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ABSTRACT 
Movement has become a very active topic in 
biological research. An area of particular interest is 
identifying traits that determine species’ movement 
patterns and that could be used to predict their 
population trends in the changing world. Wood 
decay fungi have become one of the great losers 
in the human-dominated forest landscape of 
Fennoscandia today. Many species are threatened 
by the loss and fragmentation of old-growth forest 
and the decline of dead wood in production forests. 
However, other species have not been affected and 
some even seem to benefit from fragmentation. 
In this doctoral thesis, I combine empirical and 
modelling approaches to uncover the traits that 
determine dispersal ability in wood decay fungi. 
I examine the possibility of dispersal limitation 
and assess whether species’ responses to habitat 
fragmentation are related to their dispersal ability.

My results confirm that wood decay fungi have a 
very high dispersal potential. Even under moderate 
wind conditions, as much as 95% of the spores 
released by a fruit body can disperse beyond 1 km. 
Spores that are lifted above the forest canopy join the 
atmospheric spore pool that can extend around the 
world. Nevertheless, spore concentration is rapidly 
diluted with increasing distance from the source. 
Due to this distance-dependence and the rarity 
of colonisation opportunities, wood decay fungi 
that are rare in the landscape and have specialised 
resource requirements are likely to be dispersal 
limited already at the scale of hundreds of metres. 

ABSTRACT

Wood decay species differ in a number of dispersal-
related traits, creating differences in species’ 
dispersal patterns. Spore size is particularly 
important as it determines spore deposition rate 
from the air to surfaces: small spores disperse 
considerably further than large spores. However, 
the declined species are not generally less efficient 
dispersers than other species. Substrate availability 
combined with establishment probability is likely 
to be more critical for species’ persistence than 
dispersal ability.

Combined with previous findings, my results suggest 
that the decline of rare specialist wood decay fungi 
can be accelerated by the competitive advantage 
gained by common generalists as their spores 
become increasingly dominant in the airborne 
spore pool from which recruitment occurs. In small 
isolated populations, loss of genetic diversity can 
lead to decreased spore viability, further decreasing 
the probability of new colonisations. Nevertheless, 
the high dispersal potential of wood decay fungi 
provides hope that the population declines might be 
halted by sufficient increases in the amount of dead 
wood in the landscape. A better understanding of 
the factors governing establishment could help to 
develop more directed conservation and restoration 
measures.
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SUMMARY

Veera Norros

Metapopulation Research Group, Department of Biosciences, PO Box 65 (Viikinkaari 1), 
FI-00014 University of Helsinki, Finland

1. INTRODUCTION

MOVEMENT AND DISPERSAL

All organisms move, if not in the same way.  Some 
move by stretching limbs, some by surfing with the 
flow of water or air and others by growing from 
one end and dying from the other. Still, regardless 
of the variety in the details, all organismal 
movement shares some general features. Nathan 
et al. (2008) proposed a conceptual movement 
ecology framework to organise the research on all 
organismal movement around universal principles 
(Fig. 1A). The framework focuses on a single 
individual, and considers its movement path as 
the result of the interplay of the internal state 
(“why move?”), motion capacity (“how to move?”), 
navigation capacity (“where to move?”) and the 
external factors that make out the individual’s 
environment. The movement itself results in 
changes in the surrounding external conditions and 
simultaneously feeds back to the internal state of 
the individual. Of course, the internal state, motion 
and navigation capacity of the individual are largely 
shaped by evolution, and the role of what we would 
call actual individual decisions depends on the 
organism.

The most commonly used classification of 
movement types is the division between active and 
passive dispersers: active dispersers generate the 
force for the movement themselves while passive 
dispersers rely on movement in their environment 
(wind, water or other organisms). In the movement 
ecology framework, it is recognised that this division 
is quantitative rather than qualitative: external 
factors affect all movement, and active and passive 
dispersers merely differ in the relative importance 
of external and internal forces in generating the 
movement. Similarly, navigation capacity does not 
imply cognitive or even perceptual capabilities 
but incorporates all ways in which organisms 
control when and where to move, either through 
adaptations inherited from ancestors or (also) by 

individual decisions. For instance, in plants and 
fungi with airborne propagules, the conditions in 
which seeds or spores are released into the air can 
be seen as means of navigation (Holyoak et al. 2008, 
Nathan et al. 2008, Wright et al. 2008). 

While the capacity of passive dispersers to control 
movement in an evolutionary sense is an important 
point, in practise it is often not obvious how to 
separate movement and navigation capacities 
in passive dispersers (Damschen et al. 2008). 
Dispersal-related traits such as release structures 
and propagule size are related both to the “how” 
and “where” of movement. Furthermore, it should 
be kept in mind that most dispersal traits represent 
a compromise between opposing evolutionary 
forces (Damschen et al. 2008). For instance, smaller 
seeds may disperse further at the cost of lowered 
establishment success (Bruun and Ten Brink 2008, 
Muller-Landau et al. 2008). Such trade-offs limit the 
evolutionary control of movement both in passive 
and active dispersers. A further important point 
not explicitly considered in the movement ecology 
framework is that in sessile species with passively 
dispersed propagules, movement is closely linked 
with reproduction. Thus, the questions whether, 
how and when to move are not easily separated from 
the questions whether, how and when to reproduce.

Holyoak et al. (2008) used the movement ecology 
framework to assess how well different aspects 
of movement have been covered by research 
published so far. Not surprisingly, they discovered 
great differences among taxa in the state of current 
knowledge. For vertebrate animals, particularly 
birds, most topics have been covered, though 
some more thoroughly than others. Plants 
were represented in a large fraction (19%) of 
the considered studies, but most studies have 
concentrated on the links from external factors to 
motion capacity (e.g. seed properties) and further 
to movement path while few have considered the 
effects of navigation capacity (e.g. seed release 
conditions) and internal state (e.g. nutritional 
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status). The studies on fungi could hardly be 
reviewed at all, as they made out only a pitiful 1.3% 
of the considered papers. Furthermore, Holyoak 
et al. (2008) pointed out a shortage of movement 
studies combining theoretical and empirical 
approaches and considering whole species groups 
or general phenomena instead of focusing on 
individual species.

One aim of the movement ecology framework 
is to unify the confusingly heterogeneous use of 
movement-related terminology (Holyoak et al. 
2008, Nathan et al. 2008). Here, I will not go deeper 
into the different concepts and their alternative 
definitions but merely state how the two commonest 
movement terms are used in this summary 
and elsewhere in this thesis. Firstly, organismal 
‘movement’ should be understood in the sense of 
Nathan et al. (2008), i.e. as referring to all movement 
of entire organisms or their propagules but not that 
of their parts. Secondly, ‘dispersal’ is used to refer 
to the process of movement from birth site to the 
site of first (potential) breeding and between sites of 
(potential) breeding. In practise, ‘dispersal’ is used 
when focus is not on the entire movement paths but 
on the resulting displacement at the time scale of 
one generation.

DISPERSAL IN FRAGMENTED LANDSCAPES: 
COSTS, BENEFITS, STRATEGIES

Dispersal is a central process in population dynamics 
and is thus at least indirectly relevant for most, if 
not all, ecological phenomena. A topic in which 
dispersal is particularly central is the dynamics 
of populations and communities inhabiting 
fragmented landscapes. In the past few decades, 
research on this topic has increased explosively, 
not least due to the recognition of human-induced 
habitat loss and fragmentation as one of the greatest 
threats to the Earth’s biodiversity (Anonymous 
2005). In this section, I will briefly introduce the 
special challenges that habitat fragmentation poses 
to dispersal and how these are expected to affect the 
optimal dispersal strategies of different species.

