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ABSTRACT

This thesis explores the effects of controlled burning and logging intensity on wood-decaying polypore fungi 10 years
after the treatments. Intensive forest management, where most of the wood is removed from harvested sites, has
resulted in many dead-wood-dependent species becoming Red-listed. The role that managed forests and novel, more
biodiversity-oriented silviculture could play in safeguarding fungal diversity has remained largely unclear.
This thesis is based on data sets collected from five years: 2000, 2003, 2005, 2008 and 2011 from the same study
areas. A large-scale, replicated experiment was established on 24 forest sites that were exposed to logging and burning
treatments. The data comprised 98,136 observations of dead wood pieces and 22,150 observations from a total of 122
polypore species.
The main findings in this thesis were;
1) Retention tree levels need to be high in order to maintain polypore diversity. I observed more polypore species
on sites with 50 m3 ha-1 of retention trees than sites with 10 m3 ha-1. The burning of retention harvested sites accelerates
the death and fall of retention trees and diversifies the dead wood quality at a managed site. Red-listed species were
found chiefly on the burned sites with the higher retention level.
2) Harvested sites comprise widely different types of dead wood substrates: old natural dead wood, stumps, slash
and retention trees, and all these contribute to polypore diversity in managed forests. The response of polypore species
to management can typically be seen only after a longer period of time. After a disturbance, such as logging or fire,
these four different dead wood substrates are available for polypores over different periods of time.
3) Burning harvested and unharvested sites increases the number of polypore species and diversifies the polypore
assemblages. Of the four dead wood types, burning specifically leads to an increase in the number of polypores on
stumps.
These results demonstrate new possibilities for the conservation of dead-wood-dependent species outside
protected areas. Leaving retention trees, abstaining from the extraction of logging residuals and maintaining old
naturally formed dead wood are beneficial for polypore species. Prescribed fire can be utilized as an effective method
to modify dead wood dynamics and for the creation of more variable dead wood substrates on managed forest sites.

Keywords: bioenergy, boreal forest, dead wood, fire, old natural dead wood, pine, prescribed fire, retention trees,
slash, stumps.
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1. INTRODUCTION

1.1 Changes in the forest ecosystem and the importance of dead wood and fire
Globally, forest loss and degradation have been rapid during the past century (Heino et al., 2015). In the northern
hemisphere, intact forest landscapes can be found only in some parts of Russia, Canada and Alaska (Potapov et al.,
2017). Elsewhere, the remaining natural forests are small in size. At this time, forests that host higher levels of
biodiversity are located in fragmented landscapes, and are usually isolated patches.
Because of the scarcity of natural forests and uncertainties in the quality of protected area networks (Lindenmayer
and Franklin, 2002; Orlikowska et al., 2016) it is crucial to develop forest management methods that assist in species
conservation in the managed forests that surround protected areas. The management methods vary from country or
region although clear-cutting is practiced globally, and the ecological consequences of this method are severe as most
of the wood is removed from a harvested site on one occasion. During forest rotations, forests are thinned and in these
phases wood is also removed from a site, and thus the formation of dead wood is mainly largely prevented at several
points during the rotation, with the exception of logging residuals that are maintained at harvested sites.
Under natural conditions, a similar large-scale disturbance comparable to clear-cutting is stand-replacing fire, but
there are obvious differences between clear-cuts and wildfires. In particular, most of the wood after a wildfire remains
on the site and typically only small branches and needles are completely burned, although the effects clearly depend
on the severity of the fire (Ryan, 2002). Hunter (1993) argued that forest fires burn all the wood on a forest site, and
this resembles the effects of clear-cutting. However, such severe fires are very rare and forest fires typically have a
highly variable severity (Pitkänen and Huttunen, 1999; Kafka et al., 2001; Bergeron et al., 2002). In natural
environments, the dead wood remains in the forest after the death of a tree, whereas in managed forests these trunks
are often removed. The dead wood is an obligatory resource for dead-wood-dependent species. Such species are
estimated to include 20-25 % of forest dwelling species (Siitonen, 2001), and in managed forests several forest
dwelling species have become endangered.
The difference between a natural disturbance, such as wildfire, and clear-cutting is widely accepted (Kuuluvainen
and Grenfell, 2012). Despite the growing interest in dead wood in harvested sites, and the impact of fire on tree
dynamics (Bunnell and Houde, 2010; Burrows et al., 2012; Sensenig et al., 2013; Brazee et al., 2014), the actual
ecological impact of these effects remains unclear. Moreover, this has also hindered the development of novel forestry
practices and a robust estimation of their efficiency.

1.2 Dead wood amount, quality and dynamics in natural and managed forests
1.2.1

Difference in the dead wood dynamics and quality in natural forests vs. clear-cut forests

In natural boreal forests, the amount of dead wood is often more than 100 m3 ha-1 (Siitonen, 2001) and typically
includes a wide range of dead wood types: standing snags and lying logs in different decay stages, representing several
different tree species. Moreover, the pieces of dead wood can be found in different sizes. Trees die continuously or
during a single small-scale event (e.g. windthrow, fungal outbreak or flooding) or during a large scale disturbance
event (e.g. insect outbreaks, large storms and fire). Between 1950-2000, storms in Europe accounted for 53 % of the
total annual tree mortality due to natural disturbances, fires accounted for 16 %, snow damage 3 %, other abiotic
causes 5 %, and biotic factors affected 16 % (Schelhaas et al., 2003).
The amount of dead wood in managed forests can be less than 10 % of that found in natural forests (Siitonen,
2001). In managed boreal forests, the highest amount of dead wood is usually found in forests where the dominant
tree cohort is mature, whereas in natural forests the largest amount of dead wood is found in early successional stages
after a stand-replacing disturbance (Kouki et al. 2001, Junninen et al. 2006). Indeed, this kind of forest habitat is
almost completely absent from intensively managed forests. Managed forests are clear-cut long before the age of the
forest when the accumulation of dead wood is at its highest. In recent times, rotation times have become shorter and,
as a consequence, dead wood amounts have also decreased. The quality of dead wood is less diverse in managed
forests compared to natural forests. As only one or two tree species are typically grown, the availability of different
tree species is scarce. Managed forests are thinned at regular intervals and, therefore, tree sizes at a site are similar.
The majority of dead wood in managed forests is small in diameter and will decay faster than a large sized piece of
wood. Larger diameter logs in advanced decay stages are seldom found in managed forests (Siitonen et al., 2000).
These kind of differences in forest structure are found in managed and natural forests globally (Burrascano et al.,
2013).
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1.2.2

