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ABSTRACT
Boreal forest soils store a significant amount of carbon and function as a terrestrial net
sink in the global carbon cycle. Soil microbes perform essential ecological functions by
cycling nutrients and decomposing organic matter. Fungi are the predominant
decomposers and central to the turnover of carbon and nitrogen in boreal forest soils. The
production of various extracellular enzymes allows fungi unique access to soil organic
nitrogen that is bound to recalcitrant soil organic matter. As nitrogen is typically the
growth limiting factor, almost all plants in boreal areas are mycorrhizal. This mycorrhizal
symbiosis improves the access of plants to nitrogen, nutrients and water in the soil, and
in turn, plants deliver large quantities of photosynthetically fixed carbon to mycorrhizal
fungi.
The main objectives of this thesis were to investigate soil fungal communities and
some of their functions seasonally and vertically in different soil horizons and in relation
to the disturbances of forest fire and reindeer grazing. The studies were conducted in three
main ecosystem stations in Hyytiälä, Sodankylä and Värriö, in southern and northern
boreal Scots pine forests. The fungal communities and some of their functions were
analyzed using high-throughput sequencing technology (454-pyrosequencing) combined
with the identification of potential gene functions using the GeoChip 4.0 microarray and
extracellular enzyme activity measurements. The results showed that fungal communities
were in general species-rich across the studied areas, and the species richness was higher
in southern compared to northern boreal forest soils. Fungal communities were clearly
stratified by soil horizons. Saprotrophic and ascomycete fungi dominated the upper most
litter horizon, whereas the abundance of ectomycorrhizal and basidiomycete fungi
increased in lower organic and mineral soil horizons. Fungal communities shifted
drastically and rapidly in time, as saprotrophic fungi dominated the communities in late
winter and were quickly replaced by ectomycorrhizal fungi at the beginning of the
growing season. Fungal communities were remarkably stable during the entire growing
season and were dominated by ectomycorrhizal basidiomycete fungi.
Forest fire altered fungal communities and their potential gene functions
significantly. Alpha diversity was highest in the recently burned site (two years after fire),
and ascomycete and saprotrophic fungi dominated the communities. The diversity
decreased with time since fire, with basidiomycete and ectomycorrhizal fungi dominating
the communities in the older burned sites. Fungal diversity correlated positively with
functional gene diversity, indicating that higher microbial diversity supports higher
genetic potential for maintaining crucial biochemical reactions in soils. Reindeer grazing
also had a significant effect on soil fungal community structure, the abundance of certain
genera and species, and litter degradation related enzyme activities. With longer time
scales, grazing may affect litter decomposition through changes in fungal communities
and their corresponding enzyme activities.
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In northern boreal forest soils, fungal communities were, in general, sensitive to the
disturbances. The effect was most drastic immediately after the disturbance. However,
soil fungal communities were slowly able to adapt to the changing conditions and
displayed signs of recovery from the disturbances in the course of around hundred years.
Some generalist species were more resistant to the disturbances than others. Many
abundant generalist fungi, such as the genera Cortinarius, Lactarius, Suillus and
Piloderma were detected in all studied successional stages, treatments and sites, although
their relative abundances varied. Successional shifts were also observed among
ectomycorrhizal families, as fungi from the family Atheliaceae dominated the
communities in young and mid-aged forests sites, and fungi from the family of
Cortinariaceaea increased in abundance over time and dominated in the old-growth forest
sites.
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TIIVISTELMÄ
Pohjoiset havumetsät varastoivat maaperäänsä merkittäviä määriä hiiltä, toimien samalla
maailmanlaajuisen hiilen kierron nieluna. Mikrobit vastaavat välttämättömistä
ekologisista toiminnoista maaperässä, kuten ravinteiden kierrättämisestä ja orgaanisen
aineksen hajotuksesta. Sienet ovat tärkeimpiä hajottajia ja keskeisiä erityisesti hiilen ja
typen kierrolle maaperässä. Sienet tuottavat monia solunulkoisia entsyymejä, joiden
ansiosta niillä on erityinen pääsy maan orgaaniseen typpeen, joka on sitoutuneena
hankalapääsyiseen maan orgaaniseen ainekseen. Typpi on usein kasvien kasvua
rajoittava tekijä, minkä takia lähes kaikki kasvit muodostavat sienijuurisymbiooseja
pohjoisissa havumetsissä. Sienijuurisymbioosi parantaa kasvin pääsyä maaperän
hankalapääsyiseen typpivarastoon, ravinteisiin ja veteen.
Tämän väitöskirjan päätavoitteina oli tutkia maaperän sieniyhteisöjä ja niiden
toimintaa kuukausittain eri maakerroksissa, sekä suhteessa erilaisiin häiriöihin, kuten
metsäpaloon ja porolaidunnukseen. Tutkimukset tehtiin kolmella ekosysteemiasemalla
Hyytiälässä, Sodankylässä ja Värriössä, etelä- ja pohjoisboreaalisissa mäntymetsissä.
Sieniyhteisöjä sekä niiden toimintaa tutkittiin uuden sukupolven sekvensointimenetelmillä (454 syväsekvensointi), yhdistettynä mahdollista geenitoimintaa mittavaan
GeoChip 4.0 -mikrolastumenetelmään sekä solunulkoisten entsyymien aktiivisuusmäärityksiin. Tulokset osoittivat, että sieniyhteisöt olivat yleisesti lajirunsaita kaikilla
tutkituilla aloilla, ja lajien runsaus oli suurempaa eteläboreaalisessa metsämaassa
verrattuna pohjoisboreaalisiin metsämaihin. Sieniyhteisöt olivat selkeästi kerrostuneita
maaperän eri kerroksiin. Saprotrofiset hajottajasienet sekä kotelosienet olivat yleisimpiä
maaperän ylimmässä karikekerroksessa, kun taas sienijuurisienet ja kantasienet olivat
yleisimpiä alemmissa orgaanisissa kerroksissa sekä mineraalimaassa. Sieniyhteisöjen
rakenne muuttui nopeasti ja merkitsevästi ajallisesti: hajottajasienet hallitsivat yhteisöjä
myöhäistalvella, mutta kasvukauden alkaessa sienijuurisienet muuttuivat nopeasti
hallitseviksi lajeiksi. Kasvukauden aikana sieniyhteisön rakenne oli huomattavan vakaa
ja pintasienijuurisienet ja kantasienet hallitsivat yhteisöjä.
Metsäpalon havaittiin muuttavan sieniyhteisön rakennetta ja mahdollista
geenitoimintaa merkitsevästi. Sienten monimuotoisuus oli suurin nuorimmalla paloalalla
kaksi vuotta metsäpalon jälkeen, ja yhteisöä hallitsivat kotelosienet sekä hajottajasienet.
Sienten monimuotoisuus väheni ajan kuluessa metsäpalosta, ja kantasienet ja
pintasienijuurisienet alkoivat hallita sieniyhteisöjä vanhemmilla paloaloilla. Sienten
monimuotoisuus korreloi positiivisesti sienten toiminnallisen monimuotoisuuden kanssa,
viitaten että suurempi sienten monimuotoisuus turvaa suuremman geneettisen
potentiaalin hoitaa välttämättömiä biokemiallisia reaktioita maaperässä. Myös
porolaidunnus vaikutti merkitsevästi maaperän sieniyhteisön rakenteeseen, tiettyjen
lajien ja sukujen esiintyvyyteen sekä karikkeen hajotukseen liittyvien solunulkoisten
entsyymien aktiivisuuteen. Pidemmällä aikavälillä porolaidunnus voi vaikuttaa karikkeen
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hajotukseen muuttamalla sieniyhteisön rakennetta sekä sienten tuottamien entsyymien
aktiivisuutta.
Pohjoisboreaalisissa metsämaissa sieniyhteisöjen havaittiin olevan herkkiä metsän
häiriöille. Vaikutus oli kaikkein merkittävin heti häiriön jälkeen. Sieniyhteisöt pystyivät
kuitenkin hiljalleen sopeutumaan muuttuneisiin olosuhteisiin sekä palautumaan hiljalleen
häiriöstä, ainakin sadan vuoden aikaikkunalla. Joidenkin yleislajien havaittiin olevan
kestävämpiä häiriöitä vastaan kuin toisten. Esimerkiksi seitikki, rousku, voitatti sekä
kultaorvakka -sukujen sieniä havaittiin aina kaikilla tutkituilla aloilla, eri maakerroksista
ja sukkession vaiheisista metsistä, vaikka niiden suhteelliset osuudet vaihtelivat.
Pintasienijuurisienillä havaittiin myös heimotasolla sukkessiovaihtelua siten, että
Atheliaceae-heimon sienet hallitsivat nuoria ja keski-ikäisiä metsiköitä, kun taas
Cortinariaceae-heimon sienet hallitsivat vanhoja metsiköitä.
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1