In all situations, some dispersal is necessary in 
order to avoid inbreeding and competition with 
other individuals of the same species, especially 
kin, and to make sure that the whole lineage will not 
be destroyed by some local disaster (Comins et al. 
1980). However, dispersal also has costs. Movement 
itself and the development of the movement-related 

structures require time and energy, the individual 
may be more exposed to predators or other threats 
during movement, and in the end it may land in 
worse conditions than those at the starting point 
(Bonte et al. 2012). Compared to continuous 
habitat, many of these costs are likely to increase 
following habitat fragmentation, particularly 
the risk of getting lost in the areas of unsuitable 
environment (matrix) between habitat patches, 
as well as the exposure to mortality factors in the 
matrix. On the other hand, the costs of staying also 
increase, as smaller habitat patches support smaller 
populations with higher risk of local extinction 
due to size-sensitive processes such as inbreeding, 
demographic and environmental stochasticity and 
the Allee effect (Gilpin and Soulé 1986). At the 
same time, the rewards of successful dispersal can 
increase: a smaller proportion of a fragmented 
habitat network is likely to be inhabited at a given 
time, meaning that individuals that successfully 
colonise sparsely habited areas are little restricted 
by competition (Comins et al. 1980). 

The optimal solution to these opposing forces 
depends on the specific situation (Travis et al. 
2010, North et al. 2011, Poethke et al. 2011). 
For instance, North et al. (2011) predict that in 
landscapes consisting of long-lived habitat patches 
of high quality, habitat degradation selects for 
increased dispersal but the loss of habitat patches 
can also select for decreased dispersal. When 
habitat patches are short-lived, increased dispersal 
is usually selected (Travis et al. 2010, North et al. 
2011). The best strategy for an individual may not 
be the best for the population or species (Hamilton 
and May 1977, Delgado et al. 2011). Model 
simulations suggest that in some cases this can 
result in so-called evolutionary suicide: individuals 
maximize their fitness by staying put while local 
populations go extinct one by one (Travis et al. 
2010, Poethke et al. 2011, Jacquemyn et al. 2012). 
As a further complication, the accumulation of 
harmful mutations following inbreeding can 
affect dispersal-related traits as well as the overall 
individual viability (Ouborg et al. 2006).

Obviously, the costs and benefits of dispersal in 
fragmented landscapes are likely to be different for 
different kinds of dispersers (Bonte et al. 2012). In 
active dispersers with high active motion capacity 
and high navigation capacity with long perceptual 
range (e.g. many birds), locating remnant habitat 
patches may not be a problem, and the proportion 
of individuals lost in the matrix remains small 
(Bonte et al. 2012). Indeed, there is evidence that 
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better navigation capacity can sometimes evolve in 
fragmented landscapes (Ockinger and Van Dyck 
2012, Van Dyck 2012). In active dispersers with 
more restricted navigation ability (short perceptual 
range; e.g. amphibians, many invertebrates), the 
risk in dispersal can be much greater (Bonte et 
al. 2012). Selection for lowered dispersiveness in 
fragmented landscapes has been reported e.g. in 
butterflies (Baguette et al. 2003, Bergerot et al. 
2012). For species in which movement is dominated 
by external forces, such as plants with airborne 
seeds, a fast evolutionary adaptation for better 
navigation towards the preferred habitat is not a 
likely option. Consequently, the risk of getting lost 
in the matrix may be very high (Bonte et al. 2012). 
Most empirical evidence for adaptive changes in 
the dispersal of plants in fragmented habitats is for 
reduced dispersal (Riba et al. 2009, Jacquemyn et 
al. 2012).

TRAITS AS PREDICTORS FOR THREAT: ARE 
BETTER DISPERSERS LESS VULNERABLE TO 
FRAGMENTATION?

As fragmentation affects the costs and benefits of 
dispersal differently in different kinds of dispersers, 
it is natural to hypothesize that their populations 
respond differently to fragmentation over 
ecological timescales. In the last decade or so, there 
has been increasing interest in identifying species 
traits that predispose species to decline following 
fragmentation, and dispersal-related traits have 
often been among those considered. In this section, 
I will summarise the main insights gained so far, 
concentrating on dispersal but considering also 
other traits.

The first impression gained from the empirical 
studies that have related fragmentation vulnerability 
to dispersal ability is confusion. Some studies report 
that more dispersive species are less vulnerable 
(Henle et al. 2004 (plants), Ockinger et al. 2010 
(butterflies), Soons and Ozinga 2005 (plants), 
Watling & Donnelly 2007 (amphibians)), some the 
opposite (Bommarco et al. 2010 (bees), Pereira et 
al. 2004 (birds)), some no effect (Henle et al. 2004 
(birds, invertebrates), Gibb et al. 2006 (beetles), 
Pino et al. 2009 (plants)) and some that intermediate 
dispersiveness results in the lowest (Henle et al. 2004 
(invertebrates)) or highest vulnerability (Thomas 
2000 (butterflies), Blanchet et al. 2010 (fish)). 
This variety of effects is perhaps not surprising 
considering the complex effects of fragmentation on 

the costs and benefits of dispersal in different types 
of dispersers, as discussed in the previous section. 
Apart from the sensitivity to the spatial scale and 
other specific features of the considered landscapes 
(Henle et al. 2004, North et al. 2011, Gibb et al. 
2006), potential dispersal effects can be confounded 
or complicated by covariance and interactive effects 
with other traits (Ewers & Didham 2006, Henle et 
al. 2004, Freville et al. 2007, Bommarco et al. 2010, 
Davies et al. 2004) or phylogenetic patterns (Ewers 
& Didham 2006, Tremlova and Munzbergova 
2007). No doubt it would be possible and interesting 
to meta-analyse these and related studies while in 
some way accounting for the other factors, trying 
to explain all different responses by one set of 
theories. For now, about the most we can say is 
that high dispersiveness can make species more or 
less vulnerable to fragmentation depending on the 
details of the situation.

One reasonably consistent pattern linking dispersal 
features and fragmentation vulnerability is the effect 
of the dispersal vector in plants. Several studies 
have found wind dispersed plants to be more 
vulnerable to fragmentation than animal dispersed 
plants (Damschen et al. 2008, Romermann et al. 
2008, Sutton and Morgan 2009, Piqueray et al. 
2011, Saar et al. 2012). The most notable exceptions 
are cases where the plants are strongly dependent 
on specific vectors that are themselves vulnerable 
to fragmentation (Henle et al. 2004, Cramer et al. 
2007). The advantage of animal vectors is probably 
both the increased transport distances associated 
with vertebrate vectors and especially birds, and 
the directedness of the dispersal (Romermann et al. 
2008, Calvino-Cancela and Martin-Herrero 2009). 
Remembering that for passive dispersers, losing 
individuals to the matrix is likely to be a substantial 
cost of dispersal in fragmented landscapes (Bonte et 
al. 2012), the directedness could often be the more 
critical advantage.

Apart from dispersal, a number of other traits have 
been associated with increased vulnerability to 
fragmentation. Some of these are self-explanatory, 
such as small population size, large fluctuations 
in population size and biogeographical region 
associated with high human influence (Henle et 
al. 2004). A number of studies have reported lower 
vulnerability of species in which individuals are 
more resistant and/or resilient to disturbances, such 
as plants capable of clonal growth (Henle et al. 2004, 
Piqueray et al. 2011, Saar et al. 2012). On a similar 
vein, the existence of a seed bank seems to make 
plant species less vulnerable (Freville et al. 2007).
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Another trait that has been repeatedly found to 
increase fragmentation sensitivity is the degree of 
habitat or resource use specialisation: specialist 
species tend to be more vulnerable than generalists. 
The empirical evidence spans over different taxa, 
including birds and mammals (Henle et al. 2004), 
reptiles (Henle et al. 2004, Watling & Donnelly 
2007), butterflies (Ockinger et al. 2010), beetles 
(Davies et al. 2004; but no effect in Gibb et al. 
(2006)), plants (Pino et al. 2009, Piqueray et al. 
2011) as well as the wood decay fungi studied in 
this thesis (Berglund and Jonsson 2008, Hottola 
2009). Cases where specialisation had no effect or 
decreased vulnerability have also been reported 
(Gibb et al. 2006, Bommarco et al. 2010), but 
these form a minority. The higher vulnerability of 
specialists is in accordance with theory (Henle et 
al. 2004). For specialists, a smaller proportion of 
habitats are suitable, resulting in a lower chance that 
the required habitat or resource is present in a given 
fragment. This is especially the case if the required 
resource is a feature related to low human influence 
(e.g. the large naturally fallen tree trunks required 
by many declined wood decay fungi; Hottola 2009, 
Berglund et al. 2011). Furthermore, the population 
sizes supported by the fragments are expected to be 
lower and the species are likely to be more sensitive 
to changed conditions in fragments e.g. due to edge 
effects (Henle et al. 2004). Davies et al. (2004) found 
an interactive effect of specialisation and rarity on 
the fragmentation vulnerability of beetles, with 
species that were both rare and specialised showing 
higher vulnerability than expected if the effects 
were additive. Greater vulnerability of rare than 
common species has been reported elsewhere, too 
(e.g. Henle et al. 2004, Watling and Donnelly 2007, 
Hottola 2009).

