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Succession of Wood-inhabiting Fungal Communities — Diversity
and Species Interactions During the Decomposition of Norway Spruce

Abstract

Dead wood constitutes an important substrate for biodiversity in boreal forests. As
the wood decays, fungal communities develop and species associations are formed.
Species interactions are thought to affect community development, but the mycelial
dynamics within fungal communities are poorly understood.

In this thesis the diversity and temporal dynamics within fungal communities
in Norway spruce logs are studied. In particular, patterns of diversity and mech-
anisms during community assembly are investigated. 454 sequencing is applied
to study the less well-known fungal diversity and fine-scale mycelial distribution
patterns in decaying logs. The influence of priority effects during community as-
sembly is studied using time-series data from re-inventoried logs. The importance
of wood-modification by a primary species and competition is examined in species
interaction laboratory experiments.

454 sequencing revealed species-rich fungal communities with diverse ecologi-
cal roles. Wood-decaying basidiomycetes was found to be the most abundant eco-
logical group, and saprotrophic, mycorrhizal and parasitic fungi were regularly
detected. Mycobiont partners of lichens were isolated from interior parts of logs.
Fine-scale distribution within logs revealed that resource utilization reflects the life
histories of fungal taxa. More decayed samples hosted a higher number of taxa, par-
ticularly ascomycetes, whereas wood-decaying basidiomycetes were found in less
decayed wood. Priority effects in terms of different mortality factors of trees and
the presence of primary decay species were found to affect the subsequent commu-
nity composition. A species-specific response to primary decay and antagonistic
interactions significantly affected decay rate and growth. It is concluded that pri-
ority effects are more important in early stages of community development while
species more frequent in middle stages of decomposition relies more upon compet-
itive abilities.

Keywords: Boreal forest, wood-decaying fungi, priority effects, dead wood, life-
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"I have always looked upon decay as being just as wonderful and rich an
expression of life as growth."

Henry Miller

Till Pappa
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1 Wood-inhabiting fungi in forest ecosystems

The interplay between trees and wood-inhabiting fungi is a key process in
forest ecosystems. As trees grow, woody biomass accumulates; when trees
die, fungi recycle the carbon and minerals that were fixed during the growth
of the trees (Schwarze, 2007). The evolution of woody plants led to the for-
mation of the world’s first forests. Fungi have depended upon plants as
their main source of energy throughout their evolutionary history, during
which time some fungi developed parasitic abilities in order to access the
energy captured in the living tree. Fungi enter the woody tissue of plants
either through wounds or by infection of the roots. Even though the tree
can resist fungal attack for some time, it will eventually drop its branches
and ultimately die. This process can significantly contribute to the small-
scale disturbance dynamics in a forest stand (Fig. 1a-c) (Edman et al., 2007;
Hawkins and Henkel, 2011; Lannenp3i et al., 2008). For fungi that are
not able to overcome the defense mechanisms of the living tree, a recently
fallen log presents an open resource with large carbon sources that are up for
grabs. By being present as microscopic spores in the air or as filaments in the
soil, fungi will never be far away from a recently fallen tree. Equipped with
powerful enzymes, fungi penetrate the wood with their hyphae and modify
the wood structure. Not only does the decay release the nutrients locked up
in the wood; the decomposition process also opens up different niches, pro-
moting the establishment of a range of other dead wood-dependent organ-
isms, including other fungi, insects and hole-nesting birds (Stokland et al.,
2012). As the main agents of wood decay, fungi can be considered as ecosys-
tem engineers (Lonsdale et al., 2008).

Wood-inhabiting fungal communities are typically species-rich, and in-
clude multiple decomposer species in the same wood substrate. Throughout
the decomposition of a fallen tree, fungal species interact with each other
as community composition develops over time. The resident fungi must
either defend an occupied domain or replace the mycelia of primary estab-
lished species. This thesis aims to explore the diversity of wood-inhabiting
fungi and investigate their interactions during the decomposition of coarse
woody debris of Norway spruce (Picea abies (L.) Karst. ).
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2 Fungal communities in dead wood

2.1 Fungal decomposition in the boreal forest

The boreal forest is the main forest biome in the northern hemisphere and
also the dominant forest type of the Scandinavian peninsula, Finland and
Russian Karelia, i.e. Fennoscandia (Essen et al., 1997). Boreal forests are
characterized by a cold climate with long winters and nutrient-poor pod-
solic soil. In Fennoscandia, the tree-layer is dominated by two coniferous
tree species; Norway spruce (Picea abies (L.) Karst.) and Scots pine (Pinus
sylvestris L.). These trees produce litter with a high lignin content that is also
rich in polyphenolic compounds (Aerts, 1995). The combination of a cold
climate, nutrient-poor soils and highly recalcitrant litter leads to a relatively
slow decomposition rate of organic material in boreal forests (Cotiteaux
et al., 1995).

Plant litter consists of soluble compounds, cellulose, hemicelluloses and
lignin, and can be classified in terms of how the chemical components are
made available for degradation by microorganisms (Cotiteaux et al., 1995).
Fine woody debris and non-woody plant residues, such as needles, leaves
and cones, comprise the major part of the litter input to the boreal forest
floor (Berg et al., 2001; Dahlberg et al., 2011). Compared with these types of
litter, coarse woody debris such as fallen stems of dead trees, contains only
small amounts of readiliy available nutrients (Laiho and Prescott, 2004).
The lignin fractions of conifers is to a large extent made up of coniferyl sub-
units, which make softwood more resistant to fungal degradation compared
with hardwood (Blanchette, 1995). As a consequence it may take between
60 and 100 years or more for a fallen Norway spruce to be degraded in bo-
real forests (Edman et al., 2007; Holeksa et al., 2008).

2.2 Wood-inhabiting fungal communities

A community is defined as a group of species occurring together in a re-
stricted space and time (Morin, 2011). This thesis investigates the diversity
and dynamics of fungal communities that live and interact in dead logs of
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Norway spruce. Degradation of wood in forest ecosystems is to a large ex-
tent a fungal affair. This is because of the intrusive mycelial habits of fungi
as well as their ability to enzymatically degrade recalcitrant organic mat-
ter. Their filamentous growth enables fungi to penetrate complex substrates
and the production of aggregated hyphae allows fungi to pass through unfa-
vorable habitats to interconnect occupied nutrient sources. By connecting
several resource patches, fungi may translocate energy from a nutrient-rich
substrate to other parts of its mycelium, e.g. to support the decomposition
of a new substrate such as wood (Tlalka et al., 2008). Even though wood-
decaying fungi constitute an important part of fungal communities in dead
wood, the fungal kingdom includes a wide diversity of species with different
ecological roles and many of them also thrive in dead wood. In this thesis,
the definition of wood-inhabiting fungal communities includes all different
fungi that thrive in wood.

2.2.1 Wood-decaying fungi

Usually, when we think about wood-inhabiting fungi, species within the
Ascomycota and Basidiomycota come to mind because these large phyla in-
clude species with the ability to degrade wood. Wood-decaying fungi target
the cellulose and hemicellulose fractions, which comprise the major carbo-
hydrate resources in wood. In the plant cell wall, the celluloses are coated
with lignin, which is a more complex aromatic polymer than cellulose. To
get access to the celluloses the fungi need to bypass the more recalcitrant
lignin. Wood-decaying fungi have evolved different ways of solving this
problem.

White-rot fungi degrade lignin by the production of oxidative lignolytic
enzymes. The ability to decompose lignin appears to be mainly restricted
to basidiomycete fungi within the Agaricomycotina (Floudas et al., 2012),
even though some ascomycete fungi also have the ability to modify lignin
(i.e. species within the Xylariales) (Worrall et al., 1997). The production of
enzymes such as peroxidases enables the fungi to get access to the cellulose,
but they do not use lignin as a source of energy (Baldrian, 2008). White-rot
fungal species vary in regard to which enzyme systems they utilize to de-
grade the lignin and celluloses in the wood. Some white-rot fungi degrade
cellulose during subsequent steps of the decomposition process (e.g. Phell:-
nus nigrolimitatus) (Fig. 1i) whereas others degrade both lignin and cellu-
loses at the same time (e.g. Trichaptum abietinum (Fig. 1g) and Xylaria spp.).
Other combinations of enzymes allow some fungi to combine stepwise and
simultaneous decay mechanisms (e.g. Heterobasidion spa.) (Baldrian, 2008;
Hatakka and Hammel, 2010).
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Figure 1: Norway spruce and some of the fungal species featured in this
thesis. a) Norway spruce with cankers of Phellinus chrysoloma at Gard-
fyillet. b) Butt rotted trunk of Norway spruce. ¢) Norway spruce with
fruit bodies of Fomitopsis pinicola in Rorstrand. d) Gloeophyllum sepiarium
(Photo: Michael Krikorev). e) Pycnoporellus fulgens (Photo: M. Krikorev).
f) Antrodia serialis (Photo: M. Krikorev). g) Trichaptum abietinum (Photo:
M. Krikorev). h) Stereum sanguinolentum parasitized by Tremella encephala
(Photo: M. Krikorev). 1) Phellinus nigrolimitatus.

