Hymenochaete epichlora
Phellinus xeranticus
Hymenochaete villosaHymenochaete attenuata
Hymenochaete rheicolor

Hymenochaete semistupposaHymenochaete berteroiCyclomyces setiporusInonotus tabacinus

Hymenochaete unicolor

Hymenochaete carpaticaHymenochaete longispora
Hymenochaete senatoumbrinaHymenochaete tenuis

Hydnochaete tabacina
Hymenochaete anomalaHymenochaete luteobadia
Hymenochaete separabilisHymenochaete separataHymenochaete rhabarbarina

Hymenochaete cinnamomea
Hymenochaete minusculaHymenochaete fuliginosa
Hymenochaete tasmanicaHymenochaete rubiginosa

Hymenochaete innexa
Hymenochaete florideaHymenochaete sphaericola
Hymenochaete legeriHymenochaete pinnatifida

Hydnochaete tabacinoidesHymenochaete sallei
Hymenochaete spreta

Hymenochaete intricataHymenochaete yasudaiHymenochaete corrugata

Pseudoinonotus dryadeus
Phellinus conchatusPhellinus occidentalis

Phellinus spiculosus
Phellinus lundellii
Phellinus alniPhellinus igniarius
Phellinus pseudoigniariusPhellinus populicola

Phellinus nigricans

Phellinus cinereus

Phellinus arctostaphyliPhellinus pomaceus
Phylloporia ribisPhellinus tuberculosus

Phellinus tremulae
Phellinus laevigatus

Phellinus bicuspidatus

Phylloporia chrysitaPhellinus ribis

Inonotus porrectus
Fulvifomes robiniaePhellinus robiniae
Phellinus merrilliiPhellinus rimosus

Phellinus badius
Inocutis rheades
Inocutis jamaicensis
Phellinus umbrinellus

Mensularia radiataInonotus andersonii

Phellinus calcitratus
Inonotus rodwayiInonotus hispidus
Inonotus rickii
Inonotus patouillardiiInonotus quercustris

Inonotus cuticularis

Inonotus nidus−piciInonotus chihshanyenusInonotus obliquusInonotus pruinosusInonotus glomeratusPhellinus extensus

Porodaedalea yamanoiPhellinus gilbertsoniiPorodaedalea chrysoloma
Porodaedalea cancriformans

Fomitiporia cupressicolaPhellinus hartigiiFomitiporia tsugina

Fomitiporia punctata
Fomitiporia bannaensisFomitiporia torreyae

Phellinus erectus
Fomitiporia mediterranea

Phellinus punctatusFomitiporia langloisiiFomitiporia australiensis

Fomitiporia pseudopunctataPhellinus robustus

Phellinus texanus
Porodaedalea pini

Inonotus tomentosusOnnia tomentosa
Onnia leporina

Phellinus johnsonianusFuscoporia gilva

Fuscoporia wahlbergiiFuscoporia torulosa
Fuscoporia ferrea
Fuscoporia contiguaFuscoporia ferruginosa

Fuscoporia viticola

Phellinidium sulphurascensPhellinus weirii
Phellinus ferrugineovelutinusPyrrhoderma sendaiensePhellinus coronadensis

Hyphodontia spathulataHyphodontia quercinaHyphodontia pruni
Hyphodontia sambuciHyphodontia crustosa

Lagarobasidium detriticumHyphodontia nespori
Palifer verecundus

Hyphodontia asperaHyphodontia breviseta

Hyphodontia nudisetaHyphodontia rimosissima
Hyphodontia flavipora
Hyphodontia niemelaeiSchizopora radula

Schizopora paradoxa

Hyphoderma pallidumHyphoderma tsugae

Hyphoderma orphanellum

Hyphoderma echinocystisHyphoderma puberumHyphoderma guttuliferum
Resinicium saccharicolaResinicium bicolor

Lentaria micheneri
Kavinia himantiaKavinia alboviridis
Lentaria surculus

Brevicellicium olivascensBrevicellicium exile
Porpomyces mucidusTrechispora alnicolaTrechispora niveaTrechispora regularis

Trechispora subsphaerospora
Trechispora molluscaTrechispora confinis
Trechispora hymenocystisTrechispora farinacea

Sebacina epigaeaSebacina incrustans

Exidiopsis grisea
Exidiopsis plumbescensExidia crenata
Exidiopsis calceaHeterochaete shearii
Exidia glandulosa

Oliveonia pauxilla
Auricularia mesenterica

Auricularia polytricha
Auricularia cornea
Auricularia peltata
Auricularia delicataAuricularia fuscosuccinea

Auricularia auricula−judaeHeterochaetella brachysporaExidia recisaExidia thuretiana
Stypella papillataPseudohydnum gelatinosumTremiscus helvelloides

Botryobasidium vagum

Botryobasidium botryosum
Botryobasidium candicansBotryobasidium simile

Botryobasidium subcoronatum
Botryobasidium isabellinumBotryobasidium obtusisporum

Sistotrema athelioides

Sistotrema biggsiae
Sistotrema sernanderiSistotrema efibulatum
Sistotrema octosporumSistotrema adnatumSistotrema coronilla

Sistotrema raduloides
Sistotrema pistilliferumSistotrema citriforme
Sistotrema oblongisporum

Sistotrema resinicystidiumSistotrema coroniferumSistotrema farinaceumSistotrema brinkmannii