THE MOVEMENT ECOLOGY AND 
FRAGMENTATION RESPONSES OF WOOD DECAY 
FUNGI

Fungi specialised to decaying wood are a highly 
polyphyletic group including several lineages of 
both ascomycete and basidiomycete fungi. While I 
use the term wood decay fungi in the general sense 
to refer to all of the different groups, it should be 
noted that in this thesis like in most of the ecological 
research so far, the focus is on the polyphyletic 
group of Basidiomycetes known as Aphyllophorales 
and especially polypores (poroid Aphyllophorales).

Wood decay fungi are an interesting species group 
from the point of view of movement ecology. As 

individuals are usually restricted to one, ephemeral 
resource unit and the appearance of resource units 
is unpredictable in space and time, sufficiently 
efficient dispersal is an absolute requirement for 
the persistence of lineages (Boddy et al. 2008). 
As in most other fungi, a network of microscopic 
hyphae that spreads through the resource unit 
makes out most of an individual, while dispersal 
occurs by microscopic spores that are released from 
macroscopic reproductive organs, the fruit bodies. 
Like other organisms relying on external forces 
for motion, the navigation capacity of wood decay 
fungi is restricted to controlling (through evolution) 
when, where and what kind of spores are released 
(Fig. 1B). The great majority of the species lack any 
obvious adaptations for animal-mediated dispersal 
and are thus considered primarily wind dispersed 
(although see Boddy and Jones 2008). Like many 
other fungi, wood decay fungi are characterised 
by small spores produced in large numbers. This 
has been considered to be an adaptation to the 
dependency on ephemeral and unpredictable 
resource (Kramer 1982, Parmasto and Parmasto 
1992): as navigation during flight is not possible, a 
high number of spores are needed to ensure that at 
least some land on a suitable substrate. In the wood 
decayer group polypores, spores that are among the 
smallest in the kingdom (down to 1 µm in terms 
of equivalent volume diameter) and high spore 
production are particularly typical (Nuss 1975, 
Kramer 1982, Parmasto and Parmasto 1992, Fischer 
et al. 2010).

Although wood decay fungi are necessarily adapted 
to efficient dispersal at the local scale, it is not 
obvious how well their dispersal strategy is suited 
to fragmented landscapes. Certainly the extent of 
the current human-induced forest fragmentation 
does not correspond to the conditions that have 
prevailed through most of the species’ evolutionary 
history (Hanski 2005). In Fennoscandia and 
generally in the boreal region, forest cover is still 
high (Kauppi et al. 2006), but natural forest area 
has decreased dramatically compared to its former 
area (Kouki et al. 2001). Fennoscandian production 
forests are a dramatically different habitat for wood 
decay fungi than natural forest: the amount of dead 
wood is much lower in general and certain specific 
types of decaying wood are especially rare (Siitonen 
2001, Jonsson et al. 2005).

A considerable proportion of Fennoscandian wood 
decay species have declined following the habitat 
loss and fragmentation. In Finland and Norway, 
currently more than 40% of all polypore species 
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are red-listed (Brandrud et al. 2010, Kotiranta et al. 
2010). It is clear that the drop in the amount of the 
resource is the most important factor behind the 
decline (Hottola et al. 2009, Junninen and Komonen 
2011). However, a number of studies examining 
species’ occurrence patterns have shown that many 
species also benefit from habitat connectivity: 
their occurrence probability on a unit of suitable 
substrate is higher in sites containing more 
substrate, in landscapes with a larger proportion of 
suitable habitat and in areas with a shorter history 
of forest fragmentation (Berglund and Jonsson 
2008, Hottola 2009, Stokland and Larsson 2011). 
Population genetic studies have confirmed that 
genetic diversity has declined in some isolated 
populations (Hogberg and Stenlid 1999, Franzen et 
al. 2007).

Not all Fennoscandian wood decay species have 
declined, however; some have not been affected and 
others even benefit from fragmentation (Hottola 
2009). Attempts to relate the different responses to 
species traits have so far revealed that fragmentation 
vulnerability is higher in specialist than generalist 
species, in species that decay primarily spruce, in 
species in which fruit bodies appear at intermediate 
to late stages of decay, in species preferring large, 
naturally fallen trunks, in annual species, in rare 
species, and in species with small spores (Hottola 
2009, Stokland and Larsson 2011, Berglund and 
Jonsson 2008, Berglund et al. 2011). Furthermore, 
Stokland and Larsson (2011) found that the less 
well studied corticioid fungi (Corticiaceae) have 

been more adversely affected by forest management 
than the more extensively studied polypores.

2. AIMS OF THE THESIS

In this doctoral thesis, I study the dispersal of 
wood decay fungi occurring in the fragmented 
forest landscape of Fennoscandia. This thesis was 
motivated by the evidence provided by earlier 
research that the spatial configuration of the 
network of substrate and habitat patches is relevant 
for the population dynamics of wood decay fungi 
(Hottola 2009 and other studies cited in the 
previous section). These results suggest that the 
occurrence of some species is dispersal limited; 
on the other hand, fungi and other microscopic 
organisms have traditionally been considered 
highly efficient dispersers (e.g. Finlay 2002, see Peay 
et al. 2010a and references therein for discussion). 
A second important incentive was the realisation 
that compared to animals and plants, there is very 
little mechanistic knowledge of fungal dispersal in 
general and of the species traits that are important 
for dispersal in particular. In this thesis, I apply 
both empirical approaches and mechanistic and 
empirical modelling in an attempt to understand 
how dispersal ability is determined in wood 
decay fungi and how dispersal ability relates to 
the species’ responses to habitat fragmentation. 
Apart from providing new insights into movement 
ecology of fungi and the study of the determinants 

Figure 1. The conceptual movement ecology framework in the general form according to Nathan et al. (2008; A) and 
applied to wood decay fungi (B). In (B), the factors affecting the movement path (green) are colour-coded as in (A): yellow 
= internal state, blue = motion capacity, red = navigation capacity, grey = external factors. Note that in (B) the division 
between navigation and motion capacity is somewhat arbitrary – for instance, spore aerodynamic properties could also 
be considered as part of navigation capacity. The term deposition is here used in the aerosol dynamic sense, i.e. as the 
combination of processes removing spores from the air to surfaces.
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and consequences of dispersal in fragmented 
landscapes, this thesis attempts to shed light to the 
mechanisms behind wood decay species’ observed 
population trends. Such knowledge is obviously of 
great value for developing appropriate conservation 
measures for these species.

In Chapter I, together with co-authors, I address the 
fundamental controversy mentioned above: given 
that wood decay fungi produce billions of tiny spores 
that should be capable of intercontinental transport 
in the atmosphere, can their occurrence still be 
limited by dispersal? To answer this question, I first 
use a large empirical data set of the dispersal of one 
species to predict the typical spore rain (number 
of landing spores per unit time and area) around 
a fruit body. Then, I compare the magnitude of the 
spore rain with the available empirical knowledge 
on the establishment probability of spores of wood 
decay fungi. 