Dead wood addition and maintenance in managed forests

The amount of dead wood in managed forests is low compared to natural forests (Siitonen, 2001), and under current
forest management practices very little is left in treated sites. Based on the observed occurrence of species, at least
20-40 m3 ha-1 of dead wood should be maintained in order to host Red-list species on a managed site (Penttilä et al.,
2004; Hottola et al., 2009). Although dead wood addition benefits several species, the knowledge of long-term effects
of maintaining dead wood for biodiversity are still scarce (Seibold et al. 2015). To alleviate the negative effects of
cutting, dead wood can be added or maintained in many ways in forest management:
1) Retention forestry was introduced in North America 30 years ago (Franklin, 1989) and since the 1990s it has
been practiced globally in different forest habitats (Gustafsson et al., 2012; Mori and Kitagawa, 2014). In this system,
green retention trees are left in clear-cut sites, in order to reduce the negative impact of clear-cutting on species
(Lindenmayer et al., 2012). Retention trees are used for at least five objectives (Gustafsson et al., 2010): 1) to assist
species survival on a stand over the regeneration period, 2) to create variability in the tree structure, 3) to provide
connectivity between similar sites at the landscape level (Franklin, 1997), 4) to provide substrates for species that
utilize dead wood and live trees during the early-successional period, and 5) to maintain ecosystem functions such as
nutrient retention, provide seeds for the establishment of new saplings and enhance the productivity of the new tree
cohort (Gustafsson et al., 2010). As retention trees are initially alive, they provide habitats for species such as
ectomycorrhizal fungi (Rosenvald and Lõhmus, 2008), lichens (Gustafsson et al., 2013; Hämäläinen et al., 2014),
some mammals (Holloway et al., 2012) and cavity nesting birds (Lance and Phinney, 2001). After their death, deadwood-dependent species may benefit from the retention trees (Hyvärinen et al., 2006; Junninen et al., 2007).
Despite the wide use of retention forestry, the effect of retention trees at the stand and the individual trunk levels
is still largely unknown. Several studies have investigated the effects of retention trees on different species groups
(e.g. Fedrowitz et al., 2014) although knowledge of the long-term effects is low (Jönsson et al., 2007; Halpern et al.,
2012; Runnel et al., 2013) and the significance on rare and threatened species, in particular, is poorly studied and
documented. In addition, very few studies have examined retention tree dynamics together with disturbances in
forests, such as fire, wind and insect outbreaks (see Hämäläinen et al., 2016). The amount of retention trees left on
harvested sites, together with the different external and internal disturbances, affects tree dynamics and the availability
of living and dead trees over different periods of time. Currently, the amount of trees left on a harvested site is often
very low (Gustafsson et al., 2012), and may provide only short-term benefits for fauna and flora. The level of retention
is much lower than the amount of dead wood in natural forests, which could be more than 100 m3 ha-1.
2) There is growing demand for the production of energy from renewable sources, including bioenergy. This has
led to increased extraction of stumps and slash from harvested sites (Routa et al., 2013; de Jong et al., 2017).
Abstaining from the collection of stumps and slash for bioenergy is crucial for the maintenance of their function in
forest ecosystem. They provide nutrients in harvested sites and enrich the growing conditions for living trees.
Extraction of stumps should be considered with caution as knowledge of the impact of stump removal on soil
properties is still inadequate (Achat et al., 2015). Similarly, the impacts of biofuel harvest on biodiversity are scarce
and contradictory (Dahlberg et al., 2011; Toivanen et al., 2012; Vasaitis et al., 2016; de Jong and Dahlberg, 2017).
For dead-wood-dependent species, the extraction of stumps and slash may have severe consequences in managed
forests, where they are the main dead wood substrate available. The importance of small-diameter slash has probably
been underestimated but these substrates form a diverse set of dead wood types (Eräjää et al., 2010), and small
diameter dead wood can host a unique set of species (Juutilainen et al., 2011). However, it is not known how much
slash contributes to overall polypore assemblages on cut sites.
3) In addition to the extraction of logging residuals, large-sized logs (both newly formed and older, more decayed
logs) may be intentionally removed from harvested sites (Rudolphi and Gustafsson, 2005) or accidentally destroyed
during soil scarification (Ranius and Kindvall, 2004). Naturally formed logs that are retained on harvested sites add
notably to the total dead wood volume (Ranius and Kindvall, 2004; Ranius et al., 2005), which suggests that
modification in silvicultural technologies needs more attention. Moreover, formation of dead wood can be also
promoted by prolonging the rotation period, which has been found to add 11 % of dead wood compared to shorter
rotation periods (Ranius and Kindvall (2004).
Besides the methods directly related to cutting, key woodland habitats that are left unharvested also add to the
amount of dead wood in managed forests (Jönsson and Jonsson, 2007), and buffer zones along water bodies (lake
and sea shores, streams, mires) have more dead wood than the surrounding forest matrix (Komonen et al., 2008;
Komonen, 2009). These biotopes have been found to be beneficial for polypore conservation (Junninen and Kouki,
2006; Hottola and Siitonen, 2008; Komonen et al., 2008).
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1.3 Fire in forest ecosystems
Fires are naturally occurring disturbance events that affect tree dynamics, the physical conditions of a forest site and,
consequently, species assemblages. Nowadays, wildfires occur frequently and widely in the forest areas of Russia
and Canada (Johnson et al., 1998; de Groot et al., 2012). However, fire prevention has been effectively practiced for
decades in the Nordic countries (Zackrisson, 1977; Esseen et al., 1997), and thus wildfires are rare and cover only
marginal areas (Lindberg, 2017). As a consequence, the processes and structures created by fire are almost completely
absent in the forest landscape of the Nordic countries. In the future, fire frequency will most likely increase in many
regions globally because of climate change (Seidl et al. 2017) but whether this will also happen in the intensively
managed forests in boreal Europe is unclear (Abbott, 2016).
Fire is an important process in natural forest conditions (Rowe and Scotter, 1973). Fires occur at different intervals
(Bergeron et al., 2004) and over variable sized areas (Niklasson and Granstom, 2000). Fires vary in severity but often
they have a clear influence on tree mortality and growth dynamics. Severe stand-replacing fires that reach the canopy
can kill trees and form a large amount of dead wood, whereas milder ground fires only char the surface of a trunk and
leave most of the trees alive, although part of the trees may be weakened.
In Finland, lack of forest fires and lack of habitats that fires create is estimated to be the primary cause of threat
for 7 % of all the forest-dwelling threatened species (Rassi et al., 2010). Additionally, other specialized dead-wooddependent species also benefit from fire directly (Penttilä and Kotiranta, 1996) or indirectly (Saint-Germain et al.,
2008). Substrates and habitats created by fire are often highly variable, and this allows the species assemblage to
become more diverse, provided that there are dispersal sources in close vicinity of a burned site. In natural forest
landscapes, large-scale fires create early-successional forests that are sun-exposed and have much dead wood. Such
habitats are valuable for dead-wood-dependent species (Kouki, 2001; Swanson et al., 2011) but are almost absent in
protected areas (Similä and Junninen, 2012). Emulating the natural forest disturbances so that natural or semi-natural
early-successional habitats are also maintained would be a valuable goal for forest management, both in protected
areas and managed forests.
Although wildfires are now rare in many areas, fires may still occur occasionally. Traditionally, prescribed fire
has been used to prepare the soil and to enhance tree regeneration after a clear-cut, but this method is seldom utilized
anymore. Prescribed burning has also been conducted in order to reduce the risk of wildfires, for example in Australia
(Burrows and McCaw, 2013). The influence of these fires on biodiversity and especially on threatened and
endangered species is largely unknown. Yet, it is known that fire, in general, also benefits biodiversity in managed
forests (Hyvärinen et al., 2006; Toivanen and Kotiaho, 2007; Heikkala et al., 2016) and therefore could be an effective
tool for achieving several forest management goals.
However, the application of fire is a challenging task in forest ecosystems. How it should be applied and under
what circumstances are largely unresolved issues at present. Similarly, prescribed fire should also be conducted in
various ways: severe and mild fires would create different kinds of conditions, and burning different aged and
structured forests would create different dead wood types in the landscape. However, it would be difficult to conduct
a severe prescribed burning because of the high risk of fire spreading from the burned site.
Fire may also be detrimental to biodiversity. For example, depending on the intensity of a fire, existing dead wood
on a burned site may be consumed to different extents. Eriksson et al. (2013) studied the loss of different dead wood
types in restoration fires and found that fire decreased the total volume of pre-fire dead wood by 23-41 %, and logs
in late decay stages by 26-54 %. However, the new dead wood exceeded the amount of lost dead wood, and was
formed mainly by snags killed by fire. Fire also changes the micro climatic conditions of logs by decreasing their
ground contact, increasing the area of charred wood and reducing the vegetation coverage. Fire has also been found
to reduce the stand scale diversity of lichen species (Hämäläinen et al., 2014).

1.4 Polypore fungi – the study species group
For this thesis, I examined wood-decaying polypore fungi. Polypores are taxonomically polyphyletic group of
Basidiomycota (Hibbet et al. 2014). Some of the species are soil-inhabiting whereas most of them consume wood
causing brown or white rot which degrade the wood structure in different ways (Rayner and Boddy 1988). Polypores,
among other Basidiomycota, are the main wood decomposers (Stokland et al. 2012). Polypores are excellent species
to indicate conservation value (Heilmann-Clausen et al., 2014), and moreover to assess the impact of forest
management actions, as several of these species are highly specialized in their habitat and substrate associations
(Junninen and Komonen, 2011). This is a useful feature when evaluating the importance of different dead wood
substrates produced in harvested sites. Most of the polypore species in Finland are found only on deciduous or conifer
tree species, and most of the species on conifers are confined either to spruce or pine (Niemelä, 2016). The quality of
a tree (e.g. stump, tree top, trunk, snag, branch, living tree) may determine which particular species occurs on a
decaying piece of wood (Stokland et al., 2012). Most of the species utilize dead wood, especially lying logs, as only
a few species are found on living trees (Junninen and Komonen, 2011). However, less is known about the ability of
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polypores to utilize stumps and slash (see Sippola and Renvall, 1999). A larger diameter tree (> 20 or 30 cm) has
been found to be beneficial in terms of a higher number of polypore species (Junninen and Komonen, 2011) but this
relationship is not straight forward as small diameter pieces of wood have a higher surface area per volume than large
diameter logs, and can thus provide more niches for dead-wood fungi (Kruys and Jonsson, 1999).
In Finland, there are 251 polypore species (Niemelä, 2016) of which approximately 50 % only occur in the south
of the country where they utilize “noble” broadleaved tree species whose geographical range limits the occurrence of
these polypores. Part of the species occurs only in the north of the country. Stand level properties affect species
colonization on a site: sun-exposed sites and moist closed forests both have some species that can be found only in
these habitats.
In addition to their biodiversity value, wood-decaying fungi, such as polypores, play an important role in recycling
nutrients from a dead tree back to the soil, thereby improving the quality of the soil for new tree saplings. There are
strong associations between fungal species in the soil and dead wood at all stages of wood decay: Mäkipää et al.
(2017) found unique sets of species underneath dead wood logs compared to the surrounding areas of soil in the forest
floor, and also observed that the species assemblages in the final stages of decay were the same on the dead wood
and the soil. However, among polypore species only a few species utilize the very final stages of decay. The rate of
decay and fungal growth depends on the temperature and moisture content of a piece of wood. These conditions can
vary between different forest habitats. Forrester et al. (2012) found that dead wood logs in forest canopy gaps had
increased respiration, and that temperature and moisture content were affected in a complex way. In addition to the
environmental factors also the trunk properties and the cause of tree death have an impact on the fungal community
on a trunk (Pouska et al. 2011).
Many polypores have become endangered due to intensive forestry: In Finland, over 40 % of polypores are Redlisted (Kotiranta et al., 2010) and the reduction in the amount and quality of dead wood in managed forests is one
reason for this. Commonly, the available dead wood at a managed forest site can consist of one tree species, all pieces
of wood can be similar in size and the majority of the dead wood may have originated from a single event, and thus,
each piece of dead wood is at the same decay stage. Given the demands of polypores for dead wood quality it is
important to consider what kind of dead wood pieces are maintained and produced in forest sites.
The spores colonize a trunk and then grow as mycelia that decay the wood. Eventually, polypore produces
sporocarps on the surface of the wood that functions as their reproductive organs. At a time of a spore arriving on a
piece of dead wood it can be already colonized by another fungal individual. This might affect the capabilities of a
new species to establish. Although fungal spores can travel long distances with the wind (Hallenberg and Küffer,
2001), the majority of the spores produced by one sporocarp are known to disperse only short distances, which has
been demonstrated with a number of species (Norros et al., 2012). Based on the results from those studies, polypores
may require suitable habitats in close vicinity in order to colonize a new substrate. In many cases, the landscape in
managed forests consists of a matrix of forest sites where the amount of dead wood is low. Protected areas are small
in size and the distance between them may be too long for successful colonization.