Sistotrema albopallescensSistotrema confluens
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Figure A.2: Maximum-likelihood phylogeny. Branch support is given as Shimodaira–Hasegawa
approximate likelihood ratio tests (SH-aLRT). The phylogeny was produced based
on a mega-phylogeny approach. Note that branch lengths were rescaled for im-
proved visibility of support values. Lightness values and mean species color values
are provided with the tip labels. Figure see next pages.
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Lyophyllum crassifolium
Lyophyllum amariusculum

Lyophyllum pseudosinuatum

Lyophyllum rhopalopodium
Lyophyllum infumatum
Lyophyllum paelochroum
Lyophyllum semitale

Hypsizygus tessulatus
Entoloma cuspidiferum

Leucocybe connata

Clitocybe vibecina
Entoloma rhodocylix
Clitocybe foetens
Clitopilus passeckerianus
Clitocybe truncicola

Tephrocybe confusa
Entoloma caeruleopolitum

Melanoleuca cognata

Panaeolus rickenii
Panaeolus papilionaceus
Panaeolus alcis
Panaeolus acuminatus
Panaeolus olivaceus
Panaeolus cyanescens
Gliophorus reginae
Pseudoomphalina kalchbrenneri

Leucopaxillus alboalutaceus

Leucopaxillus albissimus
Leucopaxillus paradoxus
Leucopaxillus cerealis
Leucopaxillus gentianeus
Leucopaxillus tricolor

Chromosera xanthochroa

Tricholoma viridilutescens
Tricholoma terreum
Tricholoma scalpturatum
Tricholoma triste
Tricholoma cingulatum
Tricholoma argyraceum
Tricholoma arvernense

Tricholoma filamentosum

Tricholoma basirubens
Tricholoma josserandii
Tricholoma guldeniae

Tricholoma virgatum
Tricholoma joachimii

Tricholoma olivaceotinctum
Tricholoma sejunctum
Tricholoma atrosquamosum

Clitocybe trulliformis
Tricholoma dulciolens
Tricholoma caligatumTricholoma matsutake
Tricholoma magnivelare
Tricholoma stiparophyllum
Tricholoma lascivum
Tricholoma album
Tricholoma orirubens
Tricholoma aestuans
Tricholoma sudum
Tricholoma saponaceum

Hydropus trichoderma
Tricholoma stans
Tricholoma apium
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Clitopilus geminus
Catathelasma imperiale
Rhodocybe roseiavellanea

Clitocella fallax
Clitocella popinalis
Clitocella mundula

Clitopilus scyphoides
Clitopilus prunulus
Clitopilus cystidiatus
Clitopilus hobsonii

Clitopilopsis hirneola
Entoloma turci

Rhodophana nitellina

Entoloma plebejum
Entoloma sphagneti
Entocybe nitida
Entocybe turbida

Entoloma excentricum

Entoloma euchroum

Entoloma tjallingiorumEntoloma alnetorum
Entoloma lampropus
Hygrophorus nemoreus
Hygrophorus penarius

Entoloma undulatosporum

Entoloma undatum
Entoloma byssisedum
Entoloma cremeoalbum
Entoloma lepidissimum
Entoloma parasiticum

Entoloma sericeum
Entoloma cephalotrichum

Entoloma defibulatum
Entoloma conferendum
Entoloma graphitipes

Entoloma hebes
Entoloma vindobonense
Entoloma cetratum
Entoloma tibiicystidiatum
Entoloma hirtipes

Entoloma juncinum
Entoloma clandestinum

Entoloma callichroum
Entoloma dichroum

Entoloma allochroum
Entoloma coelestinum
Entoloma anatinum

Entoloma versatile
Entoloma araneosum

Entoloma costatum
Entoloma infula
Entoloma fernandae
Entoloma tenellum

Entoloma kuehnerianum

Entoloma madidum
Entoloma luteobasis
Entoloma bloxamii
Entoloma prunuloides
Entoloma sinuatum
Entoloma sordidulum
Entoloma majaloides
Entoloma rhodopolium
Entoloma politum

Entoloma caccabus
Entoloma transvenosum

Entoloma rimulosum
Entoloma venosum
Entoloma sericatum
Entoloma myrmecophilum

Entoloma inusitatum
Entoloma alpicola
Entoloma subradiatum
Entoloma lividoalbum

Entoloma aprile

Entoloma niphoides
Entoloma clypeatum
Entoloma sepium
Entoloma ameides
Entoloma saundersii
Entoloma sarcitum

Tricholoma pardinum
Tricholoma tridentinum
Tricholoma batschii

Mycenella salicina
Mycenella bryophilaTricholoma fracticum
Tricholoma subannulatum

Tricholoma ustale

Tricholoma imbricatum
Tricholoma fulvum
Tricholoma albobrunneum

Tricholoma pessundatum
Tricholoma robustum
Tricholoma populinum
Tricholoma aurantium
Tricholoma ustaloides
Tricholoma focale

Tricholoma psammopus
Cortinarius pseudosalor
Tricholoma vaccinum
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Melanoleuca curtipes
Melanoleuca grammopodia
Melanoleuca humilis