In Chapters II, III and IV, my co-authors and I 
concentrate on two specific dispersal-related traits 
of wood decay fungi: their spore viability (II) 
and spore aerodynamic properties (III, IV). We 
collected empirical data from a number of species 
and use it to ask whether there is species-specific 
variation in the dispersal-related traits, how it is 
related to the morphological characteristics of 
the spores, and how relevant it is likely to be for 
the dispersal ability of the species. In considering 
spore aerodynamic properties and their relevance 
(Chapters III-IV), we concentrate on the aerosol 
dynamic process of deposition, the net transport 
of particles from the air to surfaces. In Chapter 
II, we also use a large spatial data set spanning 
across Sweden and Norway to test whether there 
is evidence for decreased spore viability in isolated 
populations of wood decay fungi. 

Apart from summarising the main findings of 
Chapters I-IV, in this summary I use the empirical 
data on dispersal-related traits collected in Chapters 
II-III and in two still unpublished studies to assess 
whether dispersal ability is related to species’ 
fragmentation responses as reported by Nordén 
et al. (in press; a modified version of Chapter II in 
Hottola 2009). More specifically, I use ordination 
by non-metric multidimensional scaling to analyse 
how dispersal-related traits vary and covary among 
species. Using the ordination, I test whether species 
that are similar in their dispersal traits have also 
been similarly affected by fragmentation.

Each of the Chapters I-IV of this thesis was very 
much a group effort requiring the combined 
expertise of several researchers representing 
different fields of biology or (in Chapters III-IV) 
physics. In the following, I thus use ‘we’ whenever 
referring to research efforts made in Chapters I-IV 
and ‘I’ when referring to ideas and efforts in this 
summary or generally in the whole thesis.

3. MATERIAL AND METHODS

MEASURING DISPERSAL

Ideally, this thesis would have included direct, 
comparative data on the dispersal of a number of 
different wood decay species, measured under 
identical conditions. However, measuring the 
movement of invisible spores in their complex 
natural environment presents considerable 
empirical challenges and requires a lot of work, 
money or both. Hence, we made direct dispersal 
measurements under field conditions for only one 
species, the rare old-growth forest specialist Phlebia 
centrifuga (Corticiacea). These were combined 
with a previously collected but unpublished, larger 
set of similar dispersal data from the same species 
but measured under different wind and canopy 
conditions. The complete data set is presented and 
analysed in Chapter I and used in the validation of 
a mechanistic model in Chapter IV.

The dispersal measurements with P. centrifuga were 
based on the mycelial trapping method developed 
by Adams et al. (1984) and Williams and Todd 
(1984). The method is based on the sexual fusion 
of two haploid mycelia: a host mycelium grown in 
culture and a colonising mycelium grown from a 
spore that has landed on the culture. Diploid (i.e. 
fused) and haploid mycelia of the study species can 
be distinguished microscopically. Based on this 
principle, it is possible to determine whether or 
not at least one (viable and compatible) spore has 
landed on the trap but not to quantify the exact 
number of spores. We quantified the spore rain 
around a single group of fruit bodies by placing large 
numbers of such spore traps in different directions 
and distances up to 1,000 m from the source. At the 
same time, we monitored the horizontal wind speed 
and direction as well as the spore production of the 
fruit bodies acting as the spore source. Altogether, 
our data set includes 20,333 presence/absence data 
points, collected in seven individual experiments 
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and two control experiments in which there was no 
spore source, each lasting 5-24 hours.

MEASURING DISPERSAL-RELATED TRAITS

In Chapter II, we measured different aspects of 
spore viability: the initial germinability of spores 
(the proportion of spores germinating prior to any 
treatment) and the resistance of spore germinability 
to solar radiation and freezing treatments intended 
to simulate extreme conditions that spores can 
encounter in the atmosphere. Altogether 44 species 
collected from two sites in Finland and a number 
of different sites in Sweden and Norway were 
included in the measurements. Using a hierarchical 
community modelling approach (Royle and 
Dorazio 2006, Ovaskainen and Soininen 2011) 
combined with Bayesian parameter estimation 
(Gelman et al. 2004), we analysed whether spore 
viability was lower in individuals occurring at more 
isolated sites and how spore viability was related to 
morphological spore characteristics. In addition, 
we used the data on the resistance of spores to solar 
radiation to calculate the average distance by which 
the viability of dispersing spores is expected to 
have dropped by 50% under given wind and solar 
irradiance conditions. 

In Chapter III, we measured spore aerodynamic 
diameter and spore deposition velocity towards 
surfaces using laboratory setups including aerosol 
measuring equipment. Aerodynamic diameter of 
a spore is defined as the diameter of a spherical 
particle with unit density (1 g/m3) that has the same 
terminal settling velocity as the spore (e.g. Hinds 
1999). By definition, spore aerodynamic diameter 
can be converted into spore settling velocity, which 
is generally expected to be important for dispersal 
and a standard parameter required by mechanistic 
models of airborne dispersal (Nathan et al. 2011). 
Deposition can occur through a number of 
mechanisms, including gravitational settling (e.g. 
Petroff et al. 2008a). In the size range of the spores 
of wood decay fungi (equivalent volume diameter 
1-10 µm), deposition velocity is expected to be 
particularly size-sensitive, increasing by as much 
as two orders of magnitude when particle size 
increases from 1 to 10 µm. We analysed how these 
aerodynamic properties are determined by spore 
morphology using traditional statistical methods. 
To gain physical insight into the deposition process, 
we also examined the ability of a mechanistic 
deposition model (Hussein et al. 2012) to reproduce 

the deposition data. The deposition data was also 
used to parameterise the deposition model (Petroff 
et al. 2008b) used in the mechanistic dispersal 
modelling in Chapter IV.

MODELLING DISPERSAL

Kuparinen (2006) classified the models 
used to describe the dispersal of airborne 
propagules into four broad categories: 1) simple 
submodels incorporated in larger models of e.g. 
metapopulation dynamics, 2) empirical models, 3) 
quasi-mechanistic models and 4) fully mechanistic 
models. In the chapters of this thesis, we use 
modelling approaches of categories 3) and 4), 
corresponding to different modelling aims.

In Chapter I, we had two related aims in the 
modelling: firstly, to use the empirical data to 
quantify how spore rain around the source depends 
on the distance from the source as well as the 
wind speed and direction; and secondly, to deduce 
from the data what magnitude of spore rain can 
generally be expected around a single fruit body, 
taking into account stochastic daily and hourly 
variation in wind conditions. We wanted the results 
to be strongly based on the empirical data while 
still incorporating enough mechanistic properties 
for the relation to wind speed and direction to be 
sensible. Hence, we selected a modelling approach 
that is essentially quasi-mechanistic according to 
Kuparinen (2006). However, I prefer the term semi-
empirical in this case, as it underlines the strong 
role of empirical data and avoids the impression 
that we believe the mechanistic assumptions of the 
models to be true. 

We formulated and compared two different semi-
empirical dispersal models. Both models are two-
dimensional and do not explicitly consider the 
vertical dimension. The first is an extension of the 
empirical power law model (e.g. Fitt et al. 1987), in 
which the slope of the decrease in the number of 
spores per area with increasing distance is assumed 
to be linear on a log-log scale. The mechanistic 
element that we added to the model was allowing 
the slope of the decrease (also called dispersal 
gradient for brevity; e.g. Fitt et al. 1987) to depend 
on wind speed and direction. The second model 
was an advection-diffusion model in which the 
advection term was equated to the measured 
average horizontal wind speed and direction. The 
diffusion coefficient and the rate of spore removal 
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from the dispersing plume were allowed to depend 
on the minute-to-minute variance in the horizontal 
wind vector.

