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ABSTRACT

Purhonen, Jenna

Dead wood and fungi: detection, diversity and conservation in boreal forests
Jyvéaskyld: University of Jyvaskyld, 2018, 49 p.

(JYU Dissertations

ISSN 2489-9003; 42)

ISBN 978-951-39-7620-0 (PDF)

Yhteenveto: Lahopuu ja sienet: havaitseminen, monimuotoisuus ja suojelu
boreaalisissa metsissa

Diss.

Dead wood and associated fungal communities are a crucial part of boreal
forest ecosystems, and severely affected and threatened by human actions like
commercial timber harvesting. Despite their importance for forest functioning,
most wood-inhabiting fungal species, especially those producing small fruit
bodies, are still ecologically and taxonomically poorly known. In addition,
studies on dead wood profiles have neglected fine woody debris. This thesis
includes detailed investigations of fruiting phenology of different
morphological groups and complete dead wood profile of one semi-natural
boreal forest. In addition, the diversity patterns of wood-inhabiting fungal
communities according forest continuity and naturalness as well as dead wood
quality were studied in 14 semi-natural forests. In addition to species richness
the relationship between species traits and substrate quality was explored. The
fruiting phenologies and dead wood profiles differed between fungal groups
and dead wood tree species, respectively. Forest continuity and naturalness had
a positive but weak effect on species richness, substrate continuity being
important for Micarea lichens. Tree species had strong influence on fungal
community composition. Broadleaved dead wood hosted the highest species
richness, especially discomycetoid and pyrenomycetoid fungi specializing on it.
Pileate fungi were found specializing on spruce and were the only group
having positive response to forest naturalness at the substrate level. Especially
discomycetoid and pyrenomycetoid fungi inhabiting pine had positive
relationship with forest naturalness at the site level. Species had on the average
larger spores on broadleaved than conifer dead wood, and the spore size
increased with log size. In conserving dead wood and its fungal inhabitants, the
tree species- and fungal group-specific responses need to be taken into account.
Standing and downed dead pine is a special case as considering species
inhabiting it in management planning requires time scale of a millennium
rather than centuries.

Keywords: Community; forest management; fruit body; habitat quality; species
richness; spore; functional trait.
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TIIVISTELMA

Purhonen, Jenna

Lahopuu ja sienet: havaitseminen, monimuotoisuus ja suojelu boreaalisissa
metsissa

Jyvéaskyld: University of Jyvaskyld, 2018, 49 p.

(JYU Dissertations

ISSN 2489-9003; 42)

ISBN 978-951-39-7620-0 (PDF)

Yhteenveto: Lahopuu ja sienet: havaitseminen, monimuotoisuus ja suojelu
boreaalisissa metsissd

Diss.

Lahopuu ja sen sieniyhteisot ovat olennainen osa boreaalisten metsien
ekosysteemid ja jatkuvasti ihmisen vaikutuksen alaisina muun muassa
metsienkdsittelyn takia. Vaikka lahopuiden sienet ovat elintdrkeitd metsien
toiminnalle, useimmat niistd ovat ekologisesti ja taksonomisesti huonosti
tunnettuja. Lisdksi metsien lahopuuprofiilitutkimuksissa ei ole otettu juuri
pienikokoista lahopuuta huomioon. Tamé vditoskirja sisdltdd yksityiskohtaisen
selvityksen erilaisten lahopuun sieniryhmien itidemien muodostamisen
fenologiasta yhdessd luonnontilaisen kaltaisessa boreaalisessa metsédssd ja timan
metsdn lahopuuprofiilista. Lahopuun sieniyhteiséjen ~monimuotoisuutta
selvitettiin suhteessa metsan jatkuvuuteen, luonnontilaisuuteen ja lahopuiden
laatuun 14:ssa luonnontilaisen kaltaisessa metsdssd. Lajirikkauden lisdksi
tutkittiin lajien ominaisuuksien ja lahopuun laadun vilisid yhteyksid. Eri
sieniryhmien iticeméfenologiat ja puulajien lahopuuprofiilit erosivat toisistaan.
Metsdan jatkuvuudella ja luonnontilaisuudella oli positiivinen, mutta heikko
yhteys sienten lajirikkauteen, rungon jatkuvuuden ollessa tarked Micarea-jakalille.
Puulajilla oli voimakas vaikutus sieniyhteistjen koostumukseen. Lehtipuilla oli
korkeampi lajirikkaus kuin havupuilla, ja erityisesti maljamaiset ja pullomaiset
lajit olivat erikoistuneet sille. Lakilliset sienet olivat erikoistuneet kuusen
lahopuulle, ja ne olivat ainoa ryhmd, jonka lajirikkaudella oli positiivinen yhteys
metsdan luonnontilaisuuteen runkotasolla. Kohdetasolla mannyn maljamaisten ja
pullomaisten ryhmien vaste luonnontilaisuuteen oli positiivinen. Lehtipuulla
esiintyvilld lajeilla oli keskimddrin suuremmat iti6t, kun havupuulla, ja itickoko
kasvoi myos rungon koon kasvaessa. Viitoskirjani tulokset osoittavat, ettd
lahopuun ja sen sienilajien suojelussa puulaji- ja sieniryhmékohtaiset vasteet on
otettava huomioon. Pystyyn kuolleet ja maapuuménnyt ovat erityistapaus, silld
niiden lajiston huomioonottaminen metsienkdsittelyn suunnittelussa vaatii
aikajaksoja, jotka ovat ennemmin vuosituhansien kuin vuosisatojen mittaisia.

Avainsanat: Elinympdriston laatu; itio; itidemd; lajirikkaus; metsdnkasittely;
toiminnallinen ominaisuus; yhteiso.

Jenna Purhonen, University of Jyvdskyld, Department of Biological and Environmental
Science, P.O. Box 35, FI-40014 University of Jyviskyld, Finland
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1 INTRODUCTION

1.1 Looking at the big picture

The inspiration for this thesis comes from an intrinsic place - a genuine interest
to explore the unknown. Diving into the fascinating world of poorly known
wood-inhabiting fungi is analogous to the early explorers discovering islands
never visited by human before, asking questions like, how many and what kind
of species there are, and most importantly, why these species are there?

Actually, from the point of view of wood-inhabiting fungi a dead wood
piece is an island situated on a larger island - the forest. Both are surrounded by
a hostile sea of non-habitat. The exception is that these islands are dynamic in
much shorter time scales than the actual oceanic islands. This specific nature of
the habitat of wood-inhabiting fungal communities makes it interesting to
study different questions at different spatial and temporal scales ranging from
microhabitats to landscape level and over time.

The motivation comes also from the lack of knowledge considering the
conservation needs of poorly known fungal species inhabiting different kinds of
dead wood substrates in boreal forests. Looking at the big picture is important
for estimating the relative importance of different aspects and for evaluating the
reliability of one’s results. To see the big picture, one may need to include also
the tiniest study objects, being fungi or small dead wood sticks. To further
broaden the view, one may also have to look beyond species identities and
explore their traits. I hope that you got as curious about these subjects as I am,
as I will dive deeper in the following chapters.

1.2 Dead wood and its fungal inhabitants

When walking in a natural forest, the most obvious structural element one
literally soon “bumps” into is the plentiful dead wood in its different forms
from standing trunks to grounded logs and branches. The lush results from
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multiple factors starting from the variation in tree death: some trees die very
slowly, first losing some branches and then gradually over the years losing all
their life, while others are ripped from the ground with their roots by a storm.
After death, a period of dead wood consumption by organisms follows as its
chemical elements and nutrients are reused (Ausmus 1977, Franklin et al. 1987,
Boddy 2001). Trees itself constitute from four different tissues - outer bark,
inner bark, sapwood and hard wood. They all differ from each other
structurally and chemically. Moreover, molecular elements of any tree tissues
are cellulose, hemicellulose and lignin, all having their distinct structure. When
all of this is combined with the chemical variation between tree species and
decomposition processes, it is no wonder why dead wood serves a crucial
habitat for thousands of forest-dwelling species (Stokland et al. 2012).

When kneeling down next to a log or looking closely a standing dead tree,
one meets the leading actors of this thesis - the wood-inhabiting fungi, referring
to all those species living as mycelium within dead wood or using it as a surface
for attaching fruit bodies (Fig. 1). Majority of the species decompose different
parts of the dead wood or dead fruit bodies of other fungi, being essential for
nutrient and carbon cycles of the forests (Dowding 1981, Kahl et al. 2017). Those
fungi that only utilize the dead wood as a surface for their fruit bodies are in a
symbiotic relationship with trees as mycorrhizae. Many others have important
role as parasites of other fungal species inhabiting dead wood. Some of the
species even have special organs to capture nematodes to enrichen their diet
(Peay et al. 2008, Stokland et al. 2012). All these species have also a crucial part
in formation of new habitats and resources within the dead wood for other
organisms. They, for example, affect the microclimatic conditions, change the
structure of dead wood and their mycelium and fruit bodies are consumed by
numerous organisms (Komonen 2003, Niemeld 2005, Schigel 2007, Boddy and
Jones 2008, de Boer and van der Val 2008, Stokland et al. 2012). Thus, wood-
inhabiting fungi are crucial part of the forest biodiversity as providers of
ecosystem functions in boreal forests.

FIGURE 1 Wood-inhabiting fungi (Chlorencoelia versifromis, Mollisia sp., Hyphodiscus
“hemiamyloideus”, Lasiosphaeria sp., Orbilia cf. delicatula and Pholiota squarrosa
on a fallen log of European aspen (Populus tremulae) in an old-growth forest in
Central Finland. Photo: Jenna Purhonen (the forest), Panu Halme (the fungi).
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1.3 Methodological issues and detection problems

Optimal solutions for management and conservation of biodiversity require
information that is not systematically biased (Niemeld 2000, Tyre et al. 2003,
Field et al. 2005, 2007). Despite their undisputable importance in wood-
inhabiting communities, majority of the fungal species inhabiting dead wood
are still poorly known (Molina et al. 2011). Most studies in boreal Europe have
included mainly polypores and corticioid fungi that produce large and long
living fruit bodies, resulting in a biased view of the diversity of fungal
communities on dead wood. In temperate Europe the situation has been
improving recently as more and more studies have included also corticoids,
agarics and even ascomycetes (Heilmann-Clausen and Christensen 2005,
Abrego and Salcedo 2013, Béssler et al. 2014, Abrego et al. 2015, Baber et al. 2016,
Krah et al. 2018). Still, especially species that produce very small fruit bodies
(smaller than 1-5mm in diameter) have been neglected due to their poor
detectability, difficulties in identification or lack of taxonomical information.
For example, in the most recent Finnish Red-list, 67% of the more than 2000
non-lichenized ascomycetes were not evaluated due to poor knowledge (von
Bonsdorff et al. 2010). In their study on ecological roles of fungal communities
on spruce, Ottosson et al. (2015) were able to identify the nutritional strategy for
ca. 60% of the detected Ascomycota operational units (OTUs), while the
corresponding number for basidiomycetes was ca. 80%. The uncertainty was
due to either that the authors could not find definite ecological information
from literature, or they were not able to classify the detected fungi in adequate
taxonomic level.

Due to its importance for biodiversity and forest functioning, dead wood
has been incorporated into national monitoring programs and forest ecological
and conservation science (e.g. Aakala 2010; Jonsson et al. 2016). Similarly as
with wood-inhabiting fungi, there has been bias in a sense that the importance
of small sized dead wood has been long overlooked. However, recently the
importance of small dead wood for wood-inhabiting fungal communities has
been acknowledged (Heilmann-Clausen and Christensen 2004, Juutilainen et al.
2011). Still, detailed information about dead wood profiles of forests are almost
completely based on surveys considering coarse dead wood (diameter at breast
height over 7-10cm, depending on the study) (e.g. Stokland 2001).

Another methodological issue worth considering arises from the detection
problems of study objects. Detectability is defined as the probability of a study
object to be observed if present at the survey moment (Garrard et al. 2008). Most
often, if not always, detectability is less than one causing a problem of false-
negative error, meaning a failure to detect study objects although they are
present (Tyre et al. 2003). The problems that arise from this are manifold, for
example, when assessing the conservation status of species, their extinction
probabilities may be overestimated if their poor detectability is not accounted
for (Kéry et al. 2006). Species vary in their detectability, depending on factors
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like mobility, size, colour and growth type. Even the species-specific
detectability may vary in time, space and depending on the study method (Tyre
et al. 2003, Bailey et al. 2004, Kéry et al. 2006, Lohmus 2009). Thus, solutions for
tackling the problem also depend on the organism group in question. For
plants, longer survey durations have proved to be more beneficial, while
increased number of surveys per study sites was more efficient considering
animals (Garrard et al. 2008). Considering fungi, it has been demonstrated that
it is also matter of study questions, whether increasing the surveys in temporal
or spatial matter gives optimal results (Abrego et al. 2016). The detectability
problems of fungal species and dead wood pieces origin ultimately from
different sources. For fungal species, the problem is more of a temporal kind
whereas with dead wood it is spatial.

1.4 Drivers of species diversity in communities

Biodiversity is defined as variability of species between ecosystems and
ecological entities, encompassing within and between species variability
(Anonymous 1993). Humans are threatening and impoverishing biodiversity at
an increasing phase (Ripple et al. 2017). In order to manage and conserve
biodiversity successfully, we should have comprehensive understanding about
the effects of different factors to survival and distribution of organisms
(Simberloff 2004). In addition to knowledge about individuals and populations,
we need information especially about communities, as only then the complex
interactions between species can be accounted for. Communities are often the
key unit in conservation and environmental problems (Townsend et al. 2003,
Simberloff 2004).

A community is defined as “a group of interacting species populations
occurring together in space” (Stroud et al. 2015). Ecologists have come up with
hundreds of more or less different theories to explain the diversity and
composition of communities (Palmer 1994). In order to clarify the situation,
these theories can be regarded to explain community patterns based on four
different main processes or their combinations, which are selection, speciation,
drift and dispersal (Vellend 2010).

In practice, community ecological research has concentrated on observing
patterns in nature, after which the undermining processes has been considered.
Much attention has received the relationship of species diversity and area,
disturbance or spatial heterogeneity, connection between local and regional
diversity as well as temporal variability in communities during succession. The
processes and their relative strengths are fundamentally system based and
complicated to disentangle. Factors of which operative process is selection (i.e.
biotic and abiotic interactions of organisms) has received most attention in
research. Selection is considered the most important process in explaining the
community composition, diversity and dynamics. Selection is effective when
the species in a community differ in their fitness and it can be stable, depend on
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density or vary temporally or spatially. The importance of speciation in
community composition grows, when moving from local level to compare
communities over environmental gradients or regions. Drift, i.e. stochastic
variation in species abundances, on the other hand, is important process
especially in small communities, but of course, the effect of stochastic events
and change cannot be ever completely ignored. The effect of dispersal can only
be considered together with the other processes, especially with selection and
drift, when the dynamics of communities are affected by the size and
composition of communities which between the dispersal happens (Vellend
2010, 2016).

1.5 Boreal forests and forest management

1.5.1 Forest stand

Forest stand dynamics include three basic processes: seed germination, tree
growth and tree mortality (Terradas 2005). There are many physical (e.g.
climate, disturbances) and biological (e.g. interactions between species) forces
affecting these processes. In addition, all of these forces are in interaction with
each other (Frelich 2002). The scene of my thesis is in the closed mesic spruce
dominated forests of the southern and middle boreal zone (Ahti et al. 1968). In
this system, forest dynamics is a slow process; trees are long living organisms
and their decomposition takes many decades or even hundreds of years
(Hofgaard 1993, Pretzsch 2009). The stand dynamics are commonly driven by
small-scale tree mortality and by larger scale climatic events or disturbances,
such as very cold winters, dry years, fires, windstorms or insect outbreaks
(Spies et al. 1988, McCarthy 2001, Frelich 2002, Nilsson et al. 2004, Aakala et al.
2011, Komonen et al. 2011).

Humans with their management interventions greatly alter the natural
stand dynamics in boreal forests (Kuuluvainen et al. 1996, Kouki et al. 2001,
Kuuluvainen 2009). All of the three basic processes of forest dynamics are
impacted. Natural tree germination is suppressed by planting monocultures
and preventing natural forest renewal by effective fire control and lack of nurse
trees (Lonsdale et al. 2007). Depending on the goals of the management, the
natural tree growth is altered by manipulating the competitive relationships
between tree individuals by thinning or selectively removing unwanted
structures. Finally, early tree mortality is imposed with final harvesting by clear
cutting or selective cutting (Lohmus 2011). The overall change caused by
human actions is the reduction and homogenisation of most of the structural
features of a forest, such as tree age and size structure, as well as their spatial
and temporal distribution (Kuuluvainen et al. 1996, Brumelis et al. 2011). Due to
these changes, a large number of species have become threatened in boreal
forest ecosystems (Rassi et al. 2001, Siitonen 2001, Tikkanen et al. 2006). For
example, in Fennoscandia, about half of the threatened species are associated to
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forest (Tikkanen et al. 2006). Both deterministic and stochastic processes play
their parts in explaining the observed effects and their importance depends on
the spatial scale as well as what part of the change we are investigating
(Vergnon et al. 2009, Chase and Myers 2011, Vellend et al. 2014)

In commercial timber harvesting the amount of dead wood in a forest is
decreased from 40-170 m3 per hectare typical for natural boreal forests (Aakala
2010), to less than 10 m3 per hectare, in the worst cases 2-5m3 per hectare
(Siitonen 2001). Also, the dead wood profile of forests under management is
changed via disappearance of very large diameter trees. For the overall
biodiversity of the forests in Europe, dead wood related changes have been
claimed to be the most influential (Esseen et al. 1997, Paillet et al. 2010). The
negative changes simply relate to two interrelated theories, species-area and
species-energy relationship, that include the interaction of speciation, drift and
selection (Vellend 2016). These theories predict that with decreasing area and
energy species richness decreases. On the one hand, this is due to the ability of
smaller areas host less individuals than larger area and thus, just by chance, less
species. On the other hand, habitat area also generally correlates negatively
with decreasing habitat diversity, and thus less species with different habitat
requirements can coexist (Arrhenius 1921, Wright 1983, Rosenzweig 1995).

As resources are removed, also the distance between dead wood pieces
increases. In the theory of island biogeography, diversity of species decreases
with area as communities experience more drift and with isolation as dispersal
is more difficult (MacArthur and Wilson 1967, Vellend 2016). There are
contrasting results on whether wood-inhabiting fungi suffer from poor
dispersal abilities at the small spatial scales (Edman and Jonsson 2001,
Komonen 2005, Kubartova et al. 2012, Norros et al. 2012, 2015, Komonen and
Miiller 2018). However in many studies the forest fragmentation and related
dispersal challenges have been suggested to explain the observed declines in
species richness (Stokland and Larsson 2011, Nordén et al. 2013, Halme et al.
2013).

Forest management may shorten the time (forest continuity sensu Nordén
et al. (2014)) that the suitable habitats are available for species. The negative
effect of this on species diversity can be understood via species-time
relationship, that is a temporal parallel to species-area relationship, predicting
that species richness increases with time. At short time scales the increase is
explained by random processes such as incomplete sampling and year-to-year
variation in the observed community from a static pool. At the longer time
scales ecological processes such as climatic variability, community succession
and population dynamics can cause the increase in species richness with time
(Grinnell 1922, Preston 1960, Rosenzweig 1995, White et al. 2006). Species
richness and also community composition of the forest stands is affected as
species that are slow in their establishment, development or growth are known
to suffer from poor forest continuity (Esseen et al. 1997, Fritz et al. 2008, Nordén
et al. 2014). Also, species that require special habitats that only form during long
time periods without disturbances are negatively affected (Niemeli et al. 2002).
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In a long continuity, spruce dominated, natural forest where fire occurs
seldom the microclimate is humid and stable (Esseen et al. 1997, Angelstam et al.
2004). Majority of the threatened red-listed fungal species in Finland are
associated to this kind of shady coniferous forests (Tikkanen et al. 2006). This
can be understood in the light of niche theory, that predicts species to differ in
their environmental requirements (Vandermeer 1972). On the other hand, forest
type interacts with the importance of microclimatic effects on species
occurrence. For example, Junninen et al. (2006) concluded that the reason why
in their study most fungi did not respond to changes in microclimate, and the
species that actually were responding required open rather than shaded
habitats, was that their study was confined to pine dominated forests. As pine
forests are more open than spruce forests, it is logical that species inhabiting
pine forests are more tolerant to wider variety of microclimatic conditions
(Junninen et al. 2006).

1.5.2 Dead wood

Many of the dead wood characteristics are known to affect the community
composition and dynamics of wood-inhabiting organisms. Many of the
characteristics also correlate with each other, which leads into difficulties to
disentangle their individual effects.

Decay stage of dead wood is one of the most important factors affecting
wood-inhabiting fungal communities diversity and dynamics. As the time goes
by, the fungal communities undergo succession from pioneer species to late
decayers. Commonly species richness has been found to be largest in the
intermediate stages, although red-listed species occur more commonly on more
decayed trees over fresh ones (Bader et al. 1995, Renvall 1995, Lindblad 1998,
Jonsson et al. 2005, Heilmann-Clausen and Christensen 2005, Odor et al. 2006,
Jonsson and Jonsson 2007, Arnstadt et al. 2016). However, the patterns that we
detect by surveying the presence of fruit bodies do not always go hand in hand
with the trends observed at the abundance or mycelial level (Sverdrup-
Thygeson and Lindenmayer 2003, Ovaskainen et al. 2013). For example, an old
forest indicator species Phellinus nigrolimitatus, thought to be restricted to well-
decayed logs (e.g. Bader et al. 1995; Lindblad 1998), peaked its abundance and
was found as a mycelium from a less decayed logs, indicating that only the fruit
body formation of this species is restricted to late decay stages.

Continuity of the substrate may be important for species that are poor
dispersers, colonizers or have slow establishment and growth rates (Fritz et al.
2008; Nordén et al. 2014). As described above with the stand continuity, the
hypothesis of species-time relationship may have its role (White et al. 2006).
The older the tree is when it dies the more different habitats it has. This is, for
example, because when the tree gets older, some of its branches die before the
tree dies. Thus, it would be expected that the more natural a forest is and the
older the trees are, the more different habitats the decaying wood will host. This
leads to a conclusion that logs in more natural forests should have more
specialist species.