INTRODUCTION

1.1

Boreal forest biome

Boreal forests are a circumpolar region of evergreen coniferous forests in the northern
hemisphere, covering 11% of the land surface (Bonan & Shugart, 1989). Boreal forests
are a significant net sink for atmospheric CO2 globally (Post et al., 1982; Myneni et al.,
2001; Goodale et al., 2002; Pan et al., 2011), and store over 30% of the estimated 861 ±
66 Pg (petagrams = 1015 grams) of the carbon (C) in the world´s forests (Kasischke, 2000;
Pan et al., 2011). Carbon in the forest biome is not only stored in vegetation (above- and
belowground biomass), but also in soil, litter and dead wood. By photosynthesis and
decomposition, forests are continuously recycling their C, but depending on vegetation,
climatic conditions, disturbances and management, the time scale for C sequestration can
vary from years to centuries (Dixon et al., 1994).
Boreal forest areas are characterized by a large temperature range between welldefined seasons of cold and dark winters, and warm and light summers, as well as a short
growing season. Another characteristic of boreal forests is that 60% of C is stored in the
soils, and only 40% is in the living biomass, deadwood and litter (Pan et al., 2011). Under
cool and acidic conditions, decomposition processes in soils are slow and organic matter
has time to accumulate. Seasonality is a major driver of plant photosynthetic production,
and together with temperature and precipitation, it regulates C accumulation in boreal
areas (Kasischke, 2000). Vast areas of boreal soils, covering most of the world´s
peatlands, are waterlogged (peatlands, bogs and paludified patches) (Yu, 2012) with even
more limited decomposition. The mean annual temperatures are especially low in the
northern part of boreal areas, leading to the formation of permafrost, which contains a
deep, undecomposed, frozen layer of organic material (Kasischke, 2000).
Boreal areas are further divided into hemiboreal (boreonemoral), southern boreal,
middle boreal and northern boreal regions, based on their climatic and geographical
location. In the south, temperate forests follow hemiboreal regions, and in the north,
subarctic and arctic tundra follow the northern boreal regions. The work in this thesis was
conducted in southern and northern boreal regions.

1.1.1

Soil properties

Soil is a relatively loose mixture of organic and mineral material capable of supporting
all life on Earth. Soil formation begins when bare rock and minerals are exposed to
weathering processes. The main factors that drive pedogenic (i.e. soil formation)
processes are parent material, climate, organisms, time and topography (Jenny, 1994).
Parent material, on which the soil is formed, ultimately determines the basic physical and
chemical features of the soil (Lukac & Godbold, 2011). In later phase, organic material
slowly starts to accumulate on top of the weathered parent material and pioneer organisms
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arrive to mix the soil material and promote the process (Lukac & Godbold, 2011). At the
last stage of soil formation, soil horizons develop in the process of stratification (Lukac
& Godbold, 2011). Soil formation is a complex and ongoing process constantly affected
by the five aforementioned factors.
Soils are classified by texture that consists of the relative proportion of different
particle sizes of sand, silt and clay. Numerous classification systems exist, but the most
commonly used are the United States Department of Agriculture (USDA) (Soil Survey
Staff, 2014) and the FAO–UNESCO Soil Classification System: the World Reference
Base for soil resources (WRB) (IUSS Working Group WRB, 2015) soil classification
systems. Sand and silt primarily provide structural support, and the proportion of clay
predominantly determines soil functionality and fertility (Lukac & Godbold, 2011). The
air content of soil is an important parameter as plant roots, soil animals and aerobic
microbes respire and use soil air for their metabolism. Soil aggregates are formed when
sand, silt and clay particles adhere strongly to each other and to organic particles
(Cambardella, 2002). Soil structure is defined by how these particles are arranged,
forming aggregates of different sizes and shapes, with pores of water and gases in
between (Cambardella, 2002; Lukac & Godbold, 2011). Even though soil aggregates are
highly stable organo-mineral complexes, soil structure can change rapidly and its stability
can vary (Cambardella, 2002; Lukac & Godbold, 2011).
Parent material, vegetation and climatic conditions determine the pH of forest soils
(Lukac & Godbold, 2011). pH is one of the most important properties of soils that greatly
influences all chemical and biological processes and can vary highly (Schoenholtz et al.,
2000). Forest soils and litter from coniferous trees are typically acidic (pH 3.5), and
nutrient availability is generally low (Bache et al., 2008). Nitrogen (N) is generally a
growth limiting factor (Chalot & Brun, 1998). Microbial decomposition processes in
boreal areas are slow, resulting in a thick, recalcitrant humus horizon containing
polyphenolic substances (Swift et al., 1979).
Soil organic matter (SOM) accumulates from the residuals of decomposing plant
litter (shoots and roots), dead soil fauna and microbes, and also through the continuous
addition of photosynthetically fixed C by plants (Kuzyakov & Domanski, 2000;
Clemmensen et al., 2013; Urbanová et al., 2015; Baldrian, 2017; Liang et al., 2017). It
has been demonstrated that even 50–70% of C in humus can be derived from
belowground C allocation to roots and associated fungi and not from shed litter
(Clemmensen et al., 2013). The decomposition of SOM produces recalcitrant, humic
compounds. The humified organic compounds have high affinity to secondary minerals
like clay particles and amorphous oxides, and they can form highly stable soil aggregates
which are resistant to decomposition and can preserve in SOM for thousands of years
(Chesworth et al., 2008). Fine roots and fungal hyphae affect soil structure and aggregate
forming by e.g. providing stabilization with entanglement and physical penetration and
producing a wide range of extracellular polymeric compounds that can bind aggregates
(Cambardella, 2002; Rillig & Mummey, 2006). The rate at which organic matter is
mineralized depends on its chemical structure but also on its availability, as organic
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matter bound in soil aggregates can be unavailable for decomposing soil microorganisms
(Kleber, 2010; Kleber et al., 2011; Dungait et al., 2012).