The brown-rot mechanism is only utilized by species within the Ba-
sidiomycota. Approximately 7% of all wood-decaying fungal species are
known to cause brown-rot, and the majority of these are closely associated
with conifers (Renvall, 1995; Hatakka and Hammel, 2010). Unlike white-
rot fungi, brown-rotting species do not produce lignolytic enzymes in or-
der to degrade lignin. Instead the brown-rot fungi synthesize low-molecular
weight compounds that can pass through the lignified part of the inner plant
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cell wall. After this, a Fenton reaction is initiated, resulting in the produc-
tion of hydroxyl radicals, which in turn break up hemicelluloses and cellu-
lose. These fragments are then assimilated by the fungus while the lignin is
left behind (Eastwood et al., 2011).

A third wood-rot mechanism, soft-rot, is mainly utilized by ascomycete
fungi and primarily targets the cellulose fractions in the wood, although
lignin is sometimes modified (Hatakka and Hammel, 2010). Unlike the
white- and brown-rot fungi that degrade the wood from inside the cell lu-
men, soft-rot fungi grow inside the cell walls (Schwarze et al., 2000). Soft-rot
fungi are the main decay fungi of wood with high water content (Stokland
et al., 2012).

2.2.2 Other fungal ecological roles in wood

Most saprophytic fungi are able to degrade cellulose although they may not
be enzymatically equipped to degrade lignin (Blanchette, 1991). There are
also fungi that may rely on the pre-modification of wood by a primary
wood-decay species (Niemeld et al., 1995; Holmer et al., 1997; Fukasawa
et al., 2011). In addition, a wide range of fungi rely upon readily avail-
able carbon compounds that are present in the wood. For instance, some
species are able to assimilate sugars in the sap of wounded or recently dead
trees, whereas others may utilize by-products from wood degradation or nu-
trients leaching during fungal-fungal interactions at more advanced stages
of decomposition (Rayner and Boddy, 1988). Many of these fungi are as-
comycetes; however, fungi growing as unicellular yeasts are also included in
this group. Both ascocmycetes and basidiomycetes have yeast-growth forms.
Although some yeasts seem to be specialized to degrade small aromatic com-
pounds in soils (Botha, 2011), their role in decaying wood is uncertain.

Fungi that rely upon energy derived from other organisms are regu-
larly encountered in wood (Papers I & II). Many ectomycorrhizal species
use the wood primarily as support for their fruiting bodies (Tedersoo et al.,
2003), whereas other species have certain enzymatic pre-requisites to de-
grade wood (Bodeker et al., 2009); however, their role in wood decompo-
sition is uncertain and needs further attention. Some of the fungi found
in wood parasitize the mycelia of other fungi. For example, some species
within the Heterobasidiomycetes are biotrophic parasites of different species
within the Corticales (Fig. 1h) (Zugmaier et al., 1994; Pippola and Koti-
ranta, 2008). A final example of fungi that have an alternative nutritional
mode in wood is the predatory fungi. Fungal species with nematode-trapp-
ing devises are found both within the Ascomycota and Basidiomycota. Many
of these species are also frequent in decaying wood (e.g. Peniophorella praeter-
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missa) (Hallenberg et al., 2007). Given that these species also synthesize
cellulose-degrading enzymes it has been suggested that the predation of ne-
matodes provides a nutritional supplement and that these fungi are primar-
ily saprotrophic or wood-decay fungi (Tzean and Liou, 1993; Barron, 2003).

2.3 Assembly of fungal communities in dead wood

Community assembly has been defined as the "construction and mainte-
nance of local communities through sequential arrival of potential colonists
from an external species pool" (Fukami, 2010a). After a disturbance, species
arrive and colonize a new competition-free habitat. In this context, commu-
nity assembly can be seen as the trajectory along which a community devel-
ops over time as colonizing species fail or succeed to establish in the com-
munity. Distinctive patterns in species composition and in the structure of
different communities can be shaped by differences in environmental fac-
tors between habitat patches as well as biotic interactions within patches.
During community development, a species may not establish in a patch be-
cause the abiotic conditions do not match its ecological requirements. Fur-
thermore, biotic interactions within a community such as resource compe-
tition may act as a biological filter during community assembly. As more
time elapses after a disturbance, species interactions will become more im-
portant as established species increase their abundance in the habitat patch
(Fukami, 2010a). The presence of early established species might then affect
the later arriving community. This phenomenon has been referred to as a
priority effect (Young et al., 2001; Fukami, 2010a).

The importance of priority effects has mainly been studied in plant and
animal communities, but recently also in fungal communities (Kennedy
et al. 2009; Peay et al. 2012; Dickie et al. 2012; see also Papers III & IV).
Few studies also addressed the question of what importance the primary
species may have in wood-inhabiting fungal communities. In a laboratory
study, Heilmann-Claussen and Boddy (2005) demonstrated that the identity
of a primary established species highly influenced the ability of secondary
species to colonize decayed beech wood. Similarly, Fukami (2010b), Lind-
ner (2011) and Dickie (2012) demonstrated that the pre-decay of a primary
decay species had significant effects on the subsequent community composi-
tion as well as decomposition rate. The composition of fungal communities
may depend on the sequence in which species establish in a habitat patch
(Kennedy et al., 2009; Peay et al., 2012; Dickie et al., 2012). One mecha-
nism may be pre-emptive competition where the first species to establish in
a habitat patch may get a head start in the exploitation of resources and will
have occupied a larger domain in comparison to successive species (Vetro-
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vsky et al., 2011). Priority effects in wood-inhabiting fungal communities
also involve alternation of the chemical environment in the wood by the
production of toxins (Heilmann-Clausen and Boddy, 2005; Woodward and
Boddy, 2008). The pre-decomposition of wood by a primary species may
inhibit but also facilitate the establishment of later-arriving species. This
was one mechanism suggested by Holmer and colleagues (Holmer et al.,
1997) who investigated the ability of late-successional species to replace pi-
oneer species in a laboratory setting. They found that species succeeding
a particular primary species under natural conditions were more successful
in replacing that particular species in competitive interactions, compared
with interactions involving primary species that the fungi did not regularly
encounter in nature. However, the importance of species interactions in
fungal community dynamics are not well understood and more detailed
studies of specific species-associations are needed.

2.3.1 Fungal life-histories

Dead wood is a dynamic substrate, unevenly distributed in time and space.
As the woody substrate is decomposed the physical and chemical microen-
vironment continually changes. To cope with these changing conditions,
wood-inhabiting fungi have developed different ways in which they dis-
perse, establish, compete and endure biotic and abiotic stress. According
to Cooke and Rayner (1984), wood-inhabiting fungi can be assigned to have
ruderal (R-selected), stress-tolerant (S-selected) or competitive (C-selected)
life-histories, although many fungi may exert a combination of two or three
categories in different sequences.

Ruderal species typically have efficient dispersal abilities, fast reproduc-
tion and rapid growth (Boddy and Heilmann-Clausen, 2008). These fungi
can efficiently establish in an open, competition-free substrate, a process
that is often referred to as primary resource capture (Rayner and Boddy,
1988). As the community develop, all colonization occurs from secondary
resource capture, Le. all new territory is gained from already established
thalli (Boddy, 2001; Stenlid et al., 2008). Only species with better combative
abilities, that are able to either defend their occupied space in the wood or
overcome and take over an already occupied domain, will then persist in the
community. These may be species that have captured large domains in the
wood, for instance due to their ability to enzymatically degrade the wood
or due to their arrival in the early stages of succession. Alternatively, late-
stage colonizing species might have better competitive abilities (Holmer and
Stenlid, 1997; Holmer et al., 1997). Replacement of primary species by such
late-stage colonizer may be species-specific (Holmer et al., 1997) or late-stage
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colonizers may have better competitive abilities in general. Throughout the
whole decomposition process, fungal species experience changes in abiotic
stress, hence different stress-tolerant species will increase and decrease in
response to these factors.