1.5 Aim of my thesis
My overall aim was to study methods of forest management that could be utilized in managed forests outside protected
areas, to facilitate polypore diversity. In study I, I investigated the longevity of green retention trees on harvested
sites and examined the impact of burning on the timing of tree death and fall. In addition, I examined whether there
is a difference in these processes between retention levels of 10 m3 ha-1 and 50 m3 ha-1. Study II was conducted to
determine the polypore assemblages that utilize retention trees on harvested sites with different retention levels, either
with or without burning. In study III, I asked what kind of polypore assemblages are hosted by post-harvest stumps
and slash, and whether burning alters these substrates for polypores. Furthermore, in study IV, I compared the
differences in polypore communities on natural dead wood that exist on harvested sites before treatments and on
artificially created dead wood (e.g. retention trees, stumps and slash) left on harvested sites after cutting. In this study,
I also compared the differences between polypore communities in near-natural forests without burning and with
burning to those communities on harvested sites. I discuss these topics of polypore conservation in managed forests
in the four articles included in this thesis, and to which I hereafter refer with Roman numerals (the original articles
are listed on page 5).
The specific questions asked in this thesis were:
1) Are retention trees beneficial for polypores? And if they are, how and when? (I, II & IV)
2) Do different dead wood types (old natural dead wood, stumps, slash and retention trees) all contribute to
the diversity of polypore assemblages? (III & IV)
3) What effect does prescribed burning have on the polypore assemblages in unharvested and harvested
forests, and on the different substrates found in harvested sites? (I, II, III & IV)
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2. MATERIALS AND METHODS

2.1 Study area and experimental design
This thesis is based on datasets that were collected from a large-scale experimental study from eastern Finland. The
study area is located on the transition zone between the southern and middle boreal zones (Ahti et al., 1968) (63 10’N,
30 40’E) (Fig. 1.). All the datasets were collected from forest sites that were dominated by Pinus sylvestris with a
mixture of Picea abies, Betula spp. and other deciduous tree species. More detailed information on the study sites
can be found in the four studies included in this thesis (see also http://forest.uef.fi/jarikouki/project_fire.htm).
The experimental design is a two-factor factorial with orthogonal factor levels. The study plots were established
in 24 forests, each 3-5 ha in area. Six of the sites were unharvested and three of these were burned. 18 sites were cut
with different levels of green retention trees: 0 m3 ha-1, 10 m3 ha-1 and 50 m3 ha-1. Nine of these sites were burned after
cutting creating three replicates of each treatment. The cuttings were conducted in the winter 2000-2001 and the sites
were burned during the following summer 2001 (over a two day-period at the end of June). The sites were randomly
allocated to different cutting and burning treatments, except that unharvested sites were all in Patvinsuo National
Park, in order to guarantee that they will not be harvested in the future. Burning treatments also on these unharvested
sites were randomly allocated to experimental units. All the treatments were conducted by Metsähallitus, which
administrates state owned land in Finland, in close collaboration with research project coordination.

2.2 Sampling
Studies I and II were conducted on the sites that had retention trees (n=12 sites). Study III was conducted on 18 cut
sites and the data was collected from 1 ha study plots that were located in the center of each study stand. Study IV
was conducted on all 24 sites and sampling was from the same 1 ha study plots. However, the second part of the study
IV was conducted only on 12 sites because only these sites included all four examined dead wood substrates: old
natural dead wood, stumps, slash and retention trees. The 1 ha permanent study plots were sampled before the
treatments in 2000 and two, four and 10 years after the treatments.
All the living trees and dead wood (minimum diameter >5cm) were counted and measured from the 1 ha study
plots. The wood items were classified into live and dead standing trees, fallen trunks, slash (all wood items produced
with a saw) and stumps. Trunks were divided into old natural dead wood that existed on the sites before logging and
into retention trees that were left alive on the harvested sites. For studies I and II, the retention trees were individually
marked and the same trees were repeatedly monitored during the 10-year study period.
In addition to Pinus sylvestris and Picea abies, dead wood pieces of deciduous tree species were identified to the
species level. However, the number of deciduous tree species was so low that they were pooled (I). The polypore
occurrences recorded on deciduous tree species were considered when describing the complete polypore assemblages
(II), while separate analyses were done only on polypores found on Pinus sylvestris and Picea abies (II and III). In
study IV, the host tree species were not considered separately, because of difficulties in identifying the species on the
smaller wood pieces.
Polypores were inventoried on all retention trees that occurred in each study stand. The individually marked
retention trees were investigated for polypores in the first autumn (2001) after cutting and burning, and then again
two (2003), four (2005) and 10 (2011) years after the treatments (I and II). All tree components (incl. stumps and
slash) were sampled for polypores 10 years after the treatments (III and IV).
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Figure 1. Map of the study area. Black = burned sites, white = unburned sites. The numbers refer to the
retention levels of 0, 10 and 50 m3 h-1. The empty circles are control sites with no cuttings.
All polypore surveys were conducted in September and October during peak sporocarp production season. One
record of a species was made from one piece of wood even though there would have been several sporocarps on the
same trunk. It is possible that there were two or more individuals on the same trunk but it is also very likely that the
sporocarps were produced from the same mycelia, and thus, belonged to the same individual. Red-listed species
classification was according to Kotiranta et al. (2010).

3. MAIN RESULTS AND DISCUSSION

3.1 Fire modifies retention trees dynamics and diversifies polypore assemblages 10 years after retention
harvest on managed sites (I and II)
Dead wood dynamics on retention harvested forests are different on burned sites compared to unburned sites (I &
II). On the unburned sites, most of the retention trees (76 % of the total number of trees) were still standing and
majority of then as snags 10 years after the treatments and thus would provide dead wood substrates for a longer
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period of time. In contrast, most of the retention trees (95 %) on the burned sites had fallen 10 years after the
treatments. There was also a clear difference in stand level dynamics between the two different levels of retention
trees after burning: on sites with 10 m3 ha-1 of retention trees, almost all the trees had fallen 10 years after the
treatments and, thus, there would not be more new fresh dead wood over many years, whereas on the sites with 50
m3 ha-1 retention, the trees formed a longer continuum during the early successional stages and were a source of new
dead wood even 10 years after the treatments, even on the burned sites. The higher level of retention trees, together
with tree-level differences in fire-caused mortality, produced a highly diversified assemblage of dead and living
retention trees (I). In addition to the direct effect of fire killing the trees, damaged trees have a lower capacity to resist
insect outbreaks, fungal colonization and desiccation (Dixon et al., 1984; Harrington, 1996; Rasmussen et al., 1996).
These effects cause longer-term tree mortality and probably also modify the quality of the dead wood that is
eventually available. However, windthrow also affects the post-fire dynamics of retention trees on a cut site. The
various qualities of a site (e.g. edaphic variables, topography, tree properties: diameter and tree species) strongly
determine the probability of trees falling during winds (Lavoie et al., 2012).
The number of polypore species increased 10 years after the treatments and Red-listed species generally appeared
at this time as well. Ten years after the treatments the polypore assemblages were significantly different between the
retention trees on burned and unburned sites. In total, 13 species favored burned sites, and six species favored
unburned sites (II). Red-listed species are likely to appear on a forest site when there is at least 20 m3 ha-1 of dead
wood (Penttilä et al., 2004). A similar pattern can also be seen with Red-listed species in my study, especially on
burned sites that had more than 20 m3 ha-1 of dead wood ten years after the treatments (I). It takes a number of years
for retention trees to die and fall (although parts may fall soon after a fire, I) and time to reach the middle stage of
decay and host species that require more advanced decay stages (II). In the 10 years after the treatments, several dead
wood types developed from the retention trees on burned sites (I), and provided niches for various species, resulting
in diverse polypore assemblages. Indeed, pioneer polypore species had utilized retention trees abundantly 10 years
after the fire. Furthermore, species that occur on the more advanced decay stages were found on these trunks at this
time (II). Trunks that are in the middle stages of decay host more species than other trunks (Renvall, 1995). I expect
that species that demand more advanced stages of decay will appear on the trunks as long as there are colonization
sources in close vicinity of the managed sites (Penttilä et al., 2013).
I was able to follow the retained trees for 10 years after the treatments (I & II). Although this is a rather longterm study, and is longer than any other polypore study on retention cuts, it may still be too short to reveal all the
significant effects. In particular, the decay dynamics are much longer than 10 years. Part of the old natural dead wood
may already be in an advanced decay stage, and it will take years for green retention trees to reach a similar stage and
provide resources for species utilizing this substrate. Further, following retention tree dynamics over even longer
periods, especially on the unburned sites (where 76 % of the trunks were still standing 10 years after the treatments;
I), would provide critical data on the long-term possibilities of providing new dead wood. Runnel et al. (2013)
concluded in their study that retention trees do not provide a continuum at the stand level, and it is more appropriate
to consider retention trees in relation to the landscape scale, not focusing only on the stand-scale as was done in my
studies.
In this thesis, I show that retention trees can be colonized by polypores (II). However, when applying a retention
harvest to a particular forest site, it is important to take into account the quality of the surrounding landscape. If the
surrounding forests are poor in quality there will not be source populations from where species could colonize the
retention trees. Our study area is located in a landscape with a rather good continuum compared to southern-western
parts of Finland with longer management history (Kouki et al., 2012). Therefore, some of the Red-listed species
especially may not be found in other regions. Abrego et al. (2015) showed that in order to conserve polypores in
beech forests, it is crucial to enlarge the size of present protected areas and establish new areas close to the existing
ones. In addition to this, retention trees provide support for the species survival in protected area networks.
Retention trees have been found to benefit polypores on aspens (Populus tremula) (Junninen et al., 2007) and
some moss and lichen species (Arseneault et al., 2012) but they do not benefit all species or they provide only partial
support for species communities (Pengelly and Cartar, 2010; Löbel et al., 2012; Otto and Roloff, 2012; Oldén et al.,
2014). Similarly, the burning of retention trees may not be useful to all species groups, or burning could even harm
some species, especially at the stand level (Hämäläinen et al., 2014) or initially after the fire (Hautala et al. 2010).
Nevertheless, my results on long-term patterns of and dynamics of retention trees provides insights into how clearcutting can be improved, in order to maintain biodiversity on harvested sites. Despite some potentially negative effects
that fire may have, the use of fire on harvested sites with higher retention appears generally beneficial for the species
that I studied.