15

The consideration of different tree species in forest management often
differs due to legislation or timber value. For example in Finland, the
proportion of broadleaved trees in managed coniferous forests has been
reduced by the forest management practices. Also, large ungulates are very
effective in reducing their regeneration (Kouki et al. 2004, Edenius et al. 2011).
Dead wood of different tree species differ in quality, the clearest distinction
being between the groups of conifer and broadleaved trees. These tree groups
share evolutionary distinct paths, and thus differ greatly by their structural and
chemical characteristics (Stokland 2012a, b). Also, dead wood of different tree
species differ from each other, for example in relation to the quality of bark, tree
size, wood density, carbon concentration and chemicals inhibiting decay
(Sandstrom et al. 2007, Rajala et al. 2010, Arnstadt et al. 2016). Host tree identity
is known to affect fungal species richness and community composition (Rajala
et al. 2010, Stokland and Larsson 2011, Hoppe et al. 2016, Kahl et al. 2017, Krah et
al. 2018), and majority of wood-inhabiting fungal species in northern Europe are
specialized to either conifer or broadleaved hosts (Stokland 2012c). Majority of
the research conducted in the boreal region on wood-inhabiting fungi have
considered conifer tree species, mainly spruce. An exception to this is a study
by Rajala et al. (2010). They investigated fungal DNA on the four most common
tree species that reach large diameters (aspen, birches, spruce and pine), and
found that species belonging to Ascomycota constituted a higher proportion of
the species on broadleaved trees than the conifers. Also very recently
Ruokolainen et al. (2018) included aspen, birch, pine and spruce and found
fungal communities to differ from each other between the tree species. In
addition, deciduous wood, especially aspen, hosts a much larger proportion of
red-listed species than what its relative abundance in boreal forests would
suggest (Tikkanen et al. 2006).

As large diameter timber is the target of logging, this evidently changes
the relative abundance of differently sized dead wood in the forests (Siitonen
2001, Erdjaa et al. 2010). Size of the dead wood is well known to matter for
wood-inhabiting fungi, especially to the threatened species (Nordén et al. 2004,
Heilmann-Clausen and Christensen 2004, Abrego and Salcedo 2011, Juutilainen
et al. 2011). Similarly as described above for area and energy at the forest stand
level, with trunk size increases also the amount of available resources and space
for attaching fruit bodies. Together with increased diversity of habitats, higher
species richness can result simply because more species are able to coexist.
Species richness may increase with size also because the chance of spores to
land on a dead wood piece increases (Bader et al. 1995, Nordén et al. 2004). The
community composition is also affected by the dead wood size. Especially for
species that produce large fruit bodies, large amount of resource is required to
fuel them. Larger dead wood also may host species that are specialized to more
stable temperatures and moisture conditions. Fine woody debris (FWD) is also
known to be important for certain species as the species composition between
FWD and coarse woody debris (CWD) has been found to differ (Juutilainen et
al. 2011).
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Epiphyte and bark cover also affect community composition of wood-
inhabiting fungi (Kubartova et al. 2012). Bark of a tree is a specific resource that
inhabits species that are especially adapted to decay it or have some qualities
that are required for species to use it as substrate to attach without using them
as a resource (Kazartsev et al. 2018). Heilmann-Clausen and Christensen (2005)
found a positive relationship between the species richness of wood-inhabiting
fungi and the moss cover of the logs. They concluded the moss cover to indicate
such microclimatic conditions that enhanced bryophyte but also fungal growth.
Also, increasing moss cover might stabilise the microclimate of the decaying
wood and thus advance fruit body production of wood-inhabiting fungi (Moore
et al. 2008).

1.6 Traits - beyond species richness and composition

Mouillot et al. (2013) defined functional trait as “any trait directly influencing
organismal performance”. In addition to exploring the patterns of species
richness and composition along environmental change caused by humans, a
more in-depth understanding about the change in species communities and also
in the ecosystem processes they provide, is gained when exploring the patterns
of species functional traits in communities (McGill et al. 2006, Petchey and
Gaston 2006, Mouillot et al. 2013, Vellend 2016). For example, in a situation
where disturbance selects against specialized species but benefits generalists,
there may not be change in the species diversity, but a decline in the functional
diversity, that is the diversity of functional traits of communities (Petchey and
Gaston 2006, Clavel et al. 2011). This is called also functional homogenization as
communities that have relatively more generalists than specialists are assumed
to have lower functional variability.

Fungal functional information and how environmental change affects the
community functioning has been long neglected (Peay et al. 2008, Aguilar-
Trigueros et al. 2015). The specialization of species often used in functional
homogenization studies with plants and animals (e.g. Devictor et al. 2007,
Abadie et al. 2011) is poorly known for most wood-inhabiting fungi (but see
(Nordén et al. 2013). During recent years, however, studies with fungal traits
has increased including ecological guilds (Odor et al. 2006), trophic lifestyles
(Béssler et al. 2014, 2016, Ottosson et al. 2015, Jonsson et al. 2016), decay type
(Ruokolainen et al. 2018), and substrate preferences (Stokland and Larsson 2011,
Juutilainen et al. 2017, Tikkanen et al. 2017). In addition, very recently a
handbook aiming for standardising the trait measurement methods for
basidiomycete fungi appeared (Dawson et al. 2018).

Studies including different guilds, such as lichens and saprotrophic fungi,
have provided important insight into differences, but also similarities in the
responses of groups differing in their nutritional mode to natural and human
induced disturbances (Bédssler et al. 2016, Jonsson et al. 2016). For example,
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Jonsson et al. (2016) manifested negative effects of fragmentation and isolation
on lichens while on decaying fungi there was no effect.

Traits relating to fungal fruiting have become a popular tool and subject of
studies considering functional responses of fungal communities. Fungi produce
fruit bodies for sexual and non-sexual reproduction. Spores or other dispersal
particles are formed in the fruit bodies and dispersed to new locations. Sexual
fruit bodies are the tool of this thesis for detecting fungal species inhabiting
decaying wood, but their morphology and phenology is also the subject of
study. Fruit body morphology and size has been used to disentangle the effect
of anthropogenic and natural disturbances on fungal communities. Species with
large and complex fruit bodies, such as perennial and pileate polypores, but
also lichens, have been found to suffer from forest management, but benefit
from natural disturbances that generate high amount of dead wood (Bassler et
al. 2016, Abrego et al. 2017).

Among the species that produce fruit bodies, there seems to be high
variation in the fruiting phenology, i.e. timing and longevity of fruit body
production (Straatsma et al. 2001; Berglund et al. 2005, Halme and Kotiaho
2012). In addition to the differences between species, variation on the species-
specific fruit body morphogenesis can derive from environmental factors, such
as climate, temperature and nutrient and water availability (Straatsma et al.
2001, Gange et al. 2007, Moore et al. 2008, Kauserud et al. 2012). Also biological
factors, such as disturbance and interactions with plant hosts or other
organisms have been found to have an effect on fungal fruiting phenology
(Moore et al. 2008, Violi et al. 2008, Dickie et al. 2010). Although the between and
within species variation is acknowledged there has not been many studies
about the species-specific fruiting phenologies.

Spore morphology has been included as a trait into several studies (e. g.
Abrego et al. 2017; Calhim et al. 2018). An idea that fungi are good disperser
over enormous distances, even from a continent to another, has been prevailing
(Boddy 2008). However, recent findings have shown that fungal species with
spores distributed by wind may encounter several dispersal obstacles.
Generally as the spore size grows its dispersal distance shortens, but at the
same time its fecundity probability grows (Norros et al. 2014). Also freezing and
especially sun light are significantly affecting the dispersal success and may
hinder the species ability to disperse in fragmented habitats or to habitat edges
(Norros et al. 2015). Species-specificity to decay-stage has been found to increase
as the spore volume decreased. This trend was observed in all of the wood-
inhabiting fungal groups having different preferences to habitat species
identity, from being generalists to single tree species specialist (Nordén et al.
2013). However, in previous studies in the temperate Europe, spore size did not
relate to natural disturbance caused by bark beetle outbreaks, nor to the forest
management and fragmentation (Nordén et al. 2013, Bassler et al. 2016, Abrego
et al. 2017). Spore ornamentation has been suggested to facilitate the dispersal of
ectomycorrhizal fungi via vectors (Hussein et al. 2013). Calhim et al. (2018)
suggested ornaments to aid reaching lower soil layers via arthropod vectors,
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while curved elongated spore shape was argued to be related to better
attachment on the resource surface that experience precipitation.

1.7 The aims and importance of the thesis

My aim was to gain new information about the detection of fungal species and
dead wood, their ecological importance, and to investigate the effect of forest
management on them. As a whole, the thesis produces new information about
biology of species, and how this can be used in conservation of the species and
their habitat. This thesis begins with two methodological studies that deal with
the two leading actors of the thesis, fungi and dead wood. These studies serve
as a basis for the rest of chapters not only for their implications for
methodology but for their insights on the ecology of organisms studied in these
systems. The rest of the thesis concentrates on community ecological and
conservation biological questions, including also the most poorly known wood-
inhabiting fungal groups. Specific questions were:

1) When and how long different morphogroups fruit? (I)

2) What is the complete dead wood profile of a natural forest like? How
sampling effort affects dead wood estimates? (II)

3) How does forest continuity and naturalness affect species richness and
community composition of wood-inhabiting fungi inhabiting different
dead wood species and types at different spatial scales? Are the
responses different for different fungal groups? (Il and IV)

4) How does tree species of the dead wood affect the functional
composition of fungal communities? (V)



2 MATERIALS AND METHODS

2.1 Study sites

Depending on the study, there was from 1 (I and II) to 12 (IV and V) and 14 (III)
mature study forests. All of the sites were situated in central Finland, in the
southern or middle boreal zone (Ahti et al. 1968). The forest canopies were
dominated by Norway spruce, accompanied with varying numbers of Scots
pine, birches and European aspen. The ground layer was mosaic of Myrtillus or
Oxalis-Myrtillus forest site types combined with smaller dryer, herb rich and/or
mire patches (Cajander 1949). Illustrative photos of the forest structure of one
study site, Kuusimaki, included in all of the studies are given in Fig. 2.

FIGURE2  The forest structure of the semi-natural study forest, Kuusiméki. All photos
are taken by Panu Halme.

Several different characteristics of the forests were measured to estimate the
complete dead wood profile (II), naturalness (IV and V) or continuity (III) of the
sites. The data for the age of dominating forest cover was received from
Metsdhallitus (IV, V). Number (II) and volume per hectare (II-V) or diversity of
dead wood (III), and number of stumps per hectare (III-V) were estimated using
different number of study transects or plots depending on the study. The type,
tree species and volume of the dead wood was recorded and decay stage was
estimated. Shannon’s diversity index (H) (Shannon and Weaver 1949) for the
dead wood was calculated, using dead wood types based on their dead wood
category, canopy position and decay stage (III).
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Canopy openness around each study log was estimated using photo
taken with fisheye lens to all of the four principal compass directions (III).
Image] program was used to estimate the proportions of visible sky from the
photos, and a mean of the four proportions was then extracted (version 1.45s;
Schneider et al. 2012).

2.2 Study logs for fungal surveys

For all of the study logs, tree species identity, decay stage and volume (IV and
V) were recorded and estimated as described above for site level dead wood
data. The diameter at breast height was measured to account for survey effort
instead of log volume (III). Percentage of bark (III, IV, V), lichens (III), and moss
(I, IV and V) covering the log surface was estimated visually.

Dendrochronological methods are widely used in the research of forest
dynamics, where the dating of tree rings, ring widths and other ring features
has been used to reveal past forest disturbances and ecological events (Fritts
and Swetnam 1989, Lorimer and Frelich 1989, Frelich 2002). In this thesis (III),
these methods were used to gain detailed information about the continuity of
the study substrate; the dead standing pines. The dating was done from cross-
sectional sample discs of the study logs. Site-specific marker years were
obtained from the master chronology built using the increment cores of live
trees close to the study logs (Yamaguchi 1991). WinDENDRO software (Regent
Instruments Inc. 2015) was used for measuring tree widths visually, and
confirmed statistically with COFECHA-software (Holmes 1983). After the year
of recruitment and death for each study was estimated, the age at death (ADD)
was simply the difference of these years, whereas the years from death (YFD)
was the difference of the sampling year (2015) and death year.

2.3 Fungal surveys, nomenclature and traits

All fungal occurrence data were based on thorough observation of the substrate
for sexual fruit bodies. All other fungal groups were included but lichenized
fungi, except that lichen genus Micarea was included (III). The logs (I, IV and V)
were surveyed completely, while the standing pine trunks (III) were carefully
inspected up to the height of 1.8 meters from the ground. In study I, twelve
repeated surveys were conducted for each of the study logs, while the amount
of surveys was one in study IlII, except for agarics two, and in studies IV and V
two for all groups of fungi. The surveys were conducted during the years 2010-
2014, the first surveys performed in May and the last in October.

If it was possible, each fungal occurrence was identified to the species
level in the field, but most often a sample had to be collected for later
identification in the laboratory with a 1000 times magnifying light microscope.
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If a species level identification was impossible a highest taxonomical or
morphological group status was given and groups were separated with
numbers (e.g. pyrenomycete spl., sp2., etc.). Several identification guides and
species experts/taxonomists were included in the identification of species. The
identification of polypores was mainly conducted by Anni Rintoo, discomycetes
by me and Seppo Huhtinen, pyrenomycetes by Thomas Laessge and me,
Micarea lichens by Annina Launis, calicioid fungi by Hanna Tuovila, majority of
the corticioids by me, Heikki Kotiranta and Jorma Pennanen, genus Piloderma
by Matti Kulju and tomentelloid fungi by Nerea Abrego. Panu Halme was
responsible of agarics and tremelloids. Majority of the utilized literature are
reported in Appendix 2, V.

The nomenclature of fungal species followed Index Fungorum (Royal
Botanic Gardens Kew et al. 2015 for I and 2016 for IlI, IV, V). For Micarea species
it followed Coppins (1983), Czarnota (2007), and Czarnota and Guzow-
Krzeminska (2010), and for Mycocaliciales species Tibell (1999).

The detected fungal species were categorized into different morpho-
groups based on visual inspection of their fruit body morphology (I, IV and V).
The following grouping was used in study IV; 1) agaricoid (fungi with soft
pileus and stipe as well as pleurotoid fruit bodies without stipe, hymenial layer
lamellae or smooth), 2) discomycetoid (hymenial layer in disc- or cup-like
structure), 3) pileate (When mature, most of the fruit body forms a hard pileus
or is erected on the edges, but at first grows as crust on the log surface), 4)
pyrenomycetoid (hymenial layer inside peritechial structures, not embedded in
stromatal layer), 5) ramarioid (hymenial layer on branched structures), 6)
resupinate (most of the fruit body appressed to the substrate with exposed
hymenium, can be slightly erected or pileate on the edges), 7) stromatoid
(hymenial layer inside perithecia embedded in stromatic tissue), 8) tremelloids
(jelly-like fruit body). The grouping slightly differs from the above in study I
and V, for example in study I the perennial and annual split of polypores was
based on Niemeld (2005). In study III, the distinction was done based on
nutritional mode, other fungi being decayers, and Micarea lichens treated as a
separate group from them. Majority of the information of spore-related traits
was gathered from the identification guides and specific publications
mentioned above (V). For taxa that the species level identification was not
possible or data were not available, I visually observed the traits. For spore size,
always three spores were measured while inspecting the sample under the
microscope for their length and width and a mean from these was then
extracted. If more than one collection per taxa were made, a mean from the
means were extracted for the analyses, thus there is no within taxa variation in
the traits.
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2.4 Analyses

All descriptive illustrations and analyses in this thesis were performed using
the program R (R Core Team 2015, 2016, 2017). To test whether there was
difference in fungal fruiting longevity between different morphogroups (I), or
species richness between host tree species (V), Kruskal-Wallis one-way ANOVA
and Nemenyi pairwise comparisons were used.

Randomized sampling loop was built to explore the effect of sampling
effort on the estimated number of dead wood items per hectare of different tree
species and their coarse and fine fractions (II). First, a fixed number of study
plots, ranging from 1 to the total number, were randomly selected among the
total plot pool. A mean number of dead wood items per hectare was then
calculated based on the selected plots. The sampling for each number of plots
was repeated for 1000 times.

Randomized species accumulation curves were constructed in order to
compare the species diversity difference between logs in seminatural and
natural forests (IV) and of different host tree species (V) using “Specaccum”
function in the “vegan” package (Oksanen et al. 2017).

Generalized linear models were used to study the relationship of site level
species richness and environmental variables (IV), while generalized linear
mixed models were used to study how environmental variables explained the
species richness at the log level, simultaneously accounting for the hierarchical
random effect of the site identity (III and IV). In all models, the species richness
was assumed to be Poisson distributed, and logarithmic link function was used.
Function “glmer” of the package “lme4”(Ill, Bates et al. 2016), and function
“glmmTMB” of the package “glmmTMB” (IV, Magnusson et al. 2017) were used
for modelling.

Nonmetric multidimensional scaling was used to illustrate the effect of
environmental variables on the community composition (IIl and IV). The
number of dimensions was selected based on the stress level that was set to be
under 0.2, thus two to four dimensions were selected depending on the fungal
group. Function “metaMDS” was used with Bray-Curtis dissimilarities of each
of the community pairs. To disentangle the best variable or combination of
variables explaining the community composition, Spearman rank correlation
analysis between community dissimilarities and different combinations of the
Euclidean distances of scaled explanatory variables were conducted using
function “bioenv”. Both of the above functions are from the “vegan” package
(Oksanen et al. 2017).

A Hierarchical Modelling of Species Communities (HMSC) that is
operationalized as a hierarchical Bayesian latent-variable joint species
distribution models, utilizing generalized linear mixed models (Ovaskainen et
al. 2017) was used to explore the effect of environmental variables and substrate
quality on the trait composition of fungal communities (V).



3 RESULTS AND DISCUSSION

3.1 Fruiting phenology of wood-inhabiting fungal groups (I)

There was a great variation in fruiting timing and longevity both within and
between different morpho-groups of wood-inhabiting fungi. The between
group differences were mainly due to agarics, fruiting significantly later and
shorter than other morpho-groups. In previous studies, soft and projecting
nature of agaric fruit bodies was concluded being more affected by abiotic and
biotic factors such as water availability and predation than, for example,
perennial polypores (tough, woody) which may be visible for a long time prior
and post spore production (Schigel 2007, Halme and Kotiaho 2012). However,
as here the whole fruiting period of occurrences were monitored, often
constituting of many fruit bodies and ongoing wilting of old and production of
new ones. Thus, in the present case the combined effect of seasonally late
timing of fruiting and the beginning of winter (sudden break down of all fruit
bodies) was probably the main reasons for the consistently shorter fruiting of
agarics.

Most morpho-groups did not differ from each other significantly
considering their fruiting phenology. This was partly caused by the large within
group variation of the traits. There are several potential reasons for this
phenomenon. First of all, the morpho-groups are generally phylogenetically
diverse (Hibbett et al. 2007), so a shared fruiting phenology was not ancestrally
shared among all taxa within each group (Hibbett et al. 2007). Secondly, the
morpho-groups also consisted of species that differ from each others in relation
to their roles in the community or their requirements of microhabitat within a
tree trunk. For example, within corticioids most species were decayers, while
some were symbionts (e.g Tomentella sp.), parasites (e.g. Stereum rugosum), and
even predators (e.g. Peniophorella praetermissa) (Kotiranta et al. 2009, Stokland et
al. 2012). Some of the species might be specialized to decay thin branches still
attached to the large logs, whereas some others decay large logs and are able to
produce fruit bodies only after several years of resource gathering (Ovaskainen
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et al. 2013). The variability in these species-specific characteristics is likely to be
reflected in fruit body morphologies and fruiting phenologies.

Several species had also high within species variation in their timing of
fruiting. It might be that these species are opportunists, i.e. able to produce fruit
bodies whenever they have enough energy and somewhat suitable conditions.
Also, species that produce fruit bodies late in the season, overwinter, and start
to produce spores early in the spring, seemed to have large variation as they
were often spotted in the early season and late season but not in between. This
might explain high variation considering for example Humaria hemisphaerica.

The species-specific data must be, however, dealt with caution since the
study was relatively small and covered only one growing season. Only few taxa
were common on the study trunks, while 70% (167) of the taxa was detected on
only one or two study trunks. A small number of study trunks is obviously
explaining most of this pattern but it is also consistent with earlier studies
showing that there is a high species turnover on fungal communities already on
short distances (Abrego et al. 2014). Thus, long term studies would be needed to
fully differentiate the effect of environmentally and biologically induced
variation in species-specific fruiting phenologies.

3.2 Dead wood in semi-natural boreal forest (1I)

The estimate for FWD in the forest massively outnumbered CWD when it came
to the richness of dead wood pieces (31 million over 58 thousand per 108 ha),
while CWD accounted majority of the dead wood volume in the forest (97%).
However, there were clear differences between different tree species. For
spruce, the pieces < 1cm at diameter formed 99% of the dead wood richness,
while for aspen the number was 63%. Also, the decrease in the richness as the
diameter increased was very abrupt for spruce but more gradual for aspen. An
important practical conclusion that follows is that the total dead wood amount
of a forest is not necessarily a universally valid proxy of its conservation value
for fungal species with different requirements (Juutilainen et al. 2017). For
example, for generalist species inhabiting FWD the forest offers millions of
suitable resource units and thus the population sizes for these species may be
enormous, while for species that have very specific resource preferences the
population sizes would be much smaller.