2.3.2 Fungal community development in decaying Norway spruce

The way a tree dies may have consequences for the identity and composi-
tion of species in fungal communities during the decomposition of the fallen
tree (Stokland et al. 2012; Paper II). A tree that has fallen in a windstorm
has a different wood structure to that of a tree that has died and been stand-
ing as a snag for years. The community development of wood-inhabiting
fungi may start before a tree dies because certain fungi (generally referred
to as heart-rot fungi) can infect healthy and standing trees (Boddy, 2001;
Arhipova et al., 2011). The combination of different mortality factors and
the presence of heart-rot fungi may initiate different succession trajectories
during the subsequent colonization of the dead tree.

Healthy trees are protected from fungal infection by the bark and the
high water content in the sapwood. The conditions in the heartwood are
more favourable for fungal growth, even though this woody tissue contain
high levels of toxic extracts produced by the tree. A few species such as
Phellinus chrysoloma and Heterobasidion spp. are able to overcome these
stress factors and may enter the heartwood through wounds or by patho-
genesis through the roots. An alternative route for establishment may be
vectoring by insects (Persson et al., 2009, 2011). This may also be a way
for saprotrophic species that are not pathogens to establish early and live
as latent invaders in the tree. Indeed, a number of known saprotrophic
species (e.g. Fomitopsis pinicola, and Resinicium bicolor) have been detected
in healthy stems of Norway spruce (Vasaitis, 2013). When the tree eventu-
ally dies, species that were present in the heartwood may continue living as
saprotrophs in the community.

A recently dead tree is immediately colonized by a wide range of fungi.
While fungi and insects rapidly consume the inner bark, the outer bark
cover can remain for a long time (Stokland et al., 2012). Among the fungi
that commonly occur in these early decay stages we find Phlebiopsis gigan-
tea and Stereum sanguinolentum (Persson et al., 2011). When the tree falls
to the forest floor, these species continue to decay the log but now species
that could not cope with the conditions in the standing trunk and species
that primarily spread through the soil also colonize the wood. In these
early to intermediate stages of decay communities become dominated by ef-
ficient wood-decaying species such as Fomitopsis spp., Hyphodontia spp., Hy-
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phoderma spp. and Antrodia spp. (Renvall, 1995; Rajala et al., 2011) (Papers
I and D).

As decomposition progresses, the fungi themselves increasingly influ-
ence their physical environment and the relative fitness of each species chang-
es over time. Decomposition of cellulose and lignin changes the composi-
tion of nutrients. Fungal decay alters the physical strength of the wood,
which leads to an increased moisture content when the log slowly sinks
closer to the ground. At first, the nitrogen level in the log is low, but in-
creases as more fungi colonize the log (Laiho and Prescott, 2004), as fungi
translocate nitrogen from other parts of their mycelia and transport it into
the log (Tlalka et al., 2008). When the carbon resources in the wood are
depleted, much of the nutrients remain bound to recalcitrant compounds
or are available in other sources, such as fungal hyphae and bacteria (Boddy
and Heilmann-Clausen, 2008; Stenlid et al., 2008). In particular, brown-rot
residues have high lignin content and may persist in the humus layer for a
long time (Berg and McClaugherty, 2008).

2.4 Fungal-fungal interactions

In the initial stages of the community development, an established fungus
can grow throughout the wood without encountering other fungal species.
But as its mycelium expands and new species arrive, it will eventually en-
counter other fungi and they will interact (Boddy, 2000). Species interac-
tions can be mutualistic, where both species benefit from each other. In
parasitic or predatory interactions, one of the interacting species benefits
at the expense of the other species. When neither species benefits from the
presence of its antagonist, the interaction is of a competitive nature (Morin,
2011).

Competitive interactions are often described as being either direct or in-
direct. Interference competition involves direct contact between two species
whereas exploitation competition occurs indirectly when the uptake of a
common resource by one species limits the access for its competitors. In
communities of wood-inhabiting fungi, competition for space inside the
wood is the most common interaction (Boddy, 2000). Interactions involve
direct interference at the hyphal or mycelial level or they may occur at a
distance through the diffusion of volatile compounds that are induced dur-
ing the recognition of a competitor (Hynes et al., 2007; Evans et al., 2008).
When fungi grow in the proximity of each other they increase their produc-
tion of lignolytic enzymes (Iakovlev and Stenlid, 2000; Hiscox et al., 2010)
and other toxic secondary metabolites (Woodward and Boddy, 2008). The
interactions may result in deadlock where both fungi retain their territory,
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or replacement, either partial, mutual or complete (Boddy, 2000). In my-
cology, much research has focused on direct competition (Woodward and
Boddy, 2008). However, fungal modification of the physicochemical prop-
erties of the wood may not only indirectly inhibit but also facilitate the
nutrient acquisition of other species. This was suggested in a laboratory
study where the production of secondary metabolites during decomposi-
tion not only inhibited but also stimulated the growth of interacting species
(Heilmann-Clausen and Boddy, 2005).

A number of field studies of inventorying Norway spruce have found
non-random species occurrence patterns in wood-inhabiting fungal com-
munities (Renvall, 1995), even when the possibility that some species occur
together merely because of similar habitat requirements were accounted for
(Ovaskainen et al. 2010; Paper III). In a laboratory study, Holmer and Sten-
lid (Holmer and Stenlid, 1997) found that species in these communities dif-
fer in their competitive abilities, and that species occurring at later stages of
decay had better combative abilities than early-successional species. Also,
species that often form mycelial aggregates such as rhizomorphs or cords
and then can allocate resources from external parts of their mycelia tend
to have a competitive advantage in antagonistic species interactions (Sten-
lid et al., 2008). However, the tendency to form hyphal aggregates is not
known for many species.

For the majority of species, the mechanisms behind the co-occurrence
pattern observed in the field are not well understood. One reason for this
could be that conclusions about species interactions are often made from
one-time observation studies. Species interactions do not always result in
species assemblages that differ from randomly structured communities. The-
refore, it is important to observe temporal changes in community structure
such as species immigration and persistence by repeated studies (Fukami,
2010a)(Paper III). In order to understand the nature of the interactions, field-
studies should also be complemented by laboratory studies where the inter-
actions can be studied directly. A better understanding of the interspecific
dynamics in these communities is important because interactions may have
significant influence on the structure and diversity of wood-inhabiting fun-
gal communities, which in turn affects the decomposition of woody debris
(Fukami et al., 2010b; Lindner et al., 2011; Dickie et al., 2012; van der Wal
et al., 2012).
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3 Aims

This thesis investigates the diversity and dynamics of wood-inhabiting fun-
gal communities in Norway spruce. Wood-inhabiting fungi depend upon
a patchy distributed habitat that continuously changes over time. Given
that the dead wood is constantly subjected to decay, the fungal community
present in each decaying log gradually alter their own habitat. In turn, the
composition of fungal communities is affected by species interactions such
as competition for space in wood. Ultimately, species interactions will in-
directly affect the decomposition processes, such as decay rate and substrate
qualities and, hence, also the dynamics of saproxylic biodiversity, but the
mycelial dynamics within fungal communities are poorly understood.

The specific aim of this thesis is to study the diversity and the impact
of species interactions on community development during the succession
of fungal species. These questions are approached by investigating long-
term trends in fungal communities as well as the fine-scale patterns of fungi
within Norway spruce logs. Furthermore, detailed species interaction ex-
periments are performed in laboratory microcosms.

Specifically, the objectives of this work are:

I To investigate the taxon identities, phylogenetic diversity and ecologi-
cal roles of wood-inhabiting fungal communities in decaying Norway
spruce (Papers I and I).

II To explore the spatial patterns of fungi with different ecology and
life-histories in wood (Paper II).

IIT To examine if historical factors such as priority effects (Paper III) or
different tree mortality factors (Paper I) affect the fungal community
development.

IV To investigate the relative importance of substrate modification and
competitive abilities on fungal succession (Paper IV).
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4 Materials and methods

4.1 Study areas

The field data sets that part of this thesis is based upon came from studies
conducted in the hemi-boreal and boreal zone (Ahti et al., 1968) in Sweden
and Finland (Fig. 2). The study forests represent mature to old-growth
forests in which the tree layers were dominated by Norway spruce, Picea
abies. For papers I and 11, field surveys were conducted in areas 1 and 2,
and in addition, previously collected data were used in paper I (Table 1). In
paper III, fruit body inventories in area 3 and 6 were combined with earlier
collected data as well as data previously collected at site 2, 4 and 5 (Table 1).