Tricholoma acerbum
Hygrocybe russocoriaceaTricholoma sciodes
Amanita caesarea

Inocybe flocculosa
Inocybe giacomi
Inocybe nitidiuscula

Tricholoma pseudonictitans
Inocybe pseudodestricta
Inocybe rufuloides

Inocybe geophylla

Inocybe posterula
Inocybe cryptocystis
Inocybe phaeodisca
Inocybe whitei

Inocybe quietiodor
Inocybe cookei

Inocybe erubescens
Inocybe adaequata

Inocybe ochracea
Inocybe cervicolor
Inocybe calamistrata
Inocybe bongardii

Inocybe maculata

Inocybe relicina

Inocybe mimica
Inocybe squamata
Inocybe flavella
Inocybe arenicola

Inocybe rimosa
Inocybe bulbosissima
Inocybe melliolens
Inocybe perlata
Inocybe obsoleta

Gliophorus psittacinus
Phaeocollybia festiva
Phaeocollybia jennyae

Galerina pseudocerina
Galerina arctica
Galerina clavata
Galerina stordalii

Flammulaster carpophilus
Phaeomarasmius erinaceus
Tubaria albostipitata
Tubaria dispersa
Tubaria conspersa
Tubaria furfuracea
Tubaria praestans
Tubaria confragosa

Psilocybe crobula
Psilocybe inquilina
Psilocybe apelliculosa
Psilocybe subviscida

Galerina fallax
Gymnopilus picreus

Gymnopilus hybridus
Gymnopilus penetrans
Gymnopilus junonius
Gymnopilus decipiens
Gymnopilus odini

Galerina paludosa

Galerina subcerina
Galerina cephalotricha
Galerina mniophila
Galerina lubrica
Galerina harrisonii
Galerina sphagnicola
Galerina calyptrata
Galerina allospora
Galerina sphagnorum
Galerina hypnorum

Cystoderma superbum
Phaeolepiota aurea

Agrocybe pusiola

Gymnopilus fulgens
Agrocybe putaminum
Agrocybe pediades
Agrocybe praecox
Agrocybe firma

Agrocybe arvalis
Galerina pumila

Entoloma mougeotii
Entoloma griseocyaneum
Entoloma incanum
Entoloma poliopus

Entoloma querquedula
Entoloma caesiocinctum
Entoloma serrulatum

Entoloma atrocoeruleum
Entoloma exile
Entoloma mutabilipes
Entoloma pseudocoelestinum

Entoloma nitens
Entoloma henricii
Entoloma fuscotomentosum
Entoloma jubatum
Entoloma indutoides
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Inocybe dunensis
Inocybe impexa
Inocybe curvipes
Inocybe lanuginosa
Inocybe leptophylla

Inocybe fibrosa

Inocybe nematoloma
Inocybe egenula
Inocybe petiginosa
Inocybe umbratica
Inocybe brunneotomentosa

Inocybe mixtilis
Leucoagaricus melanotrichus
Inocybe hystrix

Inocybe moelleri
Inocybe rufoalba
Inocybe haemacta
Inocybe corydalina
Inocybe pyriodora
Inocybe incarnata

Inocybe fuligineoatra
Inocybe tigrina
Inocybe calospora

Inocybe maculipes
Inocybe subporospora
Inocybe melanopus
Inocybe hirtella
Inocybe fuscidula

Inocybe squarrosa
Inocybe aeruginascens

Inocybe langei
Inocybe griseolilacina
Inocybe glabripes
Inocybe auricoma
Inocybe subnudipes

Inocybe obscurobadia
Inocybe lacera

Inocybe pseudoreducta
Inocybe pusio
Inocybe cincinnata
Inocybe queletii
Inocybe leptocystis
Inocybe serotina

Inocybe asterospora
Inocybe praetervisa

Inocybe rufofusca
Inocybe concinnula
Inocybe saliceticola
Inocybe xanthomelas
Mycena acicula
Inocybe salicis
Inocybe rennyi
Inocybe alnea

Inocybe assimilata
Inocybe napipes
Inocybe pseudohiulca

Inocybe grammata
Inocybe soluta
Inocybe amethystina
Inocybe catalaunica
Inocybe subbrunnea
Inocybe glabrescens
Inocybe sindonia
Inocybe griseovelata

Inocybe roseipes
Inocybe grammopodia
Inocybe appendiculata
Inocybe tenebrosa
Inocybe splendens

Inocybe aurea
Inocybe putilla

Inocybe pseudoasterospora
Inocybe acuta
Inocybe stellatospora
Inocybe proximella
Inocybe subcarpta

Inocybe auricomella

Inocybe tabacina
Inocybe fibrosoides
Inocybe inodora
Inocybe decemgibbosa
Inocybe vulpinella

Inocybe pruinosa

Inocybe favrei
Inocybe taxocystis
Inocybe rivularis

Inocybe leucoloma
Inocybe malenconii
Inocybe calida
Inocybe glabrodisca

Inocybe phaeoleuca
Inocybe ochroalba
Inocybe tjallingiorum
Inocybe godeyi

Inocybe paludinella

Inocybe castanea
Inocybe sapinea
Inocybe sambucina
Inocybe tarda
Inocybe exilis

100

100

37

91

64

90
92
99

100

72
75
100
100

40

96

91
97
96
90
98
87

7

96

89
93

72

93

79

47

95

74
23
64
56

81

98

100
62
87
77
0

98

95
90
99
0

100
36

97

86
92
95

0

79
86

100
13

60

15 98

75

51
87
86
75
96

66

96

45

97

93
100
96
76
100

89

72

92

96

99

8796

69

86
100

96

67

95
68
67

0

58

79
86
86

32
95
52

99

222



Inocybe heimii
Inocybe dulcamara
Inocybe substraminipes
Inocybe squarrosoannulata
Inocybe agardhii