In Chapter IV, the aim of the modelling was to see 
how accounting for the aerosol dynamic process of 
deposition in a realistic way is expected to affect the 
probability distribution of dispersal distances (also 
called dispersal kernel). In particular, we wanted 
to see how the sensitivity of the dispersal kernel 
to spore size changes when deposition is included. 
As the mechanistic dispersal process was of central 
interest here, fully mechanistic dispersal modelling 
(category 4) was the natural choice. We adopted a 
Lagrangian stochastic dispersal model, essentially 
the same as in Kuparinen et al. (2007), and 
supplemented it with the mechanistic deposition 
model developed by Petroff et al. (2008b). We used 
the Lagrangian stochastic approach, as it has been 
found to perform well in simulating the stochastic 
short-term variation in three-dimensional wind 
speeds that we expected to be crucial for accurate 
reproduction of the dispersal of microscopic spores 
(Kuparinen 2006, Nathan et al. 2011). Furthermore, 
the approach has become widely used in movement 
studies and is especially suited for assessing the 
sensitivity of the dispersal process to various factors 
at the spatial scale on which we focus (up to 1,000 
m; Nathan et al. 2011). We validated our Lagrangian 
stochastic model including deposition (named 
LSD model) using the dispersal data first reported 
in Chapter I and compared its performance in 
predicting the data to that of the semi-empirical 
models described above. In the validation, the 
prediction of the LSD model was obtained from 
first principles independently of the data, with the 
exception of one parameter that adjusted the overall 
level of spore rain so that the fit with the number of 
positive observations was maximised.

RELATING DISPERSAL TRAITS TO 
FRAGMENTATION RESPONSES

For this thesis summary, I performed a non-
metric multidimensional scaling analysis (NMDS; 
Oksanen et al. 2008) in order to explore correlations 
between species’ dispersal-related traits and to 
test whether dispersal traits explain the species’ 
population responses to habitat fragmentation. I 
included altogether six dispersal-related variables: 
spore volume (log-transformed), initial spore 
germinability (logit-transformed), spore light 
resistance (log-transformed), fruit body growth 

height (categories 1-5 from lowest to highest), 
spore production rate (unit spores/cm2/year, log-
transformed) and fruit body size (categories 1-3 
from smallest to largest); as well as three variables 
describing the species’ connectivity responses: 
the response to small-scale connectivity (S1; 
connectivity describing the local resource density), 
intermediate-scale connectivity (S2; connectivity 
describing the amount of habitat in the surrounding 
landscape) and large-scale connectivity (S3; 
connectivity describing the position along a 
regional gradient of land use intensity) (Appendix 
1, Table A1). For simplicity, the ordered categorical 
variables were designated integer values 1-5 or 1-3, 
respectively, and treated as if they were continuous. 
All variables were standardised to zero mean and 
unit variance before the analysis.

The connectivity responses were adopted 
from Nordén et al. (in press). The connectivity 
responses are values of regression coefficients 
of a hierarchical model fitted to an extensive set 
of fruit body occurrence data from 496 sites in 
eastern Fennoscandia, describing the effect of the 
connectivity of a forest site at three different scales 
on the probability of fruit body occurrence on a 
suitable substrate unit at that site. An estimate for 
the suitability of different substrate units for each 
species was obtained from the same data through 
another component in the hierarchical model. 
Small-scale connectivity (S1) was defined as the 
density of suitable substrate units at the focal site, 
intermediate-scale connectivity (S2) as the average 
age of the surrounding forest weighted by distance 
from the focal site by a negative exponential 
function, and large-scale connectivity (S3) as 
the position of the focal site along the historical 
fragmentation gradient from the heavily managed 
southwestern Finland to the still more preserved 
eastern Finland and northwestern Russia. A positive 
(/negative) response to the connectivity variables 
indicates that for a substrate unit of a given quality, 
the occurrence of the species is more (/less) likely 
if the substrate unit is situated in a more connected 
site.

For species-specific spore volume and fruit body 
size, I adopted the values used in Nordén et al. 
(in press). I included spore volume instead of 
aerodynamic diameter as it was available for a 
larger number of species and these variables were 
found to be highly correlated in Chapter III. Initial 
spore germinability and spore light resistance were 
species averages estimated in Chapter II. For species 
included in more than one data set in Chapter II, I 



15

MEASURING AND MODELLING AIRBORNE DISPERSAL IN WOOD DECAY FUNGI

took an average of the standardised responses in the 
different data sets.

For the values of spore production rate and fruit 
body growth height, I used data from two still 
unpublished studies. In the first study (Norros 
et al. (in prep.)), spore production rate of wood 
decay fungi occurring on 107 study logs at an old-
growth forest site (Halme and Kotiaho 2012) was 
monitored monthly from May to October over two 
years. At each monitoring, spore production of 1-4 
fruit bodies of the species occurring on each log 
was measured by collecting spore prints on plastic 
foil pieces attached to the spore-producing surface 
(hymenophore) of fruit bodies overnight. To obtain 
a rough estimate of the total yearly spore production 
per unit hymenophore area for each species, I 
first calculated monthly means over all sampled 
fruit bodies and then calculated yearly means by 
assuming a constant rate of spore production in 
each month (May-October), corresponding to the 
calculated averages, while no spore production was 
assumed to occur in November-March. In order to 
obtain an estimate of spore production potential in 
a good year, I took the maximum of the two yearly 
values as the estimated yearly spore production of 
the species. I included only species for which at least 
10 samples were collected in the course of the study.

The second study (Norros and Halme (in prep.)) is 
based on systematically gathered expert knowledge 
on the typical growth sites of fruit bodies of 123 
polypore species. The experts were asked to fill in 
a query form in which they estimated the relative 
occurrence of the fruit bodies of each species in 
different growth site classes, based on their personal 
sightings alone. They were also asked to estimate 
the total number of their sightings of each species. 
Ten experts with a combined experience amounting 
to 3,550 field days in the study of Fennoscandian 
polypores filled in the query. For the NMDS 
analysis, the ordered growth height categories were 
defined as 1) within decaying logs or pressed against 
the ground on the underside of decaying logs, 2) < 
0.2 m above ground on the underside of decaying 
logs, in litter or on tree roots, 3) below 1 m height 
but not belonging to classes 1-2, 4) at 1-5 m height, 
5) at > 5 m height. As the species-specific growth 
height estimate, I adopted the median class (1-5) 
over the combined sightings of all experts.

In the NMDS analysis, I first created an ordination 
of the different species according their similarity 
in the dispersal-related traits. As all variables were 
standardised, I used Euclidean distance as the 

similarity measure. Then, I fitted vectors illustrating 
the connectivity response variables S1-S3 to the 
ordination so that the correlation with the species-
specific values was maximised (Oksanen et al. 
2008). I also fitted vectors illustrating the ordinated 
dispersal variables in order to show the directions 
of the original variables in the obtained ordination. 
The statistical significance of the fit of the vectors 
was assessed by a permutation test (Oksanen et al. 
2008). As values of all nine variables were available 
only for 16 species, I repeated the analysis for those 
species for which all except the viability variables 
were available (23 species), and those species for 
which all variables except spore production were 
available (28 species), omitting the viability and 
spore production variables from the respective 
analyses.

4. RESULTS AND DISCUSSION

DISPERSAL MODELS AND THEIR PERFORMANCE

When fitted to the P. centrifuga dispersal data, both 
semi-empirical models were able to reproduce 
the general pattern of spore rain as a function of 
distance, wind speed and direction (Fig. 2; Chapter 
I). However, the power law model tended to 
underestimate deposition at 3-55 m distances from 
the source and overestimate it at shorter and longer 
distances. The more mechanistic diffusion model 
had no obvious systematic bias. The fit of both 
models improved when combined with a data model 
that allowed overdispersion, suggesting that spores 
may not mix homogeneously in the spore cloud but 
tend to be carried in groups within more discrete air 
packages. This is a physically interesting result that 
finds support also in the theory of turbulent fluid 
movement (Shraiman and Siggia 2000).

The prediction of the mechanistic LSD model agreed 
reasonably well with the observations (Chapter 
IV). However, the model tended to overestimate 
spore rain at the first 7 metres and underestimate 
it further away, especially at 7-55 metres. The bias 
was qualitatively similar but more pronounced 
when the deposition process was excluded from the 
model. Even when only part of the data was used 
in their parameterisation, both semi-empirical 
models performed better than the mechanistic 
model in predicting the remaining data. On the 
other hand, the semi-empirical models required a 
relatively large data set incorporating different wind 
conditions before model parameters could be well 
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identified, whereas the mechanistic models were 
parameterized independently of the dispersal data.