4.2 Studies of fungal communities
4.2.1 The fruit body life-stage (Paper | and III)

Our understanding of wood-inhabiting fungal communities relies to a large
extent on the observation of fruiting bodies that emerge upon the surface
of decaying wood. The production of a fruit body represents an important
fitness aspect because it reflects the reproductive outcome of fungi (Stenlid
et al., 2008). Many studies have characterized the ecological requirements
of wood-inhabiting fungi. Hence, habitat preferences in terms of tree-host,
log dimension and wood decay stage are relatively well known for several
species (Berglund et al., 2011a; Nordén et al., 2013; Stokland and Meyke,
2008; Niemeld, 2005; Renvall, 1995; Kruys and Jonsson, 1999). In addition,
fruit body occurrence suggest that many fungal species are specialised in
their habitat requirements (Nordén et al., 2013). Furthermore, specialist
species are more sensitive to habitat fragmentation than generalist species
that utilize different types of wood in both fragmented and connected forest
landscapes (Nordén et al., 2013).

Assessment of the total species richness in fruit body inventories is ham-
pered by the fact that the reproductive effort and the detectability of fruit-
ing bodies varies between fungal species both in terms of the durability of
the fruiting bodies and the seasonal variation of fruit body production. For
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instance, many fungal species have annual fruit bodies, i.e. they produce
short-lived fruit bodies that are only visible for weeks or months (Halme
et al., 2009). Therefore, to detect as many species as possible, multiple sur-
veys of each substrate should be conducted at a time in the season when
most fungi produce fruit bodies (Halme and Kotiaho, 2012). In papers I
and IIT we investigated fungal diversity based upon fruit body occurrences.
In paper I, we used data from repeated monitoring during several years
of fungal fruiting on individual logs to compare the previous and present
fruit body occurrences with the species present as mycelia. In paper III, we
looked at the succession of fungal assemblages inferred from fruiting body
occurrences. Our conclusions concern the species found as fruit bodies and
consisted of 1739 repeatedly inventoried logs, a sample number that so far
has not been matched by any study using molecular methods.

Gardfjallet
® (I-111)
\./indeln Patvinsuo
e (i (e
Vaster-
botten (I1I)
" Rérstrand
Fageron ol

(-1y®

Figure 2: Locations of the study forests included in this thesis. The associ-
ated studies are shown in parenthesis and are listed in Table 1. The position
of Visterbotten is an average of seven pairs of forest stands (for details see
Olsson et al. 2011). In study III, asterisks indicate where extra inventories
were performed for the present study.
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Table 1: Study sites, forest type and the associated papers in which field
studies were performed or the associated studies from which data was com-
piled.

| Study site | Forest type | Paper | References

1. Fagerdn nature Mixed un-managed stand I-II Lindhe et al. 2004
reserve, Sweden (Site F)

2. Gardfjillet, Brattiken Old-growth coniferous stand I-11I Edman and Jonsson 2001,
nature reserve, Sweden Berglund et al. 2005,
(Site G) Edman et al. 2007,

Jonsson et al. 2008

3. Svartberget experimental | Three old-growth and three I Edman et al. 2004b
forest, Sweden managed coniferous stands

4. Visterbotten, Sweden. Seven pairs of old-growth and | III Olsson et al. 2011

managed coniferous stands

5. Patvinsuo national Old-growth coniferous stand | III Penttild 2004
park, Finland

6. Rorstrand nature Old-growth coniferous stand | III Ovaskainen et al. 2010

reserve, Finland

4.2.2 The mycelial life-stage (Papers | and 1)

While well-planned fruit body inventories will provide high-quality data on
the fruiting species, many of the fungi that are present in the wood remain
undetected in such inventories. In addition to the species recorded in the
fruit body inventories that vary a lot in their production of fruit bodies,
other species may not have retained sufficient resources to produce a fruit
body or it exists in the log as an unmated homokaryotic mycelium (Stenlid
et al., 2008). Furthermore, some species may not produce fruit bodies at
all, or if they do these are so inconspicuous that they are rarely detected in
a visual inspection of the log.

Myecelial isolation from natural substrates such as wood also targets the
myecelial life-stage (Stenlid et al., 2008). However, as the conditions vary
considerably in wood compared with nutrient media, the method itself is
biased towards those species that are able to cope better with the artificial
conditions than the other species present in the wood. Culture-independent
molecular methods circumvent this problem by extracting DNA directly
from wood samples and then amplifying it in PCR reactions (Johannesson
and Stenlid, 1999). As for most fungal community studies, the ribosomal
internal transcribed spacer (ITS) region has been targeted as a primer for
species identification (White et al., 1990; Schoch et al., 2012). The amplified
regions are sequenced and then taxonomic identification is carried out by
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comparing the derived sequences with known sequences in databases such as
GenBank and UNITE (Abarenkov et al., 2010). In many studies, molecular
methods such as DGGE, T-RFLP and TGGE have been used to study wood-
inhabiting fungal communities (e.g. Vainio and Hantula 2000; Allmér et al.
2006; Kulhankova et al. 2006; Rajala et al. 2010).

Studies of the mycelial life-stage in wood today focuses on high-through-
put sequencing of directly extracted DNA. In this thesis, 454 sequencing
was used to study wood-inhabiting fungal communities in Norway spruce
(Papers I and IT). Compared with the traditional Sanger sequencing methods
where one sequence run results in 96 sequences, next-generation sequenc-
ing (NGS) methods such as 454 sequencing give approximately 1 000 000
sequences per run (Rothberg and Leamon, 2008). The fast developing 454
sequencing methodology enables the study of low abundant taxa and is now
a widely applied method for studying diversity in microbial ecology (Roth-
berg and Leamon, 2008). It has been successtfully used to study fungal di-
versity in a range of different environments, including indoor dust (Amend
et al., 2010) agricultural (Rousk et al., 2010) and forest soils (Buée et al.,
2009; Wallander et al., 2010; Hartmann et al., 2012) as well as the human
oral cavity (Ghannoum et al., 2010).

Sampling from complex natural environments generates a huge amount
of sequence data that is difficult to connect with the known sequences in
current libraries (Delmont et al., 2012). Thus, a large proportion of the
operational taxonomic units (OTUs) found in 454 sequencing studies re-
main unidentified or are not identified to species level. Whether or not an
unidentified fungal taxon represents a previously unknown species is diffi-
cult to establish since about 70% of the fungal taxa that are already known
to science are not represented by a sequence in GenBank (Brock et al., 2009).
Given that global fungal diversity has been estimated to range between 1.5
million and 5.1 million species and only about 100 000 fungal species have
been described to date, it will take centuries or millennia to describe all
fungi (Hibbett et al., 2011) and it is unlikely that all species will be fully
covered in sequence databases. As the use of NGS methods in diversity
studies increases, so too is the number of unidentified OTUs. This calls for
an accelerated rate of species description and the deposit of fully identified
sequences in reference libraries such as GenBank. Possible ways to facili-
tate and speed up species description and naming well-supported OTUs by
modernizing nomenclatural practices are under discussion (Hibbett et al.,
2011).
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4.2.3 Interspecific interactions (Paper V)

Fungal interactions take place at the mycelial level. Although molecular
methods have improved our chances of studying this life stage, detailed ob-
servations in axenic conditions are indispensible. Species interaction stud-
ies between wood-inhabiting fungi have a long history in fungal ecology,
partly because of the potential of using antagonist species as biocontrol
agents against forests pathogens (Woodward and Boddy, 2008). In addition
to species interactions, the ability of fungi to assimilate different carbon
resources (Boberg et al., 2011; Fukasawa et al., 2011) and produce enzymes
(Iakovlev and Stenlid, 2000; Hynes et al., 2007; Hiscox et al., 2010) are other
examples of important mechanisms that are difficult to study under natural
conditions. Furthermore, laboratory studies allow detailed observations of
differences in fitness, for instance, the growth of endangered species (Crock-
att et al., 2008).