The slash and burn history of the study forest was differently visible in the
dead wood profiles of different tree species, in which the dead wood was
divided into decay and diameter classes. Birch constituted more than 50% of the
forests total dead wood volume. This result was very logical, as being a fast
growing pioneer species, birch has been very abundant in the canopy after the
cultivation had stopped in the 1860s. The peak in the volume of largest logs
(>40cm in large-end diameter) of decay stage three and a drop in volume in the
decay stage two may partly result from that the time frame for birch in decay
stage three is relatively longest. This result also indicates, that in the future the
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amount of birch dead wood will drastically drop as the regeneration of birch
has been very low during recent decades in the absence of stand replacing
disturbances (Linder et al. 1997). Aspen, also being a pioneer tree species, shares
the same fate as birch, but its dead wood peaked at the decay stage two. This
difference might be caused by the longer average lifespan of aspen when
compared to birch (Tikka 1954, 1955). These trends are problematic as the forest
is currently hosting several threatened aspen and birch inhabiting fungal
species with high population sizes and is the only known locality in central
Finland (Halme et al. 2018 (in prep)). For spruce on the other hand, being a late
successional species, the cultivation history is probable to explain why very
large (>40cm base diameter) decaying logs are still lacking from the forest but
are likely to increase heavily in the future.

Self-thinning and competition might explain why birch, spruce and pine
were relatively well-presented in the intermediate diameter classes. For aspen
there was a clear cap in these classes, and this might be due to that the
regeneration of aspen is probably further hindered due to browsing pressure
from large herbivores (Kouki et al. 2004, Edenius et al. 2011). While the more
even abundance of 2-19 cm diameter aspen dead wood was likely to result from
regularly falling large braches typical for aspen. As a conclusion, the dead
wood profiles of different tree species tell a tree species-specific story as they
differ greatly for their ecology and life history traits, which should be taken into
account when estimating the dead wood continuity of forests based on dead
wood profiles.

3.3 Forest continuity and naturalness (III and IV)

The species richness of neither of the studied guilds (decayers and lichens) had
a significant response to forest stand continuity, measured as the dead wood
diversity (continuity increasing) and number of stumps per hectare (continuity
decreasing). However, there was a positive relationship of Micarea richness to
the continuity of the microhabitat, measured as the time since the tree death
while for decomposers there was none (III). On the other hand, the forest stand
naturalness, measured as total dead wood volume (naturalness increasing) and
number of stumps (decreasing) per hectare as well as the age of the dominating
tree canopy (increasing) had a positive, but weak, relationship with the overall
wood-inhabiting fungal species richness. When investigating the morpho-
groups separately, the response was mostly due to discomycetoids and
pyrenomycetoids on pine (site level) and pileates on spruce (log level). For
majority of the morpho-groups there was no significant relationship of any kind
Iv).

The reason for observing only weak or no trend in species richness along
forest stand quality gradients resulted from multiple factors. On the other hand,
species interactions in the form of, for example, competitive exclusion may have
prevented linear increase in species richness with increasing continuity and
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naturalness in the case when more competitive specialized species replace
generalists (Nordén and Appelqvist 2001, Heilmann-Clausen and Christensen
2005). This hypothesis is supported by the observed increase in the community
similarity of both Micarea lichens and decomposers with decreasing dead wood
diversity, possibly resulting from forests with lower stand continuity having
more shared generalist species (III).
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FIGURE3 Fungal species richness in relation to forest naturalness index at A) site level,

and B) substrate level. The line represent linear regression (IV).

On the other hand, pine-inhabiting fungi have been suggested to be better
dispersers and less affected by disturbance and microclimatic variation than
species inhabiting spruce. This is because natural pine forests are subject to
frequent forest fires, their microclimate is more dry and structure more open as
well as they have lower input rate of dead wood than spruce forests
(Angelstam 1998, Junninen et al. 2006, Stokland and Larsson 2011). The weak
relationship of forest continuity and naturalness with species richness may thus
also indicate that most studied groups are not dispersal limited at the forest
stand scale. These results are in accordance of several previous studied that also
did not find a connection between stand continuity and species diversity
(Groven et al. 2002, Sverdrup-Thygeson and Lindenmayer 2003, Rolstad et al.
2004).

Still, the site level positive response to forest stand naturalness was mostly
caused by fungal groups inhabiting pine (IV). This was likely to result from
higher variability in the volume of the studied pine dead wood in the most
natural sites compared to the least natural sites. This was probably caused by
the fact that pine continues growing in diameter also when the tree gets really
old (Agren and Zackrisson 1990), and thus largest pine logs were only
encountered in the most natural sites. Pine also naturally dies very slowly,
during which it comes very decay resistant kelo tree. Kelo trees are known to
host specialized species and thus the site level species richness is higher for
forests with both kelo dead wood and pine dead wood of some other quality
(originating e.g. from self-thinning) when compared to forests that lack kelo
dead wood (Niemeli et al. 2002, Stokland et al. 2012). In addition, the proportion
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of kelo pines is logically highest among the oldest pine trees. As kelos are
inhabited by a limited number of specialized species, this might explain why
the species richness of neither of the studied guilds responded to tree age at
death (III).

Positive response of Micarea lichens and pileate group inhabiting spruce to
forest continuity and naturalness, respectively, is most probably because these
groups suffer from colonization and establishment challenges. Previous studies
have concluded the increased time for colonization to be important for lichens
(Johansson et al. 2007, Fritz et al. 2008). While in their review about dispersal
ecology of wood-inhabiting insects and fungi Komonen and Miiller (2018)
argued the colonization and establishment be more important factors causing
negative responses to forest management than dispersal, per se. The different
responses of groups might be explained by the fact that crustose lichens are
consistently characterized by having slow establishment and growth rate
(Stenroos et al. 2011, Nordén et al. 2014), while the decomposers as a group was
found to be more heterogeneous including contrasting species-specific
responses (III, Supplementary data 2). In addition, for lichens competitive
exclusion is suggested to be rare (Lawrey 1991, Uliczka and Angelstam 1999)
and thus they would be expected to respond to continuity as predicted by the
species-time relationship (Rosenzweig 1995, White et al. 2006).

However, it is important to remember that the sites with lowest continuity
and naturalness in the landscape were not included into the studies as they lack
the substrate the studies were targeting. For example, here the average amount
of dead wood per hectare was as high as 60 m3 per hectare in the least natural
sites IVIL. In addition, the sites with the highest management intensity (III) had
four to five fold less stumps per hectare as, for example, Penttild et al. (2004).
Thus, the present conclusions about the overall importance of forest naturalness
or continuity for most species groups must be considered with care.

3.4 Host tree species (IV and V)

The species richness was higher on broadleaved than coniferous dead wood
(V). Not many studies have compared the species richness of different tree
species, but this result is logical when considering the chemical differences of
broadleaved and coniferous trees. Due to their more effective defensive
chemicals such as resin, coniferous dead wood is more difficult to decay which
may lead to lower species richness when compared to broadleaved dead wood
(Stokland 2012b, c).

The community composition was mostly explained by the dead wood tree
species being either broadleaved or conifer tree, and communities in spruce and
pine being more different from each other than those in birches and aspen (IV).
Dead wood tree species comprised 71% of the variation that was explained by
the model on species occurrences, compared to 5% explained by the forest
naturalness (V). These results are in accordance with previous studies on the
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importance of tree species of the dead wood driving the community
composition, and being even more important than forest management (Rajala et
al. 2010, Kahl et al. 2017, Krah et al. 2018, Ruokolainen et al. 2018).

Fruit body morphology predicted the specialization of species to different
dead wood species. Species with discomycetoid fruit body were specialized
generally to broadleaved dead wood, while pyrenomycetoids were specialized
to birches in particular. Resupinates were conifer generalists, while pileates
were specialized to spruce. The fungal communities had on the average larger
and more elongated spores on broadleaved and larger dead wood and smaller
and more spherical spores on coniferous dead wood (V). These results indicate
the strong selective effect of dead wood quality that is visible not only at the
species diversity but on their traits. The underlining reasons may relate to
species evolutionary strategies or interaction between traits. For example, the
spores of pyrenomycetoid fungi were largest and most elongated. The results
are also in line with the study by Béssler et al. (2014), in which they suggested
that species with smaller spores follow r strategy and thus their proportion in
the community is higher on smaller dead wood.

3.5 Methodological insights

3.5.1 Poorly-known fungi (I, III, IV and V)

This thesis clearly shows the importance of including different fungal groups
and spatial levels in a shared study setup in conservation biological research.
Taking into account the number of detected species that were: 1) not yet
described to the science, 2) new species to Finland (couple of examples
published in von Bonsdorff et al. 2015; von Bonsdorff et al. 2016), and 3) number
of group-species, I can conclude that great deal of wood-inhabiting fungal
species in boreal forests constitutes from poorly known species. These species
belonged mainly in resupinate morpho-group or in the phylum Ascomycota.
Despite the relatively small sample size, species like Phlebia bresadolae, classified
as regionally extinct in Finland (von Bonsdorff et al. 2010) and Tulasnella
cystiophora previously recorded 200 years ago were rediscovered (Kotiranta et al.
2009).

A clear example about the effect of methodological decisions on results
can be made for species belonging to Ascomycota. If the lower size limit of
Imm for fruit bodies would have been used to include species into the study I
(Abrego and Salcedo 2014, Abrego et al. 2017), about 50% of the species
belonging to Ascomycota would have been neglected (I). With lower size limit
of 10mm, as for example in Heilmann-Clausen and Christensen (2005) and
Odor et al. (2006), only 12% of the detected Ascomycota would have been
included. Unfortunately, these comparisons had to be made with studies
conducted in the temperate areas as no community ecological study based on
fruit body data has included Ascomycota of any size in the boreal regions.
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The results on agaricoid and ramarioid fungi are with most uncertainty
(IV and V). Although the agaricoid richness was large in total, they are the most
ephemeral when it comes to their fruiting (I). For ramarioids, the species
richness was low and most logs were empty. However, this group included
many poorly known species, and thus surveys should be made to specifically
plan the study setup to serve this purpose. For example, an endangered
Clavicorona cristata was found in one of the study pines, the second known
locality in Finland. At the moment there is no proper information about why
this species is so rare.

3.5.2 Detection of wood-inhabiting fungi and dead wood (I and II)

Perennial polypores were fruiting throughout the season and are potentially
well detected by one survey conducted at any time during the growing season
(e.g. Halme and Kotiaho 2012). This is not surprising since they have durable,
woody fruit bodies. The detectability of perennial polypores may thus be
mostly affected by the fact that many of these species can be active in trunks for
a long time before they start to produce fruit bodies and not so much by their
yearly fruiting phenology (Ovaskainen et al. 2013).

Many annual polypores and corticioids had a relatively long fruiting
longevity, i.e. they basically fruited through the whole season. At least half of
the fruiting taxa of these morphological groups would have been detected by a
single survey at any time of the season. However, also taxa with shorter fruiting
longevity exist in these groups and new taxa were accumulating constantly as
the study period exceeded. Thus, one survey in the early season and one in the
late season would better allow detection most fruiting taxa of these groups. In
addition, most corticioid species were already fruiting at the first survey.
Instead of claiming most corticoids being spring fruiters, we think that the fruit
bodies could have been present from previous season and are most likely
perennial similarly as many polypores growing new hymenial layer on top of
the old hymenium from the previous year. Longer monitoring studies would be
needed to reliably answer to this question.

On average, discomycetes had a fruiting longevity of nearly two months,
which is longer than was expected. For pyrenomycetes the observed long
average fruiting longevity (somewhat less than three months) is not that
surprising since the hard peritechial fruit bodies of pyrenomycetes are very
durable, and thus once produced stay visible for a long time even after the
spore production has ceased, possibly for several years. The taxa of disco- and
pyrenomycetes were accumulating fast in the early season levelling to a
constant accumulation speed for the rest of the study period. However, the
small number of taxa detected for these groups during the first sampling
occasions is probably partly resulting from the untrained eye of the surveyor,
not able to detect the taxa even though they were present since many of the
species in these groups are very small. Thus, more reliable accumulation curve
would be more linear, resembling the curve of annual polypores and
corticioids. This means that the above-mentioned guidelines for annual
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polypores and corticioids apply also for pyrenomycetes. For discomycetes,
more surveys are needed to reach similar detection level, since their fruiting
longevity is clearly shorter than that of annual polypores, corticioids and
pyrenomycetes. The fruiting of the discomycetes and pyrenomycetes, both
constituting from species belonging to Ascomycota, did not level down towards
the end of the season, and for discomycetes, it actually increased firmly. Thus
our recommendation is that also Ascomycota species are surveyed along the
whole season instead of focusing at spring time (e.g. Nordén et al. 2004).

Heterobasidiomycetes and agarics had the shortest average fruiting
longevity. Heterobasidiomycetes were accumulating at a constant speed during
the whole study period. Especially resupinate heterobasidiomycetes appear
right after the snows have melted, and are fruiting the whole growing season,
but they are very difficult to detect during the dry summer months (Heikki
Kotiranta, personal communication). The fruiting of agarics had the most
seasonal pattern of all the groups, with most taxa producing fruit bodies after
the summer months. These results indicate that the detectability of these groups
is lowest compared to the other groups and a guideline for their sufficient
surveying for would be to conduct several surveys, as recommended also by
Halme & Kotiaho (2012) for agarics and emphasize them towards the late
season. It is natural, that for groups in which timing of fruiting was emphasized
towards the end of the season, such as agarics and heterobasidiomycetes, the
fruiting longevities must be shorter than for groups fruiting earlier. In addition,
for agarics the start of snowing is more likely to be also the true end of the
fruiting season, but for heterobasidiomycetes the true end is more inconstant,
since fruit bodies with gelatinous tissue of extracellular colloidal material is
argued to be less disturbed by freezing than fruit bodies with more precisely
orientated cell. Many discomycetes also obtain similar gelatinous structure
(Sherwood 1981). The start of the winter season in Finland is also varying, since
the snow can melt many times before the permanent snow settles.

Applying group level information of fruiting phenologies (the timing and
longevity of fruit body production) provides insights for better understanding
of fungal communities and for performing fruit body surveys with optimal
methods for different morphological fungal groups. Yet, the variation of these
traits remains large when the groups in consideration are morphological such
as corticioids, discomycetes or agarics. If the species-specific fruiting
phenologies are not taken into account, there is a danger of having a skewed
estimation of species abundances, for example in fungal conservation efforts.
On the basis of similar fruiting phenology data as seen here (I, Appendix 1), a
correction factor for different fungal species could be calculated in a similar
manner as the basal detectability adjustment calculated by Jarvinen and
Viisdnen (1975) for correction of the breeding population size for birds in line
transect censuses. The data of study I is constrained temporally and spatially,
hence, more detailed fruiting phenology surveys covering multiple years as
well as climatic zones are needed in the future to confirm the findings and also
include other fungal groups than wood-inhabiting fungi.
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When conducting dead wood sampling using 10 m x 10 m study plots,
different number of plots were needed to gain reliable estimates of different tree
species, that is to avoid overestimating or not detecting the specific dead wood
in question. More rigorous sampling was needed for tree species that had a
clustered growth style or were rare in the forest, being aspen and pine
respectively in the present study, while birch and spruce were the opposite. For
aspen, that grows in clusters due to its clonal regeneration (Shepperd et al.
2001), about 50 sampling plots were needed to avoid false-negative estimates
for both FWD and CWD. For making a more overall estimation of the total dead
wood of the area about ten randomly distributed plots should be sufficient.

3.6 Conclusions for conservation

Most importantly, this thesis demonstrates the importance of treating fungal
groups separately in conservation management and planning. The
conservation guidelines, provided by Junninen and Komonen (2011)
considering polypores stating that the minimum amount of dead wood
20m3/ha, should be updated. Here the negative effect of forest management
was still visible in pileate morpho-group (consisting mostly of polypores)
inhabiting spruce although the amount of dead wood was on the average about
60m3/ha even in the least natural forests. On the other hand, for other morpho-
groups these semi-natural forests hosted similar diversity as the most natural
sites having circa twice the dead wood.

Also considering different tree species separately is important, as they
host different fungal communities and are important for different fungal groups
for different reasons. This thesis highlights the importance to target for diverse
tree species composition in fungal species conservation for preserving diverse
wood-inhabiting fungal communities

Pine is a very special case among the tree species of boreal forests as the
period for dynamics of pine trees from germination to total decomposition is a
millennium rather than centuries. Thus, its consideration in forest management
is very difficult and should be more addressed.
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YHTEENVETO (RESUME IN FINNISH)

Lahopuu ja sienet: havaitseminen, monimuotoisuus ja suojelu boreaalisissa
metsissd

Ihminen uhkaa ja koyhdyttdd toimillaan luonnon monimuotoisuutta jatkuvasti
kiihtyvilld nopeudella. Jotta voisimme onnistuneesti suojella luonnon moni-
muotoisuutta, tulisi meilld ensin olla kattava ymmarrys erilaisten tekijoiden
vaikutuksista elividen selviytymiseen ja levinneisyyteen. Yksilo- ja populaa-
tiobiologisen tiedon lisdksi tarvitsemme tietoa etenkin yhteisoistd, jolloin myos
lajien viliset moninaiset vuorovaikutukset on mahdollista ottaa huomioon. Tie-
tyssd paikassa, tiettynd aikana eldvad lajiryhmdd kutsutaan yhteisoksi. Erilaiset
teoriat, joilla on aikojen saatossa pyritty selittimddn yhteisdjen monimuotoi-
suutta, liittyvat perimmadisesti neljan padprosessin tai niiden yhdistelmien alle.
Naditd ovat valinta, lajiutuminen, ajautuminen ja levidminen.

Metsédtalouden toimien seurauksena metsien puuston ja lahopuuston ra-
kenne on yksinkertaistunut ja nuorentunut, ja lahopuun mairda on huomatta-
vasti vahentdnyt. Lisdksi metsien pirstoutuminen on vaikuttanut metsien jatku-
vuuteen, eli sithen kuinka kauan sopiva elinymparisto metsédssd on saatavilla.
Muun muassa ndiden muutosten seurauksena etenkin lahopuulla eldva lajisto
on uhanalaistunut voimakkaasti. Lahopuiden sienet ovat merkittdva osa laho-
puiden lajiyhteis6d ja muodostavat toiminnallisesti hyvin tdarkeédn ja monimuo-
toisen elioryhmén. Ne ovat pddvastuussa puuaineksen lahottamisesta ja ovat
siten tdrkeitd ravinteiden ja hiilen kierrdttdmisessd takaisin luonnon kiertokul-
kuun.

Perinteisesti lahopuulla eldvid sienid tutkittaessa on huomioitu vain suh-
teellisen helposti havaittavat lajit, kuten isokokoisia ja pitkdikdisid iticemid tuot-
tavat kddvakkaat. Ndiden lajien yhteisoekologia ja luonnonsuojelubiologia tun-
netaan jo suhteellisen hyvin Pohjois-Euroopassa. Suurin osa lahopuun sienila-
jeista on kuitenkin pienid ja huomaamattomia itidemid tuottavia lajeja, joista
monet ovat ekologisesti ja taksonomisesti huonosti tunnettuja. My6s metsien
lahopuuston tutkimuksissa on juuri pienikokoinen lahopuu jatetty vahemmalle
huomiolle.

Viitoskirjassani tutkin miten erilaiset lahopuiden sienilajit ja lahopuukap-
paleet ovat havaittavissa, sekd minkélainen yhteys metsédn ja kasvualustan laa-
dulla on lahopuun sieniyhteiséjen monimuotoisuuteen. Aineistot keréttiin siten,
ettd kaikki pienimmatkin silmin havaittavat kohdesieniryhmit kartoitettiin tut-
kituilta lahopuilta. Tarkan kartoituksen ansiosta saatiin uutta tietoa erityisesti
monista huomaamattomista kotelosienistd, orvakoista ja hyytelosienista.

Sienten itidemdtuotannon fenologialla, eli itidemien tuotannon ajankoh-
dalla ja kestolla, voi olla suuri vaikutus sienilajien havaittavuuteen. Nditad bio-
logisestikin tdrkeitd ominaisuuksia koskevat tutkimukset ovat kuitenkin yllat-
tavan harvinaisia. Seurasin erittdin tarkasti koivun ja mannyn lahopuulla el&dvi-
en sienten itidemdtuotantoa yhden kasvukauden aikana yhdessd luonnonti-
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laisenkaltaisessa metsdssd. Sieniryhmadt, joilla oli erilaiset itiGemdmorfologiat,
erosivat merkitsevasti toisistaan itiveméatuotannon fenologian suhteen. Ero joh-
tui pddosin siitd, ettd helttasienimdiset sienet tuottivat itidemid lyhyemmaén ai-
kaa kuin muut ryhmit.

Metsan lahopuuprofiili, missd metsan lahopuun méaara on jaettu luokkiin
halkaisijan ja lahoasteen suhteen, on hyoddyllinen tyovéline metsdn ominai-
suuksien ja hdirichistorian kuvaamisessa. Kuitenkin sellaiset lahopuuprofiilit,
joissa on mukana niin suuri kuin pienikin lahopuu ovat harvinaisia. Myoskadan
kartoitusmenetelmien vaikutusta lahopuun mé&aran arvioihin ei ole usein testat-
tu. Arvioin yhden luonnontilaisen kaltaisen metsdn eri puulajien lahopuukap-
paleiden lukumaddrat koko metsdssd ja tilavuudet hehtaarilla. Sain selville, etta
pienikokoisten lahopuukappaleiden médrd oli valtava, mutta mddrd vaheni
merkittdvasti, kun kappaleen halkaisija kasvoi alle senttimetristd 2-3:n sentti-
metriin. Puulajien runsaus-halkaisija jakaumat erosivat kuitenkin selvasti toisis-
taan. Esimerkiksi kuusilahopuu koostui lukumaéérdisesti padasiassa pienimmis-
td kappaleista, kun taas haapalahopuusta suurempi osuus oli suurempia kappa-
leita. Vertaillakseni eri puulajien esiintymistd metsdssd muodostin tilavuuteen
perustuvan lahopuuprofiilin metsdn valtapuulajeille, koivulle, haavalle, mé&n-
nylle ja kuuselle. Suurin osa metsan lahopuusta oli tilavuudessa mitattuna koi-
vua (62 %) ja suurikokoista (< 10 cm halkaisijaltaan). Havaitsin my®0s, ettd luo-
tettavaan lahopuukappaleiden lukuméaran arvioon vaadittava tutkimusalojen
(10 m x 10 m) méérd riippui puulajista. Mddraan vaikuttaa muun muassa puu-
lajin kasvutapa. Esimerkiksi yleiselld ja tasaisesti maisemassa kasvavalla kuu-
sella tarvittiin noin 20 tutkimusalaa, kun taas haavalla, joka kasvaa ryhmissa
kasvullisesta lisddntymistavastaan johtuen, ja joka on muutenkin kuusta harva-
lukuisempi, tarvittiin noin 50 tutkimusalaa. Mikili tavoitteena olisi arvioida
metsdn lahopuukappaleiden kokonaisméardd, jo kymmenen satunnaisesti sijoi-
tettua tutkimusalaa antaa riittdvan luotettavan arvion.