1.1.2

Podzolization

The main soil type in boreal forest is podzol (spodosol) (Bache et al., 2008). The main
factors contributing to podzol formation are coarse texture soil (sand, loamy sand or
sandy loam), acidic litter from coniferous trees and sufficient moisture from rain and
snowmelt waters that percolate through the soil profile in humid boreal regions (Buol et
al., 1997). A characteristic process in podsolization is the mobilization of Al and Fe from
organic and eluvial horizons, and the immobilization of these metals in the illuvial
horizon (Buol et al., 1997).
The organic horizon (O) is composed of recently shed and partly humified organic
matter, which can further be divided into three subhorizons based on their decomposition
stage (Fig. 1). Uppermost in the profile is the most recently shed litter (O/L) that consists
of undecomposed organic matter, which has recently entered the soil and is available for
decomposition. Immediately below is the more decomposed fragmented litter (O/F)
horizon that is heavily colonized by fungi and mesofauna (Lukac & Godbold, 2011). At
the bottom of the organic horizon is mor type humus (O/H), which contains the oldest
and most recalcitrant organic compounds. The black, organo-mineral A-horizon is
located between organic and mineral soil with high nutrient content and biological
activity (Lukac & Godbold, 2011). Most boreal podzols soils do not contain the Ahorizon (Blake et al., 2008), or the horizon can be very thin. Water movement by
sufficient precipitation and organic acids released from acidic litter (Buol et al., 1997;
Lundström et al., 2000; Bache et al., 2008) lead to the typical podzolic profile of a
bleached, nutrient poor mineral fraction in the eluvial (E) horizon overlaying the
brownish illuvial (B) horizon (Bache et al., 2008; Lukac & Godbold, 2011). The latter
horizon is enriched with leached chemical compounds, especially Al and Fe complexes
from the above horizons (Buol et al., 1997; Bache et al., 2008; Blake et al., 2008).
Underneath lie the invariable C and R horizons that consist of fragmented and intact
parent material, respectively.
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Figure 1. Schematic drawing of a well-developed podzol (spodosol) soil profile. All horizons
may not be visible, depending on the conditions and time of soil development.
The thickness of each horizon varies and is only suggestive in the figure.

Typically, 80–90% of roots in the boreal area are located in the upper 30 cm of soil
(Jackson et al., 1996; Makkonen & Helmisaari, 1998). The roots of understory vegetation
(shrub and herbs) are mainly in the humus and upper mineral soil, while tree roots are
mainly in the mineral soil (Persson, 1980; Makkonen & Helmisaari, 1998; Helmisaari et
al., 2007). Fine root density is the highest in the organic soil horizons and in the upper
mineral soil (Makkonen & Helmisaari, 1998). Tree tap roots can sometimes penetrate the
C horizon in search of water, and the maximum rooting depth of boreal forests is
estimated to be 2.0 ± 0.3 m (Jackson et al., 1996).

1.1.3

Soil biota

Microbes are the key organisms that drive biogeochemical cycles, recycling C and other
essential elements (O, H, N, P, S) back to the use of other organisms and to the
atmosphere through decomposition and respiration (Falkowski et al., 2008; Gougoulias
et al., 2014). Boreal forest soils are heterogeneous environments that provide a different
niche to all soil-inhabiting organisms. These habitats consist of e.g. soil, litter, trees, root
systems, understory vegetation, water systems, bogs, atmosphere, dead trees, rock
surfaces and arthropods (Baldrian, 2017). All these habitats are important, but this thesis
concentrates mainly on fungi in litter and soil.
Fungi, bacteria, and archaea each play a significant role in soil and ecosystem
functioning. Fungi are the predominant decomposers of SOM and essential symbionts of
14

trees and plants. Bacteria are the most abundant group of soil microorganisms by the
number of species (Roesch et al., 2007). Bacteria participate in several key processes in
soil, such as N fixation, nitrification and denitrification, as well as decomposition of
organic matter. Archaea are also a stable yet still relatively unknown part of the soil
microbiota. In general, archaea are considered to live in extreme environments, but they
are also common in marine and terrestrial environments with moderate and low
temperatures (Jurgens et al., 1997; Ochsenreiter et al., 2003). Archaea display a wide
variety of functions that are not thoroughly understood, but in terrestrial ecosystems they
have a significant role in e.g. methanogenesis (Garcia et al., 2000) and ammonia
oxidation (Pester et al., 2011).
In addition to microbes, a wide variety of different micro- (e.g. protozoa and
nematodes), meso- (e.g. collembolans and mites) and macrofauna (e.g. millipedes,
spiders, ants, beetles and earthworms) also exist in forest soils (Franzluebbers, 2002). The
soil fauna has a large impact on litter decomposition and C stocks, as it consists of primary
consumers of plant material, other soil fauna and micro-organisms, including fungal
mycelia (Franzluebbers, 2002; Lukac & Godbold, 2011). These organisms
simultaneously transform organic material into more easily decomposable constituents,
mix and aerate soil by forming burrows, disperse microorganisms within the soil profile,
control microbial population sizes, and release nutrients through consumption
(Franzluebbers, 2002).