Laboratory studies have revealed that microclimate factors, such as wa-
ter and gaseous content and also to a lesser extent temperature all affect in-
teraction outcome in agar culture (Boddy, 2000). In interactions on wood,
the size of the occupied resource and its stage of decay also result in differ-
ent competitive outcomes (Holmer and Stenlid, 1993; Boddy, 2000). Even
$0, in vitro systems using natural substrates such as wood instead of nutri-
ent media are likely to be more similar in terms of nutrient availability and
spatial arrangement (Holmer and Stenlid, 1993) although the difficulty of
mimicking natural conditions remains (Woodward and Boddy, 2008).

Another difficulty involved in studies of interspecific interactions is the
complexity involved when including more than two species in an experi-
ment. Furthermore, many studies of interactions include only one strain
per species which may be misleading because competitive ability not only
differs between species but also within species (Mgbeahuruike et al., 2011).
Even under apparently identical conditions the interaction between two
strains can result in different outcomes (Boddy2000), thus adding even more
species often produces results that are difficult to interpret (Woodward and
Boddy, 2008). Hence, it is challenging to predict the outcome of species
interactions of three or more species based upon interactions between two
species. However, paired interaction experiments with many combinations
of species and isolates do yield valuable information about the degree of
ease or difficulty with which a species may replace or defend its territory
(Holmer et al. 1997; Holmer and Stenlid 1997; Boddy 2000; Paper IV).
These patterns provide a wealth of data that should increase our under-
standing of how species interactions may influence non-random occurrence
patterns found in natural conditions.

27



28



5 Results and discussion

5.1 Diverse ecological roles in fungal communities (Papers | and

I

454 sequencing of Norway spruce logs revealed species-rich fungal commu-
nities, spanning large parts of the fungal kingdom and representing several
different ecological roles (Fig. 3). In particular, ascomycetes within the
Helotiales and Chaetothyriales were common at both sites. Among the
basidiomycetes, most OTUs clustered within the Agaricomycotina. Many
OTUs belonged to the Hymenochaetales or Polyporales but OTUs within
Tremellomycetes, Sebacinales and Russulales were also frequently detected.
Within these groups we found wood-decaying fungi, litter-decaying sapro-
trophs, mycorrhizal fungi as well as endophytes and parasitic species.

The detection of lichen mycobionts inside wood in our study gives new
insight into the lifecycle of lichens. It has been proposed that some lichen
genera may have a free-living saprotrophic life-stage in wood (Wedin et al.,
2004); however this topic has received little attention. In our study we fre-
quently encountered mycobionts of species within Cladonia, Trapeliopsis
and Absconditella. We found that the lichen Parmeliopsis ambigna was a
frequent species in the inner part of logs, both at Fageron (site F) and at
Gardfjillet site G.

A few OTUs were widespread and recorded on many logs; however the
majority of OTUs were rare and only recorded in single or a few logs. Al-
though we took at most 16 samples per log, which represents a tiny fraction
of the total wood volume, from these samples we were able to detect up to
398 OTUs per log at site F and up to 274 OTUs per log at site G.

There can be many different reasons why we find such species-rich fun-
gal communities in the wood. A decaying log presents a large number of dif-
ferent niches (Stokland et al., 2012). As a log decomposes its different parts
will become more heterogeneous because the decomposer community cre-
ates changing patches with qualitative differences within a single log (Pyle
and Brown, 1999). In addition, environmental factors, such as sun exposure,
surrounding vegetation and soil properties will affect the wood conditions
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(Progar et al., 2000). Species-specific interactions are also a contributing
factor to the number of niches in wood because some species are favoured
by the presence and decay of certain primary species. Niche partitioning
might thus be one reason that we find so many species in dead wood. Sup-
porting this view is the fact that fungi differ in their resource use (Hanson
et al., 2008; McGuire et al., 2010), as well as their enzymatic abilities. Since
the production of enzymes is costly, targeting different specific resources in
wood might be an efficient way to obtain a niche in the fungal community.
Furthermore, interaction experiments and studies of wood anatomy in de-
caying logs show that most fungal species have a compartmentalized growth
and block the growth of other species (Boddy 2000; Holmer et al. 1997; pa-
per IV). This may de facto reduce the competitive exclusion and provide an
important clue to the high number of species coexisting in decaying wood.

If niche differentiation is a major factor determining the species coexis-
tence in wood, a species that occupy a rare distinct niche in the community
will persist even though it is not an efficient competitor. However, even
though niche partitioning may be important, species coexistence also de-
pends upon the differences in the competitive abilities among the interact-
ing species. If there are large differences in competitive ability competitive
exclusion will occur, even if the niche overlap is very small (Chesson, 2000).
Hence species coexistence will ultimately depend upon the balance between
these differences in competitive ability and niches between species in a com-
munity (Chesson, 2000). If species are equal or near equal in their compet-
itive abilities and ecological niche the coexistence of species in a commu-
nity will depend more upon random processes (Hubbell, 2005; Adler et al.,
2007). In such cases, biological legacies, in the sense of what species are lo-
cally present and thus, have a high probability of becoming established at
a certain habitat may be more important than niche differentiation. Re-
garding the species detected in papers I and II, those belonging to different
ecological groups are likely to differ more in their resource use, and hence,
depend more upon the availability of niches in the wood. However, within
ecological groups, species are likely to be more similar in their resource
use and, hence competitive abilities and random processes are more likely
to influence species coexistence. As the decomposition of a log gives rise to
both physical and chemical changes in the wood, the relative fitness between
species changes over time. Hence, the conditions for coexistence of fungal
species are dynamic, and given that so many different factors contribute to
the decomposition of logs, fungal succession of species should not be looked
upon as a deterministic pathway of species colonizations and extinctions,
but rather a diverse multidimensional array of pathways (Boddy, 2001).
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Figure 3: Assumed ecological roles used by the OTUs detected in the logs at
Fageron (F) and Gardfjillet (G). The percentage comparison is based on the
total number of OTUs, n=973 at F and n=1406 at G, (panels a and b) and
the total number of sequence reads, n=90114 at F and n=141223 at G, (pan-
els c and d). These parameters are separately shown for Ascomycota (panels
aand ¢), and for Basidiomycota (panels b and d). Symbionts refers to mycor-
rhizal fungi and lichens. Black = ecological role unknown, Brown = wood-
decayer, Pink = other saprotrophs, Green = mycorrhizal, Yellow = lichen,
Red = parasite and Grey = endophyte. Glomeromycota, Mucoromycotina
and fungi with unidentified affiliation are not shown (fraction of OTUs
10.1% and 11.5% at F and G respectively; corresponding fraction of reads
2.6% and 2.1% at F and G respectively).

Another mechanism that allows for coexistence of competitive species is
if there is a trade-off between dispersal and competitive abilities. By having
better dispersal abilities, a competitively inferior species can utilize similar
resources to that of a competitively superior one because it may colonize
patches where the better competitor has not yet reached (Tilman, 1994).
These types of trade-offs are often referred to as r- and K-strategies, and this
concept has been further developed for wood-decaying fungi (Cooke and
Rayner 1984, outlined in Chapter 2 and exemplified below).
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5.2 Spatial patterns and life-history traits (Paper Il)

In paper II, 454 sequencing enabled the investigation of fine-scale distribu-
tion of fungal communities in Norway spruce logs. In addition, we took
advantage of this high-throughput method to explore the spatial patterns of
fungal groups that have not been as well studied as wood decaying species.
One reason for this is that earlier methods have been restricted in their abil-
ity to detect OTUs with low levels of abundance (Peay et al., 2008). In paper
IT we hypothesized that the spatial patterns of fungal species and ecological
groups would differ in response to factors such as the position inside a log
and decay stage.

We expected that the number of sequences for each OTU would cor-
respond to the number of logs in which an OTU was found. However,
many OTUs significantly diverged from this pattern, meaning that some
OTUs occurred in more samples than was expected based on their num-
ber of sequences, and other species occurred in fewer number of logs than
was expected based on their number of sequences (Fig. 4). In general, as-
comycete taxa were found in more samples than expected. Many of these
OTUs were often species that are known as ruderal or R-selected species
(Boddy and Heilmann-Clausen, 2008). Among the OTUs that showed the
opposite trend (i.e. they occurred in a fewer logs than was predicted by their
sequence abundance), most species were wood-decaying fungi. These pat-
terns reflect the different utilization of the wood resource by the different
taxonomic groups. Saprotrophic and wood-decaying basidiomycetes invest
much energy to produce wood-degrading enzymes whereas the ascomycetes
in general rely upon a more opportunistic strategy. This opportunistic life-
strategy may allow them to allocate more resources for reproduction, in-
creasing their chances of being present at the time when resources become
available. Since a species competitive ability is related to the size of its oc-
cupied domain in wood (Holmer and Stenlid, 1993), the low abundance of
these opportunistic species indicates that as they have a restricted space in
the wood they may be quickly replaced by more abundant species. These
species are not particularly well known as wood-inhabiting fungi and the
detection of them in decaying wood generates more information on their
distribution and putative ecology.