In contrast to many results from the modelling 
of airborne dispersal of plant seeds (Nathan et al. 
2002, Soons et al. 2004, Kuparinen 2006, Nathan 
et al. 2011), we did not find any particular set of 
conditions in which the mechanistic model would 
clearly outperform the semi-empirical models. It 
is possible that the ability of mechanistic models 
to simulate turbulence is more critical for plant 
seeds than for microscopic spores. For instance, 
our LSD model predicts that the majority of spores 
of 1-10 µm in aerodynamic size are lifted above 
the canopy and carried beyond 1,000 m from the 
source. Thus, the rare extreme conditions that are 
better produced by the more complex mechanistic 
models are not needed to produce long-distance 
dispersal in microscopic spores. We conclude that 
for microscopic spores, both mechanistic and 
simpler semi-empirical models are useful and the 
optimal model type depends on the specific aims of 
the modelling.

DISPERSAL LIMITATION IN WOOD DECAY 
FUNGI?

The number of spores arriving at any given location 
and time is the outcome of a combination of 

stochastic processes and very difficult to predict. 
However, as a long-term average over different 
wind and spore production conditions, our fitted 
diffusion model predicts that at least 1,000 spores 
per square metre per day can be expected to land 
at any given location up to 20-30 metres from a 
decaying log with fruit bodies amounting to a total 
30 x 30 cm hymenophore area (Fig. 3; Chapter I). 
The density of the spore rain is rapidly diluted with 
increasing distance and drops below 1  spore/m2/
day at ca. 500 metres.

While spore rain from the local source decreases 
rapidly towards longer distances, our fitted model 
predicts that as many as 100 spores/m2/day can be 
expected to arrive from distant (> 2.5 km) sources 
in P.  centrifuga despite its rarity particularly in 
the management-dominated forest landscapes 
in Central Finland where we performed one of 
the experiments. As discussed in Chapter I, this 
particular value is probably an overestimation – 
data from the control experiments alone would 
suggest a background spore rain of 20–30  spores/
m2/day. In either case, this is in accordance with 
the model prediction in Chapter IV  that in wood 
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Figure 2. Comparison between measured dispersal data 
(Chapter I) and the fitted semi-empirical (Chapter I) 
and mechanistic models (Chapter IV). The data has been 
pooled over different dispersal experiments and divided 
into seven distance classes. The observed proportion of 
occupied traps in each distance class (columns) and the 
95% credibility intervals of the mean occupancy values 
predicted by the models (error bars; from left to right: 1) 
LSD = Lagrangian stochastic turbulence model (LS) with 
deposition, 2) LS without deposition, 3) the power law 
model, 4) the diffusion model.
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Figure 3. Average spore rain at a given distance from 
a single fruit body source as predicted by the diffusion 
model fitted to the dispersal measurements (Chapter 
I). Black lines show the daily spore rain around a source 
amounting to 900 cm2 of spore-prdoucing hymenophore 
area, averaged over 1,000 different combinations of 
wind and spore production conditions. Grey lines show 
the estimated level of background deposition during the 
experiments. The black lines show the median (solid) 
and the 0.025 and 0.975 quantiles (dashed) of the model 
prediction. The pink and blue lines show roughly the highest 
average spore rain below which Edman et al. (2004c; F. 
rosea) or Olsson (2008; P. centrifuga, S. odora, F. pinicola) 
observed no colonisations on 18 m2 of available substrate in 
the course of five years.
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decay fungi and most likely in other organisms that 
produce large numbers of microscopic propagules, 
a large proportion of the spores is carried beyond 
the immediate vicinity of the source and joins 
the atmospheric spore pool. From there, spores 
can be transported theoretically anywhere in the 
world (Wilkinson et al. 2012), while the amount 
of suitable habitat (and thus spore sources) in the 
surrounding landscape determines the magnitude 
of the background spore rain at a given location 
(Edman et al. 2004a, Edman et al. 2004b).

It is clear from the above that when assessing the 
possibility of dispersal limitation of wood decay 

fungi and organisms with similar propagule size 
and production, the question is not whether spores 
can get there at all but whether enough spores 
arrive to ensure colonisation. Thus, knowledge of 
the establishment process becomes critical. What is 
the probability that a spore landing on what to us 
seems like suitable substrate actually colonises the 
substrate, and how is it affected by the abundance 
of other species in the air and on the substrate? 
How common are the microsite-level windows of 
opportunity, the combinations of biotic and abiotic 
conditions that allow colonisation, in space and 
time? Unfortunately, very little empirical data exists 
to answer these questions. According to the perhaps 
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Figure 4. The effect of spore size on deposition and further to dispersal. A) Deposition velocity on spruce needles under 
flow speed 1.4 m/s as a function of spore aerodynamic diameter (Da), as predicted by the model of Petroff et al. (2008b) 
fitted to the deposition data in Chapter III. The data points are measured values obtained at this flow speed (the rest of 
the data used in the fitting was measured under other conditions). B-C) Dispersal kernels simulated by the Lagrangian 
stochastic turbulence model with (LSD) and without (LS) including the deposition submodel (Chapter IV). The kernels 
for all scenarios are shown in both differential (dN/(NdR); unit 1/m) and cumulative form (integrated over the differential 
kernel; unitless). Blue: Da = 1 µm; green: Da = 3.8 µm; red: Da = 10 µm. Solid: all spores, dashed: spores that have been 
transported above the canopy at least once by distance R. The simulations were done assuming a spruce canopy of 20 m 
height, friction velocity 0.5 m/s and release height 0.4 m.
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best available empirical knowledge that is available 
for this species group (Edman et al. 2004c, Olsson 
2008), the establishment probability of a single spore 
landing on potentially suitable substrate (dead wood 
of a suitable tree species) is likely to be very small, in 
the order of one in a million. Furthermore, the data 
of Edman et al. (2004c) and Olsson (2008) suggest 
that the establishment probability of the common 
generalist Fomitopsis pinicola was 5-10 times higher 
than that of the rare specialists Fomitopsis rosea, P. 
centrifuga and Skeletocutis odora. Combining these 
values with the estimated average spore rain around 
a fruit body, we conclude that wood decay species 
that are rare in the landscape and whose substrate 
requirements are specialised are likely to be 
dispersal limited already at tens-hundreds of metres 
from the nearest fruit body. This result is in good 
accordance with the well-established finding that 
specialist wood decay fungi are more vulnerable to 
habitat fragmentation (Berglund and Jonsson 2008, 
Hottola 2009, Berglund et al. 2011, Stokland and 
Larsson 2011).

As discussed in Chapter I, the claim that some (but 
not all) wood decay fungi are dispersal limited is in 
good accordance with results from empirical studies 
of occurrence and population genetic patterns. 
It is also in agreement with the finding that spore 
viability is lower in the more isolated populations 
of some species, suggesting inbreeding depression 
due to reduced gene flow (Chapter II, Edman et al. 
2004a). Empirical evidence for dispersal limitation 
has in recent years been found in other fungi, 
too (Lekberg et al. 2007, Peay et al. 2010b). It is 
becoming increasingly clear that microscopic size 
alone is not a sufficient condition for unrestricted 
dispersal and gene flow.

SPECIES TRAITS AND THEIR RELEVANCE FOR 
DISPERSAL

According to the results of Chapters III-IV, spore 
size is definitely a relevant dispersal trait in wood 
decay fungi and other species with microscopic 
propagules (Fig. 4). As pointed out by Kuparinen 
et al. (2007), for propagules in the 1-10 μm size 
range settling velocity is so small (0.05-5 mm/s; 
Chapter III) that its effect on the movement path 
through gravitational downwards drift is negligible. 
However, when the air carries spores close to a 
surface, 10 μm spores have a much higher probability 
of being deposited than 1 μm spores. Accounting 
for this, the predicted dispersal kernel becomes 

very sensitive to spore size. We also found thick-
walled spores to be aerodynamically slightly larger 
and thus less dispersive than thin-walled spores, but 
the effect was much weaker than the effect of size. 
Among the species included in Chapter III, spore 
shape did not affect spore aerodynamic size and 
deposition. Thus, our results suggest that as far as 
the movement in the air is concerned, an estimate 
of spore volume gives a reasonably good summary 
of the species’ motion capacity (but see Roper et al. 
(2008) for an example of aerodynamically optimal 
spore shape in an Ascomycete fungus with explosive 
spore discharge). 