Inocybe bresadolae

Inocybe pallida
Inocybe oblectabilis
Inocybe decipiens
Cortinarius miniatopus
Cortinarius variipes
Inocybe fraudans

Galerina sideroides
Galerina stylifera
Pholiota jahnii

Pholiota gummosa

Pholiota lundbergii
Pholiota squarrosa
Pholiota conissans
Pholiota squarrosoides

Pholiota adiposa
Pholiota aurivella
Pholiota limonella

Psilocybe azurescens

Naucoria salicis
Naucoria bohemica

Hebeloma circinans
Hebeloma cylindrosporum
Hebeloma laterinum
Hebeloma sinuosum

Hebeloma populinum

Hebeloma fragilipes
Hebeloma fusisporum
Hebeloma pallidoluctuosum
Hebeloma hetieri
Hebeloma hiemale

Hebeloma perpallidum

Hebeloma helodes
Hebeloma pusillum
Hebeloma alpinum
Hebeloma ochroalbidum
Hebeloma crustuliniforme
Hebeloma minus
Hebeloma eburneum

Hebeloma cavipes
Hebeloma vaccinum
Hebeloma ammophilum

Hebeloma collariatum
Hebeloma cistophilum
Galerina tibiicystis
Hebeloma syrjense

Hebeloma aestivale
Hebeloma sacchariolens
Hebeloma stenocystis
Hebeloma incarnatulum
Hebeloma leucosarx
Hebeloma quercetorum
Hebeloma sinapizans

Hebeloma atrobrunneum
Hebeloma nigellum

Hebeloma versipelle
Hebeloma mesophaeum
Hebeloma bruchetii
Hebeloma psammophilum

Hebeloma radicosum

Hebeloma griseopruinatumHebeloma theobrominum
Hebeloma vesterholtii

Inocybe tricolor
Inocybe erinaceomorpha
Inocybe armeniaca
Hebeloma marginatulum

Naucoria scolecina

Pholiota nameko

Xeromphalina cornui

Hygrophorus persicolor
Xeromphalina cauticinalis
Xeromphalina fraxinophila
Xeromphalina brunneola
Xeromphalina campanella
Psilocybe arcana
Psilocybe cyanescens

Galerina atkinsoniana
Galerina minima
Galerina vittiformis

Galerina badipes
Galerina jaapii
Galerina marginata
Galerina pseudomycenopsis
Galerina hygrophila

Galerina pseudocamerina
Cortinarius aleuriosmus
Cortinarius glaucopus
Galerina triscopa
Galerina pruinatipes

Pholiota lucifera

Galerina nana
Stagnicola perplexa
Mythicomyces corneipes
Laccaria tetraspora
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Laccaria ohiensis
Laccaria laccata

Laccaria montana
Laccaria bicolor
Laccaria pumila

Laccaria tortilis
Laccaria proxima
Laccaria amethystina

Laccaria lateritia

Lactocollybia epia
Pholiota scamba
Pholiota decussata
Pholiota brunnescens
Pholiota carbonaria

Pholiota henningsii

Pholiota spumosa
Pholiota lubrica
Pholiota lenta
Pholiota mixta
Pholiota highlandensis

Hypholoma ericaeum
Hypholoma capnoides
Hypholoma fasciculare
Stropharia hornemannii
Stropharia rugosoannulata
Stropharia coronilla
Stropharia inuncta
Stropharia caerulea
Stropharia aeruginosa

Hypholoma subericaeum
Pholiota subochracea
Hypholoma polytrichi
Hypholoma myosotis
Hypholoma dispersum
Hypholoma marginatum

Leratiomyces squamosus
Leratiomyces ceres
Leratiomyces laetissimus

Naucoria amarescens
Stropharia melanosperma
Kuehneromyces mutabilis
Phaeogalera stagnina
Psilocybe subcoprophila

Chromosera cyanophylla
Chromosera citrinopallida
Deconica xeroderma

Psilocybe medullosa
Psilocybe silvatica

Psilocybe cubensis

Psilocybe semilanceataGalerina salicicola
Psilocybe stuntzii
Psilocybe fimetaria
Psilocybe liniformans

Pluteus atromarginatusPluteus salicinus

Pluteus cervinus

Pluteus nanus
Pluteus hispidulus
Pluteus luctuosus
Pluteus pallidus
Pluteus brunneoradiatus
Pluteus alniphilus
Pluteus primus
Pluteus pouzarianus
Pluteus petasatus
Pluteus pseudorobertii
Pluteus pellitus

Pholiota flavida

Flammulaster limulatus
Agrocybe dura
Agrocybe vervacti

Psathyrella melanthina
Coprinopsis krieglsteineri
Coprinopsis lagopus
Coprinopsis xenobia

Coprinopsis strossmayeri
Coprinopsis stangliana
Coprinopsis picacea

Coprinopsis marcescibilis
Coprinopsis pannucioides
Coprinopsis cothurnata
Coprinopsis pseudonivea
Coprinopsis nivea

Psathyrella variata
Lacrymaria glareosa
Lacrymaria lacrymabunda

Parasola auricomaParasola megasperma
Parasola kuehneri

Parasola hercules
Parasola galericuliformis
Parasola leiocephala
Parasola hemerobia
Parasola plicatilis
Parasola lilatincta