Long-lived polypores such as Heterobasidion parviporum at site F and
Phellinus nigrolimitatus at site G were encountered in the majority of the
studied logs where they typically dominated the inner parts. This reflects
a competitive life-strategy (C-selected) where one species may dominate a
large part of the inner wood column in a log. P. nigrolimitatus has been
primarily considered as a late-stage fruiter (Jonsson et al., 2008). The data
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Figure 4: Number of logs in which the OTU was detected at sites F (a) and
G (b) plotted against the number of sequences for each OTU (i.e. abun-
dance, on x-axis with logarithmic scale). The majority of OTUs were not
highly abundant and were detected in one or few logs only. By contrast,
few OTUs had high sequence numbers and were present in the majority
of logs. Residual values to the power regression line were counted for each
OTU. OTUs with the highest/lowest residuals are listed in Table 2, in Pa-
per II and the rest are listed in Table S2 (Supporting information, Paper
1I).

in our study reveals that this species may invest in fruit-body production
by the middle stages of decay but more importantly that it may continue
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living as mycelia for a long time after the initial fruiting. At site G, P. ni-
grolimitatus was found fruiting at the same log at three separate inventories
in 1997, 2003 and 2008. Hence, the species may live in the same log for at
least eleven years and probably longer given that it was detected as a fruit
body in 1997. This suggests that once a species is dominant as mycelia in a
log it may control those resources for a long time, possibly throughout the
lifetime of the log.

At both sites, mycelium of H. parviporum at was detected in more logs
than it had been detected as a fruit body; however, the investment in fruit
body production was less obvious for this species compared with P. ni-
grolimitatus (Fig. 5). H. parviporum is able to infect living trees, and it is
often considered to be a stress-tolerant species (S-selected). As the tree dies
the defence mechanisms and the hostile environment of the wood disappear.
As a result, there will more competition for space as more species colonize
the wood. Thus, H. parviporum has been selected to allocate resources for
fruiting in the earlier stages when competition is less severe, although, it
may continue to live inside the fallen trunk as a saprotroph.

We expected different fungal ecological groups to be distributed differ-
ently inside logs. For instance, mycorrhizal species are thought to colonize
logs from the forest floor (Tedersoo et al., 2003), accordingly we expected to
find mycorrhizal species in more decayed wood samples taken from lower
parts of logs. Contrary to our expectation, mycorrhizal species occurrence
was independent of log-decay stage (Fig. 6). We did recover mycorrhizal
species from the lower parts of log, but they were also frequent in samples
taken from the upper parts. This finding suggests that some of the mycor-
rhizal fungi found in our study may also colonize wood by spore dispersal.

Many wood-decaying fungi, such as Hyphodontia alutaria, Ascocoryne
cylichnium, H. parviporum and E. pinicola were more abundant in less-decay-
ed samples. These are all efficient wood-decomposers and some may also be
found in living trees. Other species such as the mycoparasite Hyphodiscus
hymenophilus and the saprotrophs Botryobasidium botryosum, Tubulicrinis
borealis and Atheliopsis subinconspicua were more frequent in more decayed
samples. This reflects a species turnover towards a community that depends
upon a pre-modified wood environment as well as the presence of senescing
mycelia and fruit bodies of primary species that may act as a food source for
mycoparasitic species. At site G, we also detected a significant increase of
OTU richness in more decayed samples. Other wood-decay species such as
Resinicum bicolor exhibited no correlation with decay stage. This species
forms well-developed cords, which are aggregated hyphae that can form
an extensive and long-lived hyphal system that connects different resource
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patches occupied by the fungus (Boddy, 1993). This feature enables R. bi-
color to establish in already occupied wood during different decay stages of
a log (Holmer and Stenlid, 1996).

One interesting aspect is the low consistency between fruit body pro-
duction and presence as mycelia. We found a trend that species producing
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Figure 5: Species recorded both as fruiting bodies and DNA for a) experi-
mentally cut logs at site F (n = 12) between 1995 and 2008 (no inventory
was performed in 1999) and for b) naturally fallen logs (n = 26) between
1997 and 2008 at site G. The figure bar shows the number of fruiting bodies
present on logs each year: the darker the colour the greater the number of
occurrences.
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Figure 6: Ecological composition of fungal communities in different decay
classes (1-9), Wd = wood decay fungi; Sa = saprophytic fungi; Sp = Fungi
a combined saprophytic and parasitic strategy; Pp = plant parasites; Mp =
mycoparasites; My = mycorrhizal fungi; Li = lichenized fungi; Og = other
ecological roles; Unk = no data about ecology available. f = site F; g = site

G.

long-lived fruit-bodies are more abundant in less decayed wood samples,
which would typically hold more available energy. Species that invest fewer
resources in reproduction in terms of the size and longevity of fruit bod-
ies are typically found in more-decayed samples where there is less energy
available. These results support the idea of an energy-driven control of fruit
body production for some species. However, fruit body production, partic-
ularly regarding species with short-lived and less sturdy fruit bodies, may
also be triggered by other factors, such as shifts in temperature and humid-
ity as well as interspecific interactions (Moore et al., 2008).

5.3 The role of species interactions during community assembly

5.3.1 Priority effects and species associations (Papers |, lll and V)

Based on extensive surveys, Renvall (1995) proposed the idea that the pres-
ence of certain primary fungal species determines the composition of suc-
ceeding communities. The effects of primary species on the succeeding
community can be referred to as priority effects because the predecessor
species creates conditions that will have positive or negative effects on the
colonization of a secondary species (Fukami et al., 2010b). Many studies
have reported distinct patterns of fungal community composition for Nor-
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Figure 7: A summary of the priority effects (influence of already established
species to the establishment probability of subsequent colonizers) found in
Paper III. Species associations that were significant at the p=0.000085 level
(Bonferroni corrected) in one site and associations that were significant at
the p=0.05 level (without Bonferroni correction) in at least two sites are in-
cluded. The numbers within the boxes give the number of sites (n) in which
the association was tested for, and the effect sizes and their significance lev-
els coded as * (0.01<p<0.05), ** (0.001<p<0.01) and *** (p<0.001). The
direction of the influence is denoted by a symbol, either an arrowhead (pos-
itive influence) or a square (negative influence).

way spruce during different stages of decay (e.g. Renvall 1995; Niemeli et al.
1995; Lindblad 1998; Rajala et al. 2011, 2012). These studies are based on
chronosequence studies, i.e. where wood-inhabiting fungi that are fruiting
at logs at different stages of decay are compared to infer successional pat-
terns rather than following how the fungal community develops over time
on specific logs. Therefore, the previous species assemblages are not known
in these studies and thus, potential priority effects are difficult to assess (but
see Ylisirnio et al. 2009).

In paper III we hypothesized that the presence of a specific primary de-
cay species would affect the colonization of a secondary established species.
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We also expected that species having particular life-history traits would have
an especially strong influence on the succeeding species, or alternatively, be
sensitive to the primary species. Therefore, we expected that the different
types of decay produced by primary species would influence the occurrence
of succeeding species, and that species that are abundant as mycelia would
have a strong influence on the succeeding species. Furthermore, we hypoth-
esized that specialist species would be more influenced by priority effects
than generalist species with a wider niche breadth. In order to explore these
hypotheses, we analyzed data from fruit body inventories on repeated sur-
veys of individual Norway spruce logs (paper III).