Tutkin metsdn ja lahopuun jatkuvuuden vaikutusta sieniyhteisdihin pys-
tyyn kuolleilla méannyilld ja metsdan luonnontilaisuuden vaikutusta koivun,
kuusen, médnnyn ja haavan suurikokoisilla maapuilla eldviin sieniyhteisoihin.
Kartoitin kaikki seksuaalisia iticemid tekevit jakaloitymattomaét sienet ja Mica-
rea-suvun jakaldt (vain pystyyn kuolleilta mannyiltd) tutkimusrungoilta kussa-
kin 14 luonnontilaisen kaltaisessa metsdssd. Metsdn jatkuvuudella ei ollut yhte-
yttd pystyyn kuolleiden méntyjen sienten lajirikkauteen, mutta Micarea-jikalien
lajirikkaus kasvoi mitd pidempi aika oli kulunut tutkimusmadnnyn kuolemasta.
Maapuiden sieniyhteisdjen kokonaislajirikkauden ja metsdn luonnontilaisuu-
den vaélilld oli merkitsevd, mutta heikko positiivinen yhteys, niin kohde- kuin
tutkimusrunkotasolla. Kohdetasolla yhteys johtui méntyjen kotelosienten kor-
keammasta lajirikkaudesta metsdn luonnontilaisuuden kasvaessa, kun taas
runkotasolla yhteys johtui lakillisen muotoryhmén suuremmasta lajirikkaudes-
ta kuusella. Useimmilla muotoryhmilld ei ollut merkitsevdd vastetta luonnonti-
laisuuteen, viitaten siihen, ettd aiemmin késitellyssd olleet, mutta nyt suojellut
metsdt ovat jo hyvid suojelualueita suurimmalle osalle sieniryhmistd. Lahopuun
laji selitti eniten sieniyhteisdjen koostumusta, kun taas muotoryhmien koostu-
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musta tietylld puulajilla eniten selittdvat tekijat riippuivat ryhmasta ja kyseessa
olevasta puulajista.

Puulajin tiedetddn olevan yksi tirkeimmistd lahopuiden sieniyhteistjen
koostumuksen madrittdjistd. Kuitenkaan puulajin vaikutusta sienten itidema- ja
itiomorfologiaan ei tunneta. Yleisesti ottaen havaitsin, ettd lehtipuilla sieniyh-
teisot olivat lajirikkaampia kuin havupuilla, ja ettd erityisesti maljamaiset ja pul-
lomaiset itictemaryhmét olivat erikoistuneet eldmaén lehtipuilla. Pinnanmyotai-
set ja lakilliset ryhmat olivat taas erikoistuneet havupuiden lahopuuhun. Lehti-
lahopuilla eldvilld sienilld oli keskimddrin suuremmat ja pitkulaisemmat itiot,
kun taas havupuilla ne olivat keskimé&drin pienemmét ja pallomaisemmat. Yh-
teisojen keskimédrdinen itivkoko myds kasvoi lahopuun koon kasvaessa.

Viitoskirjani tulokset osoittavat, ettd lahopuiden ja niiden sienten kartoi-
tuksia suunniteltaessa tdaytyy ottaa huomioon, mitd puulajia ja sieniryhmé&a on
tarkoitus tutkia. Sieniryhmét myo6s reagoivat eritavoin metsan késittelyhistori-
aan, ja tietyn ryhmaén vaste voi vield vaihdella puulajista riippuen. Téstd johtu-
en lahopuiden sienten suojelun suunnittelun ja toteutuksen tulisi olla vahintdan
ryhmdkohtaista. Puun laadun vaikutus nédkyy sieniyhteisdjen lajikoostumuksen
liséiksi lajien itidemien ja itididen morfologiassa. Tulosteni perusteella voidaan
arvioida, mihin lajeihin tai lajiryhmiin erilaisilla metsankasittelyn toimilla on
negatiivinen tai positiivinen vaikutus.
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1. Introduction

Fruit body survey is the most common method used for
detecting fungal species occurrences in ecological and conservation
research and for national threat assessments (Dahlberg and
Mueller, 2011; Halme et al., 2012). However, there is high within
and between species variation in the fruiting phenology, i.e. timing
and longevity of fruit body production (Berglund et al., 2005;
Moore et al., 2008; Dickie et al., 2010; Halme and Kotiaho, 2012).
This variation causes a problem of false-negatives, because surveys
fail to record all species that are present within the sampling unit.
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E-mail address: jenna.purhonen@jyu.fi (J. Purhonen).

http://dx.doi.org/10.1016/j.funeco.2016.06.007
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Imperfect detection in turn causes misleading conclusions of spe-
cies roles in fungal communities and biased population assess-
ments that result in overestimation of extinction probabilities and,
therefore, biased assessments of the species' conservation statuses
(Kéry et al., 2006; Halme and Kotiaho, 2012; Ovaskainen et al.,
2013).

More knowledge of species specific fruiting phenologies would
thus be important to improve fungal survey methods. However,
only a few studies have investigated in detail how different traits of
fruiting may affect the detection of different fungal species (e.g.
Lohmus, 2009; van der Linde et al., 2012). Moreover, all of them
have focused on charismatic species such as polypores or agarics.

Hence, here we studied the timing (the starting point for fruit
body production) and longevity (length of time during which the
fruit bodies are produced and maintained) of fruit body production
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of nearly all sexually reproducing groups of wood-inhabiting fungi.

2. Materials and methods

The study site was a 108 ha Picea abies dominated forest in
southern boreal vegetation zone in Central Finland, set aside
from human use around 1860 and protected in 1980s. Decaying
trunks of 13 Betula sp. and 13 Pinus sylvestris were selected with
the following criteria: moss coverage and decay stage (Renvall,
1995) of the trunk had to be less than 50% and 5, respectively.
The trunks are a subset of a long-term project (see Halme and
Kotiaho, 2012).

For each trunk, all sexual fruit body or fruit body group occur-
rences of wood-inhabiting fungal species visible to the naked eye,
excluding lichenized species, were rigorously monitored from mid-
May to mid-October with 12 repeated surveys covering the whole
snowless season (140 d) of the year 2010 (Appendix 1). See Fig. 5 in
Halme et al. (2013) for the approximate trunk surface temperature,
light condition and humidity along the study period, measured in
close vicinity of the study trunks.

For most occurrences, we were not able to identify the species in
the field and specimens were collected for later microscopic iden-
tification. The taxa were divided into seven morphological groups
based on the form of the fruit bodies; perennial polypores (PolP),
annual polypores (PolA), corticioids (Cort), discomycetes (Disc),
pyrenomycetes (Pyr), agarics (Agar) and jelly fungi (Jelly). The
species nomenclature is based on Index Fungorum (Royal Botanic
Gardens Kew et al., 2015).

All fruit bodies belonging to a certain taxon within a trunk were
regarded as one occurrence. We considered the first detection (no
matter what was the state of the fruiting) of an occurrence as the
starting point of its fruiting. The longevity for each occurrence was
calculated so that for being present in a specific survey the occur-
rence was given the longevity of 10 d, except if present in May and
June the occurrence was given 20 d for May. The total longevity of
an occurrence was then the sum of the days it attained during the
whole study period. From these occurrence-specific longevities we
calculated the taxon-specific mean and standard deviation of
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fruiting longevity for all of the detected taxa over all of the surveyed
trunks and used this in the analysis.

Fruiting longevity between morphologically different fungal
groups was analyzed with Kruskal-Wallis one-way ANOVA. In the
supplementary material we also provide the Nemenyi pairwise
comparisons between the groups. The analyses were conducted in
R (R Core Team, 2015).

3. Results

The taxon-specific information on timing and longevity of
fruiting, fruit body size, substrate and number of occurrences is
reported in the supplementary material (Appendix 2).

All groups except perennial polypores showed a seasonal
pattern in their fruiting, agarics showing the highest and pyr-
enomycetes the lowest seasonality (Fig. 1A, Appendix 3). On
average, perennial (129 d + 20 SD) and annual polypores (80 + 47),
corticioids (89 + 44) and pyrenomycetes (82 + 36) had long, dis-
comycetes (59 + 36) intermediate, and agarics (26 + 14) and jelly
fungi (42 + 27) the shortest mean fruiting longevity (Fig. 1B).

The longevity of fruiting was also statistically different between
the morphological groups (Kruskal-Wallis ANOVA, xz = 88.62,
df = 6, P < 0.001, Fig. 1B). The difference was mainly due to agarics
having shorter fruiting longevity than the other groups. In addition,
discomycetes tended to differ from perennial polypores and corti-
cioids with shorter fruiting. Jelly fungi differed from the longest
fruiting perennial polypores (Appendix 3).

4. Discussion

The detection level of fungal species is always in a tradeoff with
focus given on other data qualities and, the optimal solution de-
pends on the study question one is answering (Abrego et al., 2016).
Regardless of the question, species' fruiting phenology is a key
variable to consider in planning any survey scheme optimally.

In this study, surprisingly, one third of annual polypores and the
majority of the corticioids were already fruiting by the first survey
immediately after snow melt in May, in practice fruiting
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Fig. 1. (A) Taxa detected in each survey as a proportion of the total number of taxa detected during the whole study; and (B) longevity of fruiting, both split according to the

different morphological groups (see methods for abbreviation explanations).



J. Purhonen et al. / Fungal Ecology 27 (2017) 175—-177 177

throughout the whole season. However, taxa with shorter fruiting
longevity exist in these groups and new taxa were accumulating
constantly as the study period exceeded. Thus, a minimum of two
surveys, evenly distributed throughout the season would have
allowed detection of the majority of the fruiting taxa of these
groups.

The small proportions of taxa of discomycetes and pyr-
enomycetes detected during the first sampling occasion probably
partly results from the untrained eye of the surveyor, not able to
detect the taxa even though they were present (many of the species
are extremely small). Thus, more reliable fruiting curves start from
the second or third survey. This is a good example of challenges
related to sampling the most difficult fungal groups. Discomycetes
were fruiting longer than we expected (on average nearly two
months), while for pyrenomycetes the long average fruiting
longevity (somewhat less than three months) is not that surprising.
Pyrenomycetes have very durable, hard, perithecial fruit bodies
that can remain visible even for several years. This indicates that
the guidelines for annual polypores and corticioids would also
apply for pyrenomycetes. For discomycetes more surveys are
needed to reach a similar detection level.

The agarics and jelly fungi had the most seasonal pattern in their
fruiting, with the majority of the taxa producing fruit bodies after
the summer months. These groups also had the shortest average
fruiting longevity. When these results are combined, a guideline for
a sufficient surveying approach for agarics and jelly fungi would be
to conduct several surveys, as recommended for agarics also by
Halme and Kotiaho (2012), and concentrate them towards the late
season.

The present data are temporally and spatially limited. Hence,
more occurrence specific fruiting phenology surveys are needed in
the future to extend the findings of this study to other systems. For
example, surveys covering multiple years and climatic zones would
be ideal.
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Appendix 1.

The monitoring procedure

Every occurrence (fruit body or fruit body group) was marked with pins and number labels to
enable the tracking of the longevity of the fruiting without a need to collect repeated
specimens. We also draw a fruit body map of each trunk to support the monitoring and to
ensure that we were able to detect the whole fruiting event during every survey (for example
in cases when fruit bodies of one species were very scattered along the trunk surface (Figure
S1). The bark or moss cover was not removed nor were the trunks turned over to enable the
following monitoring without major changes on the trunk surface.

Figure S1. All fruit body occurrences detected during the whole study period (12 surveys) illustrated
on a trunk map drawn from one of the study birches. The surface of the trunk is spread open and
divided into four horizontal segments; above side (A), left side (L), right side (R) and under side (U)
as well as lengthwise into four equally long segments. Each colour illustrates one taxon.
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Appendix 2.
Species specific information

Data shown for the detected taxa of each morphological group in alphabetical order. Timing of
fruiting and its standard deviation (SD), reported as mean of the surveys when fruiting started.
Longevity of fruiting and its standard deviation (SD), reported as mean number of fruiting days. The
fruit body size (in millimeters), based on averages of the measures given in the following literature or
by species experts. The thickness of the fruit body was considered as the measure of size for perennial
and annual polypores, corticioids and heterobasidiomycetes (Eriksson and Ryvarden, 1973-1976;
Eriksson et al., 1978-1984; Hansen and Knudsen, 1997; Niemeld, 2005, personal communication with
Karl Henrik Larsson and our own experience). For the agarics, the size measure was the diameter of
the cap (Knudsen and Vesterholt, 2008) and for disco- and pyrenomycetes the diameter of the
apothecia (Baloch et al., 2009; Breitenbach and Krinzlin, 1984; Hansen and Knudsen, 2000; Raitviir,
2004 and our own experience). Tree species the taxon inhabited; B = birch, P = Scots pine, B/P =
both. N = number of observations for each taxon. If the taxon inhabited both birch and pine, timing,
longevity and n are given separately for both tree species.

Perennial polypores Timing Longevity Size Tree N
Fomes fomentarius May=+0 140+0 120 B 5
Fomitopsis pinicola June+3/May+0 123+45/133+13 45 B/P 7/4
Perenniporia subacida Jul3 80 10 P 1
Phellinus igniarius coll. May 140 80 B 1
Phellinus laevigatus May 140 7,5 B 1
Phellinus lundellii May 140 12,5 B 1
Phellinus viticola May 140 7,5 P 1
Annual polypores Timing Longevity Size Tree N
Amyloporia sinuosa May=+0 140+0 3 P 6
Ceriporia excelsa May 140 1 B 1
Flaviporus citrinellus Sep3 20 1,25 B 1
Ischnoderma benzoinum Aug3 50 15 P 1
Postia caesia Sep2 30 5 B 1
Postia fragilis Aug?2 60 17,5 P 1
Postia tephroleuca Sepl/Sep3 40/20 7,5 B/P 11
Rhodonia placenta Aug? 60 3,5 P 1
Skeletocutis biguttulata May=+0 140+0 2 P 4
Skeletocutis nivea May 140 3,5 B 1
Skeletocutis papyracea Jul2 60 1 P 1
Skeletocutis sp. May 140 2,17 P 1
Trichaptum abietinum Jul3 80 3 P 1
Corticioids Timing Longevity Size Tree N
Amyloxenasma cf. grisellum May 140 0,0375 P 1
Aphanobasidium pseudotsugae Jull+3 115+44 0,03 P 6
Athelia decipiens Jul3+5/Jul1+3 83+54/113+438 0,085 B/P 373
Athelia epiphylla coll. Jul3+4 55+15 0,11 B 2

Athelia neuhoffii May+0/May=+0 80+54/83+59 0,11 B/P 3/6




Athelia sp. Jull+4/Augl+5 94+£54/15+5 0,102 B/P 52
Basidiodendron caesiocinereum Sep2 30 0,09 B 1
Botryobasidium botryosum Jul1£2/May+0 78+38/133£13 0,155 B/P 4/4
Botryobasidium conspersum Jull 100 0,085 B 1
Botryobasidium medium Sepl/Augl 40/70 0,155 B/P /1
Botryobasidium subcoronatum Jul3+4/Jul1+3 95+45/110£33 0,155 B/P 2/5
Botryobasidium sp. May 120 0,1375 P 1
Botryohypochnus isabellinus Augl+3 80+35 0,155 B 4
Ceraceomyces microsporus May 140 0,25 P 1
Ceraceomyces tessulatus Oct/May 10/70 0,3 B/P 1/1
Coniophora arida Sep3 20 0,3 P 1
Coniophora olivacea Sepl 40 0,3 B 1
Coniophora puteana Oct 10 1,25 P 1
Crustoderma corneum May=+0 140+0 0,5 P 2
Dacryobolus karstenii May 140 0,75 P 1
Gloeocystidiellum convolvens May 140 0,3 B 1
Gloeodontia subasperispora May 140 0,075 P 1
Hastodontia hastata May 140 0,15 P 1
Hymenochaete fuliginosa Jul3 60 0,35 P 1
Hyphoderma definitum May 140 0,05 P 1
Hyphoderma incrustatum Sep2 30 0,1 B 1
Hyphoderma setigerum coll. Augl+3 67433 2,55 B 3
Hyphoderma sp. Jul2+0 55435 0,1 B 2
Hyphodontia abieticola Jul2+3 75+65 0,75 P 2
Hyphodontia alienata June 110 0,1 B 1
Hyphodontia pallidula June 110 0,15 B 1
Hyphodontia subalutacea May+0/Sep2 140+0/30 0,1 B/P 3/1
Hyphodontia sp. May 140 0,29 P 1
Hypochnicium geogenium Sep2 30 0,2 P 1
Hypochnicium punctulatum Sep3=+1 50+10 0,2 P 2
Hypochnicium subrigescens Sepl 40 0,2 B 1
Kurtia argillacea Aug3+1 50+10 0,15 B 2
Leucogyrophana romellii Sep3 20 0,25 P 1
Merulius tremellosus Aug3 50 3 B 1
Mucronella calva Augl+3 6731 1,75 B 3
Mycoacia fuscoatra Jul3+4 95+45 1,35 B 2
Peniophora incarnata June=xl 115426 0,2 B 4
Peniophora laurentii May 10 0,35 B 1
Peniophora violaceolivida June+2 123430 0,2 B 4
Peniophorella pallida Aug?2 60 0,1 P 1
Peniophorella praetermissa coll. Sepl/Augl+5 40/80%60 0,1 B/P 172
Phanerochaete cretacea May=+0 140+0 0,125 P 4
Phanerochaete laevis Aug3/Augl 50/70 0,4 B/P 1/1
Phanerochaete sordida coll. May 140 0,35 B 1
Phanerochaete velutina May+0 140+0 0,3 B 3
Phlebia deflectens Jul3 50 0,15 B 1
Phlebia cf. lilascens Augl 70 0,25 P 1
Phlebia rufa Sepl 40 1,1 B 1
Phlebia segregata May 140 0,15 P 1
Phlebia serialis May=+0 130+14 0,125 P 3




Pseudochaecte tabacina Augl 70 0,45 B 1
Pseudomerulius aureus May 140 1,5 P 1
Resinicium bicolor June/May 110/140 0,425 B/P 11
Resinicium furfuraceum May=+0 140+0 0,125 P 6
Rhizoctonia fusisporus Jull 100 0,15 B 1
Scytinostroma galactinum June=+l 125+15 1,5 B 2
Serpula himantioides Sepl 40 2 P 1
Sistotrema cf. binukleosporum May 140 0,04 P 1
Sistotrema brinkmannii May 40 0,125 B 1
Sistotrema raduloides May 140 2,05 B 1
Sistotrema resinicystidium May=0 113+31 0,15 B 3
Sistotrema sp. May 10 0,105 B 1
Stereum hirsutum May=0 140+0 1,5 B 4
Stereum rugosum Jul2+4 107+47 3 B 3
Tomentella sp. Sep3=+1 23+12 - B 3
Trechispora cf. farinacea May 140 0,525 P 1
Trechispora subsphaerospora Jul2 90 0,125 P 1
Tubulicrinis borealis Jul3 80 0,085 P 1
Tubulicrinis calothrix May/May=0 140/140+0 0,175 B/P 1/5
Tubulicrinis medius May+0 140+0 0,15 P 2
Tubulicrinis propinquus Sepl 40 0,05 P 1
Tubulicrinis strangulatus May 140 0,075 P 1
Tubulicrinis subulatus May=0 134+12 0,15 P 5
Tubulicrinis sp. May+0 140+0 0,114 P 2
Tulasnella eichleriana Sepl 40 0,075 B 1
Tulasnella violea June+1 60+50 0,075 B 2
Tulasnella sp. Sep3 20 0,075 B 1
Xenasmatella vaga Sepl 40 0,3 P 1
Xylodon asperus May 140 0,4 P 1
Xylodon brevisetus Jull+3 110+40 0,5 P 5
Xylodon rimosissimus May 140 0,2 B 1
Discomycetes Timing Longevity Size Tree N
Arachnopeziza aurata June+0 43£19 0,6 B 4
Arachnopeziza spl. June=+l 6724 0,675 P 3
Arachnopeziza sp2. Jul2+3 61+46 0,75 B 7
Ascocoryne sp. Aug3+2/Sep2+0  52+21/30+0 1,25 B/P 5/2
Bisporella citrina Augl+l 6614 1,75 B 7
Capitotricha bicolor May=+0 130+14 1,25 B 3
Ciliolarina neglecta Sep3=+1 20+10 0,25 P 2
Claussenomyces atrovirens Augl/Jul2+4 70/86+38 1 B/P 1/5
Cryptodiscus pini May 140 0,45 P 1
Discomycetes sp. Augl 10 - B 1
Discomycetes spl. Jull 10 - B 1
Discomycetes sp2. Augl 70 - B 1
Durella cf. atrocyanea Sepl 40 1 P 1
Durella melanochlora June+1 120420 0,6 B 2
Gyromitra infula Sep2+1 3545 80 B 2
Humaria hemisphaerica Aug2+5 30+20 17,5 B 2
Hyaloscypha albohyalina var. June/Jul2 110/80 0,45 B/P 1/1

albohyalina




Hyaloscypha aureliella Aug2+4 58+42 0,8 P 8
Hyaloscypha vitreola Aug2+5 60+50 0,4 B 2
Hymenoscyphus cf.salicellus Oct 10 1,5 B 1
Hymenoscyphus spl. Sepl+0 15+£5 1,5 B 2
”Hyphodiscus hemiamyloideus” Aug3 50 0,45 B 1
Lachnum papyraceum Sep2 30 0,75 B 1
Lachnum virgineum June+0 77+£34 1,25 B 6
Lachnum spl. Jul2+4 43+19 1,08 B 4
Leptodontidium trabinellum Oct+0 12+4 0,65 B 5
Mollisia sp1. Jull£2/Jul3+4 94+36/76+36 2 B/P 13/9
Mollisia sp2. Augl+4 46+36 2 B 7
Mollisia sp3. June 30 2 P 1
Mollisia sp4. Jull 80 2 P 1
Neobulgaria lilacina June 100 1,25 B 1
Neodasyscypha cerina Jul2 40 0,75 B 1
Orbilia cf. delicatula Jul3+2/Jul2+1 70+24/80+33 0,75 B/P 4/5
Orbilia cf. inflatula Jull+1 83+21 1 B 3
Orbilia cf. xanthostigma Jul2 65 0,6 B 2
Patinellaria sanguinea Jul3 80 0,4 B |
Phaeohelotium spl. Sep3 20 0,65 B 1
Propolis farinosa June+1 118+18 3,5 B 5
Pseudoplectania nigrella May 10 17,5 B 1
Psilocistella cf. obsoleta Oct 10 0,1 B 1
Scutellinia scutellata May 140 9 B 1
Strossmayeria basitricha Sep3 20 0,5 B 1
Pyrenomycetes Timing Longevity Size Tree N
Annulohypoxylon multiforme June+l 120+18 25 B 7
Bertia moriformis June+1 125415 0,5 P 2
Chaectosphaeria ovoidea June 110 0,35 B 1
Hysterium pulicare Sep1+0 40+0 0,75 B 2
Lasiosphaeria ovina Jull+0 70+30 0,5 B 2
Lasiosphaeria spl. Jul3+2 6724 0,5 B 3
Lasiosphaeria sp2. June 40 0,5 B 1
Lophiostoma compressum June 110 0,8 B 1
Lophium mytilinum Jul2+1 90+8 1,5 P 3
Melanomma pulvis-pyrius Jull 100 0,4 B 1
Pyrenomycetes spl. Jul2+2 90£20 - B 2
Pyrenomycetes sp2. June 110 - B 1
Pyrenomycetes sp3. Jul2 90 - B 1
Pyrenomycetes sp4. June=1 117+17 - B 2
Pyrenomycetes sp5. May 10 - B 1
Trichoderma pulvinatum Sep3 20 11 B |
Agarics Timing Longevity Size Tree N
Armillaria borealis Sep2+3 18+7 65 B 6
Cheimonophyllum candidissimum Aug3 50 10 B 1
Clitopilus hobsonii Sep2 30 8,5 B 1
Crepidotus versutus Sep2 30 15 B 1
Flammulaster limulatoides Aug3 20 24 B 1
Galerina atkinsoniana Sep2+2 25+5 6,5 B 2