3.2 Burning unharvested and harvested sites diversifies polypore assemblages (I, II, III, IV)
For the first time, I was able to simultaneously follow the long-term impacts of fire on dead wood dynamics and
polypore assemblages both in unharvested and harvested forests (I, II, III, IV). In addition, it was possible to
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experimentally manipulate the conditions on managed sites, and compare polypore assemblages with those that occur
on burned and unburned unharvested sites (IV). The long-term (> 10 years) influence of fire on polypores in uncut
forests is relatively unknown, with only one study published thus far (Penttilä et al., 2013). In managed and harvested
forests, the effects of fire have been explored more often but these studies are limited in their temporal coverage
(Penttilä and Kotiranta, 1996; Junninen et al., 2008; Olsson and Jonsson, 2010; Berglund et al., 2011) and those
conducted in managed forests comprise four or five year study periods. My study on dead wood dynamics and
polypore assemblages covered a 10-year period, which is much more relevant from a biological perspective, because
this period potentially includes not only pioneer species but also successor species. Due to the large sampling effort,
I was also able to collect some observations of Red-listed polypore species.
The number of species was similar on the unburned and burned harvested sites, and also on the burned unharvested
sites ten years after the treatments, although there were more recordings on the harvested sites and the species
assemblages were different in all treatment categories (IV). Red-listed species appeared on the study sites ten years
after the treatments, especially on the burned sites. Physical conditions on a sun-exposed harvested site are different
from that in a closed forest, and this influences the moisture and temperature conditions of logs (Forrester et al.,
2012), and likely has an impact on dead-wood-dependent species assemblages as well. The diversifying impact of
fire on polypores was already apparent four years after the treatments and was very evident after ten years (II, III,
IV). This is to be expected as the trees were weakened after the fire but may have stayed alive or occurred as deadstanding snags. Most of the polypore species would only begin to utilize them after they had fallen down. Slash and
stumps are fresh dead wood that is utilized by primary colonizers. The differences in the species assemblages between
sites and treatments can be explained by the difference in the dead wood types on the harvested and unharvested sites,
e.g. stumps and slash were absent from unharvested sites. On the other hand, no living trees were recorded on
harvested sites, except for a few retention trees, and as a consequence a continuity of large-diameter dead wood was
not a feature of these sites. The various dead wood substrates host different polypore assemblages (IV) and living
trees also host different polypore species to dead wood (Niemelä, 2016). The physical conditions on the harvested
sites favor species that benefit from heat, such as Dichomitus squalens (II). Burning an unharvested forest increased
the number of polypore species and records ten years after the treatments compared to the pre-treatment numbers
(IV). This was also expected because burning clearly affects the diversity of the available dead wood (I) (Mattson et
al., 1988; Nuopponen et al., 2004).
Prescribed burning increased the number of species and records on stumps (III, IV), but not on slash or old natural
dead wood. Fire is known to affect wood quality in many ways and has an impact on fungal decay rates (Carlsson et
al., 2017) as well as on the whole fungal assemblage (Carlsson et al., 2012). The first species that colonize a freshly
cut stump could determine the succession of the following species (Ottosson et al., 2014), thus creating a different
polypore assemblage on burned and unburned stumps. However, this was not seen on slash or old natural dead wood
in my study, which can be due to several differences between these substrate types and stumps. Slash is smaller in
diameter than stumps, and the temperature inside a piece of slash when burned can get high throughout the wood. A
stump might stay cooler in fire, and that could have an impact on the mycelium, which grow at different speeds at
different temperatures (Fukasawa, 2018). This in turn could affect species succession on a piece of dead wood. The
old natural dead wood was larger in diameter and thus resembled the stumps. However, this substrate had already
hosted several different species before the treatments (IV), whereas the stumps were newly produced dead wood.
Therefore, species interaction could have been different on these substrate types thereby affecting the species
assemblages. Fire did not increase the number of species on retention trees in study IV but did so in study II. This
was due to the different sample sizes in these two studies. In study II, I compared high levels of retention trees (10
and 50 m3 ha-1) whereas in study IV there were only a few retention trees at each one ha sized study plot.
In my study, 18 Red-listed species were recorded 10 years after the treatments, and of these, seven occurred only
in the burned unharvested sites, whereas 17 were found on the burned harvested sites (IV), and many of these species
were found on slash (III, IV). Five years after logging and burning, both Berglund et al. (2011) and Olsson and
Jonsson (2010) found only three Red-listed species on burned sites. Their results are similar to my results for four
years after the treatments. Thus, relatively more Red-listed species appear at these sites ten years after the treatments
and not before.
My results in regard to the diversifying effect of fire on polypores are similar to Penttilä et al. (2013) who were
able to follow the development of polypore assemblages 13 years after a fire, although their study did not include
different management treatments. As longer periods of sampling are absent from the scientific literature, it would be
invaluable to further follow the development of species assemblages both in unharvested burned sites and harvested
burned sites, and to also investigate dead wood dynamics to determine how far the impacts of fire and retention
logging extend temporally.
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3.3 Old natural dead wood, retention trees, stumps and slash all host diverse polypore assemblages (III, IV)
Cut stumps, slash, natural dead wood and retention trees are all important substrates for polypores in managed forests
(III, IV). Ten years after the treatments they were all hosts to different sets of polypore species, and in many cases
were also host to several Red-listed species. Polypores were more abundant on slash and retention trees than on old
natural dead wood and stumps (IV).
While only one species on the harvested sites was found exclusively on stumps, I observed 43 species using
stumps in total on all harvested sites (IV). This shows that this substrate is valuable, in particular as they remain at
harvested sites for a long period of time (Shorohova et al., 2012), and thus, stumps may act as life-boats for several
species. The importance of slash has probably not been fully realized so far, although there are some studies on deadwood-dependent species on slash (Juutilainen et al., 2014). I found that slash was host to Red-listed species, especially
when burned (III, IV). This is opposite to the findings of De Jong and Dahlberg (2017) who observed only few
occurrences of species of conservation interest on small diameter slash. Slash was numerous on my study sites
compared to the number of other substrates (IV). The high amount of this substrate could have resulted in high
numbers of polypore species. Also, the proportional surface area of slash is high compared to larger pieces of dead
wood (Kruys and Jonsson, 1999), thus providing an enhanced area for colonization. On the other hand, it could be
that slash, as a small diameter piece of wood, is colonized relatively rapidly and competition between different species
is scarce. Moreover, the production of sporocarps could be faster on slash as less time might be utilized for growing
the mycelium. As a result, species (sampled as sporocarps) appear more quickly on slash than on the larger diameter
dead wood pieces.
Dead wood that originates before harvest may be accidentally destroyed during the management operations that
follow harvest (Hautala et al., 2004). In my study sites, no such operations were conducted, and old natural dead
wood did host a different polypore assemblage than the other substrates. These trunks hosted species that were already
present at the harvested sites before the treatments (IV) and these trunks may act as life-boats. Many of these species
occur only at the more advanced decay stages, and as the fallen retention trees decay over time the species from old
natural dead wood may be able to colonize these new trunks. Thus, old dead wood is a likely life-boat and maintains
a continuum for dead-wood-dependent species on a managed site. As the old natural dead wood is formed by trees
dying and falling without human intervention it is also useful to note that the green retention trees are left alive at the
harvested sites and that they too will die and fall naturally, thereby forming similar qualities of dead wood as that of
the old natural dead wood already present at the harvested sites before the treatments. However, because the majority
of the retention trees die and fall quite soon after the treatments, new dead wood will not be formed later during the
complete rotation period. Furthermore, because the trees die and fall relatively soon, these trunks do not reach old
age, which may have a subsequent impact on dead wood quality.
My results imply that it is possible to also host some Red-listed polypore species in managed forests if a
representative set of different dead wood types can be maintained at the harvested sites (IV). Even though slash
hosted most of the recorded Red-listed species (III & IV), retention trees are likely to provide substrates for these
species further in the future (I). Slash is a short-lasting substrate that is rapidly consumed (Hyvönen et al., 2000),
thus, it will not provide a continuum of suitable substrates for polypore species.