Lyophyllum decastes
Lyophyllum loricatum
Lyophyllum shimeji
Lyophyllum fumosum
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Coprinopsis pachyderma
Coprinopsis jonesii
Coprinopsis lagopides

Coprinopsis narcotica
Coprinopsis trispora
Coprinopsis sclerotiger
Coprinopsis stercorea
Coprinopsis laanii

Coprinopsis semitalis
Coprinopsis spelaiophila

Coprinopsis ochraceolanata

Coprinopsis macrocephala
Coprinopsis martinii

Coprinopsis scobicola
Coprinopsis pseudoradiata
Coprinopsis ammophilae
Coprinopsis tectispora
Coprinopsis radiata
Coprinopsis candidolanata

Coprinopsis atramentaria
Coprinopsis acuminata
Coprinopsis romagnesiana

Coprinopsis echinospora
Coprinopsis rugosobispora
Coprinopsis phlyctidospora
Coprinopsis erythrocephala

Coprinopsis sclerotiorum
Coprinopsis urticicola
Coprinopsis gonophylla
Coprinopsis episcopalis

Coprinopsis friesii
Coprinopsis pseudofriesii
Coprinopsis phaeospora

Coprinopsis spilospora
Coprinopsis insignis
Coprinopsis cinerea

Psathyrella bipellis
Psathyrella cotonea

Psathyrella effibulata
Psathyrella orbitarum
Psathyrella calcarea

Psathyrella amarescens
Laccaria fraterna
Psathyrella pseudogracilis
Psathyrella corrugis
Psathyrella squamosa
Psathyrella microrhiza

Coprinellus ellisii
Psathyrella panaeoloides
Psathyrella fusca
Psathyrella tephrophylla

Coprinellus hiascens
Psathyrella pygmaea
Psathyrella lutensis
Psathyrella reticulata

Psathyrella mesobromionis
Psathyrella longicauda
Psathyrella typhae
Psathyrella multipedata
Pterula subulata

Psathyrella clivensis
Psathyrella phegophila
Psathyrella fatua

Hemimycena tortuosa
Psathyrella spadiceogrisea
Psathyrella ammophila

Psathyrella lacuum
Psathyrella candolleana
Psathyrella leucotephra
Psathyrella badiophylla

Coprinellus verrucispermus
Coprinellus angulatus
Coprinellus subimpatiens
Coprinellus sclerocystidiosus
Coprinellus disseminatus
Coprinellus bisporiger
Coprinellus micaceus
Coprinellus truncorum

Coprinellus flocculosus
Coprinellus curtus
Coprinellus heptemerus
Coprinellus radians
Coprinellus domesticus
Coprinellus xanthothrix

Coprinellus bisporus
Coprinellus congregatus

Coprinellus sassii
Coprinellus subpurpureus
Coprinellus brevisetulosus
Coprinellus pellucidus

Coprinellus impatiens
Coprinellus plagioporus
Coprinellus amphithallus
Coprinellus callinus

Coprinellus heterosetulosus

Coprinellus subdisseminatus
Coprinellus velatopruinatus
Coprinellus heterothrix
Coprinellus canistri

Coprinellus marculentus
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Psathyrella orbicularis
Psathyrella pennata
Psathyrella fulvescens
Psathyrella pseudocasca
Psathyrella murcida
Psathyrella fagetophila

Psathyrella rubiginosa
Psathyrella pseudocorrugis

Psathyrella sphagnicola
Psathyrella rostellata
Psathyrella spintrigeroides

Psathyrella cortinarioides
Psathyrella artemisiae
Psathyrella fibrillosa
Psathyrella flexispora

Psathyrella hirta

Psathyrella dicrani
Psathyrella seymourensis
Psathyrella scatophila
Psathyrella sacchariolens
Psathyrella kitsiana

Psathyrella umbrina
Psathyrella tenuicula
Psathyrella sphaerocystis
Psathyrella pervelata
Psathyrella gordonii

Psathyrella dunensis

Psathyrella vernalis
Psathyrella obtusata
Psathyrella senex

Psathyrella olympiana
Psathyrella pertinax
Psathyrella piluliformis
Psathyrella stercoraria
Psathyrella prona
Psathyrella supernula
Psathyrella vestita
Psathyrella maculata
Psathyrella impexa

Hygrophorus latitabundus
Volvopluteus gloiocephalusVolvariella media

Pluteus diettrichii
Pluteus poliocnemis
Melanoleuca albifolia

Pluteus umbrosus

Pluteus variabilicolor
Pluteus roseipes
Pluteus leoninus

Pluteus semibulbosus
Pluteus plautus
Pluteus insidiosus
Pluteus thomsonii

Pluteus romellii
Pluteus aurantiorugosus
Pluteus podospileus
Pluteus phlebophorus
Pluteus ephebeus

Pluteus cinereofuscus

Lyophyllum favrei
Calocybe gambosa

Lepiota tomentella
Lepiota pyrochroa
Lepiota subalba
Coprinopsis geesterani
Cystolepiota icterina
Lepiota apatelia
Coprinus comatus
Battarrea phalloides
Coprinus sterquilinus
Montagnea arenaria

Lepiota castanea
Lepiota pilodes
Lepiota cingulum
Leucoagaricus barssii

Cortinarius talus
Hygrophorus hedrychii
Hygrophorus chrysodon

Lepiota parvannulata
Cystolepiota adulterina
Macrolepiota procera
Macrolepiota permixta
Macrolepiota fuliginosa
Macrolepiota excoriata