Galerina cephalotricha Sep3/Augl+3 20/30£16 10 B/P 1/3
Galerina hypnorum Sep2/Sep2 10/10 10 B/P 1/1
Galerina marginata Sep3+0 20+0 17,5 B 2
Galerina mniophila Sep3+1 1549 10 B 4
Galerina pumila Sep3 20 14 P 1
Galerina vittiformis Sep2 10 12,5 B 1
Galerina sp. Sepl+2/Sep2+1 18+12/23+13 10,96 B/P 5/7
Gymnopilus penetrans Sep2+1/Sepl+l 30£10/38+11 50 B/P 2/4
Gymnopilus picreus Sep2 30 22,5 P 1
Gymnopus sp. Jul3 20 - P 1
Hohenbuehelia auriscalpium Aug? 60 22,5 B 1
Hypholoma capnoides Sep3/Oct 20/10 42,5 B/P 11
Kuehneromyces lignicola Jull 60 25 B 1
Kuehneromyces mutabilis Aug3 50 30 B 1
Kuehneromyces sp. Jull 10 27,5 B 1
Lactarius camphoratus Jul3 60 35 B 1
Lactarius tabidus Sep1£2 23+12 25 B 3
Lactarius vietus Aug3 40 47,5 B 1
Lactarius sp. Aug3 10 35,8 B 1
Lentinellus cf. ursinus Aug3 50 47,5 B 1
Mycena algeriensis Aug2+3 25+25 20 B 6
Mycena epipterygia Sep3+0 20+0 20 P 3
Mycena flavoalba Sep3 10 12,5 B 1
Mycena galericulata Sep2+1 30+12 27,5 B 4
Mycena haematopus Sepl+1 2749 20 B 3
Mycena laevigata Aug3 30 20 P 1
Mycena metata Sep2+1/Sep3+0  26+8/18+4 15 B/P 10/5
Mycena niveipes June 10 37,5 B 1
Mycena pura Aug3 20 30 B 1
Mycena rubromarginata Sep2+1/Aug3+£3  23£12/33+£35 15 B/P 3/6
Mycena sanguinolenta Aug3+0/Sepl 174£5/20 10 B/P 3/1
Mycena stipata Aug3+2 43+14 20 P 9
Mycena tintinnabulum Sep2+0 33+4 25 B 4
Mycena viridimarginata Sep2+2 13+£5 23 P 3
Mycena sp. Sep2+1/Aug3+2  1948/19+7 18,56  B/P 7/10
Pholiota sp1. Sep2 30 60 B 1
Pholiota sp2. Jul2 10 60 B 1
Pholiota tuberculosa Aug3 20 60 B 1
Pluteus cervinus Aug3+l 31+14 85 B 7
Pluteus semibulbosus Sep2 10 35 B 1
Resupinatus poriaeformis Augl 70 0,7 B 1
Rhizomarasmius setosus Aug3 10 2,75 B 1
Roridomyces roridus Sep3+0/Sep2 24+5/30 6 B/P 5/5
Simocybe centunculus Aug2+1 20+0 12,5 B 2
Tricholomopsis decora Aug? 60 42,5 P 1
Tubaria conspersa Sep2 30 13 B 1
Tubaria furfuracea June/Sep2+1 10/30£10 21,5 B/P 12
Tubaria sp. Sep3 20 17,25 B 2
Xeromphalina campanella Oct 10 12 P 1
Xeromphalina picta June 20 4 B 1




Jelly fungi Timing Longevity Size Tree N
Calocera cornea Aug3+0 4745 7,5 B 3
Cerinomyces crustulinus May 140 0,1 P 1
Dacrymyces cf. microporus Sep3 20 5 P 1
Dacrymyces enatus June=1 30+£20 2 B 2
Dacrymyces lacrymalis Jul3+3 47439 3 B 3
Dacrymyces stillatus June 110 3 P 1
Dacrymyces tortus Aug3+2 51£18 1 P 7
Dacrymyces sp. Sep3/Jul3 20/70 1,76 B/P 1/1
Ditiola peziziformis Sepl 40 7,5 B 1
Exidia glandulosa June 10 30 B 1
Exidia saccharina Jul2 80 60 P 1
Jelly fungi spl. May 70 - B 1
Jelly fungi sp2. Sep3 20 - B 1
Jelly fungi sp3. May 10 - B 1
Jelly fungi sp4. June 30 - P 1
Tremella foliacea Sep3 20 75 B 1
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Figure S2. Accumulation of the total number of taxa at each survey occasion of the different
morphological groups; perennial polypores (PolP), annual polypores (PolA), corticioids (Cort),
discomycetes (Disc), pyrenomycetes (Pyr), agarics (Agar) and jelly fungi (Jelly).

Table S1. The p-values of Nemenyi pairwise comparisons of fruiting longevity, with Chi-squared
approximation for independent samples, between morphological fungal groups (perennial polypores
(PolP), annual polypores (PolA), corticioids (Cort), discomycetes (Disc), pyrenomycetes (Pyr),
agarics (Agar) and jelly fungi (Jelly)).

PolP PolA Cort Disc Pyr Agar
PolA  0.769 - - - - -
Cort 0.719 1.000 - - - -
Disc  0.063 0.796 0.058 - - -
Pyr  0.657 1.000 1.000 0.837 - -
Agar 0.000 0.005 0.000 0.029 0.003 -
Jelly 0.042 0.622 0.105 0.997 0.666 0.725
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ABSTRACT

Keywords:
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Stand continuity

Human-induced fragmentation affects forest continuity, i.e. availability of a suitable habitat for the target
species over a time period. The dependence of wood-inhabiting fungi on landscape level continuity has been well
demonstrated, but the importance of local continuity has remained controversial. In this study, we explored the
effects of local forest continuity (microhabitat and stand level) on the diversity of wood-inhabiting fungi on
standing dead trunks of Scots pine (Pinus sylvestris L.). We studied species richness and community composition
of decomposers and Micarea lichens on 70 trunks in 14 forests in central Finland that differed in their state of
continuity. We used dendrochronological methods to assess the detailed history of each study trunk, i.e. the
microhabitat continuity. The stand continuity was estimated as dead wood diversity and past management
intensity (number of stumps). We recorded 107 species (91 decomposers, 16 Micarea lichens), with a total of 510
occurrences. Using generalized linear mixed models, we found that none of the variables explained decomposer
species richness, but that Micarea species richness was positively dependent on the time since tree death. Dead
wood diversity was the most important variable determining the composition of decomposer communities. For
Micarea lichens, the community composition was best explained by the combined effect of years from death, site
and dead wood diversity. However, these effects were rather tentative. The results are in line with those of
previous studies suggesting the restricted significance of local forest continuity for wood-inhabiting fungi.
However, standing dead pines that have been available continuously over long periods seem to be important for
species-rich communities of Micarea lichens. Rare specialists (e.g. on veteran trees) may be more sensitive to
local continuity, and should be at the center of future research.

1. Introduction

higher local continuity, higher species richness and larger variety of
specialist species can occur as the colonization and/or breeding prob-

Intensive forestry activities have led to severe forest fragmentation
throughout the globe (Riitters et al., 2000). The spatial aspects of
fragmentation, such as decreased habitat amount, size, and connectivity
are well known for a negative effect on biodiversity and ecosystems
(Bengtsson et al., 2000; Fahrig, 2003). Temporal aspects of fragmen-
tation, such as decreased habitat continuity, have been studied less than
the spatial aspects, but have similarly been shown to have negative
impacts on biodiversity (Nordén et al., 2014).

Forest continuity can be considered at local level where it relates to
longevity of a single, available patch of suitable habitat for the target
species or community, and where the scale of habitat patch is equiva-
lent to one local population (Hanski, 2005; Nordén et al., 2014). With
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ability of species with establishment constraints, slow rates of estab-
lishment, development, or growth is enhanced (Esseen et al., 1997;
Fritz et al., 2008; Nilsson and Baranowski, 1997; Nordén et al., 2014).
The cause for higher species richness and larger variety of specialists
may also be the emergence of special microhabitat types confined to
late successional phases or larger diversity of different microhabitats.
This is due to the absence of large-scale disturbances, which promotes
the time-demanding development of these resources (Tibell, 1992;
Sverdrup-Thygeson, 2001; Winter and Moller, 2008). Landscape level
continuity, on the other hand, refers to a network of available habitat
patches within a given region or landscape over time (Fritz et al., 2008;
Hanski, 2005; Nordén et al., 2014). Here, the role of dispersal
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limitations increases when the landscape level continuity decreases
(Nordén and Appelqvist, 2001).

Wood-inhabiting fungi are among the organism groups suffering
most from the decreased landscape level forest continuity caused by
fragmentation (Nordén et al., 2014; Flensted et al., 2016). The im-
portance of this landscape level continuity for wood-inhabiting fungal
diversity has been well demonstrated (Flensted et al., 2016; Gu et al.,
2002; Junninen and Komonen, 2011; Paltto et al., 2006; Ranius et al.,
2008; Sverdrup-Thygeson and Lindenmayer, 2003). Apparently, the
biological reason for this dependence is that some species of wood-in-
habiting fungi are in fact dispersal limited (e.g. Norros et al., 2012),
although species dependent on ephemeral habitats have a high dis-
persal ability in general (Herben et al., 1991).

The role of local continuity has remained less clear, compared to
landscape level continuity. Stokland and Kauserud (2004) suggested
that a polypore Phellinus nigrolimitatus cannot effectively colonize sui-
table trunks when the stand level dead wood continuity decreases. With
epiphytic lichens, forest age and continuity appear to have a positive
effect on their species richness and affect their community composition
(Fritz et al., 2008). Also here, the increased colonization probability
with increasing forest age and continuity was considered as the most
probable explanation. On the other hand, several studies have detected
no effects of local continuity (Groven et al., 2002; Rolstad et al., 2004;
Sverdrup-Thygeson and Lindenmayer, 2003), and many studies have
been criticized for not demonstrating the effect of continuity per se
(Nordén and Appelqvist, 2001; Nordén et al., 2014).

In their review, Junninen and Komonen (2011) deduced that boreal
polypores are not affected by continuity on a stand scale in any way,
and Nordén et al. (2014) concluded that local continuity does not have
a significant effect on the diversity of fungi. Nevertheless, this gen-
eralization may be misleading; fungi encompass species with divergent
ecological characteristics, with many of the species being habitat spe-
cialists, requiring dead wood in advanced stages of decay (Nordén
et al., 2013). Moreover, studies have not focused on the smallest scale
of local continuity, i.e. the detailed history of the microhabitats.
Especially the standing dead coniferous trees may retain their qualities
for decades, and therefore constitute a microhabitat with potentially
high continuity. Considering ephemeral habitats in general, standing
dead coniferous trees may be among the slowest constantly changing
microhabitats (compared to more persistent abiotically determined
microhabitats, such as those in soil).

In this study, we explored the effects of local forest continuity
(microhabitat and stand level) on the communities of wood-inhabiting
fungi. We studied fungal communities on standing dead wood of Scots
pine (Pinus sylvestris L., hereafter pine) in 14 forests with varying state
of continuity. We used trunk age parameters as estimates for micro-
habitat continuity, and estimated stand continuity as dead wood di-
versity and past management intensity. We focused on pine because the
species is characterized by slow death and decay process (Niemeld
et al., 2002; Siitonen, 2001). Specifically, we asked:

1. How does local forest continuity affect (i) species richness and (ii)
community composition of wood-inhabiting fungi inhabiting
standing dead pines?

. How different scales of continuity (from microhabitat continuity to
stand continuity) affect (i) species richness and (ii) community
composition?

. Are the effects of local continuity different for different fungal
groups?

2. Materials and methods

2.1. Study sites and trunk selection

Our 14 study forests (Table 1) were located in central Finland
(Fig. 1), 12 of them being in the southern boreal zone, and two in the
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Table 1
Site information. Dominant tree species and mean age classes are derived from Natural
Resources Institute Finland (2015).

Site Municipality Dominant tree species Mean age class

1 Hallinméki Jamsid spruce 96-132
2 IImakkamaki Suonenjoki pine 56-65

3 Kalaja Rautalampi pine 62-71

4 Kirkkokangas Muurame spruce 85-109
5 Kivetty Aznekoski spruce 72-84

6 Kotinen Héameenlinna spruce 75-89

7 Kuusiméaki Muurame spruce 45-55

8 Latokuusikko Kuhmoinen spruce 88-108
9 Leivonmaki Joutsa pine 62-78
10 Lortikka Kuhmoinen spruce 70-80
11 Pyhé&-Hakki Saarijarvi pine 101-144
12 Vaarunvuoret Jyviskyla spruce 62-72
13 Vesijako Padasjoki spruce 54-63
14 Vuorilampi Toivakka pine 45-55

middle boreal zone (Ahti et al., 1968). In each forest, the study trunks
were selected on a 10-m wide transect. Each transect was established 15
m from the point of easiest access into the study stand. The direction of
the transect was towards the center of the stand, except in smaller
stands (< 100 m wide) where the transect followed the direction of the
longest side of the stand. If the opposite side of a stand was met before
trunks were surveyed, the transect was turned around and continued
parallel to the first transect. The first five pine trunks within a transect
that fulfilled the criteria of being (1) standing (leaning max. 45°) and
dead, (2) trunks or high stumps (=0.5m in height), and (3) =7 cm in
diameter, were selected for sampling.

2.2. Data collection and preparations

2.2.1. Species data

All decomposer fungi and Micarea lichens were recorded from each
study trunk based on the occurrence of fruit bodies. Sampling of
Micarea and Mycocaliciales species was conducted in three parts:
October 2014, May-June 2015, and September 2015. Rest of the groups
(agarics, corticioids, discomycetes, jelly fungi, polypores, and pyr-
enomycetes) were sampled in separate surveys in August-September
2015. Agarics were sampled again during October 2015 to meet a better
share of a local species community (their detectability is lower than in
other groups, see Abrego et al. (2016) and Purhonen et al. (2016)). The
trunks were carefully examined throughout from ground level up to a
height of 1.8 m. Species of Mycocaliciales were recorded only from
sapwood, all other fungal groups also from bark. Fungi were identified
to species in the field if possible. Otherwise, specimens were taken for
later microscopical identification in the laboratory. Species nomen-
clature followed Coppins (1983), Czarnota (2007), and Czarnota and
Guzow-Krzeminska (2010) with Micarea species, Tibell (1999) with
species of Mycocaliciales, and Index Fungorum (Royal Botanic Gardens
Kew et al., 2016) with the rest. If possible, identifications were made to
species level, otherwise to genus level.

In the analyses, we used species level identifications. We also in-
cluded genus level identifications that were different from the identi-
fied species of the same genus. We have thoroughly aimed at a similar
taxonomic resolution throughout the data. In the case of taxonomically
very poorly known groups of Chaenothecopsis and Mycocalium, several
undescribed species were separated based on spore size, type and some
other anatomical and chemical characters, and considered as distinct
species. Also, some pyrenomycetes remained unidentified, but when it
was possible to separate them from the rest of the detected species, they
were considered as species in the analyses.

2.2.2. Study trunk specific measures
Several variables were recorded for each study trunk in the field.
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Fig. 1. The map showing the regions of Finland
and the locations of the study sites. Site names are
presented in Table 1. © National Land Survey of
Finland 2016, 2017.

These included coordinates, circumference at breast height (cm), height
(m), decay stage (1-5), the proportion of surface not covered by bark
(%) and the coverage of lichens (%). The circumference at breast height
was converted to diameter, and it was used as an estimate of survey
effort.

We also estimated the canopy openness around the trunks. Four
fisheye photos were taken towards principal compass points while
standing back against the trunk. The proportion of visible sky was
calculated from each photo, using ImageJ (version 1.45s; Schneider
et al., 2012). The final estimate for canopy openness was the mean of
these four, trunk specific values.

2.2.3. Age and time since death of study trunks

We assigned each study trunk age and time since death, using
dendrochronological methods. From each trunk, we extracted a cross-
sectional sample disc, or a partial disc. When possible, the samples were
extracted from the part of the trunk where bark was still present, to
ensure we had the last growth ring. When bark or bark remnants were
no longer present, we extracted the sample from where we subjectively
estimated minimum ring erosion. In addition to the study trunks, we
further extracted increment cores from five live trees within the vicinity
of the study trunks at each site, for building a master chronology. In the
laboratory, the samples were first dried, increment cores mounted to
core mounts, and frail sample discs reinforced following Krusic and
Hornbeck (1989; but in normal air pressure). Samples were sanded to
make annual rings and ring borders clear and easily observable.

Tree rings were dated, using visual cross-dating (Yamaguchi, 1991),
against the site-specific marker rings obtained from the live trees. The
widths of the tree-rings in all samples were measured using WinD-
ENDRO (Regent Instruments Inc (2015)), and the visual cross-dating
results were statistically confirmed, using the COFECHA-software
(Holmes, 1983). If the pith of the tree was missing (necessary for esti-
mating the year of recruitment), we estimated the number of missing
rings, using a pith locator (Speer, 2010).

The tree age at death (AAD) was calculated as the difference be-
tween the calendar year of the last ring, and the pith year. The years
from death (YFD) was calculated as the difference between the sam-
pling year (2015) and the cross-dated year of the last ring. In general,
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only trunks for which both variables could be calculated were included
in the analyses, but to increase the sample size, we subjectively esti-
mated these variables for six of the trees where the presence of bark
could not be ascertained but only a small number of rings were missing.
Age at death and years from death for each trunk are presented in Table
A.1 in Supplementary data 1.

2.2.4. Dead wood data
2.2.4.1. Dead wood measurements. We collected a dead wood data to
estimate the local dead wood continuity in the vicinity of each study
trunk. Pieces of dead pine were recorded from four 10m X 50 m
transects, located in principal compass points around each study
trunk. Transects to north and south begun at the trunk, and to west
and east five meters from the trunk. If more than 10 m of a transect was
unfeasible to locate due to the position of the trunk, two transects were
established to the opposite principal compass point. Otherwise the
unfeasible part (> 10m) was turned 90° right. The transect was
directed to a feasible half-cardinal point if it was not possible to
establish a double transect to the opposite principal compass point.
We included all pieces of dead pine with a diameter of the wider end
exceeding 10 cm, and fallen and standing dead wood with length or
height =1 m. A piece of fallen dead wood was recorded only if its base
was located inside the transect. The pieces were classified into cate-
gories of fallen and standing dead wood (including stumps formed by
natural tree fall) and cut stumps. If the identification of tree species was
uncertain due to the advanced decay stage, the piece was ignored.
For each piece of dead wood, the maximum diameter was measured.
For standing and fallen dead wood, also the height (slant height mea-
sured with measuring tape if possible), minimum diameter and decay
stage was recorded. A five-point decay stage estimation followed
Renvall (1995).

2.2.4.2. Dead wood  amount, diversity, and  management
intensity. Volumes were calculated for each recorded piece of fallen
and standing dead wood, using the formula for truncated cone volume.
We used the sum of volumes of standing and fallen dead wood in the
four transects (total transect area was 1ha) as the total dead wood
volume (m®ha~!) on the site. The volumes of study trunks were added
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Site information, showing site level means and standard deviations (in brackets) for stand and trunk level variables (n for AAD and YFD indicated with upper index, for rest of the
variables, n = 5 in all sites), and means for all sites. The units used for variables are in brackets. Column label abbreviations: DW = dead wood, stumps = management intensity,
AAD = age at death, YFD = years from death, ¢ = diameter, canopy = canopy openness, dec./trunk = decomposer species richness, lic./trunk = Micarea species richness.