3.4 Implications for forest management and species conservation
In general, my results include several new aspects that can be used to facilitate the maintenance of biodiversity in
managed boreal forests. Based on my results, I suggest the following recommendations for the conservation of
polypore species in managed forests outside of protected areas. Three general rules or recommendations could be
particularly useful.
First, the amount of retention trees should be increased from current levels in clear-cut forests. In my study, the
level of 10 m3 ha-1 was insufficient for providing a continuum of dead wood over the early-successional stage of a
forest rotation, not to mention further into the future as most of the trunks had fallen 10 years after the treatments.
Thus, I recommend leaving retention trees at a level closer to 50 m3 ha-1, which in our study forests was about 17 %
of the pre-harvest volume. However, it is important to note that this is probably not necessary in every harvested
stand. The concentration of retention trees in selected stands, while maintaining enough dead wood at the landscape
level, may be the most efficient solution. However, the optimal arrangement of retention trees at different spatial
scales needs further study.
Second, stumps, slash, and the old natural dead wood that originated before the harvest should be maintained at
clear-cut sites, to provide necessary substrates for several polypore species. These substrate types, together with
retention trees, provide a diverse set of substrates for polypore species, which seems to be a pre-requisite for high
fungal diversity.
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Third, burning can be used on retention harvested sites with a higher level of retention trees (in my study 50 m3
ha-1 of retention trees) in order to diversify the dead wood quality and to provide a greater variety of dead wood
substrates so as to provide continuum in dead wood availability at the stand level. Burning harvested sites increases
the number of polypores on stumps and retention trees, and consequently these dead wood substrates in particular
should be maintained on burned harvested sites.
My results give support to the idea that a continuity of dead wood substrates can be much improved on harvested
sites for the early-successional years and that this continuity will facilitate polypore diversity. A key element is that
there is sufficient dead wood available and that different types of dead wood are also accessible. It is likely that a
sufficient amount of dead wood during the early successional years can act as a life-boat for species in the 10-year
period after a disturbance. Therefore, in order to maintain polypore in managed forests all the major substrates should
be maintained on harvested sites. In particular, longer lasting pieces of dead wood e.g. stumps and retention trees
should be carefully preserved on cut sites to provide substrates for longer periods after clear-cutting.

REFERENCES

Abbott, B.W., Jones, J.B., Schuur, E.A.G., F S Chapin, I., Bowden, W.B., Bret-Harte, M.S., Epstein, H.E.,
Flannigan, M.D., Harms, T.K., Hollingsworth, T.N., Mack, M.C., McGuire, A.D., Natali, S.M., Rocha,
A.V., Tank, S.E., Turetsky, M.R., Vonk, J.E., Wickland, K.P., Aiken, G.R., Alexander, H.D., Amon,
R.M.W., Benscoter, B.W., Bergeron, Y., Bishop, K., Blarquez, O., Bond-Lamberty, B., Breen, A.L.,
Buffam, I., Cai, Y., Carcaillet, C., Carey, S.K., Chen, J.M., Chen, H.Y.H., Christensen, T.R., Cooper, L.W.,
Cornelissen, J.H.C., Groot, W.J.d., DeLuca, T.H., Dorrepaal, E., Fetcher, N., Finlay, J.C., Forbes, B.C.,
French, N.H.F., Gauthier, S., Girardin, M.P., Goetz, S.J., Goldammer, J.G., Gough, L., Grogan, P., Guo, L.,
Higuera, P.E., Hinzman, L., Hu, F.S., Hugelius, G., Jafarov, E.E., Jandt, R., Johnstone, J.F., Karlsson, J.,
Kasischke, E.S., Kattner, G., Kelly, R., Keuper, F., Kling, G.W., Kortelainen, P., Kouki, J., Kuhry, P.,
Laudon, H., Laurion, I., Macdonald, R.W., Mann, P.J., Martikainen, P.J., McClelland, J.W., Molau, U.,
Oberbauer, S.F., Olefeldt, D., Paré, D., Parisien, M.-A., Payette, S., Peng, C., Pokrovsky, O.S., Rastetter,
E.B., Raymond, P.A., Raynolds, M.K., Rein, G., Reynolds, J.F., Robards, M., Rogers, B.M., Schädel, C.,
Schaefer, K., Schmidt, I.K., Shvidenko, A., Sky, J., Spencer, R.G.M., Starr, G., Striegl, R.G., Teisserenc,
R., Tranvik, L.J., Virtanen, T., Welker, J.M., Zimov, S., , 2016. Biomass offsets little or none of permafrost
carbon release from soils, streams, and wildfire: an expert assessment. Environmental Research Letters 11,
034014. https://doi.org/10.1088/1748-9326/11/3/034014
Abrego, N., Bässler, C., Christensen, M. & Heilmann-Clausen, J. 2015. Implications of reserve size and forest
connectivity for the conservation of wood-inhabiting fungi in Europe. Biological Conservation 191, 469477. https://doi.org/10.1016/j.biocon.2015.07.005
Achat, D.L., Deleuze, C., Landmann, G., Pousse, N., Ranger, J., Augusto, L., 2015. Quantifying consequences of
removing harvesting residues on forest soils and tree growth – A meta-analysis. Forest Ecology and
Management 348, 124-141. https://doi.org/10.1016/j.foreco.2015.03.042
Ahti, T., Hämet-Ahti, L., Jalas, J., 1968. Vegetation zones and their sections in northwestern Europe. Annales
Botanici Fennici 5, 169-211.
Arseneault, J., Fenton, N.J., Bergeron, Y., 2012. Effects of variable canopy retention harvest on epixylic bryophytes
in boreal black spruce – feathermoss forests. Canadian Journal of Forest Research 42, 1467-1476.
https://doi.org/10.1139/x2012-054
Bergeron, Y., Flannigan, M., Gauthier, S., Leduc, A., Lefort, P., 2004. Past, current and future fire frequency in the
Canadian boreal forest: implications for sustainable forest management. Ambio 33, 356-360.
https://doi.org/10.1579/0044-7447-33.6.356
Bergeron, Y., Leduc, A., Harvey, B.D., Gauthier, S., 2002. Natural Fire Regime: A Guide for Sustainable
Management of the Canadian Boreal Forest. Silva Fennica 36, 81-95. https://doi.org/10.14214/sf.553
Berglund, H., Jönsson, M.T., Penttilä, R., Vanha-Majamaa, I., 2011. The effects of burning and dead-wood creation
on the diversity of pioneer wood-inhabiting fungi in managed boreal spruce forests. Forest Ecology and
Management 261, 1293-1305. https://doi.org/10.1016/j.foreco.2011.01.008