When not only movement but also the subsequent 
probability of colonisation is considered, 
temperature and solar radiation become relevant 
external factors for determining dispersal success. 
According to the results of Chapter II, freezing 
temperatures and especially solar radiation are 
relevant mortality factors for the spores of wood 
decay fungi. Thick spore walls appear to provide at 
least partial protection against radiation damage. 
Unfortunately, we cannot predict the spatial scale 
at which radiation mortality is important very 
precisely, but it must certainly restrict the otherwise 
practically unlimited maximal dispersal distances 
(Wilkinson et al. 2012). Species that have been found 
to be sensitive to fragmentation tended to have 
more light-sensitive spores than others, suggesting 
that light-induced mortality could be relevant also 
at landscape and regional scales. Although we did 
not simulate the specific conditions at the forest 
floor, the general sensitivity to external conditions 
and ready germination would suggest that at least 
those wood decay fungi with thin-walled spores are 
unlikely to form a long-lived spore bank. This would 
be in contrast to the ectomycorrhizal Rhizopogon 
species studied by Bruns et al. (2009) which had 
thus far retained and even increased their ability to 
infect tree roots for four years in the soil. However, 
as the existence of a spore bank would have very 
important consequence to the species’ dynamics, 
it would be interesting to confirm the decrease 
of spore viability under natural conditions by an 
experimental approach comparable to that of Bruns 
et al. (2009).

Species with larger spores had higher initial spore 
germinability (Chapter II). Taken together with 
the effect of spore size on the airborne transport 
(Chapters III-IV), this suggests that there is a 
trade-off between expected dispersal distance and 
establishment probability in wood decay fungi. 
As a further evolutionary force directed at spore 
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size, Stolze-Rybczynski et al. (2009) explained 
how spore size (and shape) in Basidiomycetes 
is constrained by the requirements of the 
ballistospore discharge mechanism. Among fungi, 
spore size has also been found to be correlated 
with fruit body size (Meerts 1999, Kauserud et al. 
2008), nutritional mode (Matsumoto and Tajimi 
1985, Parmasto and Parmasto 1992, Kauserud et 
al. 2008) and phenology (Kauserud et al. 2011). 
Clearly, spore size is an important trait in fungi, and 
it would be interesting to analyse the relationships 
between spore size, other morphological traits and 
ecological features across fungal species and larger 
groups. Such an analysis could also shed light on 
the interesting finding made by Hottola (2009) 
that small spore size is related to fragmentation 
sensitivity in wood decay fungi.

Species traits related to the time and place of spore 
release were not considered in the chapters of this 
thesis. However, as means of navigation in the 
sense of Nathan et al. (2008), they are likely to be 
very relevant for dispersal (Jongejans and Telenius 
2001, Soons et al. 2004, Schippers and Jongejans 
2005, Savage et al. 2010, Reynolds 2011, Savage 
et al. 2012). According to Nuss (1975) as well as 
the preliminary results of Norros et al. (in prep.), 
there are certainly great differences between 
the seasonal timing of spore production among 
wood decay fungi. The differences in seasonal 
and diurnal patterns are likely to be especially 

Figure 5. NMDS ordination of species of wood decay 
fungi based on their similarity in dispersal-related 
traits. Species are shown by their abbreviated names, with 
colour indicating preferred host tree species according to 
Nordén et al. (in press): red = spruce, black = conifers, 
grey = deciduous species, magenta = generalist. Green 
vectors show the direction of increase of the dispersal 
traits (Sporeprod = spore production rate (spores/cm2/
year), Ger = initial spore germinability, Frbsize = fruit 
body size, Sporevol = spore volume, Grheight = fruit 
body growth height, Lightres = spore light resistance), 
blue vectors the connectivity response variables, fitted 
to maximise the correlation with the species-specific 
values (S1 = local resource connectivity, S2 = landscape 
connectivity, S3 = regional connectivity). The characters 
after the vector labels indicate the significance of the 
correlation according to a permutation test: _ → P < 
0.1; _x → P < 0.05; _xx → P < 0.01; _xxx → P < 0.001. 
A) all variables (16 species), B) excluding initial spore 
germinability and spore light resistance (23 species), C) 
excluding spore production rate (28 spp.). For details of 
the analysis and the individual variables, see text. 
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important, as they probably coincide with variation 
in the external factors (atmospheric conditions, 
including the probability of rain; canopy density and 
solar irradiance) that have been found to influence 
dispersal (Chapters I-IV). The expert evaluation 
in Norros and Halme (in prep.) confirmed that 
there is also considerable species-specific variation 
in the typical fruit body growth heights in wood 
decay fungi (Table 1). The LSD model in Chapter 
IV predicts that the dispersal kernel of microscopic 
spores is not as sensitive to spore release height 
as has previously been found for airborne plant 
seeds (e.g. Nathan et al. 2002, Soons et al. 2004). 
Nevertheless, release height still has a clear effect 
especially on the density of the spore rain in the first 
tens of metres from the source. 

 PATTERNS IN DISPERSAL TRAITS AND 
CONNECTIVITY RESPONSES AMONG WOOD 
DECAY FUNGI

The NMDS analysis revealed some interesting 
patterns in the variation of dispersal-related traits 
among species of wood decay fungi (Fig. 5). The 
previously reported associations between spore 
size and germinability (Chapter II) and spore size 
and fruit body size (Meerts 1999, Kauserud et al. 
2008) can also be seen in the ordination. A new 
result was that spore light resistance was associated 
with higher typical fruit body growth site among 
the studied species. As a larger proportion of spores 
produced higher in the canopy is lifted above the 
canopy (Chapter III), light resistance could be of 
particular benefit for these species; on the other 
hand, the majority of spores produced closer to 
the ground is also expected to be uplifted. Light 
resistance could also be associated with resistance 
to desiccation – both might be beneficial if the 
colonisation, too, occurs high in the canopy e.g. 
via wounds in the branches of standing trees. Spore 
production rate was not associated with any of the 
other traits, including spore size. This suggests that 
there may not be a strong trade-off between spore 
size and number in wood decay fungi, although it 
should be remembered that the uncertainty in the 
spore production estimates is high.

Wood decay species associated with different 
host trees had some differences in their dispersal-
related traits. Species associated with deciduous 
trees were characterised by larger fruit bodies 
and spores as well as higher germinability. In the 
analysis without spore production rate, deciduous-

dwellers also tended to have higher growth sites 
and light resistance (Fig. 5C). Host tree generalists 
were not particularly similar to each other in 
terms of dispersal traits – if anything, they were 
characterised by not being extreme in any trait. 
Differences according to host trees are potentially 
interesting, as they could suggest different dispersal 
strategies in species with different resource and 
habitat dynamics (Stokland and Larsson 2011). 
Furthermore, species associated with different host 
trees have been found to respond differently to 
fragmentation, with spruce-related species being 
especially vulnerable (Penttila et al. 2006, Hottola 
2009, Stokland and Larsson 2011). However, these 
patterns should be confirmed in a more extensive 
analysis including more species before interpreting 
them further.

Connectivity responses reported by Nordén et al. 
(in press) were not be significantly related to the 
ordination based on dispersal-related traits. Only 
local resource connectivity (S1) was even moderately 
significantly associated with the ordination (P = 
0.14 / 0.07 / 0.10 in 5A-C, respectively). If anything, 
S1 was negatively associated with low growth height 
(5A-B but not C), high spore production rate (5B) 
or low germinability (5C). Perhaps the most we can 
say is that species-specific variation in dispersal 
may be more relevant for the occurrence patterns at 
the local scale than at landscape or regional scales. 
Hopefully, more extensive analyses will clarify the 
pattern in the future.