1.2

Fungi in boreal forests

Fungi represent a major fraction of the soil microbiome and play an essential role in the
functioning of soil ecosystems (van der Heijden et al., 2015; Baldrian, 2017). Fungi are
highly stratified in the podzol horizon with varying mineral and C composition (O’Brien
et al., 2005; Lindahl et al., 2007; McGuire et al., 2013; Clemmensen et al., 2013). Boreal
forest soils are a favorable environment for fungi, as they prefer aerobic, moist and
slightly acidic environments. By producing resistant propagules, such as spores or
sclerotia, fungi can also survive periods of harsh or even hostile conditions, such as low
temperatures, excessive moisture or aridity (Mataix-Solera et al., 2009).
In ecology, Schimper & Fisher (1902) created the broadly used “guild” concept that
categorizes different species that use a similar mode of life into ecological groups termed
guilds (Nguyen et al., 2016). This approach also suits fungi. Fungi are heterotrophic
organisms that gain their C for metabolic energy production from external sources by
using saprotrophic, necrotrophic or biotrophic strategies. The life strategies are not
directly connected to phylogeny as mycorrhizal symbiosis has evolved independently
multiple times from saprotrophic wood and litter decaying ancestors (Hibbett et al., 2000;
James et al., 2006; Tedersoo et al., 2010; Kohler et al., 2015). In addition to mycorrhizal
(biotrophic) and saprotrophic fungi, a wide variety of different epiphytic, endophytic,
pathogenic and parasitic fungi exist but fall outside the scope of this thesis.
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1.2.1

Saprotrophs

Saprotrophic fungi (SAP) are the main organisms responsible for recycling C back to the
atmosphere through decomposition and respiration (Lindahl & Boberg, 2008). SAP fungi
are a diverse group of wood and litter decomposing fungi that gain their C by degrading
dead organic matter. Fungi obtain energy by using various extracellular enzymes to break
down complex organic compounds into simpler constituents, such as sugars and amino
acids. The main components of litter are the plant cell wall polysaccharides cellulose,
hemicellulose and pectin; the aromatic heteropolymer lignin; the fungal and insect cell
wall polysaccharide chitin; and the more easily degradable lipids, proteins and sugars
(Chesworth et al., 2008). The most extensively studied saprotophs are the wood rotting
basidiomycete fungi, which are the most efficient plant cell wall degraders, as they can
degrade all plant cell wall components by producing various extracellular enzymes (De
Boer et al., 2005; Rytioja et al., 2014). However, much less is known about the enzymatic
capacities of diverse litter decomposing fungi. Litter decomposing fungi are, in addition
to white rotters, the only organisms able to degrade lignin efficiently (Steffen et al., 2000;
Baldrian, 2008). Litter decomposing fungi degrade lignin in co-metabolic processes to
get access to the other polysaccharides cellulose and hemicellulose (Steffen 2003). The
main enzymes involved in lignin degradation by litter decomposing fungi are Mnperoxidases and laccases (Steffen et al., 2002a,b).
Saprotrophic litter decaying fungi dominate in the litter horizon (O/L) where fresh
litter serves as a substrate for decomposition (O’Brien et al., 2005; Lindahl et al., 2007;
McGuire et al., 2013; Clemmensen et al., 2013). Litter decomposing fungi belong mainly
to the phyla Basidiomycota and Ascomycota, but some fungi from Mucoromycota also
have the ability to decompose cellulose and simple sugars (Osono, 2007). Ascomycete
fungi tend to dominate in the early phase of litter decomposition with basidiomycete fungi
increasing in abundance later in the processes (Frankland, 1998). The litter
decomposition process follows a succession: newly shed litter is colonized by different
endophytic, pathogenic and parasitic fungi, which initiate the decomposition processes
by degrading soluble sugars and simple compounds (Baldrian, 2008). When the easily
utilizable substrates have been used, the fungal community structure changes from early
to secondary colonizers (Lindahl & Boberg, 2008). In this cellulose decomposition phase
e.g. the genus Mycena, which is an efficient decomposer of plant litter, is highly abundant
in northern coniferous forests (Dix & Webster, 1995; Frankland, 1998; O’Brien et al.,
2005; Lindahl & Boberg, 2008). At the final stage of decomposition when most of the
cellulose has been depleted, mycorrhizal fungi outcompete saprotophs, decomposition
continues at a slower rate and the litter also starts losing N (Lindahl et al., 2007; Lindahl
& Boberg, 2008).
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1.2.2

Mycorrhizal fungi

As boreal forest soils are generally limited by available nutrients, especially N (Chalot &
Brun, 1998), almost all plants in boreal areas form mycorrhizal associations. Mycorrhizal
fungi are biotrophs that form symbiotic relationships with plants to obtain
photosynthetically fixed C from their host (Smith & Read, 2008). It is estimated that
mycorrhizal fungi obtain 50–100% of their C from the plant (Högberg et al., 1999). In
exchange, mycorrhizal fungi improve the access of plants to mineral nutrients, especially
N and phosphorus (P), and water.
The fine roots are colonized by mycorrhizal fungi that colonize the root surfaces of
the host plant, grow inside the root cortex or between the epidermal cells, and form sheath
or mantel structures over the root (Smith & Read, 2008; van der Heijden et al., 2015).
Mycorrhizal fungi also form emanating hyphae or rhizomorphs that radiate into the soil
from hyphal tips, extending the surface area for more efficient nutrient foraging (Smith
& Read, 2008; van der Heijden et al., 2015). This hyphal branching also stabilizes the
formation of soil aggregates and soil structure (Cambardella, 2002; Rillig & Mummey,
2006). Mycorrhizal fungi can form common mycorrhizal networks that connect different
plant root systems to each other and transfer C and nutrients between the connected plants
(Simard et al., 1997, 2012; Simard & Durall, 2004; Selosse et al., 2006). In addition,
plant roots can also provide different ecological niches to different root associated fungi
(Sietiö et al., 2018).
Mycorrhizal fungi have been divided into seven mycorrhizal types based on their host
plants and the structure of the mycorrhiza. Among these, arbuscular mycorrhiza (AM),
ectomycorrhiza (ECM), ericoid mycorrhiza (ERM) and orchid mycorrhiza are the most
common types globally (van der Heijden et al., 2015; Martin et al., 2016). ECM and
ERM are the most dominant mycorrhizal types in boreal forests.
The mychorrhizal types differ in several features ranging from metabolic properties
to ecosystem level consequences. As mycorrhizal fungi have evolved from saprotrophic
ancestors, they have retained several genes related to the degradation of the plant cell
wall (Kohler et al., 2015; Martino et al., 2018). Some genes are needed to modify the
plant cell wall during colonization and to penetrate the host cell (Kohler et al., 2015).
Several ECM and ERM fungi also possess the enzymatic activities of e.g. laccase and
Mn-peroxidases that are involved in the decomposition of recalcitrant SOM (Courty et
al., 2006; Bödeker et al., 2014). As mycorrhizal fungi gain most of their C from their host
plant, it has been suggested that these fungi benefit from the ability to perform SOM
decomposition by increased N mobilization from SOM (Lindahl & Tunlid, 2015). The
type of mycorrhizal symbiosis also affects the balance of soil C and N: ecosystems
dominated by ECM and ERM associated plants are globally shown to store 70% more C
per unit of N than ecosystems dominated by AM associated plants (Averill et al., 2014).
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Ectomycorrhiza

ECM fungi are the most abundant mycorrhizal type in boreal areas where they form
mycorrhizas with boreal trees. The total biomass of ectomycorrhizal mycelium in boreal
coniferous forests is estimated to be between 700–900 kg ha–1 in humus, with the highest
growth rate in autumn (Wallander et al., 2001). ECM fungi are a polyphyletic group
belonging to Basidiomycota (10 orders), Ascomycota (5 orders) and one order in
Mucoromycota (Tedersoo et al., 2010). ECM fungi do not penetrate through the cell wall
but stay between the epidermal and cortical cells forming a complex Hartig net structure
(Smith & Read, 2008). ECM fungi also form a dense hyphal sheath or mantel over the
plant root that encloses the root, and an extramatrical mycelium that extends to the soil
(Smith & Read, 2008).
ECM fungi have different exploration strategies and form different types of
extramatrical mycelia with or without different types of rhizomorphs (Agerer, 2001).
With different exploration strategies, fungi obtain better access to nutrients and water by
increasing the contact area with soil. Mycorrhizal fungi are more dominant in the lower
organic horizons and in mineral soil, where plant roots deliver photosynthetic C (O’Brien
et al., 2005; Lindahl et al., 2007; McGuire et al., 2013; Clemmensen et al., 2013). The
abundance of some ECM fungi in boreal forest soils seems also to follow the
photosynthesis and gross primary production (GPP) of the host trees (Heinonsalo et al.,
2015).