17

Brazee, N.J., Lindner, D.L.L., D'Amato, A.W.D., Fraver, S., Forrester, J.A., Mladenoff, D.J., 2014. Disturbance and
diversity of wood-inhabiting fungi: effects of canopy gaps and downed woody debris. Biodiversity and
Conservation 23, 2155-2172. https://doi.org/10.1007/s10531-014-0710-x
Bunnell, F.L., Houde, I., 2010. Down wood and biodiversity — implications to forest practices. Environmental
Reviews 18, 397-421. https://doi.org/10.1139/A10-019
Burrascano, S., Keeton, W.S., Sabatini, F.M., Blasi, C., 2013. Commonality and variability in the structural
attributes of moist temperate old-growth forests: A global review. Forest Ecology and Management 291,
458-479. https://doi.org/10.1016/j.foreco.2012.11.020
Burrows, N., McCaw, L., 2013. Prescribed burning in southwestern Australian forests. Frontiers in Ecology and the
Environment 11, 25-34. https://doi.org/10.1890/120356
Burrows, R.M., Magierowski, R.H., Fellman, J.B., Barmuta, L.A., 2012. Woody debris input and function in oldgrowth and clear-felled headwater streams. Forest Ecology and Management 286, 73-80.
https://doi.org/10.1016/j.foreco.2012.08.038
Carlsson, F., Edman, M., Holm, S., Eriksson, A.M., Jonsson, B.G., 2012. Increased heat resistance in mycelia from
wood fungi prevalent in forests characterized by fire: a possible adaptation to forest fire. Fungal Biol 116,
1025-1031. https://doi.org/10.1016/j.funbio.2012.07.005
Carlsson, F., Edman, M., Jonsson, B.G., 2017. Increased CO2 evolution caused by heat treatment in wood-decaying
fungi. Mycological Progress 16, 513-519. https://doi.org/10.1007/s11557-017-1281-5
Dahlberg, A., Thor, G., Allmér, J., Jonsell, M., Jonsson, M., Ranius, T., 2011. Modelled impact of Norway spruce
logging residue extraction on biodiversity in Sweden. Canadian Journal of Forest Research 41, 1220-1232.
https://doi.org/10.1139/x11-034
de Groot, W.J., Cantin, A.S., Flannigan, M.D., Soja, A.J., Gowman, L.M., Newbery, A., 2012. A comparison of
Canadian and Russian boreal forest fire regimes. Forest Ecology and Management 294, 23-24.
https://doi.org/10.1016/j.foreco.2012.07.033
de Jong, J., Akselsson, C., Egnell, G., Löfgren, S., Olsson, B.A., 2017. Realizing the energy potential of forest
biomass in Sweden - How much is environmentally sustainable? Forest Ecology and Management 383, 316. https://doi.org/10.1016/j.foreco.2016.06.028
de Jong, J., Dahlberg, A., 2017. Impact on species of conservation interest of forest harvesting for bioenergy
purposes. Forest Ecology and Management 383, 37-48.
Dixon, W.N., Cornell, A.J., Wilinson, R.C., Foltz, J.L., 1984. Using stem char to predict mortality and insect
infestation of fire-damaged slash pines. Southern Journal of Applied Forestry 8, 85-88.
Eräjää, S., Halme, P., Kotiaho, J.S., Markkanen, A., Toivanen, T., 2010. The volume and composition of dead wood
on traditional and forest fuel harvested clear-cuts. Silva Fennica 44, 203-211.
https://doi.org/10.14214/sf.150
Eriksson, A.-M., Olsson, J., Jonsson, B.G., Toivanen, S., Edman, M., 2013. Effects of restoration fire on dead wood
heterogeneity and availability in three Pinus sylvestris forests in Sweden. Silva Fennica 47, 1-15.
https://doi.org/10.14214/sf.954
Esseen, P.-A., Ehnström, B., Ericson, L., Sjöberg, K., 1997. Boreal forests. Ecological Bulletins 46, 16-47.
Fedrowitz, K., Koricheva, J., Baker, S.C., Lindenmayer, D.B., Palik, B., Rosenvald, R., Beese, W., Franklin, J.F.,
Kouki, J., Macdonald, E., Messier, C., Sverdrup-Thygeson, A., Gustafsson, L., Baraloto, C., 2014. Can
retention forestry help conserve biodiversity? A meta-analysis. Journal of Applied Ecology 51, 1660-1679.
https://doi.org/10.1111/1365-2664.12289
Forrester, J.A., Mladenoff, D.J., Gower, S.T., Stoffel, J.L., 2012. Interactions of temperature and moisture with
respiration from coarse woody debris in experimental forest canopy gaps. Forest Ecology and
Management 265, 124-132. https://doi.org/10.1016/j.foreco.2011.10.038

18

Franklin, J.F., 1989. Towards a new forestry. American Forests 95, 37-44.
Franklin, J.F., Berg, D. R., Thornburgh, D. A. & Tappeiner, J. C., 1997. Alternative silvicultural approaches to
timber harvesting: Variable retention systems. In: Kohm, K.A.F., J. F. (Ed.), Creating a forestry for the 21st
century. The science of forest management. Island Press, Washington, DC. 30 p.
Fukasawa, Y., 2018. Temperature effects on hyphal growth of wood-decay basidiomycetes isolated from Pinus
densiflora deadwood. Mycoscience 59, 259-262. https://doi.org/10.1016/j.myc.2018.02.006
Gustafsson, L., Baker, S.C., Bauhus, J., Beese, W.J., Brodie, A., Kouki, J., Lindenmayer, D.B., Lõhmus, A., Pastur,
G.M., Messier, C., Neyland, M., Palik, B., Sverdrup-Thygeson, A., Volney, W.J.A., Wayne, A., Franklin,
J.F., 2012. Retention Forestry to Maintain Multifunctional Forests: A World Perspective. BioScience 62,
633-645. https://doi.org/10.1525/bio.2012.62.7.6
Gustafsson, L., Fedrowitz, K., Hazell, P., 2013. Survival and vitality of a macrolichen 14 years after transplantation
on aspen trees retained at clearcutting. Forest Ecology and Management 291, 436-441.
https://doi.org/10.1016/j.foreco.2012.12.005
Gustafsson, L., Kouki, J., Sverdrup-Thygeson, A., 2010. Tree retention as a conservation measure in clear-cut
forests of northern Europe: a review of ecological consequences. Scandinavian Journal of Forest Research
25, 295-308. https://doi.org/10.1080/02827581.2010.497495
Hallenberg, N., Küffer, N., 2001. Long-distance spore dispersal in wood-inhabiting Basidiomycetes. Nordic Journal
of Botany 21, 431-436. https://doi.org/10.1111/j.1756-1051.2001.tb00793.x
Halpern, C.B., Halaj, J., Evans, S.A., Dovciak, M., 2012. Level and pattern of overstory retention interact to shape
long-term responses of understories to timber harvest. Ecol. Appl. 22, 2049-2064.
https://doi.org/10.1890/12-0299.1
Hämäläinen, A., Hujo, M., Heikkala, O., Junninen, K., Kouki, J., 2016. Retention tree characteristics have major
influence on the post-harvest tree mortality and availability of coarse woody debris in clear-cut areas.
Forest Ecology and Management 369, 66-73. https://doi.org/10.1016/j.foreco.2016.03.037
Hämäläinen, A., Kouki, J., Lõhmus, P., 2014. The value of retained Scots pines and their dead wood legacies for
lichen diversity in clear-cut forests: The effects of retention level and prescribed burning. Forest Ecology
and Management 324, 89-100. https://doi.org/10.1016/j.foreco.2014.04.016
Harrington, M.G., 1996. Fall Rates of Prescribed Fire-Killed Ponderosa Pine. In, Intermountain Research Station.
United States Department of Agriculture. Forest Service., 7 p.
Hautala, H., Jalonen, J., Laaka-Lindberg, S., Vanha-Majamaa, I., 2004. Impacts of retention felling on coarse
woody debris (CWD) in mature boreal spruce forests in Finland. Biodiversity and Conservation 13, 15411554. https://doi.org/10.1023/B:BIOC.0000021327.43783.a9
Hautala, H., Laaka-Lindberg, S., Vanha-Majamaa, I., 2011. Effects of retention felling on epixylic species in boreal
spruce forests in southern finland. Restoration Ecology 19, 418-429. https://doi.org/10.1111/j.1526100X.2009.00545.x
Heikkala, O., Seibold, S., Koivula, M., Martikainen, P., Müller, J., Thorn, S., Kouki, J., 2016. Retention forestry
and prescribed burning result in functionally different saproxylic beetle assemblages than clear-cutting.
Forest Ecology and Management 359, 51-58. https://doi.org/10.1016/j.foreco.2015.09.043
Heilmann-Clausen, J., Barron, E.S., Boddy, L., Dahlberg, A., Griffith, G.W., Nordén, J., Ovaskainen, O., Perini, C.,
Senn-Irlet, B., Halme, P. 2014. A fungal perspective on conservation biology. Conservation Biology 29,
61–68.
Heino M, Kummu M, Makkonen M, Mulligan M, Verburg P.H., Jalava M, Räsänen, T.A. 2015 Forest loss in
protected areas and intact forest landscapes: A global analysis. PLoS ONE 10(10): e0138918.
https://doi.org/10.1371/journal.pone.0138918