5. SYNTHESIS AND PERSPECTIVES

The results of this thesis show that although the 
spores of wood decay fungi have a very high 
motion capacity, the occurrence of some, especially 
specialist species is still likely to be dispersal limited. 
Dispersal limitation can arise due to the very small 
probability of successful establishment by any 
given spore, combined with a low total amount of 
spore sources in the landscape contributing to the 
airborne spore pool. The results also confirm that 
there is considerable variation between species 
in dispersal-related traits which is likely to give 
rise to marked differences in the species’ expected 
dispersal distances and colonisation potentials. 
However, according to the preliminary analysis 
in this summary, differences in dispersal ability 
do not appear to explain why some species are 
more vulnerable to fragmentation than others. 
The differences in substrate specialisation and 



21

MEASURING AND MODELLING AIRBORNE DISPERSAL IN WOOD DECAY FUNGI

establishment success (which can in practise be 
hard to separate from each other) are probably 
the most important traits for explaining species’ 
fragmentation vulnerability.

In the light of these and previous results on the 
effect of fragmentation on wood decay fungi, it 
is possible that some species find themselves in 
a feedback loop of decreasing population size 
(extinction vortex; Gilpin and Soulé 1986). As the 
habitat is fragmented, species with narrow windows 
of colonisation opportunity and low density of 
spore sources in the landscape (rare specialists) 
can become increasingly dispersal limited and start 
to decline. The dominance of common generalist 
species in the airborne spore population would 
then increase, giving them a competitive advantage 
and making colonisation still more difficult for 
the rare specialists. The observed increase in the 
occurrence probability of common generalist 
species in fragmented landscapes could reflect such 
a release from competition by declining specialists 
(Berglund and Jonsson 2008, Hottola 2009). At least 
some declining species may have the additional 
disadvantage of having less light resistant spores 
than their competitors, decreasing the probability 
of successful dispersal between remnant habitat 
patches (Chapter II). As local populations become 
smaller and more isolated, loss of genetic diversity 
can further decrease individual and population 
viability (Hogberg and Stenlid 1999, Edman et al. 
2004a, Edman et al. 2004b, Franzen et al. 2007, 
Chapter II).

What, then, do the results suggest as conservation 
measures to halt the population declines?  The 
implications of the insights from earlier studies for 
the conservation of wood decay fungi have been 
extensively discussed elsewhere (e.g. Junninen 
and Komonen 2011). This thesis gives insight into 
the possible mechanisms behind the declines but 
does not suggest drastic alterations to the earlier 
recommendations: threatened wood decay fungi 
need more dead wood, including large tree trunks, 
and sufficiently large forest reserves (Junninen and 
Komonen 2011). The good news from this thesis is 
that unless spore light sensitivity is high enough to 
substantially truncate the dispersal kernel, wood 
decay fungi are in principle capable of dispersing 
very long distances. Thus, increasing the amount of 
substrate should increase the long-term probability 
of colonisation even in isolated sites. On the other 
hand, the probability of colonisation can be very 
small in sites that are far from existing sources 
and situated in landscapes where the species is 

rare. Thus, increasing the amount of dead wood 
by active restoration is more effective near existing 
populations (although this is practically always 
the case and thus rather trivial). Empirical study 
elucidating the determinants of the establishment 
process would help to complete our understanding 
of the dynamics of the species and enable the 
assessment of the merits of more directed restoration 
methods (e.g. adding substrate of a particular kind, 
introducing spores, introducing mycelia).

Perhaps the most critical remaining gap in the 
knowledge of fungal dispersal is the lack of direct 
empirical evidence confirming the predicted 
differences in species’ dispersal kernels. The 
scarcity of direct measurements on the dispersal 
of microscopic propagules was also pointed out 
by Jenkins et al. (2007). This is an area where new 
methodological innovations and the application 
of modern technology would be very welcome – 
for instance, future empirical efforts could make 
use of radioactive labelling or molecular detecting 
methods (Kauserud et al. 2005, Ovaskainen et 
al. 2010). As our results indicate that spores of 
similar aerodynamic size disperse similarly, future 
empirical studies could also use nonliving model 
particles instead of the less easily controllable 
organisms. Given that the importance of biological 
particles in the atmosphere transcends the field of 
biology (e.g. meteorology, human health; Sesartic 
and Dallafior 2011, Despres et al. 2012, Rivera-
Mariani and Bolanos-Rosero 2012), comparative 
studies of particle dispersal should provide good 
opportunities for interdisciplinary collaboration.

Another topic that should be addressed in future 
research is the possibility of animal-mediated 
dispersal in wood decay fungi and perhaps in 
fungi more generally. Given the vast proportion 
of spores that is lost to unsuitable habitat and 
substrate, animal vectors that would provide 
directed dispersal towards appropriate microsites 
could provide a great benefit even for fungi that 
release great numbers of spores into the air. The 
most likely vectors would be insects – many species 
of especially beetles and dipterans are associated 
with fruit bodies or wood rotted by fungi and 
could be potential vectors (Schigel 2004, Boddy 
and Jones 2008, Schigel 2011). Some beetles have 
been found to be attracted to both fruit bodies and 
mycelia of certain species (Johansson et al. 2006), 
which presents the intriguing idea of insects as 
“pollinators” bringing spores from fruit bodies 
to haploid mycelia. Animal-mediated dispersal 
in fungi without obvious adaptations has been 
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proposed a number of times, but the existing 
empirical evidence appears to be very scarce, 
scattered and mostly descriptive.

In this summary, I have attempted to relate the 
results of this thesis to the movement ecology 
framework developed by Nathan et al. (2008) 
(Fig. 1B). A few issues have arisen that could be of 
general interest in the study of movement in passive 
dispersers. Firstly, in sessile species that release 
passively dispersed propagules, the internal state of 
both the parent and the propagule generation should 
be considered. In the case of wood decay fungi, for 
instance, external conditions affect both the spore 
release from the fruit body (Nuss 1975, Kramer 
1982, Norros et al. (in prep.)) and the viability of 
the released spores (Chapter II and references 
therein). Thus, for such organisms it could be 
convenient to adjust the strictly individual-based 
approach in Nathan et al. (2008) by considering an 
individual lineage: an individual (sessile adult) and 
its immediate progeny (propagules). This approach 
would also acknowledge the fact that the number 
of released propagules can be an important part 
of the movement strategy by itself – for instance, a 
large number of propagules can ensure that some 
propagules get to right place even if the navigation 
capacity of the organism is poor. In some cases, even 
the movement of each individual propagule can be 
greatly affected by other propagules released at the 
same time (Roper et al. 2010). On a more practical 
vein, reconstructing the real movement paths 
of individual microscopic spores is beyond our 
current methodological abilities. Thus, empirical 
data ultimately limits the study of movement of 
these organisms to the overall distribution of spores 
in space and time. A second point mentioned 
already in the introduction is that the species’ 
dispersal-related traits clearly do not vary randomly 
in a theoretical trait space; instead, developmental 
constraints, correlations and trade-offs between 
traits limit the evolutionary control of movement 
and navigation capacity (Fig. 5 and other trait-
related results in this thesis; Meerts 1999, Kauserud 
et al. 2008, Damschen et al. 2008, Stolze-Rybczynski 
et al. 2009).

Previous research has found that wind-dispersed 
plant species are often more vulnerable to 
fragmentation than animal-dispersed species 
(Damschen et al. 2008, Romermann et al. 2008, 
Sutton and Morgan 2009, Piqueray et al. 2011, 
Saar et al. 2012). This thesis provides an example 
of the vulnerability of fungi with potentially highly 
dispersive airborne spores to fragmentation. It also 

shows how vulnerable species can be characterised 
by more severe dispersal limitation although they 
are not poorer dispersers than more persistent 
species. Low establishment probability coupled 
with the dilution of the atmospheric spore pool 
due to decreased number of spore sources could be 
a more general mechanism through which species 
with microscopic propagules can decline following 
habitat loss and fragmentation.
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