Endomycorrhizas of boreal forests: ERM and AM

ERM and AM fungi are endomycorrhizal type fungi that are able to penetrate through the
plant cell wall. Fungal mycelia can penetrate epidermal (AM and ERM) and into and
between cortical cells (AM). ERM fungi form symbioses mainly with understory shrubs
such as the Ericaceae plants. In general, ERM fungi belong to Ascomycota and especially
to the class of Leotiomycetes, but some Basidiomycetal ERM fungi also exist (Setaro et
al., 2006; Selosse et al., 2007; Vohník et al., 2016; Weiß et al., 2016). ERM is the
youngest mycorrhizal type (Martino et al., 2018). The ecology of ERM fungi is still not
completely understood, but these fungi can be true mycorrhizal, dual mutualistic and
saprotofic, or endophytic (Martino et al., 2018). ERM fungi are more dominant in boreal
areas where forest floor vegetation typically consists of different shrubs.
The arbuscular mycorrhiza is the oldest and the most common mycorrhizal type
globally, especially within the Angiosperms, of which 86% are mycorrhizal (Smith &
Read, 2008; Brundrett, 2009). The distribution of AM symbioses decreases towards the
poles (Tedershoo et al. 2014), and AM is not an as abundant mycorrhizal type in boreal
areas as ECM or ERM. In boreal areas some Angiosperms, such as herbaceous perennial
plants, graminoids and forbs, can form AM symbiosis, and trees, such as Populus and
Salix, can form AM or ECM symbioses (Öpik et al., 2008; Whiteside et al., 2012). AM
fungi belong to the monophyletic phylum Glomeromycota (Schüßler et al., 2001) and
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form arbuscular structures within, and usually storage vesicles within or between the
cortical cells of plant roots (Smith & Read, 2008). AM fungi form extraradical mycelia
that extend into the soil, but not rhizomorphs (Smith & Read, 2008).

1.3

Disturbances in boreal forests

Disturbances are natural and distinctive phenomena in all forest ecosystems. Disturbance
events can occur in a wide range of temporal and spatial scales, and usually produce
heterogeneous and patchy effects (Pickett & White, 1985). It is not easy to clearly define
a disturbance, as the definition depends on the scale and context (Shade et al., 2012). In
general, disturbances are events that disrupt the structure of a population, community or
ecosystem and alter resource availability or the physical environment (Pickett and White,
1985). Natural disturbances are also a regenerating force that maintains biodiversity and
are essential for succession in ecosystems (Runkle, 1985; Attiwill, 1994). Disturbance
regime frequency, intensity, size, return interval and severity are the main descriptors that
ultimately define the mortality rate of the disturbance in an ecosystem (Runkle, 1985).
The on-going climate change is expected to increase disturbance regimes in the future.
Disturbance events can be either short term and intense pulse disturbances or long
term and continuous press disturbances (Shade et al., 2012). Soil microbial communities,
in general, are sensitive to different disturbances, and the communities do not recover
from the disturbances quickly (i.e. they show low resilience) (Allison & Martiny, 2008;
Shade et al., 2012). The resilience and resistance of microbial communities to withstand
disturbances depend on three levels: the survival of individuals, persistence of
populations and stability of microbial communities (Shade et al., 2012). Even though
disturbances alter soil microbial community composition, soil functionality might not be
strongly affected if communities have high functional redundancy, i.e. multiple taxa
perform the same functions in the soil (Allison & Martiny, 2008; Griffiths & Philippot,
2013).
The most common natural disturbances in boreal forests are forest fires, windthrows
and insect outbreaks (Attiwill, 1994; Thom & Seidl, 2016). Grazing by large mammalian
herbivores can also cause a major disturbance, heavily affecting the vegetation and
ecosystem (Olff & Ritchie, 1998). In boreal and temperate forests, a disturbance paradox
has been found where different stand-replacing disturbance events increase species
richness but simultaneously decrease C storage and ecosystem services (Thom & Seidl,
2016). Since boreal forests are a globally significant C sink, climate warming,
deforestations, forest fires and other disturbances are a major risk for the large C pools in
the world (Kirschbaum, 2000; Pan et al., 2011). As fungi are the drivers of these
ecosystem processes, it is essential to understand how different disturbances affect the
communities and their functions. This thesis examines two types of disturbances in more
detail: pulse disturbances from forest fires and press disturbances from reindeer grazing.
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1.3.1