19
Hibbet, D.S., Bauer, R., Binder, M., Giachini, A.J., Hosaka, K., Justo, A., Larsson, E., Larsson, K.H., Lawrey, J.D.,
Miettinen, O., Nagy, L.G., Nilsson, R.H., Thorn, R.G. 2014. Agaricomycetes. In: McLaughlin, D.J.,
Spatafore, J.W. (eds.) The Mycota, A comprehensive treatise on fungi as experimental systems for basic
and applied research. Vol. VII. Systematics and Evolution: 373-429. 2nd Edition. Springer-Verlag, Berlin
Heidelberg.
Holloway, G.L., Smith, W.P., Halpern, C.B., Gitzen, R.A., Maguire, C.C., West, S.D. 2012. Influence of forest
structure and experimental green-tree retention on northern flying squirrel (Glaucomys sabrinus)
abundance. Forest Ecology and Management 285, 187-194. https://doi.org/10.1016/j.foreco.2012.08.025
Hottola, J., Ovaskainen, O., Hanski, I., 2009. A unified measure of the number, volume and diversity of dead trees
and the response of fungal communities. Journal of Ecology 97, 1320-1328. https://doi.org/10.1111/j.13652745.2009.01583.x
Hottola, J., Siitonen, J., 2008. Significance of woodland key habitats for polypore diversity and red-listed species in
boreal forests. Biodiversity and Conservation 17, 2559-2577. https://doi.org/10.1007/s10531-008-9317-4
Hunter, L.M., 1993. Natural fire regimes as spatial models for managing boreal forests. Biological Conservation 65,
115-120. https://doi.org/10.1016/0006-3207(93)90440-C
Hyvärinen, E., Kouki, J., Martikainen, P., 2006. Fire and green-tree retention in conservation of red-listed and rare
deadwood-dependent beetles in Finnish boreal forests. Conservation Biology 20, 1711-1719.
https://doi.org/10.1111/j.1523-1739.2006.00511.x
Hyvönen, R., Olsson, B.A., Lundkvist, H., Staaf, H., 2000. Decomposition and nutrient release from Picea abies
(L.) Karst. and Pinus sylvestris L. logging residues. Forest Ecology and Management 126, 97-112.
https://doi.org/10.1016/S0378-1127(99)00092-4
Johnson, E.A., Miyanishi, K., Weir, J.M.H., 1998. Wildfires in the western Canadian boreal forest: landscape
patterns and ecosystem management. Journal of Vegetation Science 9, 603-610.
https://doi.org/10.2307/3237276
Jönsson, M.T., Fraver, S., Jonsson, B.G., Dynesius, M., Rydgård, M., Esseen, P.-A., 2007. Eighteen years of tree
mortality and structural change in an experimentally fragmented Norway spruce forest. Forest Ecology and
Management 242, 306-313. https://doi.org/10.1016/j.foreco.2007.01.048
Jönsson, M.T., Jonsson, B.G., 2007. Assessing coarse woody debris in Swedish woodland key habitats:
Implications for conservation and management. Forest Ecology and Management 242, 363-373.
https://doi.org/10.1016/j.foreco.2007.01.054
Junninen, K., Komonen, A., 2011. Conservation ecology of boreal polypores: A review. Biological Conservation
144, 11-20. https://doi.org/10.1016/j.biocon.2010.07.010
Junninen, K., Kouki, J., 2006. Are woodland key habitats in Finland hotspots for polypores (Basidiomycota)?
Scandinavian Journal of Forest Research 21, 32-40. https://doi.org/10.1080/02827580500530009
Junninen, K., Kouki, J., Renvall, P., 2008. Restoration of natural legacies of fire in European boreal forests: an
experimental approach to the effects on wood-decaying fungi. Canadian Journal of Forest Research 38,
202-215. https://doi.org/10.1139/X07-145
Junninen, K., Penttilä, R., Martikainen, P., 2007. Fallen retention aspen trees on clear-cuts can be important habitats
for red-listed polypores: a case study in Finland. Biodiversity and Conservation 16, 475-490.
https://doi.org/10.1007/s10531-005-6227-6
Juutilainen, K., Halme, P., Kotiranta, H., Mönkkönen, M., 2011. Size matters in studies of dead wood and woodinhabiting fungi. Fungal Ecology 4, 342-349. https://doi.org/10.1016/j.funeco.2011.05.004
Juutilainen, K., Mönkkönen, M., Kotiranta, H., Halme, P., 2014. The effects of forest management on woodinhabiting fungi occupying dead wood of different diameter fractions. Forest Ecology and Management
313, 283-291. https://doi.org/10.1016/j.foreco.2013.11.019

20
Kafka, V., Gauthier, S., Bergeron, Y., 2001. Fire impacts and crowning in the boreal forest: study of a large wildfire
in western Quebec. International Journal of Wildland Fire 10, 119-127. https://doi.org/10.1071/WF01012
Komonen, A., 2009. Forest characteristics and their variation along the lakeshore–upland ecotone. Scandinavian
Journal of Forest Research 24, 515-526. https://doi.org/10.1080/02827580903280079
Komonen, A., Niemi, M.E., Junninen, K., 2008. Lakeside riparian forests support diversity of wood fungi in
managed boreal forests. Canadian Journal of Forest Research 38, 2650-2659. https://doi.org/10.1139/X08105
Kotiranta, H., Junninen, K., Saarenoksa, R., Kinnunen, J., Kytövuori, I., 2010. Aphyllophorales &
Heterobasidiomycetes. In: Rassi, P., Hyvärinen, E., Juslén, A., Mannerkoski, I. (Eds.), The 2010 Red List
of Finnish Species. Ympäristöministeriö & Suomen ympäristökeskus, Helsinki, 249-255 p.
Kouki, J., 2001. Forest fragmentation in Fennoscandia: Linking habitat requirements of wood-associated threatened
species to landscape and habitat changes. Scandinavian Journal of Forest Research Suppl. 3, 27-37.
https://doi.org/10.1080/028275801300090564
Kouki, J., Hyvärinen, E., Lappalainen, H., Martikainen, P., Similä, M., 2012. Landscape context affects the success
of habitat restoration: large-scale colonization patterns of saproxylic and fire-associated species in boreal
forests. Diversity and Distributions 18, 348-355. https://doi.org/10.1111/j.1472-4642.2011.00839.x
Kruys, N., Jonsson, B.G., 1999. Fine woody debris is important for species richness on logs in managed boreal
spruce forests of northern Swedish boreal forests. Canadian Journal of Forest Research 29, 1295-1299.
https://doi.org/10.1139/x99-106
Kuuluvainen, T., Grenfell, R., 2012. Natural disturbance emulation in boreal forest ecosystem management —
theories, strategies, and a comparison with conventional even-aged management. Canadian Journal of
Forest Research 42, 1185-1203. https://doi.org/10.1139/x2012-064
Lance, A.N., Phinney, M., 2001. Bird responses to partial retention timber harvesting in central interior British
Columbia. Forest Ecology and Management 142, 267-280. https://doi.org/10.1016/S0378-1127(00)00356X
Lavoie, S., Ruel, J.-C., Bergeron, Y., Harvey, B.D., 2012. Windthrow after group and dispersed tree retention in
eastern Canada. Forest Ecology and Management 269, 158-167.
https://doi.org/10.1016/j.foreco.2011.12.018
Lindberg, H., 2017. Kangasmetsien paloainesten luokittelu ja kosteusvaihtelu metsäpalontorjunnan ja kulotusten
kehittämisen kannalta. The Department of Forest Sciences. University of Helsinki.
Lindenmayer, D.B., Franklin, J.F., 2002. Conserving Forest Biodiversity: A Comprehensive multiscaled approach.
Island Press, Washington. 352 p.
Lindenmayer, D.B., Franklin, J.F., Lõhmus, A., Baker, S.C., Bauhus, J., Beese, W., Brodie, A., Kiehl, B., Kouki, J.,
Martínes Pastur, G., Messier, C., Neyland, M., Palik, B., Sverdrup-Thygeson, A., Volney, J., Wayne, A.,
Gustafsson, L., 2012. A major shift to the retention approach for forestry can help resolve some global
forest sustainability issues. Coservation Letters 5, 421-431. https://doi.org/10.1111/j.1755263X.2012.00257.x
Löbel, S., Snäll, T., Rydin, H., Saura, S., 2012. Epiphytic bryophytes near forest edges and on retention trees:
reduced growth and reproduction especially in old-growth-forest indicator species. Journal of Applied
Ecology 49, 1334-1343. https://doi.org/10.1111/j.1365-2664.2012.02201.x
Mäkipää, R., Rajala, T., Schigel, D., Rinne, K.T., Pennanen, T., Abrego, N., Ovaskainen, O., 2017. Interactions
between soil- and dead wood-inhabiting fungal communities during the decay of Norway spruce logs.
ISME J 11, 1964-1974. https://doi.org/10.1038/ismej.2017.57
Mattson, W., Levieux, J., Bernard-Dagan, C., 1988. Mechanism of woody plant defence against insects. SpringerVerlag, New York. 416 p. https://doi.org/10.1007/978-1-4612-3828-7