Stand variables

Trunk variables

Site DW div. Stumps (pc ha Y DW amount (m® ha™1) AAD (y) YFD (y) ¢ (cm) Canopy (%) Dec./trunk Lic./trunk
1 Hallinméki 2.0 94 13.4 130.8* (60.9) 25.8% (25.7) 17.0 (3.0) 12.2 (2.1) 3.2(1.8) 1.4 (1.7)
2 Ilmakkaméki 2.3 40 25.2 108.7° (12.4) 19.0% (9.6) 33.4 (21.2) 15.6 (4.7) 3.0 (3.2) 1.8 (0.8)
3 Kalaja 1.8 30 5.7 147.0% (15.6) 12.0% (4.2) 31.3(133) 16.8(4.4) 3.6 (1.8) 3.2 (1.3)
4 Kirkkokangas 1.6 73 68.5 277.1° (42.5) 35.6° (9.8) 48.7 (9.5) 14.0 (2.7) 6.0 (1.7) 3.6 (1.9)
5 Kivetty 1.6 19 6.9 98.2° (10.4) 24.8° (7.9) 15.9 (3.7) 16.5 (2.6) 8.4 (1.1) 1.6 (1.5)
6 Kotinen 1.8 26 33.0 236.7° (30.6) 41.3% (17.9) 29.2 (9.9) 14.3 (3.8) 3.0(1.2) 2.6 (2.5)
7 Kuusimaki 2.3 16 20.2 147.3% (16.6) 33.3% (11.7) 27.0 (10.1) 147 (1.1) 4.6 (1.1) 2.0 (1.2)
8 Latokuusikko 1.8 36 15.1 166.8* (28.6) 45.4° (8.2) 28.9 (6.7) 20.3 (5.1) 4.6 (2.4) 2.8 (1.3)
9 Leivonmaki 2.1 106 14.4 111.0° (13.5) 32.3% (10.3) 30.0 (9.8) 14.9 (3.8) 5.8 (3.1) 1.8 (0.8)
10 Lortikka 1.9 71 3.3 154.8 (67.0) 27.0° (13.6) 26.8 (5.8) 30.3(17.2) 4.8 (1.6) 2.0 (2.0)
11 Pyh&-Hakki 2.5 22 61.6 293.3% (24.9) 43.3% (27.0) 33.4 (12.0) 23.1 (5.5) 6.0 (2.9) 1.6 (1.7)
12 Vaarunvuoret 1.6 112 2.8 144.0% (11.0)  31.8*(16.7)  24.4 (9.9) 11.8 (1.3) 4.8 (1.9) 2.6 (1.1)
13 Vesijako 2.4 38 25.4 147.0° (38.9) 29.8° (14.4) 33.7 (7.8) 12.6 (4.7) 5.2 (4.1) 2.8 (2.7)
14 Vuorilampi 2.2 69 22.3 82.8% (4.8) 29.0* (7.1) 23.8 (12.4) 11.2 (2.9) 5.2 (2.4) 4.0 (1.4)

All sites 2.0(0.3) 53.7(32.3) 22.7 (19.5) 159.9°2 (70.0)  31.5°°(15.3) 28.8(12.3) 16.3(7.3) 4.9 (2.5) 2.4 (1.7)

up to this estimate, calculated using the formula of right circular cone
volume.

The stand continuity was described as diversity index for dead
wood, calculated at the site level (Stokland, 2001). For the calculations,
we constructed different dead wood types from the combinations of
three variables: dead wood category (fallen/standing), canopy position
(understory: ¢ < 30 cm; canopy: ¢ = 30cm), and decay stage (1-5).
Altogether, there were 20 different dead wood types. The index used
was Shannon’s diversity index (H) (Shannon and Weaver, 1949):

s
H=- Z pilnp;
i=1

where p; is the number of dead wood pieces in a certain dead wood type
i (n) divided by the total amount of dead wood pieces (N), and s is the
number of different dead wood types.

We used the number of cut stumps per hectare within a site as a
measure of forest management intensity, calculated as the sum of
stumps recorded from all the transects (sampled area was 1 ha).

2.3. Statistical methods

All analyses were conducted at trunk level separately for decom-
posers and Micarea lichens, and they were performed using R (version
3.3.2; R Core Team, 2016). Dead wood diversity and management in-
tensity were the explanatory variables representing stand continuity,
and age at death and years from death represented microhabitat con-
tinuity. Dead wood diversity was chosen instead of the dead wood
amount as it presumably describes continuity better. Also, diameter and
canopy openness were used to account for variation in survey effort and
microclimate (Pouska et al., 2016b), respectively. Every explanatory
variable was standardized to mean 0 * 1 SE. Trunks with missing
values in any of the measured variables were omitted from the analyses.

Before the analyses, correlations between explanatory variables
were inspected. Tree diameter and age at death correlated strongly
(Table A.2 in Supplementary data 1). Age at death was thought to be a
more meaningful descriptor of microhabitat continuity of the trunks
than diameter, and therefore it was chosen for the analyses of species
richness.

A Generalized Linear Mixed Model (GLMM, n = 52) with a Poisson
distribution and a log-linear link function was used to study which
environmental variables best explained species richness of wood-in-
habiting fungi (function “glmer” from the package “lme4” by Bates
et al., 2016). Site and trunk identities were included into the models as
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hierarchically structured random effects by nesting the trunks within
sites. The analysis was always started with a full model including all
explanatory variables. Then, the model was simplified by removing the
least significant variable from the model until only one variable re-
mained. A model with the lowest AIC value was chosen.

We used Bioenv-analysis to study the effects of environmental
variables on the community composition (function “bioenv” from the
package “vegan” by Oksanen et al., 2017). First, we calculated binary
Bray-Curtis dissimilarities for the pairs of communities from the pre-
sence-absence transformed species data. All species with only one oc-
currence and trunks with only one occurring species were excluded
from the analyses. In the community data for decomposers, there were
36 species and 48 trunks, and for Micarea lichens, 12 species and 33
trunks. We performed Bioenv-analysis to find the best subset of en-
vironmental variables (calculated as Euclidean distances) having the
highest Spearman rank correlation with the community dissimilarities.
To visualize the effects of environmental variables on the community
composition, we conducted Nonmetric Multidimensional Scaling
(NMDS) with binary Bray-Curtis dissimilarities (function “metaMDS”
from “vegan”). Finally, we chose the best two-dimensional solutions.

We also performed analyses on the responses of 14 individual spe-
cies, namely those with high enough number of observations for reli-
able analyses. The methods considering these analyses, as well as their
results are presented in Supplementary data 2.

3. Results
3.1. Species richness of wood-inhabiting fungi

Altogether, 107 fungal species were identified with a total of 510
occurrences (Table A.3 in Supplementary data 1). Out of these, 91 were
decomposers and 16 Micarea lichens (the total number of detected
species is somewhat higher than the number included in the analyses
because we had to omit the communities for which some environmental
variables could not be attained). The mean number of species per trunk
was 4.9 for decomposers, and 2.4 for Micarea lichens (Table 2). 46% of
the species (n = 49) occurred only once in the data. 21% (n = 23) of
the species had over 5 occurrences, and 15% (n = 16) had over 10
occurrences. The 5 most common species were Micarea melaena
(n = 45), Glonium nitidum (n = 33), Micarea prasina (n = 26), Micarea
misella (n = 25), and Pyrenomycete sp. 4 (n = 23) (see Table A.3 in
Supplementary data 1 for a full species list).

None of the variables entered into the GLMM model affected the
decomposer species richness (Table 3), and canopy openness was the
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Table 3

Results from GLMM analysis for species richness of decomposers and Micarea lichens
(n = 52 for both datasets). Cells show estimates (B), standard errors (SE), z values, and
statistical significances (P). Variables having a statistically significant effect are bolded.
The units used for variables are in brackets. Abbreviations: canopy = canopy openness,
YFD = years from death.
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Table 4

Results from Bioenv analyses of environmental variables affecting community composi-
tion of decomposers and Micarea lichens. Correlations are Spearman rank correlations
between the community dissimilarities and environmental distances. Abbreviations:
DW = dead wood, YFD = years from death, AAD = age at death, Stumps = management
intensity, Canopy = canopy openness.

B SE z value P Decomposers
Decomposers (Intercept) 1.68 0.08 21.72 < 0.001 Size Variables Correlation
Canopy (%) 0.08 0.08 1.05 0.295
1 DW di it; 0.128
Micarea lichens (Intercept) 0.85 0.11 7.43 < 0.001 l vers'l y
YFD (v) 0.20 0.10 1.08 0.048 2 DW diversity, YFD 0.120
Y - - : : 3 DW diversity, YFD, Site 0.109
4 DW diversity, YFD, Site, Diameter 0.099
. . i . . § 5 DW diversity, YFD, Site, Diameter, AAD 0.078
only variable remaining in the final model (Table 3; Fig. 2a). For Mi- 6 DW diversity, YFD, Site, Diameter, AAD, Stumps 0.049
carea lichens, species richness was positively dependent on years from 7 DW diversity, YFD, Site, Diameter, AAD, Stumps, Canopy -0.011
death (Table 3; Fig. 2b). It was the only variable included in the final Micarea lichens
model (Table 3).
Size Variables Correlation
. e . . . 1 YFD 0.126
3.2. Community composition of wood-inhabiting fungi 2 YFD, site 0.168
3 YFD, Site, DW diversity 0.195
The community composition of decomposers was best explained by 4 YFD, Site, DW diversity, Stumps 0.177
dead wood diversity (Table 4; Fig. 3a). In NMDS, communities in the 5 YFD, Site, DW diversity, Stumps, AAD 0.160
sites with the lowest dead wood diversities were located closer to each 6 YFD, Site, DW diversity, Stumps, AAD, Canopy 0.142
7 YFD, Site, DW diversity, Stumps, AAD, Canopy, Diameter 0.081

other in the center of the ordination space while communities in sites
with higher dead wood diversities were more scattered (Fig. 3a). Years
from death was the next fitted variable but it did not increase the
correlation between the community dissimilarities and environmental
distances (Table 4). Nevertheless, in NMDS communities on trunks with
the least time since their death had mainly negative values on both axes
(Fig. 3b). With increasing time since tree death, communities tended to
be located closer to the upper right corner of the ordination space
(Fig. 3b). The final stress level for the two-dimensional NMDS solution
in Fig. 3a and b was 0.175.

The Micarea lichen community composition was most efficiently
explained by the combined effect of years from death, site and dead
wood diversity (Table 4; Fig. 3c and d). In NMDS, time since tree death
increased towards the upper right corner of the ordination space
(Fig. 3d), and dead wood diversity increased towards the lower right
corner of the ordination space (Fig. 3c). However, as adding site in-
creased the correlation between the community dissimilarities and
environmental distances, the effect of years from death and dead wood
diversity is not independent of site. The final stress level for the two-
dimensional NMDS solution in Fig. 3c and 3d was 0.175. Altogether, the
results for both decomposers and Micarea lichens should be interpreted
with caution due to the low correlations in the Bioenv analyses.

In our analyses on the 14 individual species, four species were
statistically significantly affected by some of the variables (Table B.1 in
Supplementary data 2). Local continuity explained the presence of the

(@) (b)

species both positively and negatively. For the rest, the final models did
not include any statistically significant variables. All results considering
individual species are presented in Supplementary data 2.

4. Discussion
4.1. Effects of stand continuity

Decomposers and Micarea lichens were affected by stand continuity
through modest changes in the community composition that were
driven by dead wood diversity. Communities of decomposers were
more similar among sites with low dead wood diversity and differ-
entiated when dead wood diversity increased. This might be because
the communities in sites with low dead wood diversity might have more
shared generalist species, able to survive in sites with more homo-
genous dead wood resources and thus, occurring more evenly across the
landscapes (Nordén et al., 2013). With increasing dead wood diversity,
sites can host more unique species assemblages including also specia-
lists (Abrego and Salcedo, 2013; Nordén et al., 2013). Similar, although
weaker trend occurred with Micarea lichens.

The species richness of decomposers or Micarea lichens was not
affected by dead wood diversity or management intensity. Increased

Fig. 2. Responses of (a) decomposer species
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Fig. 3. NMDS representing the differences in community structure between the communities of decomposers (a and b; circles) and Micarea lichens (c and d; triangles) observed in the
study. One symbol represents one community occurring on one trunk. The size of a symbol represents the magnitude of dead wood diversity in Fig. 3a and ¢, and the number of years from
death in Fig. 3b and d. The size of a symbol grows with increasing values of the variables. Stress level for both solutions is 0.175.

dead wood diversity should contribute to a higher amount of available
resources and niches (Siitonen, 2001; Stokland et al., 2012), and its
positive effect on species richness of wood-inhabiting fungi has been
demonstrated in previous studies (e.g., Hottola et al., 2009; Penttild
et al., 2004; Simild et al., 2006). Also, the negative effects of manage-
ment intensity have been widely reported (e.g., Arnstadt et al., 2016;
Bader et al., 1995).

In studies where all dead wood diversity (including also different
tree species) has been measured to reflect the stand continuity, and the
species richness has been measured from all of the material con-
tributing to the dead wood diversity, it is very logical that clear positive
correlations occur between species richness and stand continuity (see
for example Hottola et al., 2009; Penttild et al., 2004; Simild et al.,
2006). Thus, it is worth emphasizing that as we measured only the dead
wood diversity of pine, and recorded the fungal species richness only
from the selected standing dead trees, such correlation might be more
difficult to find. However, we argue that if such a correlation would be
found it would truly reflect the species dependence on stand continuity,
not just that more diverse substrate pool has more diverse species pool.

Species interactions might also play its part in the absence of a
positive relationship between species richness and stand continuity.
Heilmann-Clausen and Christensen (2005) found that the species rich-
ness of wood-inhabiting fungi on an individual tree was negatively af-
fected by dead wood continuity (estimated as the proportion of strongly
decayed logs). They suggested competitive exclusion to be one of the
possible explanations: highly competitive specialists replace the early
successional, non-specialist species in sites with high dead wood

continuity. Thus, the species richness it not necessarily higher in the
high continuity stands compared to stands with lower continuity, but
can show no trends or even be lower.

In addition, the sites were located in or in the vicinity of con-
servation areas and thus, at least some natural forests were located in
the proximity of sites. The variation in dead wood diversity and man-
agement intensity might not have been sufficient to reveal all existing
trends. Moreover, management intensity of the sites was relatively low
compared to the average managed forests in the area. In a study by
Penttild et al. (2004), dead wood diversity and management intensity
induced a clear trend in polypore community composition when they
compared communities in managed and old-growth forests. They re-
corded 400-500 stumps in managed stands, whereas the most managed
site in this study included only 112 cut stumps per hectare.

The fact that stand continuity did not have a strong effect on de-
composers and Micarea lichens gives indirect evidence that they are not
dispersal limited at such fine spatial scales. In fact, it has been suggested
that pine inhabiting fungi would be less affected by forest management
than species specialized in e.g. spruce due to their better dispersal
abilities (Stokland and Larsson, 2011). Stokland and Larsson (2011)
hypothesized that this could be due to the different selection pressures
in pine forests that experience forest fires and have lower input rates of
dead wood than spruce forests. Thus, the sites may support viable
metacommunities of these pine-inhabiting species if landscape level
continuity is high. However, on rare specialist species, dispersal lim-
itations might occur already at small spatial scales (Norros et al., 2012).
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4.2. Effects of microhabitat continuity

Micarea species richness increased with time since tree death.
Microhabitat continuity could be more important for Micarea lichens
than stand continuity due to their slow rates of growth and establish-
ment (Nordén et al., 2014; Stenroos et al., 2011). With increasing time
since tree death there is more time available for colonization
(Johansson et al., 2007), and new suitable microhabitats, such as dec-
orticated wood appear (Renvall, 1995). The result also fits well with the
hypothesis of species time relationship (Rosenzweig, 1995), especially
because competitive exclusion has been suggested to be rare in lichens
(Lawrey, 1991; Uliczka and Angelstam, 1999).

Species richness of decomposers was not affected by time since tree
death. Previous studies have demonstrated an increase in species rich-
ness of wood-inhabiting fungi from initial decay stages to intermediate
ones (Arnstadt et al., 2016; Renvall, 1995), and with time since tree
death (Heilmann-Clausen, 2001). This pattern could result from
changes in the tree quality (e.g. bark exfoliation (Renvall, 1995), and
decreasing wood density in standing dead trees (Saint-Germain et al.,
2007)), and from the emergence of late successional species (Hgiland
and Bendiksen, 1997). In the present study, the trunks with the longest
time since their death probably included many kelo trees, i.e. standing
dead trees characterized by slow death that makes the trunk very re-
sistant to decay (Niemeld et al., 2002). Since kelos are utilized by a
limited set of specialist species (Niemeld et al., 2002; Stokland et al.,
2012), species richness might not increase linearly with time. Ad-
ditionally, increasing competition with increasing habitat patch age
might explain our result (Nordén and Appelqvist, 2001).

Community composition of both decomposers and Micarea lichens
was slightly dependent on time since tree death. Communities on re-
cently died trunks probably share certain (pioneer) species that inhabit
the freshly dead wood (Niemeli et al., 1995; Renvall, 1995). Later on,
fungal succession takes place with proceeding decomposition (Rajala
et al., 2012; Stokland et al., 2012) and thus, different species of wood-
inhabiting fungi should occur at different times after the tree death
(Niemela et al., 1995; Heilmann-Clausen, 2001). Trends in the com-
munity composition could have been stronger if more trunks at the end
of the decomposition range could have been included in the analyses.
The trunks for which the year of death could not be determined due to
the erosion of the outermost tree rings were likely the oldest but had to
be excluded from our analyses.

Tree age at death did not affect either of the studied fungal groups.
This indicates that it might be important only for few species if any. The
opposite was hypothesized as, for example, the community composition
of dead wood might be affected by the longevity of infection history
during the tree lifespan (Heilmann-Clausen and Christensen, 2004).
Similar to the tree age at death, trunk diameter did not affect the
communities of wood-inhabiting fungi. Several studies focusing on
downed dead wood have reported the opposite (e.g., Hoiland and
Bendiksen, 1997; Renvall, 1995). However, our results are in ac-
cordance with the results by Pouska et al. (2016a) that showed no effect
of diameter on wood-inhabiting fungal communities on standing dead
Norway spruces. They suggested that diameter interacts with several
other, more important trunk characteristics (e.g. trunk temperature and
moisture) than diameter per se.

Also canopy openness did not affect wood-inhabiting fungal com-
munities. Sun exposure may affect community composition of wood-
inhabiting fungi (Heilmann-Clausen, 2001), and lichens have been
shown to respond positively to increasing canopy openness (Marmor
et al., 2012; Uliczka and Angelstam, 1999). Our results could be ex-
plained by milder edge effect in natural forest edges (Ruete et al., 2016)
that were characteristic for our study sites. Moreover, canopy openness
might be positively related to stand age, and thus light availability
would not limit lichen communities in older stands (Bicklund et al.,
2016).
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5. Conclusions

In the conservation areas of central Finland, wood-inhabiting fungal
diversity was not significantly affected by local forest continuity. The
results indicate that on a stand scale, other environmental filters and
stochastic processes underlie the patterns of wood-inhabiting fungal
diversity on standing dead pines. Although some species would depend
on the continuous supply of dead wood and old trees, they seem not to
be limited by dispersal, and can find these suitable habitats within the
surrounding landscapes, underlining the importance of landscape level
continuity.

The results demonstrated the importance of old, standing dead trees
for species-rich communities of Micarea lichens. Conservation strategies
concerning these species should aim to increase the local number of old
trees that die and decay naturally. To achieve this, approaches of re-
tention forestry should be applied in managed forests (Gustafsson et al.,
2012; Lindenmayer et al., 2012). However, increasing the number of
veteran trees in forest landscapes requires extending the time-frames of
strategies that are currently applied in forest management
(Lindenmayer et al., 2014).

The explicit relationship between local continuity and rare species
remained unsolved. These species might be more sensitive to local
continuity than common species when taking into consideration e.g.
their highly specialized habitat use (Nordén et al., 2013). Therefore,
rare and red-listed species should be at the center of future research on
local continuity to be able to guide the required conservation actions,
and to maintain these species also locally.
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Table A.1. Study trunk information. The units used for variables are in brackets. AAD and YFD values with
asterisks are rough estimations. Column label abbreviations: @ = diameter, AAD = age at death, YFD = years
from death, Bark (%) = fraction of surface without bark cover, Lic. (%) = lichen coverage, Canopy (%) =
canopy openness, Dec = species richness of decomposers, Lic = species richness of lichens, NA = data not

available.