Forest fires

Fire has always been a natural regeneration factor for forests, heavily influencing its
structure and functions, and a force maintaining biodiversity. In the past centuries,
human-caused fires have had a major impact on the fire regimes of Fennoscandia and
Northern America, as burning was used to clear land for cultivation (e.g. slash and burn
cultivation), pasture and hunting (Wallenius, 2011). The cultural transition to modern
agriculture, forestry and timber harvest, together with organized fire suppression, reduced
the number of forest fires over 90% around a century ago (Wallenius, 2011). It is
estimated that globally 530–555 million ha are still affected by fires, and in boreal areas
about 10–15 million ha of forests are burned annually, especially in Siberia, Canada and
Alaska (González-Pérez et al., 2004; Flannigan et al., 2009; Turetsky et al., 2011). About
50% of the burned areas in Canada originate from fires occurring in remote locations with
low value-at-risk, where the majority of fires are allowed to burn naturally (Stocks et al.,
2002). In Finland, there were on average less than 1000 fire occurrences annually, with
only 357 ha of burned area in total and an average fire size of only 0.37 ha, between the
years 1996–2003 (Tanskanen & Venäläinen, 2008). Low fire sizes in Finland are related
to a high coverage of forest roads which enable quick access to fire sites and effective
fire suppression due to a high number of volunteer fire-brigades throughout the country.
The severity of fires varies largely between biomes, areas and landscapes. In North
America, fires are usually more severe and high-intensity crown fires, leading to stand
replacement, high loss of organic matter, and complete succession cycles in the
ecosystem (Goldammer & Stocks, 2000; González-Pérez et al., 2004; Glassman et al.,
2016). In contrast, in Eurasian Russia, China and Scandinavia, most fires are non-standreplacing surface fires due to more fire tolerant tree species, such as pine (Pinus spp.) and
larch (Larix spp.) (Goldammer & Stocks, 2000). Fire occurrence is related to climate,
vegetation and source of ignition (Kasischke, 2000). In addition, landscape heterogeneity
consisting of lakes, rivers, swamps, and hills, as well as vegetation differences, direct
fires into a patchy distribution that mitigates the severity of fires and creates mosaic type
landscapes (Kasischke, 2000).
Lightning strike is the only natural source of ignition in the pristine boreal forests of
Fennoscandia (Gromtsev, 2002). Among all forest fires in Finland, 13% were lightning
ignited, with the rest being human-caused, mainly from campfires, careless fire handling
and unknown reasons (Larjavaara et al., 2005). The frequency of forest fires is predicted
to increase due to climate change with warmer and drier summer months, more extreme
weather events and an increased fire season (Balshi et al., 2009; Flannigan et al., 2009;
Kilpeläinen et al., 2010; Turetsky et al., 2011; Ali et al., 2012). In Finland, the number
of days with an elevated risk of forest fire is predicted to increase by 10–40% (Lehtonen
et al., 2014). Globally, forest fires are predicted to increase by as much as 2–3-fold within
the next 50 to 100 years (Balshi et al., 2009).
A direct consequence of fire for soil microbes is transient soil heating. Although the
temperatures in high-intensity fires can exceed several hundred degrees, the temperatures
belowground decrease rapidly, and even at only a few centimeters belowground the
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temperatures can be close to normal (Fisher & Binkley, 2000; González-Pérez et al.,
2004; Mataix-Solera et al., 2009). The high temperatures in the soil surfaces may kill
most of the microbes in the top soil, and even the whole organic humus layer may burn
in severe high-intensity stand-replacing fires (Glassman et al., 2016; Mataix-Solera et al.,
2009). As soil is a poor conductor of heat, microbes colonizing deeper mineral soil
horizons might remain unaffected by the heat (Mataix-Solera et al., 2009). Fire intensity
and duration, but also soil texture and moisture, are factors affecting transient soil heating
and ultimately the survival of microbes (Mataix-Solera et al., 2009).
The indirect consequences of fire on soil microbes are also highly dependent on the
intensity of the fire event. After a stand-replacing disturbance, the forest typically
becomes a net source of C for a short period of time (Magnani et al., 2007), and the C/N
ratio decreases (González-Pérez et al., 2004). Fire increases soil pH and nutrient
availability, even though fire removes nutrients from the organic matter by oxidization,
volatilization and increased leaching (Bååth et al., 1995; Certini, 2005; Fisher & Binkley,
2000). Charred particles and ash can turn soil surface darker, which together with reduced
vegetation, changes the albedo and increases soil temperature (Certini, 2005). Fire
increases decomposition due to increased temperature and moisture, and alters the quality
and quantity of SOM (Fisher & Binkley, 2000; González-Pérez et al., 2004). The degree
of organic matter loss, direct sterilization of top soil, and ash and charcoal formation
modify the organic matter and its microbial community structures (González-Pérez et al.,
2004).
In general, fire drastically reduces microbial and especially fungal biomass (MataixSolera et al., 2009; Prieto-Fernández et al., 1998). Fungi are typically more susceptible
to fire than bacteria (Mataix-Solera et al., 2009). Mycorrhizal fungi are especially
susceptible to stand-replacing fires, where most of their host plants are killed (Dahlberg
et al., 2001; Mataix-Solera et al., 2009). Forest fires alter fungal community structure,
especially in the organic soil horizons where the effect of transient heating is more
pronounced (Cairney & Bastias, 2007). In low-intensity fires, ECM fungi recover through
mycelial fragments or mycorrhizas surviving the fire, while in high-intensity fires
survival depends more on the formation of resistant propagules, such as spores and
sclerotia (Mataix-Solera et al., 2009). Although fire reduces especially ECM fungal
communities, even with high-intensity, completely stand-replacing fires, some ECM
fungi can survive and persist in soils as fire resistant propagules and disperse and colonize
new regenerating seedlings after the fire (Glassman et al., 2016). Some fungal species are
favored or even dependent on fire (Dahlberg et al., 2001). These mainly ascomycete and
saprotrophic fungi are pyrophilious, and their abundance increases rapidly after fire
(Dahlberg et al., 2001; Mataix-Solera et al., 2009). Some ECM pyrophilious fungi, such
as Rhizopogon and Wilcoxina, are also known.
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1.3.2