21
Mori, A.S., Kitagawa, R., 2014. Retention forestry as a major paradigm for safeguarding forest biodiversity in
productive landscapes: A global meta-analysis. Biological Conservation 175, 65-73.
https://doi.org/10.1016/j.biocon.2014.04.016
Niemelä, T., 2016. Suomen käävät - The polypores of Finland. Finnish Museum of Natural History LUOMUS,
University of Helsinki, Helsinki, Finland. 430 p.
Niklasson, M., Granstom, A., 2000. Numbers and sizes of fires: longterm spatially explicit fire history in a Swedish
boreal forest. Ecology 81, 1484-1499. https://doi.org/10.1890/00129658(2000)081[1484:NASOFL]2.0.CO;2
Norros, V., Penttilä, R., Suominen, M., Ovaskainen, O., 2012. Dispersal may limit the occurrence of specialist wood
decay fungi already at small spatial scales. Oikos 121, 961-974.
Nuopponen, M., Vuorinen, T., Jämsä, S., Viitaniemi, P., 2004. Thermal modifications in softwood studied by FT-IR
and UV resonance Raman Spectroscopies. Journal of Wood Chemistry and Technology 24, 13-26.
https://doi.org/10.1081/WCT-120035941
Oldén, A., Ovaskainen, O., Kotiaho, J.S., Laaka-Lindberg, S., Halme, P., 2014. Bryophyte species richness on
retention aspens recovers in time but community structure does not. Plos One 9, e93786.
https://doi.org/10.1371/journal.pone.0093786
Olsson, J., Jonsson, B.G., 2010. Restoration fire and wood-inhabiting fungi in a Swedish Pinus sylvestris forest.
Forest Ecology and Management 259, 1971-1980. https://doi.org/10.1016/j.foreco.2010.02.008
Orlikowska, E.H., Roberge, J.-M., Blicharska, M., Mikusinski, G., 2016. Gaps in ecological research on the world's
largest internationally coordinated network of protected areas: A review of Natura 2000. Biological
Conservation 200, 216-227. https://doi.org/10.1016/j.biocon.2016.06.015
Otto, C.R.V., Roloff, G.J., 2012. Songbird response to green-tree retention prescriptions in clearcut forests. Forest
Ecology and Management 284, 241-250. https://doi.org/10.1016/j.foreco.2012.07.016
Ottosson, E., Nordén, J., Dahlberg, A., Ovaskainen, O., 2014. Species associations during the assembly of woodinhabiting fungal communities. Fungal Ecology 11, 17-28. https://doi.org/10.1016/j.funeco.2014.03.003
Pengelly, C.J., Cartar, R.V., 2010. Effects of variable retention logging in the boreal forest on the bumble beeinfluenced pollination community, evaluated 8–9 years post-logging. Forest Ecology and Management
260, 994-1002. https://doi.org/10.1016/j.foreco.2010.06.020
Penttilä, R., Junninen, K., Punttila, P., Siitonen, J., 2013. Effects of forest restoration by fire on polypores depend
strongly on time since disturbance – A case study from Finland based on a 23-year monitoring period.
Forest Ecology and Management 310, 508-516. https://doi.org/10.1016/j.foreco.2013.08.061
Penttilä, R., Kotiranta, H., 1996. Short-Term Effects of Prescribed Burning on Wood-Rotting Fungi. Silva. Fenn.
30, 399-419. https://doi.org/10.14214/sf.a8501
Penttilä, R., Siitonen, J., Kuusinen, M., 2004. Polypore diversity in managed and old-growth boreal Picea abies
forests in southern Finland. Biological Conservation 117, 271-283.
https://doi.org/10.1016/j.biocon.2003.12.007
Pitkänen, A., Huttunen, P., 1999. A 1300-year forest-fire history at a site in eastern Finland based on charcoal and
pollen records in laminated lake sediment. The Holocene 9, 311-320.
https://doi.org/10.1191/095968399667329540
Potapov, P., Hansen, M.C., Laestadius, L., Turubanova, S., Yaroshenko, A., Thies, C., Smith, W., Zhuravleva, I.,
Komarova, A., Minnemeyer, S., Esipova, E., 2017. The last frontiers of wilderness: Tracking loss of intact
forest landscapes from 2000 to 2013. Science Advances 3, 1-13. https://doi.org/10.1126/sciadv.1600821
Pouska, V., Svoboda, M. & Lepsová, A. 2010. The diversity of wood-decaying fungi in relation to changing site
conditions in an old-growth mountain spruce forest, Central Europe. European Journal of Forest Research
129, 219-231. https://doi.org/10.1007/s10342-009-0324-0

22
Ranius, T., Ekvall, H., Jonsson, M., Bostedt, G., 2005. Cost-efficiency of measures to increase the amount of coarse
woody debris in managed Norway spruce forests. Forest Ecology and Management 206, 119-133.
https://doi.org/10.1016/j.foreco.2004.10.061
Ranius, T., Kindvall, O., 2004. Modelling the amount of coarse woody debris produced by the new biodiversityoriented silvicultural practices in Sweden. Biological Conservation 119, 51-59.
Rasmussen, L., Amman, G., Vandygiff, J., Oakes, R., Munson, S., Gibson, K., 1996. Bark beetle and wood borer
infestation in the Greater Yellowstone area during four postfire years. In, Research paper. USDA Forest
Service, Intermountain Forest and Range Experiment Station. Research Paper INT-RP-487, 9 p.
Rassi, P., Hyvärinen, E., Juslén, A., Mannerkoski, I.e., 2010. The 2010 Red List of Finnish Species. Ministry of the
Environment and Finnish Environment Institute, Helsinki. 180 p.
Rayner, A.D.M. & Boddy, L. 1988. Fungal Decomposition of Wood: Its Biology and Ecology. Chichester, UK:
John Wiley & Sons. 602 p.
Renvall, P., 1995. Communities of wood-rotting basidiomycetes on decomposing conifer trunks in northern
Finland. Karstenia 35, 1-51. https://doi.org/10.29203/ka.1995.309
Rosenvald, R., Lõhmus, A., 2008. For what, when, and where is green-tree retention better than clear-cutting? A
review of the biodiversity aspects. Forest Ecology and Management 255, 1-15.
https://doi.org/10.1016/j.foreco.2007.09.016
Routa, J., Asikainen, A., Björheden, R., Laitila, J., Röser, D., 2013. Forest energy procurement - state of the art in
Finland and Sweden. WIREs Energy and Environment 2, 602-613. https://doi.org/10.1002/wene.24
Rowe, J.S., Scotter, G.W., 1973. Fire in the boreal forest. Quatenary Research 3, 444-464.
https://doi.org/10.1016/0033-5894(73)90008-2
Rudolphi, J., Gustafsson, L., 2005. Effects of forest-fuel harvesting on the amount of deadwood on clear-cuts.
Scandinavian Journal of Forest Research 20, 235-242. https://doi.org/10.1080/02827580510036201
Runnel, K., Rosenvald, R., Lõhmus, A., 2013. The dying legacy of green-tree retention: Different habitat values for
polypores and wood-inhabiting lichens. Biological Conservation 159, 187-196.
https://doi.org/10.1016/j.biocon.2012.11.029
Ryan, K.C., 2002. Dynamic Interactions between Forest Structure and Fire Behavior in Boreal Ecosystems. Silva.
Fenn. 36, 13-39. https://doi.org/10.14214/sf.548
Saint-Germain, M., Drapeau, P., Buddle, C.M., 2008. Persistence of pyrophilous insects in fire-driven boreal
forests: population dynamics in burned and unburned habitats. Diversity and Distributions 14, 713-720.
https://doi.org/10.1111/j.1472-4642.2007.00452.x
Schelhaas, M.-J., Nabuurs, G.-J., Schuck, A., 2003. Natural disturbances in the European forests in the 19th and
20th centuries. Global Change Biology 9, 1620-1633. https://doi.org/10.1046/j.1365-2486.2003.00684.x
Seibold, S., Bässler, C., Brandl, R., Gossner, M. M., Thorn, S., Ulyshen, M. D. & Müller, J. 2015. Experimental
studies of dead-wood biodiversity - A review identifying global gaps in knowledge. Biological
Conservation 191, 139-149. https://doi.org/10.1016/j.biocon.2015.06.006
Sensenig, T., Bailey, J.D., Tappeiner, J.C., 2013. Stand development, fire and growth of old-growth and young
forests in southwestern Oregon, USA. Forest Ecology and Management 291, 96-109.
https://doi.org/10.1016/j.foreco.2012.11.006
Shorohova, E., Ignatyeva, O., Kapitsa, E., Kauhanen, H., Kuznetsov, A., Vanha-Majamaa, I., 2012. Stump
decomposition rates after clear-felling with and without prescribed burning in southern and northern boreal
forests in Finland. Forest Ecology and Management 263, 74-84.
https://doi.org/10.1016/j.foreco.2011.09.006
Siitonen, J., 2001. Forest management, coarse woody debris and saproxylic organisms: Fennoscandian boreal
forests as an example. Ecological Bulletins 49, 11-41.

23

Siitonen, J., Martikainen, P., Punttila, P., Rauh, J., 2000. Coarse woody debris and stand characteristics in mature
managed and old-growth boreal mesic forests in southern Finland. Forest Ecology and Management 128,
211-225. https://doi.org/10.1016/S0378-1127(99)00148-6
Similä, M., Junninen, K., 2012. Ecological restoration and management in boreal forests - best practices from
Finland. Metsähallitus Natural Heritage Services. 50 p.
Sippola, A.-L., Renvall, P., 1999. Wood-decomposing fungi and seed-tree cutting: A 40-year perspective. Forest
Ecology and Management 115, 183-201. https://doi.org/10.1016/S0378-1127(98)00398-3
Stokland, J.N., Siitonen, J., Jonsson, B.G., 2012. Biodiversity in dead wood. Cambridge University Press,
Cambridge. 509 p. https://doi.org/10.1017/CBO9781139025843
Swanson, M.E., Franklin, J.F., Beschta, R.L., Crisafulli, C.M., DellaSala, D.A., Hutto, R.L., Lindenmayer, D.B.,
Swanson, F.J., 2011. The forgotten stage of forest sucession: early-successional ecosystems on forest sites.
Frontiers in Ecology and the Environment 9, 117-125. https://doi.org/10.1890/090157
Toivanen, T., Kotiaho, J.S., 2007. Mimicking natural disturbances of boreal forests: the effects of controlled
burning and creating dead wood on beetly diversity. Biodiversity and Conservation 16, 3193-3211.
https://doi.org/10.1007/s10531-007-9172-8
Toivanen, T., Markkanen, A., Kotiaho, J.S., Halme, P., 2012. The effect of forest fuel harvesting on the fungal
diversity of clear-cuts. Biomass and Bioenergy 39, 84-93. https://doi.org/10.1016/j.biombioe.2011.11.016
Vasaitis, R., Burnevica, N., Uotila, A., Dahlberg, A., Kasanen, R., 2016. Cut picea abies stumps constitute low
quality substrate for sustaining biodiversity in fungal communities. Baltic Forestry 22, 239-245.
Zackrisson, O., 1977. The influence of forest fires on North Swedish boreal forest. Oikos 29, 22-32.
https://doi.org/10.2307/3543289