We found a strong positive association between Trichaptum abietinum
and Stereum sanguinolentum, and that the occurrence of both species affects
the probability of detecting ten and seven secondary species, respectively
(Paper 111, Fig. 7). From his study on successional pathways, Renvall (1995)
found that these two species were associated with uprooted logs, which on
average hosted a low number of fruiting species. Based upon species oc-
currence as mycelia, we also found that uprooted logs with fruit bodies of
T. abietinum differed in their associated species compositions compared to
logs that originated from stem breakages (Paper I). A similar association
was reported by Pouska et al. (2011) who found that 7. abietinum and .
sanguinolentum were fruiting on logs that had been killed by bark beetles.
Also, Ylisirni6 et al (2009) found that uprooting and the presence of fruit-
ing T. abietinum influenced the probability of detecting certain species on
the same logs. Interestingly, the pre-decay experiment in paper IV implies
that many species have difficulties in degrading wood pre-modified by .
sanguinolentum compared with undecayed wood. However, we show that
1. abietinum was one of the few species which could grow on the wood
pre-decayed by S. sanguinolentum. The growth of T. abietinum on S. san-
guinolentum was similar to its growth on the undecided control wood. In
the competition experiment, 1. abietinum overgrew S. sanguinolentum, but
was not able to completely replace it. These results suggest that S. sanguino-
lentum can be considered to be a R-selected species, inhibiting the coloniza-
tion of other species, whereas 1. abietinum is more combative (C-selected)
and is associated with S. sanguinolentum one reason being that it is able to
degrade and take over the wood occupied by S. sanguinolentum as well as
many other species (Fig. 8L). Strid (2012) also reported an association with
bark beetle galleries and S. sanguinolentum that suggests that early arrival in
the community is facilitated by bark beetles (Strid, 2012).

The brown-rot species Antrodia serialis was one of the species that was
negatively associated with S. sanguinolentum (Paper III). In turn, A. seri-
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alis formed positive associations with two other brown-rot species, Fomi-
topsis pinicola and Fomitopsis rosea. These positive associations between the
brown-rot species were also found in an analysis of co-occurrence data from
single-time observations of fruit bodies (Ovaskainen et al., 2010), suggesting
that the coexistence of these species might be explained by niche partition-
ing by excluding each other from their occupied domain, and, thus, being
C-selected species. This observation was supported in the pre-decay experi-
ment in paper IV, were the decay rate of A. serialis and F. rosea increased on
brown-rotted wood. Furthermore E rosea overgrew, but did not completely
replace A. serialis, and these species were also able to coexist with E pinicola
in the interaction experiments.

In earlier laboratory studies, the tree pathogen species Heterobasidion
parviporum has been shown to have weak competitive abilities (Holmer
and Stenlid, 1993). It is obvious that H. parviporum occurs more frequently
in forests as mycelia compared with the occurrence levels detected by fruit
body inventories (Papers I and II). This species, together with 7. abietinum
and S. sanguinolentum was associated with uprooted logs (Paper I) but they
were negatively associated in the analysis based upon fruit bodies (Paper
I). The finding of both H. parviporum and E pinicola as mycelia in middle
to late stage decay classes supports the view that once a primary species is
established in a fallen trunk it may persist in the community for a long time
(Vetrovsky et al., 2011). Thus, they can be considered as stress-selected (S)
species that move towards competitive-selected (C) life-histories as the tree
decays. Other early-stage decayers, like S. sanguinolentum and Gloeophyl-
lum sepiarium are more prominent in the early decay stages (Strid, 2012;
Nordén et al., 2013) and, thus, we only detected S. sanguinolentum from
DNA in three samples and did not detect G. sepiarium in our studies.

5.3.2 Fungal competition and facilitation in decaying Norway spruce (Paper
V)

In paper IV, we focused on species that are found in early and middle stages
of wood decomposition. We observed that even though the late-stage colo-
nizers were efficient competitors, some of the early-stage decomposers were
able to capture space and deadlock with late-stage colonizers. Some species
impair the decay of secondary species whereas others secondary species are
facilitated by the pre-decay of certain primary species. This suggests that
when established in a log, both pre-decay by primary species and competi-
tive abilities are important mechanisms influencing the fungal species com-
munity. Physicochemical modification of the wood substrate appears to
be of greater importance in the early stages of decay, whereas species that

39



® A) Antrodia serialis ° B) Antrodia sinuosa » C) Fomitopsis pinicola
[} [} (] »
8 s o 2 - s [e3) 2 I; (O competition
5 5 % 1{m W " 5 oo I
) L n u
£ £ 5 oom £ o
O .. o3 gy - 2 3 O -3 2 @ 1 2 3
B B -"'TA W 5 A
5 ko] 2 G 2
% " % mn _3 v % 1 3 v
effect on other species effect on other species effect on other species
2 D) Fomitopsis rosea 2 E) Gloeophyllum sepiarium 2 F) Pycnoposrellus fulgens
= 3 = 3 2
g ! 2 It g 1 » [ g |1 ) I
g @ n g &
et 1 ey L] g [ ]
5 . 0%l 4uw 3 ; 2 L
B3 2 1My 2 3 S3 2 - 2 3 CE "n
2 ' d' < - " q 2 3 2 - il 2 3
= o - = 0 = @
151 2 3] n2 (P o 5] 2
e 3 v L2 m 3 v S m 3 v
@ effect on other species ® effect on other species ® effect on other species
» G) Antrodiella citrinella - H) Heter_obas:dlon « 1) Phellinus ferrugineofuscus
(o] ] parviporum @ 3
S S 3}
5 (3] g 1 [}
g g o 2 n
2]
2] 2] bt n .
[S)E O . -3 2 1 2 3
bS] 5 kS n W' %@
5 5 g -2
9] 9] L m . v
£ 3 = 3 5] 3 )
effect on other species effect on other species effect on other species
@ J) Phellinus viticola » K) Stereum sanguinolentum - L) Trichaptum abietinum
o [0} 3 Q
g 1 S I g o [ 3
g n? u s QA 2 2
P 1 [ L} @ 1 7]
3] L) . he) 5
£ £ u £
O3 2 w1 070 LT 3 -3 2 -1 mo 1 2 3 R
S] - [} 5 ' 5
kst 2 ¢ 3 s 2 5
L m v o i v ]
@ ° . 5 -3 5 -3
effect on other species effect on other species effect on other species

Figure 8: A-L Plots showing the results from the pre-decay and interac-
tion experiments in paper IV. Closed squares show the influence in terms
of species decay rate in the wood decay experiment compared with the non-
decayed control (origo), and open circles show the species ability to cap-
ture space in the interaction experiment compared to dead-lock interactions
(origo). Panel I in each figure shows the cases where the species A-L are pro-
moting decay, but not promoted by the decay of the associated species, or
the cases when species A-L gets overgrown by the antagonist species in the
competition experiment. Panel II shows the cases where decay rate of asso-
ciated species were increased by the pre-decay of species A-L. Panel III shows
the cases where the decay rate of both associated species were impaired on
wood decayed by the associated species. Panel IV shows the cases in which
the pre-decay of the species A-L impaired the decay of other species but in
which the species A-L was able to degrade those associated species, or the
cases when species A-L overgrew its opponents in the competition experi-
ment.
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appear in the middle decay stages rely more upon their combative abilities
(i.e. Phellinus ferrugineofuscus and Phellinus viticola) (Fig. 81 and J). It ap-
pears that a number of early successional species, e.g. H. parviporum and F.
pinicola, which typically have relatively weak combative abilities (Holmer
and Stenlid, 1993; Holmer et al., 1997; Holmer and Stenlid, 1997), are se-
lected for and rely upon their early arrival in wood. These species may per-
sist in the community for a long time even though they are not aggressive
competitors. This view is further supported by the finding that species that
had a dominant position in the wood as mycelia had a greater influence on
secondary species in the analysis of different life-history traits in paper IIL
Many species had increased decay rates on wood pre-decayed by F. pinicola,
suggesting that the early presence of this species causes positive priority ef-
fects, whereas the early establishment of G. sepiarium may act as a negative
priority effect on secondary species given that many were inhibited by the
pre-decay of this species (Fig. 8E).