Reindeer grazing

Grazing by large mammalian herbivores can cause a major disturbance and heavily affect
vegetation and ecosystems (Olff & Ritchie, 1998). Natural populations can have a
positive effect on plant diversity, but large stocks of domesticated animals decrease
diversity and cause disturbances (Olff & Ritchie, 1998). In northern Fennoscandian areas,
reindeer have been shaping the environment since the last ice age (Suominen & Olofsson,
2000; Müller-Wille et al., 2006). Semi-domesticated reindeer (Rangifer tarandus L.) are
the most numerous large herbivore grazers in areas where their husbandry is practiced.
About 40% of the land area in Fennoscandia (Pape & Löffler, 2012) and 36% in Finland
(MMM, 2018) is allowed to be used for reindeer husbandry. Two thirds of the pasture
areas in Finland are in coniferous forests (Kumpula et al., 2007). Reindeer selectively
feed on different forage and graze at different locations in different seasons. Unlike some
other large grazers, reindeer selectively consume specific parts of the vegetation, altering
the vegetation structure. During summer and autumn, the forage consists mainly of herbs,
leaves, grasses, sedges and mushrooms when available (Kitti et al., 2006). Old growth
forest sites with terrestrial and arboreal lichens are important for reindeer as these are an
integral part of the reindeer diet, especially during winter.
Reindeer nomadism has a long-standing tradition among the indigenous Sámi people
in northern Fennoscandia, even though economically viable full reindeer herding is still
a relatively new phenomenon in Sámi culture (Müller-Wille et al., 2006). Reindeer
husbandry has different characteristics in Finland compared to other countries in
Fennoscandia. The border closures to Norway and Sweden in the 19th century ended
reindeer nomadism, as Finnish reindeer could no longer migrate to the coast of the Arctic
Ocean for the summer (Väre et al., 1996; Müller-Wille et al., 2006). At same time,
Finnish reindeer herders started to form reindeer herding co-operatives, which resulted in
54 herding districts and reindeer owner co-operatives. The area of each co-operative is
defined by law, and reindeer stay within the herding district area throughout the year,
without proper seasonal migration from winter to summer pastures, which exposes the
important winter lichen pastures for trampling during summer (Suominen & Olofsson,
2000). Reindeer population sizes grew during the 20th century with the help of winter
feeding, motorized vehicles and vaccination, peaking in the 1990s (Väre et al., 1996;
Suominen & Olofsson, 2000). Overgrazing, especially in the northern districts, together
with forestry, agriculture and other land-use practices, has clearly reduced the lichen
cover in some parts of Finland (Suominen & Olofsson, 2000; Kumpula et al., 2007),
which has also received considerable public attention. To maintain the pastures as viable,
countries have set different boundaries for reindeer herding. Each decade, the Finnish
Ministry of Agriculture and Forestry regulates by law the maximum number of reindeer
allowed to graze in each reindeer herding district. In 2010–2020, the total allowed number
of reindeer is 203 700 (MMM, 2018). In Norway and Sweden, the allowed number of
reindeer is 250 000 (Pape & Löffler, 2012).
Most of the studies on reindeer grazing have been conducted in the tundra biome, and
less is known about the effects of grazing in boreal forests. Trampling and selective
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grazing alter forest floor vegetation and cause a reduction in the lichen cover and biomass,
especially in areas with year-round grazing and inadequate rotation fence systems (Stark
et al., 2000; den Herder et al., 2003; Susiluoto et al., 2008; Akujärvi et al., 2014; Köster
et al., 2015). Further, grazing reduces the total biomass of ground vegetation (including
mosses and vascular plants) and tree regeneration (Olofsson et al., 2010; Köster et al.,
2013, 2015). Indirectly, reindeer grazing can alter the microclimate and moisture content
of soil (Olofsson et al., 2004, 2010; Fauria et al., 2008), as well as decrease soil
respiration and microbial activity in soil (Väre et al., 1996; Stark et al., 2003).
As grazing heavily affects the surrounding environment, it could also result in an
alteration in soil fungal communities and their functions, but these effects are still largely
unknown. In addition, reindeer lichens have been reported to produce allelopathic
extracts that can inhibit the growth of mycorrhizal fungi (Brown & Mikola, 1974) and
reduce seed germination and mycorrhizal infections in Scots pine seedlings in a
greenhouse (Sedia & Ehrenfeld, 2003). In contrast, secondary metabolites produced by
Cladonia stellaris have not been found to exert antimicrobial or allelopathic effects on
microbial respiration in soil (Stark et al. 2007). The effect of reindeer grazing on soil
microbial (mainly bacterial) biomass and communities has mostly been studied using
phospholipid fatty acid analysis (PLFA). Generally, these studies have not found a clear
effect of grazing on soil microbial communities (Bardgett et al., 1996; Stark et al., 2008,
2010; Rinnan et al., 2009; Francini et al., 2014). As PLFA is not a highly sensitive
method, especially for fungi, new high-throughput sequencing methods may better reveal
potential community differences caused by grazing. Vowles et al., (2018) studied soil
ECM communities with ingrowth bags and high-throughput sequencing, and found that
although grazing did not affect ECM diversity, it decreased the biomass of extramatrical
mycelia and the abundance of the genus Cortinarius in a mountain birch forest in the
Scandes mountain range. However, thorough sequencing-based studies concerning the
effect of reindeer grazing on soil fungal communities have been lacking especially for
boreal forests.
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2

AIMS OF THE THESIS

The main objectives of this thesis were to investigate soil fungal communities and some
of their functions seasonally and vertically in different soil horizons and in relation to the
disturbances of forest fire and reindeer grazing. The studies were conducted in three
intensively studied ICOS (Integrated Carbon Observation System) ecosystem stations in
Finland, in southern and northern boreal forest soils. The field sites had different local
treatments and research focuses. In southern Finland (Hyytiälä), the fungal communities
were monitored in different soil horizons in late winter and through a growing season in
order to record spatial and seasonal variation. In northern Finland (Värriö and
Sodankylä), the effect of disturbances on soil fungal communities was studied. In Värriö,
short- and long-term responses of forest fire on soil fungal communities were evaluated
by studying a forest fire chronosequence of 2 to 152 years after fire. The long-term effect
of reindeer grazing and exclusion on soil fungal communities was studied in the Värriö
and Sodankylä sites by comparing grazed and non-grazed sites (with 20–100 years of
exclusion) side by side.
Although ecosystem-atmosphere interactions have been actively and successfully
studied for a few decades in Finland, the functioning of forest soil is still not thoroughly
understood. Notably, relatively little research effort has been placed in understanding soil
microbial processes and their effects on ecosystem-level responses. The ongoing climate
change is also expected to alter species distributions and increase disturbance regimes in
the future. Therefore, it is essential to identify the structures and functions of microbial
communities, as well as their sensitivity and resilience towards pulse and press
disturbances at these sites with continuous greenhouse gas (GHG) measurements, as soil
fungi are responsible for major SOM transformation processes in boreal forest soil. The
aim of this thesis was therefore to provide baseline information about the fungal
communities, some of their functions and their response to disturbances in these
intensively studied sites. An increased understanding of microbial communities and their
processes could eventually be used to improve models concerning different climate
change scenarios.
The more specific hypotheses were:
1) Fungal community structure displays clear vertical and seasonal patterns and its
diversity decreases with increasing soil depth in southern boreal forest soils (I)
2) Fungal communities shift from saprotrophic to mycorrhizal dominance with
increasing soil depth (I) and with time since fire (II)
3) Fungal communities are altered soon after fire, but the communities recover with
time in northern boreal forest soils. A shift is also seen in the potential gene
functions of these communities. (II)
4) Long-term reindeer grazing and exclusion alter fungal community structure,
accelerate the decomposition of litter, and enhance litter degradation related
extracellular enzyme activities (III)
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3

SUMMARY OF MATERIALS AND METHODS

3.1

Soil samples and study sites used in this thesis

Soil samples were collected in 2011 (I, II) and 2013 (III) from boreal Scots pine forest
stands in the vicinity of the ICOS / SMEAR II (Station for Measuring EcosystemAtmosphere Relations) station in Hyytiälä (I), ICOS / SMEAR I station in Värriö (II, III),
and ICOS / Arctic Research Centre of the Finnish Meteorological Institute in Sodankylä
(III) (Fig. 2).

Figure 2. The locations of the study sites in Finland.