Macrolepiota gracilenta
Macrolepiota konradii
Macrolepiota prominens
Macrolepiota mastoidea

Phaeocollybia christinae
Simocybe sumptuosa
Simocybe centunculus
Simocybe reducta

Inocybe fastigiella

Inocybe umbrinofusca
Inocybe fuscomarginata
Inocybe leucoblema
Inocybe gymnocarpa

Inocybe terrigena
Inocybe fulvipes
Inocybe arthrocystis
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Chlorophyllum olivieri
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Cortinarius valgus
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Cystolepiota sistrata
Cortinarius salor
Pholiota astragalina

Cortinarius chrysolitus
Cortinarius rubicundulus
Cortinarius aureifolius
Cortinarius helvolus
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Cortinarius bivelus

Cortinarius atropusillus
Cortinarius scotoides
Cortinarius comptulus
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Cortinarius dionysae
Cortinarius prasinus
Cortinarius mirandus

Cystolepiota hetieri
Cortinarius obtusus
Cortinarius pseudoduracinus

Cortinarius acutus
Cortinarius acutovelatus
Cortinarius incisus
Cortinarius junghuhnii

Cortinarius integerrimus
Cortinarius mucifluus

Cortinarius pinophilus
Cortinarius eufulmineus

Cortinarius elegantissimus
Cortinarius percomis
Cortinarius tabularis
Cortinarius pini
Cortinarius elegantior

Cortinarius sulphurinus
Cortinarius guttatus
Cortinarius pseudoglaucopus
Cortinarius dibaphus
Cortinarius glaucescens
Cortinarius cupreorufus

Cortinarius rickenianus

Cortinarius violaceipes
Cortinarius parasuaveolens
Cortinarius piceae
Cortinarius sublilacinopes
Cortinarius osmophorus
Cortinarius caesiocinctus

Cortinarius subhygrophanus
Cortinarius xanthosuavis
Cortinarius insignibulbus
Cortinarius aurilicis

Cortinarius lustrabilis

Gerhardtia incarnatobrunnea
Gerhardtia borealis
Ossicaulis lignatilis

Cortinarius osloensis
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Cortinarius aureofulvus
Cortinarius xanthochlorus
Cortinarius olivellus

Cortinarius alcalinophilus

Cortinarius arcuatorum
Cortinarius gracilior

Cortinarius tiliae
Cortinarius varius
Cortinarius argutus
Cortinarius paracephalixus

Cortinarius ophiopus
Cortinarius triumphans
Cortinarius praestans

Cortinarius pseudonapus
Cortinarius pseudoarcuatorum

Cortinarius violaceorubens
Cortinarius cyanites
Lepiota sublaevigata
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Cortinarius variiformis
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Cortinarius flavovirens

Cortinarius acidophilus
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Cortinarius kuehneri
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Cortinarius variicolor
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Cortinarius variegatus
Cortinarius lepistoides
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Cortinarius cedretorum
Cortinarius suaveolens

Cortinarius camphoratus

Cortinarius delibutus
Cortinarius illibatus

Cortinarius vulpinus
Cortinarius cumatilis
Cortinarius hercynicus
Cortinarius violaceus

Cortinarius olivascentium
Cortinarius dalecarlicus
Cortinarius odoratus
Cortinarius olearioides

Dendrocollybia racemosa

Cortinarius gentianeus
Cortinarius volvatus

Cortinarius pseudocyanites
Cortinarius sphagnophilus

Cortinarius scaurus
Cortinarius montanus

Cortinarius saporatus

Cortinarius bolaris
Cortinarius balteatocumatilis

Cortinarius citrinofulvescens

Cortinarius tofaceus
Cortinarius callisteus

Cortinarius splendificus

Cortinarius albidus

Cortinarius chrysomallus
Cortinarius saniosus

Cortinarius arquatus
Cortinarius barbarorum

Cortinarius platypus

Cortinarius spectabilis
Cortinarius subarquatus
Cortinarius sodagnitus
Cortinarius lilacinovelatus

Cortinarius caerulescens
Cortinarius caesiocanescens
Cortinarius caesiocortinatus
Cortinarius meinhardii
Cortinarius splendens
Cortinarius caperatus
Cortinarius luhmannii

Cortinarius catharinae
Cortinarius humolens

Cortinarius ionochlorus
Cortinarius atrovirens

Cortinarius testaceofolius
Cortinarius hemitrichus

Cortinarius populinus

Cystoderma jasonis
Cystoderma carcharias

Cystoderma amianthinum
Cystoderma subvinaceum

Cortinarius tubulipes
Cortinarius renidens
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B Tables

Table B.1: List of fruiting species of fungi and total number of records (sector count, see ’Fruit
body sampling’) found in the experiment of Chapter 4