Site Trunk Height o] AAD YFD Bark Lic. Decay Canopy Species/trunk
ID (m)  (cm) (2] »  (» (%) stage (%) pec  Lic

Hallinméki 1 3.7 146 NA NA 92 88 4 11.7 3 1

2 70 18.1 98 6 94 <1 2 12.7 5 0

3 13.0 193 159 6 96 0 2 9.8 5 0

4 90 131 65 60 81 92 2 1.4 1 4

5 140 197 201 31 9 97 2 15.5 2 2

Ilmakkamaéki 6 11.0 185 101 26 86 2 2 12.6 1 1

7 75 134 102 23 64 9 2 10.6 4 2

8 180 656 NA NA 100 63 3 15.5 0 3

9 3.8 43.0 NA NA 95 87 3 16.4 2 2

10 120 264 123 8 77 1 2 22.8 8 1

Kalaja 11 140 274 136 9 65 <1 2 12.7 6 2

12 14 516 NA NA 99 98 4 23.0 1 5

13 120 283 NA NA 82 72 2 12.5 4 2

14 1.9 15.0 158 15 29 3 3 17.8 4 3

15 3.1 341 NA NA 9 84 4 18.0 3 4

Kivetty 16 85 156 95 27 82 1 2 18.0 8 1

17 6.2 10.5 97 32 33 37 2 18.7 7 0

18 7.0 194 108 13 94 38 2 17.9 9 1

19 75 191 83 31 32 84 2 12.4 10 4

20 6.5 14.6 108 21 79 27 2 154 8 2

Kirkkokangas 21 17.0 579 243.5* 44 90 23 3 1.4 7 6

22 220 433 314 26 97 9 3 14.3 7 3

23 200 60.2 313.2* 24 83 10 2 11.0 6 3

24 140 407 221* 40* 82 99 2 16.7 7 5

25 15.0 414 294 44 78 1 2 16.5 3 1

Kotinen 26 12.0 213 202 62 9 92 3 12.5 2 3

27 3.5 452 NA NA 95 62 4 121 3 0

28 90 236 NA NA 94 88 3 11.0 2 0

29 140 29.0 260 30 92 73 3 204 3 5

30 3.7 271 248 32 94 95 4 15.3 5 5

Kuusimaki 31 23.0 239 132 31 94 21 2 13.1 4 1

32 12.0 143 NA NA 100 97 3 14.3 5 4

33 18.0 417 165 23 22 12 2 15.9 3 2

34 23.0 304 145 46 64 4 2 14.6 5 2

35 23 245 NA NA 100 72 4 15.6 6 1

Latokuusikko 36 31.0 36.6 144 47 40 1 2 28.5 8 3

37 27.0 191 141 35 53 8 2 19.8 4 4

38 220 256 198 39 7 92 2 20.9 6 2

39 250 315 184 53 95 60 2 15.0 3 1

40 180 31.5 NA 53 72 2 2 17.3 2 4

Leivonmaki 41 1.3 442 NA NA 100 95 3 17.8 3 2

42 13.0 223 122 21 92 1 2 194 5 1

43 11.0 23.1 115 35 35 57 2 13.5 8 2

44 13.0 242 96 41 25 27 2 9.9 10 1

45 23 36.3 NA NA 9 87 3 13.7 3 3
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Lortikka 46 20 341 98 25 68 4 3 35.9 7 3
47 140 197 250 40 7 78 2 32.3 6 1
48 28 285 NA 26 83 87 3 54.6 4 1
49 240 296 150 38 70  NA 3 19.0 4 5
50 15.0 223 121 6 100 NA 2 9.7 3 0
Pyha-Hakki 51 17.0 29.9 302.9* 27 92 36 2 16.5 5 2
52 15.0 220 265 70 97 42 2 25.6 0 0
53 16.0 242 NA NA 38 4 2 18.3 4 0
54 18.0 404 312 14 86 28 3 256 8 2
55 6.0 50.6 NA 62 96 47 3 29.6 3 4
Vaarunvuoret 56 140 312 148* 44* 87 90 2 12.3 5 4
57 7.5 9.9 NA NA 26 8 2 11.5 4 3
58 120 223 156 24 46 37 2 10.1 3 1
59 18.0 358 130 47 92 73 2 1.7 8 3
60 6.0 229 142 12 42 11 2 13.6 4 2
Vesijako 61 120 299 99 32 87 4 2 11.8 5 1
62 120 325 140 29 58 34 2 121 2 4
63 16.0 36.9 183.7* 6 93 0 2 7.3 5 1
64 16.0 449 189 42 93 87 3 20.3 1 1
65 18.0 242 123 40 97 98 2 11.5 3 7
Vuorilampi 66 1.1 446 NA NA 98 94 4 1.1 6 3
67 14.0 20.1 77 39 96 83 3 8.9 9 5
68 8.6 137 88 25 92 86 2 16.1 3 6
69 16.0 245 81 23 38 25 2 10.1 4 3
70 10.0 15.9 85 29 97 43 2 10.0 4 3




Table A.2. Correlations between variables used in the analyses (naap = 52, nygp = 55, for all others n = 70).
Cells show Spearman rank correlation coefficients, except for cells with superscript P showing Pearson’s
correlation coefficient. Correlations > 0.20 are bolded. Decomposers/trunk and lichens/trunk indicate the
species richness of the studied fungal groups. Dead wood (DW) diversity was calculated with Shannon’s
diversity index. The units used for variables are in brackets. Abbreviations: DW = dead wood, stumps =
management intensity, & = diameter, AAD = age at death, YFD = years from death, canopy = canopy
openness.

DW Stumps o AAD YFD Canopy

diversity (pcha')  (cm) ) ) (%)
Stumps (pc ha™) -0.25 1
o (cm) 0.06 0.03 1
AAD (y) -0.14 -0.05 0.62° 1
YFD (y) -0.04 -0.05 0.18° 0.14° 1
Canopy (%) 0.06 -0.32 0.16" 0.30° 0.19° 1
Decomposers/trunk -0.10 -0.08 -0.09 -0.10 -0.09 0.05

Lichens/trunk -0.16 0.07 0.19 0.02 0.33 -0.01




Table A.3. Fungal species observed in the study (n = 107). Species nomenclature follows Coppins (1983), Czarnota (2007), and Czarnota and Guzow-
Krzeminska (2010) with Micarea species, Tibell (1999) with mycocalicioid species, and Index Fungorum with the rest (Royal Botanic Gardens Kew et al.,
2016). Conservation statuses are in brackets after a species name. Statuses follow the 2010 Red List of Finnish Species (Rassi et al., 2010): NE = not
evaluated, LC = least concerned, NT = near threatened, and VU = vulnerable (IUCN, 2012). Species marked with asterisks had not been detected in Finland
by the latest evaluation of threatened species in 2010. Statuses were derived from Rassi et al. (2010), Finnish Biodiversity Info Facility (2017) and
unpublished information received from the Finnish Expert Group of Fungi. Statuses were not given for species with tentative names. Genus Chaenothecopsis
and species C. nana, C. savonica, Micarea micrococca and Mycocalicium subtile have been divided into multiple species new to science. Working titles are
marked with quotation marks. n is the number of study trunks on which the species occurred on, and % is the proportion these trunks represent out of all
trunks (n = 70). Cells show means and standard deviations (in brackets) for environmental variables, separately for the trunks on which the species was found
to be present (1) or absent (0). For AAD, N = 52, for YFD, N = 55, and for the rest, N = 70. Means for AAD and YFD marked with superscript § do not
represent the mean for full n of occurrences (or absences), since the calculations also include trunks for which the data was not available. NA (data not
available) indicates that data was not available for any of the trunks species occurred on. The units used for variables are in brackets. Dead wood (DW)
diversity was calculated with Shannon’s diversity index. Column label abbreviations: stumps = management intensity, @ = diameter, AAD = age at death,
YFD = years from death, canopy = canopy openness. Taxonomic abbreviations: agg. = species aggregate, cf. = uncertain determination, coll. = in a collective
sense, sp. = species, sp. nov. = species being introduced for the first time (Knudsen and Vesterholt, 2008).

DW diversity  Stumps (pc ha™) o (cm) AAD (y) YFD (y) Canopy (%)
Species n % 1 0 1 0 1 0 1 0 1 0 1 0
1.8 2.0 54.3 53.6 264 295 163.2 158.5° 233 346° 166 162

Actidium hysterioides* 15 214 02y (03) (301) (331) (123) (12.3) (73.0) (69.7) (13.4) (14.9) (7.0) (7.4)
Amyloporia sinuosa (LC) 4 14 18 20 260 541 271 288 2480 158.1° 320 315° 154 163
viop 4 0.0) (03) (0.0) (32.3) (0.0) (12.4) (0.0) (69.6) (0.0) (154) (0.0) (7.3)
Aphanobasidium pseudotsugae (LC) | 14 22 20 690 535 201 289 770 1615 390 314° 89 164
P p & 7 (0.0) (0.3) (0.0) (325) (0.0) (12.3) (0.0) (69.7) (0.0) (154) (0.0) (7.3)
Ascocoryne sp. 1 4 44 22 20 690 535 159 290 850 161.3° 290 316° 100 164
: 4 0.0) (0.3) (0.0) (32.5) (0.0) (12.3) (0.0) (69.9) (0.0) (154) (0.0) (7.3)
Athelia decipiens (LC) 4 14 18 20 360 530 366 287 1440 1602° 470 31.2° 285 161
4 0.0) (03) (0.0) (324) (0.0) (12.3) (0.0) (70.6) (0.0) (15.3) (0.0) (7.2)
_ 16 20 190 542 156 290 950 161.1% 27.0 316° 180 16.3
Athelia sp. 1 1 14

(0.0) (0.3) (0.0) (322) (0.0) (12.3) (0.0) (70.1) (0.0) (154) (0.0) (7.3)
Botrvobasidium sub o (LC 4 14 23 20 160 543 239 289 1320 1604° 310 315 131 164
otryobasidium subcoronatum (LC) " (0.00 (0.3) (0.0) (32.2) (0.0) (12.3) (0.0) (70.6) (0.0) (15.4) (0.0) (7.3)
(continued on the next page)




DW diversity  Stumps (pc ha™) o (cm) AAD (y) YFD (y) Canopy (%)
Species n % 1 0 1 0 1 0 1 0 1 0 1 0

23 2.0 49.5 54.0 220 292 1425 161.3° 408 30.8° 126 165

Botryobasidium vagum (LC) 4 57 (0.2) (0.3) (23.4) (329) (7.8) (124) (86.2) (69.4) (204) (14.8) (54) (7.3)
Capronia so. 1 > 29 22 20 42.5 54.0 232 290 1150 161.7° 375 313 123 164
P P- ' (0.1) (0.3) (37.5) (324) (10.2) (12.4) (424 (70.5) (12.0) (154) (3.3) (7.3)
. 1.9 20 29.7 54.8 227  29.1 98.0 162.3° 26.5° 317 16.2 16.3

Ceraceomyces microsporus (LC) 3 4.2

(0.34) (0.3) (10.5) (32.5) (9.9) (124) (4.2) (70.3) (0.7) (155) (3.1) (7.4)
Chaenotheconsis 1 . 3 4p 21 20 527 538 334 286 184.0% 159.4° 530° 31.1% 161 16.3
psis L green 02 (03 (473 (320) (100) (124) (0.0) (706) (0.0) (151) (1.4) (7.4)

Chaenothecopsis 2 . 44 23 20 160 543 304 288 1450 160.1° 460 313° 147 163

4 (00) (03) (00) (322) (0.0) (124) (0.0) (707) (0.0) (153) (0.0) (7.3)

Chaenothecopsis 3 . 44 21 20 1060 530 242 289 960 1611 410 314° 99 164

400 03 (00 @19 (00 (123 (00 (70.1) (00) (154 ©0 (73)

e 17 20 260 541 452 286 159.9 31.5° 121 164

Chaenothecopsis 4 “hikon T 14 0oy (03 (00 (323 (00) (122) NA (70.0) NA~ (153) (0.0) (7.3)

. 18 20 1000 521 271 289 159.9 31.5° 146 164

Chaenothecopsis 5 229 03) (03) @42) (313) (243) (121) N 7000 N (153) @4) (73

Chaenothecopsis 6 “sturdy” , o 17 20 690 533 324 287 1950 1585° 385 31.3° 160 163

9 (01) (03) (60.8) (318) (48) (124) (91.9) (69.8) (12.0) (154) (62) (7.3)

Chaenothecopsis . 44 16 20 1120 529 358 287 1300 1604° 47.0 312° 117 164

4 (00) (03) (00) (317) (0.0) (123) (0.0) (706) (0.0) (153) (0.0) (7.3)

Chaenothecopsis § . 44 25 20 220 542 404 286 3120 1569° 140 319° 296 16.1

4 (00) (03) (00) (323) (0.0) (123) (0.0) (67.3) (0.0) (152) (0.0) (7.1)

Chaenothecopsis , 9 16 20 1120 520 335 287 1390 160.7° 455 31.0° 120 16.4

° 00 03 0 @) (3 (24 (127) (12) @1) (153 ©4) (1.3)

. . 18 20 260 541 236 289 159.9 31.5° 111 164

Chaenothecopsis consociata (LC) 1 14 00) (03) (0.0) (32.3) (0.0) (12.3) NA (70.0) NA (153) (0.0) (7.3)

o 22 20 210 552 238 200 2253 1559% 367 3125 176 162
Chaenothecopsis nana “grey 3 4.2

(0.5) (0.3) (1.7) (32.2) (5.5) (12.5) (103.3) (66.9) (29.7) (14.5) (1.0) (7.4)
Chaenothecopsis nana “thin” { 14 23 20 400 539 264 288 1230 160.6° 8.0 32.085 228 162
*(0.0) (0.3) (0.0) (325) (0.0) (124) (0.0) (70.5) (0.0) (15.1§) (0.0) (7.3)

Chaenothecopsis pusiola (LC) 2 314 19 20 544 534 271 296 143.4% 169.3° 37.1° 281% 173 158
PSS P T (03) (0.3) (32.8) (324) (9.1) (13.5) (58.8) (74.9) (115 (16.45) (10.5) (5.3)
Chaenotheconsis savonica “conifer 6 sp 21 20 602 531 277 289 159.8% 15995 33.0% 314% 198 16.0
P © (0.3) (0.3) (28.1) (32.8) (8.1) (12.6) (65.0) (71.0) (6.2) (15.9) (17.5) (5.7)
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DW diversity  Stumps (pc ha™) @ (cm) AAD (y) YFD (y) Canopy (%)
Species n % 1 0 1 0 1 0 1 0 1 0 1 0

Chaenothecopsis savonica “wide-soored” 4 57 19 20 675 529 224 202 181.7° 1585° 413° 31.0° 194 16.1
P P " (03) (0.3) (394) (320) (9.7) (124) (59.2) (70.9) (42) (155) (92) (7.2
Chacnothecopsis savonica “roundheaded” 2 2.9 21 20 815 529 153 202  850° 161 3% 290° 316° 108 165
< (0.1) (03) (17.7) (323) (0.9) (122) (0.0) (69.9) (0.0) (154) (1.3) (7.3)

Chacnothecopsis savonica “long-spored® 2 2.9 21~ 20 545 537 333 287 1190 161 5 270 317° 216 162
~ (04) (0.3) (23.3) (326) (1.1) (124) (29.7) (70.8) (2.8) (155) (20.2) (6.9)

18 20 360 540 191 290 1410 1602° 350 315° 198 163

Chaenothecopsis savonica “sturdy T 14 00) (03) (00) (324) (0.0) (123) (00) (706) (0.0) (154) (0.0) (7.3)
Chaenotheconsis savonica “wine” 4 57 19 20 803 521 454 278 267.1% 1556° 32.08 315% 131 165
P £ (03) (0.3) (17.3) (32.3) (10.4) (11.7) (65.2) (67.3) (11.3) (15.5) (2.7) (7.4)
Chaenothecopsis viridireagens (LC) 11 157 19 20 560 533 362 274 193.8% 155.4° 40.9% 302 163 16.3
P & £ (03) (03) (26.8) (33.4) (16.1) (11.1) (87.8) (67.2) (16.2) (14.8) (7.9) (7.2)
Claussenomyces atrovirens (NE) 5 99 19 20 625 535 211 200 990 162.3° 33.0 315° 129 164
¥ (0.3) (0.3) (61.5) (31.8) (2.8) (12.4) (226) (70.2) (2.8) (15.5) (0.8) (7.3)
Collybia cirrhata (LC) { 14 16 20 1120 529 312 288 1480 160.1° 440 313° 123 164
4 T (0.0) (0.3) (0.0) (31.7) (0.0) (12.4) (0.0) (70.7) (0.0) (15.3) (0.0) (7.3)
Coniochaeta ligniaria (LC) 5 59 23 20 400 541 199 291 1125 161 8 155 321% 167 16.3
~(0.0) (0.3) (0.0) (32.7) (9.2) (12.3) (14.9) (70.7) (10.6) (15.2) (8.7) (7.3)
Coniophora olivacea (LC) { 14 25 20 220 542 404 286 3120 156.9° 14.0 31.9° 296 16.1
T (0.0) (0.3) (0.0) (32.3) (0.0) (12.3) (0.0) (67.3) (0.0) (15.2) (0.0) (7.1)
Coniophora puteana (LC) { 14 18 20 300 541 274 288 1360 160.3° 9.0 31.9% 127 164
T (0.0) (0.3) (0.0) (32.4) (0.0) (12.4) (0.0) (70.6) (0.0) (15.1) (0.0) (7.3)
Crumenulopsis pinicola (NE) 4 14 18 20 300 541 274 288 1360 160.3° 9.0 319° 127 164
PSS P *(0.0) (0.3) (0.0) (32.4) (0.0) (12.4) (0.0) (70.6) (0.0) (15.1) (0.0) (7.3)
Crontodi - s 99 22 20 425 541 172 202 7700 1615 39.0° 31.4° 116 164
Typrodiscus pint ~(0.1) (0.3) (37.5) (324) (4.1) (123) (0.0) (69.7) (0.0) (154) (3.8) (7.3)
Dacrymyces lacrymalis (LC) { 14 20 20 940 531 197 289 2010 159.1° 310 315 156 16.3
rymy y T (0.0) (0.3) (0.0) (32.1) (0.0) (12.3) (0.0) (70.4) (0.0) (154) (0.0) (7.3)
Dacrymyces microsporus (LC) | 14 24 20 380 539 449 286 1890 1593° 420 313° 115 164
rymy P *(0.0) (0.3) (0.0) (325) (0.0) (12.2) (0.0) (70.6) (0.0) (15.3) (0.0) (7.3)
Dacrymyces stillatus (LC) 6 s8¢ 20 20 433 547 428 275 308.08 153.9° 255 31.8° 142 165
rymy ©(0.4) (0.3) (22.3) (33.0) (10.5) (11.6) (7.3) (645) (2.1) (155) (3.2) (7.5)
2.1 20 245 565 273 290 198.8% 156.6° 255° 32.0% 16.1 16.3

Dacrymyces tortus (LC) 6 8.6

(04) (0.3) (7.7) (32.4) (85) (12.6) (99.1) (67.4) (7.9) (156) (7.6) (7.3)
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DW diversity ~ Stumps (pc ha™) o (cm) AAD (y) YFED (y) Canopy (%)

Species n % 1 0 1 0 1 0 1 0 1 0 1 0
Dermateaceae so. 1 1 14 21 20 106.0 53.0 231 289 1150 160.7° 350 315° 135 16.3
p: ' (0.0) (0.3) (0.0) (319 (0.0) (12.3) (0.0) (704) (0.0) (154) (0.0) (7.9)

2.0 2.0 94.0 53.1 19.3 290 159.0 159.9° 6.0 320 9.8 16.4

Exidia saccharina (LC) T 14 0o (03) (00) (321) (00) (123) (00) (70.7) (0.0) (150) (0.0) (7.3)
Fomitopsis pinicola (LC) 7 100 21 20 383 554 205 287 1942% 1554° 287 31.9° 249 153
PSIS P ~(0.3) (0.3) (23.3) (32.8) (10.3) (12.5) (76.1) (68.8) (22.4) (14.2) (14.8) (5.3)
Galering marginata (LC) | 44 18 20 260 541 271 288 2480 158.1° 320 315 154 163
& *(0.0) (0.3) (0.0) (32.3) (0.0) (12.4) (0.0) (69.6) (0.0) (15.4) (0.0) (7.3)

Galering so. 1 i 44 16 20 730 534 407 286 2210 1587° 400 314° 167 163
P- T 00 (03) (00) (24) (00) (123) (00) (704) (0.0) (154) (00) (7.3)

: : 23 20 160 543 143 290 159.9 315° 143 163
Galerina stylifera (LC) T 14 00) (03 (00 @322 (00) (122) NA (70.0) NA (53) (0.0) (7.3)
S 20 20 210 547 298 288 159.9 315° 132 164
Globulicium hiemale (LC) 229 (04 03 1) (22 @18 (1220 NA 7000 NA (153) (15 (7.3)
Glonium nitidun® 33 474 19 20 545 531 289 287 166.2° 152.4° 29.0° 34.6° 175 152
"' (0.3) (0.3) (34.5) (30.6) (10.8) (13.6) (77.4) (61.1) (15.3) (14.9) (6.9) (7.5)

G ; trans (LC) s 59 18 20 450 540 244 289 1165 1616 345 314° 157 163
YIIOPLUS penetrans ~(0.2) (0.3) (36.8) (324) (7.4) (12.4) (47.4) (705) (5.0) (155) (4.7) (7.3)
G g LO) s 74 21 20 442 545 212 294 1110 1651° 256 321° 145 164
YIOpUS androsaceus 7 (03) (03) (364) (321) (51) (125 (19.1) (715 (108) (156) (48) (74)
) 22 20 69.0 535 446 286 159.9 3155 111 164
Hastodontia hastata (LC) T 14 00 (03 (00 @325 (00 (1220 M 700 N @53 (00) (7.3)
Hvalorbilia so. 1 { 44 18 20 360 540 366 287 1440 1602° 470 312° 285 16.1
4 P- *(0.0) (0.3) (0.0) (324) (0.0) (12.3) (0.0) (70.6) (0.0) (15.3) (0.0) (7.2)
J— Jiella (LC) { 44 16 20 190 542 194 289 1080 160.9° 130 319° 179 163
yaroscypha auretietta (.00 (0.3) (0.0) (322) (0.0) (12.3) (0.0) (70.3) (0.0) (15.2) (0.0) (7.3)
Hyphodontia abieticola (LC) , 29 18 20 85 528 355 286 1542 160.1° 520 30.8° 114 164
yprodontia abieticota Y (0.3) (0.3) (14.9) (32.3) (31.7) (11.8) (126.2) (69.1) (11.3) (14.9) (0.0) (7.3)
Hypochnicium cf. punctulatum (LC) i 44 23 20 160 543 417 286 1650 159.8° 230 317° 160 163
P P % 0.0) (0.3) (0.0) (322) (0.0) (123) (0.0) (70.7) (0.0) (15.4) (0.0) (7.3)
Hmochnicium eremicolor® { 44 16 20 730 534 433 286 3140 1568 260 316° 143 163
P *(0.0) (0.3) (0.0) (324) (0.0) (12.2) (0.0) (67.2) (0.0) (15.4) (0.0) (7.3)
Lophium mytilinum (LC) 6 8 20 20 435 547 281 289 1764 157.7° 313 316° 164 163
P Y ©  (04) (0.3) (235) (33.0) (15.2) (12.1) (68.4) (70.6) (24.5) (14.1) (5.2) (7.5)
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DW diversity  Stumps (pc ha™) o (cm) AAD (y) YFD (y) Canopy (%)