5.3.3 Ecological consequences of interspecific interactions

Species community structure and composition is considered to influence
ecosystem functions (Loreau et al., 2001; Hooper et al., 2005) and it is gener-
ally acknowledged that decomposer organisms are key drivers of the carbon
dynamics in ecosystems (Hittenschwiler et al., 2005; Gessner et al., 2010).
The decomposition ability of a decay fungi is determined by the enzymatic
attributes of the species and affected by substrate quality and abiotic factors.
Hence, the composition and interspecific interactions do affect decomposi-
tion rates in fungal communities (van der Wal et al., 2012). However, to
link fungal diversity with wood decomposition remains a challenging task,
because results are often idiosyncratic and difficult to interpret. Studies on
the effect of saprotrophic fungal diversity in terms of both species richness
and community composition report both positive (Robinson et al., 1993;
Tiunov and Scheu, 2005; Setild and MacLean, 2004; Lebauer, 2010) and neg-
ative (Cox et al., 2001; Fukami et al., 2010b) effects on decomposition rates.
Resource partitioning and facilitative interactions in decomposer commu-
nities have been put forward as mechanisms explaining a positive diversity
effect (Gessner et al., 2010; Hittenschwiler et al., 2005). Furthermore, with
an increased number of species, there is a greater chance that the commu-
nity includes efficient decomposer species (Lebauer, 2010). However, com-
petitive interactions within diverse communities can result in reduced de-
composition rates because competition involves metabolic costs (Wells and
Boddy, 2002; Gessner et al., 2010). In wood-inhabiting fungal communi-
ties, deadlock interactions that result in a compartmentalization of differ-
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ent fungal individuals may somehow reduce the costs of competitive inter-
ference, as long as there is a competitive balance between two neighboring
species under stable environmental conditions. However, as conditions in
the wood are dynamic during decomposition, the relative fitness and com-
bative abilities of fungal species constantly changes (Toljander et al., 2006).

Recently, Lindner et al (2011) demonstrated the significant effects of an
initial decomposer species on fungal diversity and decomposition. Inoc-
ulation of a brown-rot species enhanced decomposition rates and resulted
in a different community composition compared with the white-rot com-
munity, which was more similar to the non-treated logs. The results pre-
sented in this thesis also highlight the impact that brown-rot species have
on community composition due to being fast decomposers, long-lived and
abundant in Norway spruce wood as well as having an influence on other
species in the fungal communities. Brown-rot residues are recalcitrant and
long-lived in forest soils; hence, the decay activities of brown-rot fungi
have a large input to the soil formation and nutrient dynamics in conifer-
dominated forests (Eriksson et al., 1990). More studies are needed to eluci-
date the relationships and the long-term effects of the contribution made by
white- and brown-rot fungi to nutrient turnover and carbon sequestration
in forest ecosystems.
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6 Synthesis and future directions

This thesis contributes with new data, which increases our understanding
of the community development and mycelial life stage of wood-inhabiting
fungi. The basis of our present understanding of the ecology of wood-
inhabiting fungal communities is based upon observations of the fruiting
stage in the fungal life cycle. In this thesis, we have studied fungal commu-
nities at different levels, from succession of fruit bodies at several sites, to
the fine-scale distribution within logs and interactions between fungal indi-
viduals in laboratory microcosms. Put togehter, some interesting patterns
emerge.

A main finding of this thesis is the demonstration of species-rich fungal
communities in wood representing a wide range of ecological roles. A clas-
sification of fungal biodiversity based upon functionally relevant traits is a
challenging task in fungal ecology since functional response is not always
consistent in different situations (Hittenschwiler et al., 2011). For instance,
typical wood decay fungi have been shown to form mycorrhizal-like rela-
tionships with conifer seedlings (Vasiliauskas et al., 2007), or species clas-
sified as endophytes may become saprotrophs under certain circumstances
(Korkama-Rajala et al., 2008). Furthermore, much of the knowledge we
have about fungal functions are derived from laboratory experiments, hence
studies from field conditions are required in order to connect genetic iden-
tity and functional response (McGuire et al., 2010; Lindner et al., 2011).

When compiling the information of ecological data on wood-inhabiting
species, it became clear that knowledge of fungal species’ ecology is still
rudimentary compared to other organisms such as plants or animals. This
is particularly true for many ascomycete species. NGS of environmental
samples have resulted in a dramatic increase of the number of OTUs of
which many cannot be properly assigned to taxonomic identity (Hibbett
et al., 2011). To get more out of sequence data from environmental sam-
ples, and to be able to communicate fungal diversity found in metagenomic
studies, there is a need to develop fungal taxonomy further, both in terms of
taxon description but equally important a classification system based upon
environmental sequences needs to be established (Taylor, 2011).

In this thesis, high-throughput sequencing was used to study the fine-
scale distribution of wood-inhabiting fungi inside wood for the first time.
We demonstrated that differences in fungal life-histories are reflected in the
way fungal communities are structured inside wood. Species that are known
to produce perennial fruit bodies were often dominating the wood samples,
in particular the ones that were in early to intermediate stages of decay, and
hence contained more energy for fruit body production. The findings in
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this thesis supports the view that early established and long-lived species
will affect the succeeding fungal community in both direct and indirect
ways.

Interspecific interactions within fungal communities can also have con-
sequences on a stand or at a regional level. Modern forestry has created a
new substrate for wood-inhabiting fungi, namely cut stumps. Studies sug-
gest that even though many species produce fruit bodies on cut stumps and
logs, some species are more common on this new type of substrate com-
pared to natural fallen logs (Berglund et al., 2011a; Nordén et al., 2013).
Since cut stumps and logs are nowadays very common on the landscape
level, these fungi may experience a positive feed back, as their high abun-
dance in the landscape will enable high production of spores and hence
their potential to establish in new substrates (Norros et al., 2012). So far,
it is not known how forest management affects the number of genets in dif-
ferent logs and stumps. However, it is likely that if certain species are more
common on the landscape level; this will have direct effects on the competi-
tive balance within fungal communities and also within individual logs. As
the results of this thesis suggests, priority effects may affect community as-
sembly in decaying wood, and species that have a dominant position inside
logs are more prone to affect subsequent species colonization. Also, certain
early successional species have good competitive abilities, and this will in-
crease their fitness if they are also abundant in substrates that are common
in the landscape.

Molecular tools provide a less biased measure to study fungal communi-
ties compared to fruit body inventories as well as the isolation and culturing
of mycelia. Molecular methods also allow the opportunity to address ques-
tions about fungal life-stages inside logs. We found that individual logs may
be suitable habitats for wood-inhabiting fungal species after forming a het-
erokaryotic mycelium and production of fruit bodies. Few studies have ad-
dressed the homokaryotic stage inside logs. Laboratory studies suggest that
the homokaryotic mycelium may have better competitive abilities than the
heterokaryotic mycelium (Crockatt et al., 2008). Species that are rare in the
landscape may have a prolonged homokaryotic stage inside the wood since
the probability of mating and forming fruit bodies is low (Crockatt et al.,
2008). However, overall, the ecological importance of the homokaryotic
mycelium life stage is largely unknown. Another aspect of the fungal life
cycle in wood that has been difficult to study is the establishment phase.
Recently, Strid (2012) demonstrated that some early successional species are
facilitated by the activity of bark-beetles. Furthermore, a trade-off between
resource allocation to produce many small spores or few larger spores has
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been suggested (Nordén et al., 2013) but so far this relationship has not been
confirmed, and it is not known how this is related to the establishment
success in wood. Colonization patterns have suggested dispersal limitation
at the stand and regional level for some rare wood-decaying fungi (Edman
et al., 2004b; Jonsson et al., 2008). Establishment success may be related
to the fitness of the spores. Genetic differentiation and low germination
rates has been found in fragmented populations of wood-decaying species
(Hogberg and Stenlid, 1999; Franzén et al., 2007; Edman et al., 2004a) but
in general the population genetics of wood-inhabiting fungi is not known
and needs more attention.

The relationships between species associations and species interactions
found in this thesis stress the importance of a high availability of differ-
ent types of dead wood substrates, both at a stand and at a regional level
for wood-inhabiting fungal diversity (Junninen and Komonen, 2011). One
way to promote saproxylic biodiversity in fragmented forest landscapes is to
restore habitats by actively creating habitats and substrates that are lacking
in the landscape (Stokland et al., 2012). The finding that the way in which
trees are broken is associated with different fungal communities a long time
after tree death suggest that active restoration practices, such as the creation
of different types of logs, could result in different compositions of fungal
communities. However, we also noted that the root rot pathogen Heteroba-
sidion parviporum was frequently detected in cut logs left as retention logs.
Hence, more research is needed to establish which parts of fungal diversity
that is promoted in restoration and retention practices, and also where these
practices are most efficient. In order to promote saproxylic diversity, it has
been suggested that priority effects could be utilized in ecological restora-
tion by actively promoting the diversity of pioneer fungi to create a more
diverse array of niches for the successor species (Berglund et al., 2011b). As
many pioneer fungi are able to sustain high populations in a fragmented
forest landscape (Nordén et al., 2013; Berglund et al., 2011a), an interesting
alternative to the active promotion of pioneer species is the direct inocula-
tion of rare specialist species. The success of such inoculations would also
bring valuable insights regarding the relevance of priority effects in fungal
communities.
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