No. Species Total number of records

1 Aleurodiscus amorphus 185

2 Amphinema byssoides 6

3 Amylostereum chailletii 849

4 Antrodia serialis 10

5 Armillaria lutea 2

6 Ascocoryne cylichnium 5

7 Ascocoryne sarcoides 550

8 Ascocoryne solitaria 15

9 Ascodichaena rugosa 93

10 Asterosporium hoffmannii 7

11 Athelia arachnoidea 2

12 Athelia cystidiolophora 1

13 Athelia decipiens 2

14 Athelia epiphylla 32

15 Athelia neuhoffii 1

16 Auricularia auriculajudae 1

17 Basidioradulum radula 1

18 Bertia latispora 39

19 Bertia moriformis 30

20 Biscogniauxia nummularia 33

21 Bisporella antennata 1904

22 Bisporella citrina 68

23 Bisporella pallescens 145

24 Bjerkandera adusta 706

25 Botryobasidium candicans 7

26 Botryobasidium laeve 3
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B Tables

No. Species Total number of records

27 Botryobasidium obtusisporum 3

28 Botryobasidium subcoronatum 17

29 Botryobasidium vagum 28

30 Botryohypochnus isabellinus 4

31 Bulgaria inquinans 11

32 Byssomerulius corium 1

33 Calocera cornea 358

34 Calocera furcata 77

35 Calocera viscosa 1

36 Calycina discreta 1

37 Calycina languida 2

38 Calycina vulgaris 1

39 Capitotricha fagiseda 2

40 Ceraceomyces serpens 4

41 Ceratobasidium cornigerum 15

42 Ceriporia excelsa 1

43 Ceriporia purpurea 1

44 Ceriporiopsis gilvescens 1

45 Ceriporiopsis rivulosa 2

46 Cerrena unicolor 2

47 Chaetosphaeria myriocarpa 9

48 Chondrostereum purpureum 4

49 Cistella dentata 2

50 Claussenomyces atrovirens 5

51 Clitocybe ditopus 6

52 Clitopilus hobsonii 21

53 Columnocystis abietina 1

54 Coniochaeta ligniaria 131

55 Coniochaeta malacotricha 124

56 Coniochaeta pulveracea 432

57 Coniochaeta subcorticalis 18

58 Coniochaete velutina 984

59 Coniophora arida 4

60 Coniophora olivacea 8

61 Coprinus micaceus 8
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No. Species Total number of records

62 Creopus gelatinosus 1

63 Crepidotus cesatii 14

64 Crocicreas cyathoideum 6

65 Cryptocoryneum condensatum 3

66 Cyathicula cyathoidea 9

67 Cylindrobasidium laeve 2070

68 Dacrymyces capitatus 10

69 Dacrymyces stillatus 1492

70 Datronia mollis 85

71 Dematioscypha dematiicola 1

72 Dentipellis fragilis 1

73 Diatrype decorticata 219

74 Diatrype disciformis 942

75 Diatrype flavovirens 3

76 Diatrypella verrucaeformis 84

77 Durandiella gallica 59

78 Eutypa lata 1

79 Eutypa spinosa 16

80 Eutypella quaternata 46

81 Exarmidium inclusum 268

82 Exidia pithya 250

83 Exidia plana 1349

84 Exidiopsis effusa 142

85 Flammulina velutipes 1

86 Fomes fomentarius 55

87 Fomitopsis pinicola 955

88 Ganoderma lipsiense 18

89 Gloeocystidiellum porosum 3

90 Gloeophyllum sepiarium 1402

91 Grandinia aspera 2

92 Granulobasidium vellereum 1

93 Graphium calicioides 30

94 Gymnopilus sapineus 4

95 Gymnopus androsaceus 4

96 Haglundia perelegans 3
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No. Species Total number of records

97 Hamatocanthoscypha laricionis 146

98 Helminthosphaeria stuppea 7

99 Heterobasidion annosum 122

100 Hohenbuehelia atrocoerulea 5

101 Hohenbuehelia fluxilis 5

102 Hohenbuehelia pinacearum 9

103 Hyalorbilia berberidis 1

104 Hyalorbilia inflatula 7

105 Hyaloscypha aureliella 5

106 Hymenoscyphus caudatus 1

107 Hymenoscyphus conscriptus 1

108 Hymenoscyphus improvisus 1

109 Hymenoscyphus scutula 2

110 Hymenoscyphus virgultorum 95

111 Hyphoderma argillaceum 1

112 Hyphoderma mutatum 4

113 Hyphoderma praetermissum 2

114 Hyphoderma setigerum 102

115 Hyphodiscus hemiamyloideus 2

116 Hyphodontia breviseta 2

117 Hypholoma capnoides 50

118 Hypholoma fasciculare 66

119 Hypholoma marginatum 2

120 Hypochnicium albostramineum 2

121 Hypochnicium bombycinum 4

122 Hypochnicium eichleri 4

123 Hypochnicium lundellii 4

124 Hypochnicium punctulatum 18

125 Hypochnicium subrigescens 2

126 Hypochnicium wakefieldiae 2

127 Hypocrea aureoviridis 3

128 Hypocrea rufa 124

129 Hypoxylon cohaerens 1382

130 Hypoxylon fragiforme 8702

131 Hypoxylon rubiginosum 7
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132 Inonotus hastifer 1

133 Inonotus nodulosus 48

134 Irpex lacteus 178

135 Ischnoderma benzoinum 2

136 Laccaria amethystea 9

137 Lachnellula abietis 4

138 Lachnellula calyciformis 296

139 Lachnellula gallica 174

140 Lachnellula subtilissima 9

141 Lachnum fasciculare 1

142 Lachnum virgineum 1

143 Lasiosphaeria canescens 2