Species n % 1 0 1 0 1 0 1 0 1 0 1 0
Micarea anterior (VU) 1 157 2.0 2.0 59.3 527 291 288 191.3% 1541 389% 30.1° 171 16.2
1 (04) (03) (33.9) (322) (12.9) (12.3) (62.2) (70.4) (11.2) (15.6) (12.8) (5.8)

Micarea bussacea™ 5 99 20 20 565 536 283 288 2080 15795 245 318 125 164
v ~(05) (0.3) (23.3) (326) (21.2) (122) (149.9) (67.4) (2.1) (155) (2.6) (7.3)
Micarea confexia® 13 186 20 20 595 524 256 295 1638 158.7° 350° 30.6° 156 165
©(0.3) (0.3) (22.8) (34.1) (12.1) (12.3) (70.6) (70.7) (6.8) (16.8) (6.2) (7.5)

Micarea denigrata (LC) 5 o9 20 20 475 539 204 291 1680 15955 285 316% 157 16.3
g ~(0.3) (0.3) (30.4) (325) (9.5) (12.3) (113.1) (69.5) (5.0) (15.5) (0.6) (7.4)

Micarea elachista (LC) 19 o274 18 20 615 50.8 403 245 19448 1516% 3928 294% 166 16.2
1 (0.3) (0.3) (31.7) (32.3) (13.0) (8.9) (68.3) (68.6) (15.0) (14.8) (4.9) (8.0)

Micarea eximia (VU) 5 74 19 20 522 538 248 291 1542 160.5°5 302 31.7° 193 16.1
1 (0.2) (0.3) (23.9) (33.0) (8.0) (12.5) (91.5) (68.5) (5.8) (15.9) (10.1) (7.0)

Micarea globulosella (NT) 8 114 19 20 445 549 247 293 1249 16628 336 3128 151 165
& (0.3) (0.3) (25.0) (33.1) (8.4) (12.6) (33.4) (73.2) (16.5) (15.2) (6.5) (7.4)
Micarea hedhundii (VU) 5 74 19 20 436 545 365 282 153.0°8 160.1° 29.0% 316% 181 162
1 (0.2) (0.3) (357) (322) (11.9) (122) (17.0) (71.3) (8.5) (155) (3.6) (7.5)

Micarea melaena (LC) 45 6ap 20 20 539 534 308 252 153.5° 171.8% 32.0° 306 160 16.9
“ (0.3) (0.3) (30.9) (35.3) (13.1) (9.8) (64.2) (80.4) (13.8) (18.2) (5.4) (9.9)

Micarea melaenisa™ 1 14 18 20 360 540 191 290 1410 16028 350 315° 19.8 16.3
“(0.0) (0.3) (0.0) (32.4) (0.0) (12.3) (0.0) (70.6) (0.0) (15.4) (0.0) (7.3)

Micarea micrococea™ 4 57 20 20 460 542 219 292 1625 159.6° 480 3028 141 164
1 (0.3) (0.3) (325) (325) (6.7) (12.4) (85.9) (69.6) (15.6) (14.6) (4.2) (7.4)

Micarea micrococea agg.. sp. nov 1 14 18 20 190 542 191 290 83.0 1614%5 310 315° 124 164
» 5P OV (0.0) (0.3) (0.0) (32.2) (0.00 (12.3) (0.0) (69.8) (0.0) (15.4) (0.0) (7.3)

Micarea misella (LC) 05 357 20 20 472 573 303 280 15528 1627 33.7° 301 162 164
1 03) (0.3) (32.1) (32.2) (13.8) (11.4) (83.5) (61.4) (12.6) (16.9) (6.5) (7.7)

Micarea nigella™ 1 14 18 20 730 534 433 286 3140 156.8% 26.0 316°% 143 16.3
©(0.0) (0.3) (0.0) (324) (0.0) (122) (0.0) (67.2) (0.0) (15.4) (0.0) (7.3)

Micarea prasina (LC) o6 374 20 20 611 493 296 283 160.08 159.8% 38.5° 278° 144 174
p 1 (0.3) (0.3) (33.3) (31.2) (14.2) (11.1) (74.8) (68.7) (13.9) (14.8) (5.1) (8.1)
Micarea sb. nov. "mierotomentosa” 1 14 18 20 300 541 516 285 NA 159.9% Na  315° 230 162
p- nov. nig “(0.0) (0.3) (0.0) (32.4) (0.0) (12.1) (70.0) (15.3) (0.0) (7.3)

(continued on the next page)



DW diversity  Stumps (pc ha™) o (cm) AAD (y) YFED (y) Canopy (%)
Species n % 1 0 1 0 1 0 1 0 1 0 1 0

2.0 20 458 542 342 285 2343% 1553% 30.0° 316° 19.0 16.1

Mollisia sp. 1 4 37 05) (03) (292) (32.6) (15.9) (12.1) (119.3) (65.1) (15.1) (154) (7.8) (7.3)
Mycena laevigata (LC) 1 14 25 20 220 542 299 288 3029 157.1° 270 316° 165 163
yeena laevigata T (.00 (0.3) (0.0) (323) (0.0) (12.4) (0.0) (67.7) (0.0) (15.4) (0.0) (7.3)
Mveocalicium subtile “bia” 19 974 20 20 470 562 229 310 138.5° 169.3° 29.7° 324% 180 157
yeocancum subtice “O1g T (03) (03) (296) (33.1) (65) (132) (638) (713) (127) (164) (110) (52)
Mycocalicium subiile “thin” 14 200 20 20 385 575 248 298 171.1° 156.1° 342° 30.7° 184 158

(0.4) (0.3) (30.9) (31.7) (8.8) (12.9) (76.7) (68.3) (16.5) (15.0) (5.3) (7.6)
Mvcocalicium subfile “smoofh™ 5 74 17 20 960 505 300 287 1810 157.6° 39.0 30.8% 166 16.3
4 1 (01) (0.3) (21.9) (30.7) (8.9) (125) (51.7) (71.7) (8.9) (156) (9.1) (7.2)
2.2 20 730 532 330 287 1150° 160.7° 35.0° 315% 150 16.3

Mytilinidion mytilinellum (NE) 2 29 (02) (03) (46.7) (321) (141) (12.3) (0.0) (70.4) (0.0) (154) (2.1) (7.4)
Milinidion rhenanum (NE) . 44 18 20 300 541 274 288 1360 1603° 90 319° 127 164
400 03 00 (24 00 (124) (00) (706 ©0) (151 (00) (7.3)

Orbilia sp. 1 . 44 23 20 160 543 239 289 1320 1604° 310 315° 131 164
: 4 00 (03) (00) (322) (00) (12.3) (0.0) (706) (0.0) (154) (0.0) (7.3)

Onbilia sp. 2 , o 22 20 720 532 284 288 1180 161.5° 350 314° 86 165
: 9 (02) (03) @481) (321) (59) (124) (311) (707) (85) (155 (1.9) (7.2)

Pasilus involutus (LC) . 44 16 20 730 534 579 284 2435 1582° 440 31.3° 114 164
4 00) (03) (0.0) (324) (00) (118) (0.0) (69.7) (0.0) (153) (0.0) (7.3)

Peniophorella practermissa coll. (LC) 4 57 17 20 513 539 256 29.0 149.5% 16055 297 316% 149 16.4
P p : 1 (0.2) (0.3) (382) (322) (21.8) (11.7) (81.6) (70.1) (15.6) (15.4) (3.9) (7.4)
23 20 160 543 304 288 1450 160.1° 46.0 31.3° 147 16.3

Phialina sp. 1 T 14 0o (03 (00) (322) (0.0) (124) (00) (70.7) (0.0) (153) (0.0) (7.3)
Pholiota gummosa (LC) . 44 25 20 220 542 404 286 3120 1569° 140 319° 296 161
4 00) (03) (00) (323) (00) (12.3) (0.0) (67.3) (0.0) (152) (0.0) (7.1)

Pholiota scamba (LC) . 44 21 20 1060 530 242 289 960 161.1° 410 314° 99 164
4 00 (03) (00) (319) (00) (12.3) (0.0) (701) (0.0) (154) (0.0) (7.3)

Piloderma bicolor (LC) . 00 21 20 444 548 238 294 1303 1645° 343 311° 139 166
0 04) (03) (323) (324) (7.5) (126) (69.2) (69.7) (19.7) (147) (43) (7.5)

Porodacdalea pini (LC) . 44 16 20 730 534 579 284 2435 1582° 440 313° 114 164
P 400 ©3) (00 @24 00 (118 (©0) (697) (©0) (153 (0.0) (73)

o . 20 20 778 523 442 279 159.9 315 164 16.3
Postia sericeomollis (LC) 4 37 02y (03) (363) (31.7) (6.3) (1199 N 7000 M (153) (52) (74)

(continued on the next page)



DW diversity  Stumps (pc ha™) ¢ (cm) AAD (y) YFED (y) Canopy (%)

Species n % 1 0 1 0 1 0 1 0 1 0 1 0
P e sp. | 13 186 20 20 505 544 265 293 1545 161.3° 2795 324° 176 16.0
yrenomyeete sp. C03) (03 (B24) (325) (7.9) (13.1) (711) (705) (198) (14.1) (82) (7.1)
Pyrenomyeete sb. 2 12 174 18 20 678 508 207 305 1252° 169.2° 226° 338" 146 167
y yeete sp. 1 (03) (0.3) (42.9) (29.3) (7.7) (12.4) (26.5) (75.2) (12.3) (15.2) (4.2) (7.7)
Pyrenomveete sb. 3 { 44 20 20 940 531 181 200 980 161.1° 60 320° 127 164
y yeete sp. *(0.00 (0.3) (0.0) (32.1) (0.0) (12.3) (0.0) (70.1) (0.0) (15.0) (0.0) (7.3)
Purenomyeete so. 4 03 329 19 20 500 555 292 286 169.3% 154.0° 3128 31.7% 178 156
Y yeete sp. ¥ (03) (0.3) (31.5) (32.8) (13.0) (12.0) (79.7) (63.8) (16.4) (14.8) (7.2) (7.3)
Pyrenomyveete o, S 4 44 16 20 730 534 433 286 3140 1568° 260 31.6° 143 163
y yeete sp. *0.0) (0.3) (0.0) (324) (0.0) (12.2) (0.0) (67.2) (0.0) (15.4) (0.0) (7.3)
Resinicium bicolor (LC) { 44 24 20 380 539 299 288 990 161.1° 320 315 118 164
' 0.0) (0.3) (0.0) (325 (0.0) (12.4) (0.0) (70.1) (0.0) (15.4) (0.0) (7.3)

Resinicium furfiraceum (LC) 5 74 20 20 920 508 266 29.0 152.8% 160.4° 385° 31.0° 177 16.2
1 (0.1) (0.3) (19.2) (31.3) (6.5) (12.6) (68.6) (70.8) (2.7) (15.7) (8.8) (7.2)
Sarea resinae (LC) { 44 23 20 400 539 264 288 1230 160.6° 80 320° 228 162
T00) (03 (00) (325 (0.0) (124) (0.0) (705) (0.0) (15.1) (0.0) (7.3)
Tomentella sp. 1 5 59 23 20 535 537 285 288 1304 161.0° 225 31.9° 146 164
: T 02) (03 (219 (326) (119) (124) (755) (703) (233) (15.) (81) (7.3)
Tomentella sp. 2 { 44 22 20 690 535 201 289 770 1615° 390 314° 89 164
| 99 %0 G B3 Na Yo UV isee OO G 03 163
Trechispora farinacea (LC) T 14 0o (03 00 @322 00 1220 N 7000 N @153 (00 (7.3)
Trichaptum abietinum (LC) { 44 22 20 690 535 245 289 810 1614% 230 317° 101 164
*0.0) (0.3) (0.0) (325 (0.0) (12.4) (0.0) (69.8) (0.0) (15.4) (0.0) (7.3)
Trichaptum fiscoviolaceum (LC) 14 157 19 20 582 529 266 292 1387 1655° 235 336° 141 167
P 1 03) (0.3) (40.2) (30.9) (9.9) (12.7) (66.6) (70.6) (11.4) (155) (3.2) (7.7)
Tubulicrinis subulatus (LC) 3 43 22 20 320 547 239 290 1953 157.7° 497 305° 171 163
> (04) (0.3) (87) (32.6) (1.8) (12.5) (71.0) (70.1) (17.6) (14.6) (4.5) (7.4)
Xylodon asperus (LC) s g 23 20 270 545 234 290 140.0° 160.2° 29.0° 31.6° 108 165
o P ¥ 0.1) (0.3) (15.6) (32.4) (12.8) (12.3) (0.0) (70.6) (0.0) (15.4) (4.9) (7.3)
Xvlodon brevisetus (LC) s 29 22 20 690 533 191 291 845 1629° 240 318° 131 164
~ (0.0) (0.3) (0.0) (326) (7.7) (12.3) (5.0) (69.7) (1.4) (155) (4.3) (7.3)
A trunks 2.0 53.7 28.8 159.9 315 16.3
(0.3) (32.3) (12.3) (70.0) (15.3) (7.3)
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EFFECTS OF LOCAL FOREST CONTINUITY ON THE DIVERSITY OF FUNGI ON STANDING
DEAD PINES
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Panu

Supplementary data 2. Responses of individual species
In the main text of this article we report the results of the community analyses. Here we report analyses on
the responses of single species analyses using the same explanatory variables. We also briefly report the

methods of the single species analyses and shortly discuss the results.

METHODS

Responses of single species were analyzed with a Mixed Effects Logistic Regression (n = 52). The aim was
to study which environmental variables explain occurrences of each species the best. Species that occurred
on = 10 study trunks were included into the analysis (n = 14). A Mixed Effects Logistic Regression with a
binomial distribution and a log-linear link function was conducted separately for each species. Explanatory
variables were the same as in the GLMM (see the main text). Site and trunk identities were included into the
model as hierarchically structured random effects by nesting trunks within sites. The model selection was
conducted as in the GLMM. The analysis was performed in R (version 3.3.2; R Core Team, 2016) using

function “glmer” from the package “Ime4” (Bates et al., 2016).

RESULTS

Studied variables explained the presence of four species altogether. For the rest, the final models did not
include any statistically significant variables. Occurrences of Actidium hysterioides were negatively affected
by years from death (Table B.1). The final model also included dead wood diversity that had a marginally
significant negative effect on the species (Table B.1). Occurrences of Chaenothecopsis pusiola were best
explained by a negative effect of dead wood diversity, a negative effect of age at death, and a positive effect
of years from death (Table B.1). These were all variables included in the final model. Canopy openness
appeared to have a positive effect on the occurrences of Glonium nitidum (Table B.1). Number of stumps

and years from death were the other variables included in the final model (Table B.1). The negative effect of



years from death was marginally significant (Table B.1). Occurrences of Micarea elachista were best
explained by a negative effect of dead wood diversity (Table B.1). Another variable included in the final
model was the number of stumps that had a marginally significant positive effect on the species as well
(Table B.1).

Species final models of which included marginally significant effects of certain variables were
Micarea prasina (a positive effect of years from death), Mycocalicium subtile “thin” (a negative effect of
management intensity), Pyrenomycete sp. 4 (a negative effect of dead wood diversity, and a positive effect

of canopy openness), and Trichaptum fuscoviolaceum (a negative effect of years from death) (Table B.1).



Table B.1. Results from the Mixed Effects Logistic Regression for individual species (n = 52 for each). Cells
show estimates (B), standard errors (SE), z values, and statistical significances (P). Dead wood (DW)
diversity was calculated with Shannon’s diversity index. The units used for variables are in brackets.
Abbreviations: YFD = years from death, AAD = age at death, stumps = management intensity, canopy =
canopy openness.

Species B SE z value P
(Intercept) -1.72 0.76 -2.27 0.023
Actidium . .
hysterioides DW diversity -1.09 0.62 -1.75 0.081
YED (y) -1.42 0.69 -2.07 0.039
(Intercept) -0.75 0.35 -2.16 0.031
Chaenothecopsis DW diversity -0.76 0.37 -2.05 0.041
pusiola AAD (y) -0.81 0.41 -1.97 0.049
YED (y) 0.97 0.41 2.38 0.017
(Intercept) 0.18 0.61 0.30 0.763
Glonium Stumps (pc ha'l) 1.00 0.67 1.48 0.138
nitidum YFED (y) -1.04 0.55 -1.90 0.058
Canopy (%) 1.75 0.78 2.25 0.025
Micarea (Intercept) -1.73 0.69 -2.51 0.012
contexta YFD (y) 0.55 0.44 1.25 0.213
) (Intercept) -3.19 0.92 -3.46 <0.001
Micarea DW diversity 2.58 0.92 2.81 0.005
elachista r
Stumps (pc ha™) 0.84 0.47 1.80 0.072
Micarea (Intercept) 0.81 0.46 1.77 0.076
melaena AAD (y) -0.43 0.43 -1.01 0.315
Micarea (Intercept) -0.59 041 -1.44 0.149
misella YFD (y) 0.12 0.34 0.35 0.728
Micarea (Interept) -1.20 0.71 -1.69 0.091
prasina YFD (y) 0.74 0.44 1.68 0.093
Mycocalicium (Intercept) -0.86 0.32 -2.74 0.006
subtile “big” AAD (y) -0.51 0.36 -1.44 0.150
Mycocalicium (Intercept) -2.34 1.15 -2.03 0.043
subtile “thin” Stumps (pc ha™) -1.70 0.99 -1.72 0.085
Pyrenomycete (Intercept) -1.31 0.34 -3.82 <0.001
sp. 1 Canopy (%) 0.33 0.39 0.85 0.398
(Intercept) -2.46 2.55 -0.96 0.335
Pyrenomycete DW diversity -1.15 1.28 -0.90 0.370
sp. 2 AAD (y) -1.25 1.33 -0.94 0.346
YFD (y) -1.04 1.21 -0.86 0.388
(Intercept) -0.65 0.44 -1.49 0.136
Pyrenomycete  hy giversity -0.82 0.43 -1.94 0.053
p- 4 Canopy (%) 0.99 0.51 1.93 0.053
Trichaptum (Intercept) -1.71 0.61 -2.83 0.005
fuscoviolaceum  YFD (y) -0.84 0.49 -1.70 0.089




DISCUSSION

Occurrences of Chaenothecopsis pusiola showed a positive association with time since tree death, and for
Micarea prasina the positive effect was nearly statistically significant. The species occurred more likely on
trunks that had died longer time ago. The positive effect of time since tree death on C. pusiola might be
explained by its suggested parasitic relationship with lichens and non-symbiotic algal colonies (Tuovila,
2013). Also, more suitable habitats form with time, as the species prefers decorticated wood (Lohmus and
Lohmus, 2001). M. prasina is a crustose lichen especially common in old-growth forests (Stenroos et al.,
2015). Presumably, this slow-growing species (Stenroos et al., 2011) benefits from long periods since tree
death like lichens in general.

Years from death had a negative effect on pyrenomycetes Actidium hysterioides and Glonium nitidum
and polypore Trichaptum fuscoviolaceum, yet the effect was not statistically significant for the latter two. All
these species might be early successional species. Many pyrenomycetes latent in the wood are abundant in
initial decay stages (Heilmann-Clausen, 2001; Hendry et al., 2002). Additionally, increasing moisture
content with proceeding decomposition (Sollins et al., 1987) might hinder these species adapted to dry
conditions (Boddy et al., 1989, 1985). T. fuscoviolaceum is a pioneer species that is often among the initial
decomposers (Niemeld et al., 1995; Renvall, 1995). The species loses in competitive ability or due to
depleting resources when late-stage specialists colonize the community (Rayner and Boddy, 1988; Stokland
etal., 2012).

C. pusiola responded negatively to the increasing trunk age at death. The species seems to occur
frequently on decorticated, decayed surfaces on the base of the boles (Hanna Tuovila, personal
communication). Such microhabitat patches might be more common in younger trunks due to the differences
in decay succession. Old standing kelo trees, for example, rarely offer such microhabitats. Therefore, the
species might prefer trunks that have died at younger age.

Dead wood diversity had a negative effect on C. pusiola, Micarea elachista, A. hysterioides and
Pyrenomycete sp. 4, although the effect was not statistically significant for the latter two. C. pusiola also
occurs in managed forests as long as suitable substrates are available (Hanna Tuovila, personal

communication), and therefore the species might not be dependent on old-growth forests per se. The



negative effect on M. elachista might indicate that the species is not dead wood dependent as such since it
can also grow on old living trees (Coppins, 1983; Czarnota, 2007). Like many pyrenomycetes, also A.
hysterioides and Pyrenomycete sp. 4 might be associated with early stages of decomposition (Heilmann-
Clausen, 2001; Hendry et al., 2002). The emergence of more specialized species with increasing dead wood
diversity might have an adverse effect on these species.

Pyrenomycetes G. nitidum Ellis and Pyrenomycete sp. 4 showed a positive response to canopy
openness, yet the effect was not statistically significant for the latter. Pyrenomycetes in general are
characterized by high resistance to water stress (Boddy et al., 1989, 1985). Consequently, the competitive
superiority of these species in dry circumstances might explain the result.

Altogether, negative responses to local continuity were predominant among individual species. Such
responses could be expected from generalists that lose to late-stage specialists in competitiveness (Marvier et
al., 2004). Kruys et al. (1999) hypothesized that species dependent on dead wood continuity require habitats
that are scarce within a landscape. Presumably, these species are specialists and rare. In our study, such
species did not probably have enough occurrences to be included in the analyses. Some of these species
might be e.g. veteran tree specialists that inhabit the oldest trunks for which the age parameters were not
successfully quantified. Therefore, more research on rare and specialized species is required to clarify their

relationship with local continuity.
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