144 Lasiosphaeria hirsuta 15

145 Lasiosphaeria ovina 34

146 Lasiosphaeria spermoides 10

147 Lasiosphaeria strigosa 48

148 Laxitextum bicolor 77

149 Lenzites betulinus 234

150 Leptosporomyces mutabilis 4

151 Leptosporomyces roseus 4

152 Lopadostoma turgidum 23

153 Lopharia spadicea 15

154 Lophiotrema boreale 11

155 Lophium mytilinum 542

156 Melanomma pulvispyrius 946

157 Melanomma sanguinarium 5

158 Melanospora parasitica 1

159 Melanotus phillipsii 1

160 Merismodes anomalus 160

161 Mollisia aquosa 26

162 Mollisia conifericola 1

163 Mollisia fusca 5

164 Mollisia ligni 3

165 Mollisia lividofusca 1

166 Mollisia olivaceocinerea 80
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167 Mycena abramsii 1

168 Mycena amicta 1

169 Mycena galopus 2

170 Nectria cinnabarina 42

171 Nectria coccinea 1189

172 Nectria cosmariospora 2

173 Nectria episphaeria 50

174 Nectria fuckeliana 351

175 Nectria magnusiana 17

176 Nectria peziza 5

177 Nematogonum ferrugineum 20

178 Neobulgaria pura 168

179 Neodasyscypha cerina 475

180 Oligoporus ptychogaster 1

181 Olla scropulosa 1

182 Ombrophila janthina 1

183 Ombrophila violacea 1

184 Orbilia coccinella 1

185 Orbilia delicatula 8

186 Oudemansiella mucida 10

187 Panellus mitis 96

188 Panellus stypticus 5

189 Panellus violaceofulvus 132

190 Patinella sanguineoatra 6

191 Pellidiscus pallidus 6

192 Peniophora aurantiaca 1

193 Peniophora cinerea 604

194 Peniophora incarnata 89

195 Peniophora piceae 31

196 Peniophora pithya 22

197 Peniophora violaceolivida 1

198 Pezicula acericola 16

199 Pezicula cinnamomea 14

200 Phaeohelotium carneum 1

201 Phaeohelotium trabinellum 1
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202 Phanerochaete filamentosa 1

203 Phanerochaete galactites 2

204 Phanerochaete laevis 3

205 Phanerochaete raduloides 1

206 Phanerochaete sordida 92

207 Phanerochaete tuberculata 2

208 Phanerochaete velutina 9

209 Phellinus hartigii 4

210 Phlebia acerina 1

211 Phlebia radiata 121

212 Phlebia rufa 31

213 Phlebia tremellosa 15

214 Phlebiella vaga 116

215 Phlebiopsis gigantea 58

216 Pholiota cerifera 2

217 Pholiota lenta 2

218 Pholiota tuberculosa 2

219 Physisporinus sanguinolentus 27

220 Pleurotus cornucopiae 1

221 Pleurotus ostreatus 35

222 Pleurotus pulmonarius 13

223 Plicaturopsis crispa 28

224 Pluteus semibulbosus 2

225 Polydesmia pruinosa 4

226 Polyporus brumalis 97

227 Polyporus ciliatus 6

228 Psilocybe crobula 1

229 Pycnoporus cinnabarinus 436

230 Radulomyces confluens 5

231 Resinicium bicolor 20

232 Resupinatus applicatus 7

233 Rigidoporus vitreus 4

234 Rosellinia aquila 40

235 Rosellinia thelena 229

236 Schizophyllum commune 2803
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237 Schizopora paradoxa 37

238 Scutellinia cejpii 13

239 Scutellinia scutellata 11

240 Scutellinia subhirtella 8

241 Scutellinia umbrorum 8

242 Sebacina epigaea 1

243 Sebacina grisea 137

244 Sebacina incrustans 1

245 Serpula himantioides 3

246 Simocybe centunculus 1

247 Sistotrema brinkmannii 274

248 Sistotrema confluens 1

249 Sistotrema coroniferum 1

250 Sistotrema diademiferum 2

251 Sistotrema efibulatum 1

252 Sistotrema oblongisporum 3

253 Sistotrema octosporum 10

254 Sistotremastrum niveocremeum 2

255 Sistotremastrum suecicum 7

256 Skeletocutis nivea 1

257 Solenia candida 1

258 Spongiporus caesius 6

259 Spongiporus stipticus 6

260 Steccherinum ochraceum 5

261 Stereum hirsutum 1222

262 Stereum rameale 3

263 Stereum rugosum 65

264 Stereum sanguinolentum 2918

265 Thelephora terrestris 253

266 Tomentellopsis zygodesmoides 3

267 Trametes gibbosa 31

268 Trametes hirsuta 1934

269 Trametes versicolor 411

270 Trechispora farinacea 2

271 Tremella encephala 5
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272 Tremella foliacea 24

273 Trichaptum abietinum 137

274 Trichophaea pseudogregaria 1

275 Tromeropsis microtheca 92

276 Tubeufia cerea 3

277 Tulasnella albida 1

278 Tulasnella eichleriana 2

279 Tulasnella violacea 1

280 Tulasnella violea 3

281 Tylospora asterophora 2

282 Tylospora fibrillosa 1

283 Tympanis hypopodia 22

284 Tympanis truncatula 1

285 Typhula erythropus 13

286 Typhula setipes 18

287 Unguicularia cirrhata 2

288 Valsaria insitiva 146

289 Velutarina rufoolivacea 1

290 Xylaria hypoxylon 52

291 Zignoella ovoidea 6
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