All study sites were Scots pine (Pinus sylvestris L.) dominated forest stands with a typical
boreal ground cover vegetation consisting of shrubs (mainly Vaccinium vitis-idaea L.,
Vaccinium Myrtillus L.), different mosses and lichens (especially Cladina sp. in the
northern sites of Värriö and Sodankylä). The soil had typical podzol horizons in all study
areas. Each study site had different local treatments and research focuses, which are
described in detail in the publications I–III.
In the southern boreal forest (Hyytiälä site, I), fungal communities were monitored
in late winter (March) and over one growing season (April to October) in five adjacent
soil horizons to detect seasonal and spatial variation. The soil samples were collected
once a month using soil cores. Each sampling time, five soil cores were taken from each
sampling plot and three sampling plots were sampled within the stand, with at least 50 m
distance from each other. The soil cores were separated in the laboratory into five soil
horizons (O/L, O/F, O/H, E and B) and all five replicate samples from each soil horizon
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were pooled, resulting in a total of 120 soil samples.
In northern Finland (Värriö site, II), the effect of forest fire on soil fungal
communities and potential gene functions was studied in a chronosequence of 2 to 152
years after fire. Five different sites with 2 years, 42 years, 60 years (two sites: A and B),
or 152 years after the last fire were studied (Fig. 3). The fires in the areas were non-standreplacing. From each of the five sites, two sampling plots were selected (with ≥ 100 m
distance from each other) and five samples were taken from the plots (with at least 4 m
distance from each other). For each sample, the litter was removed from a 0.25 m by 0.25
m quadrat and all humus was collected from the area, resulting in a total of 50 samples.

Figure 3. Fire chronosequence study sites with different-aged forest stands after fire. a)
The youngest study site 2 years after fire, b) a mid-aged study site 60 years after
fire, c) the old growth study site 152 years after fire. The fires were non-standreplacing and older trees with fire scars are visible. (Photographs: Jussi
Heinonsalo)

In Värriö and Sodankylä (III), the effect of reindeer grazing on soil fungal communities
was investigated on four study areas divided by a fence into grazed and non-grazed sites
(Fig. 4). Three of the areas were located in Värriö and one area in Sodankylä. Soil
sampling was conducted similar to II by collecting humus soil from a 0.25 m by 0.25 m
quadrat area. In total, 38 soil samples were collected.
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Figure 4. Reindeer grazing fence in the Sodankylä site. The area on the left side of the
fence is non-grazed and the greyish Cladonia lichen carpet is visible. The site
on the right side of the fence is grazed and the Cladonia lichens are scarce.
(Photograph: Jussi Heinonsalo)

3.2

Fungal community analysis in brief

Molecular biology and bioinformatics procedures were conducted similarly for all
samples in publications I–III. Genomic DNA was extracted from 0.1–0.25 g (fresh
weight) of soil using PowerSoil DNA Isolation Kit (MOBIO Laboratories, Carlsbad, CA,
USA) and GeneClean Turbo Kit (MP Biomedicals, LLC, France) when necessary for
further purification of the DNA sample. The fungal ITS2 region was amplified with the
primer pair gITS7 and ITS4 (Ihrmark et al., 2012) using 454 pyrosequencing adapters
and a 6-bp barcode sequence. The pyrosequencing was performed using the 454 GS-FLX
Titanium protocol (454 Life Science/Roche Diagnostics, CT, USA) in the Institute of
Biotechnology at the University of Helsinki. The pyrosequencing data were analyzed
using a mothur pipeline with the protocol optimized for fungi. The analysis procedures
are described in more details in publications I–III.
Multivariate analyses were used to visualize the sequencing data in relation to
different environmental variables measured from the same study sites. Among these,
Canonical Correspondence Analysis (CCA) was mainly used, as it is generally considered
to be a suitable and robust method for determining relationships between two sets of
variables and their joint relationship from count data (James & Walton, 1990). Further,
as CCA is a supervised method, it may allow better visualization of the differences
between the selected variables. The more generally used nonmetric multidimensional
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scaling (NMDS) method that uses rank distances among objects was also used in
publication II.

3.3

GeoChip 4.0

The genomic DNA from three different-aged forest fire sites (2, 60 [B] and 152 years
after fire) were selected for the GeoChip 4.0 analysis (II). DNA samples were pooled to
obtain three replicate samples per fire site. The pooled samples were sent to Glomics Inc.
for DNA hybridization on the GeoChip 4.0 microarray. The array contains approx. 82
000 probes, and covers approx. 142 000 coding sequences from 410 functional gene
families related e.g. to different microbially derived elemental cycling (C, N, S, P),
energy metabolism and decomposition processes (Liang et al., 2010; He et al., 2011; Tu
et al., 2014). Only fungal gene probes were included in the analyses, and bacteria, archaea
and virus originating gene probes were excluded. The analysis protocol is described in
more detail in publication II.

3.4

Additional data analyses conducted for this thesis

Additional data analyses were also conducted for this thesis. To test for changes in species
richness, diversity and community composition at the phylum level between southern and
northern boreal forest soils, the data from humified horizons from summer months were
combined from publications I–III. More specifically, from the southern boreal forest (I),
data from O/F and O/H horizons from June, July and August were selected, and from the
northern boreal forest (II and III), data from the mid-aged (60–80 years old) forest stands
were selected. These results are shown in section 4.2.
To study ECM succession in different-aged forest sites after disturbance, the
sequencing data consisting of the most abundant (top five) fungal families from all the
different-aged northern boreal forest sites were combined from all study areas (II–III).
From the forest fire chronosequence study, all study areas with 2, 42, 60 (A and B) and
152 years after fire were included in the analysis (II). From the reindeer grazing study,
all grazed study areas were included and were as follows: the Kotovaara site with an
average stand age of 60 years (combined with 60 year forest fire sites); Sodankylä,
approx. 75 years; and Nuortti 1 and 2, approx. 100 years (III). Only grazed sites were
included as grazing was considered to represent the natural state of these forests and
exclusion treatments were discarded from the analysis. These results are shown in section
4.3.3.
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3.5

Methods used in this thesis

All the methods used in this thesis are summarized in Table 1 and explained in detailed
in the publications I–III.
Table 1. Methods used in this thesis.

Methods
Soil sampling
Litter bag experiment
DNA extraction
PCR optimization
PCR amplification
454 pyrosequencing
454 sequence data analysis
Statistical analysis
GeoChip 4.0
Enzyme activity measurements

Study
I, II, III
III
I, II, III
I, II, III
I, II, III
I, II, III
I, II, III
I, II, III
II
III
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4

4.1

RESULTS AND DISCUSSION

Vertical and seasonal dynamics of soil fungal communities in
southern boreal forest

In the southern boreal forest soil in Hyytiälä, fungal community dynamics were studied
simultaneously vertically (in five adjacent soil horizons) and temporally in late winter
and through one growing season (I). In total, 3 450 fungal operational taxonomic units
(OTUs) (with 97% similarity) were detected from 120 samples. From all OTUs, 8.5%
were shared across the studied horizons (O/L, O/F, O/H, E and B) (Fig. 4, in I), while
10.8% of the OTUs were shared across the seasons (March–October). Notably, approx.
90 out of the 100 most abundant OTUs were found in all soil horizons and all sampling
months, indicating that these fungi are generalists and able to adapt to different
conditions. The O/L horizon harbored the highest number of unique (18.4%; Fig. 4 in I)
and unclassified (5.3%; Fig. 1 in I) OTUs, highlighting the need for more knowledge
concerning litter inhabiting fungi.
The observed and estimated species richness and alpha diversity of fungal
communities fluctuated between the sampling months across all soil horizons, and no
statistically significant differences were found seasonally (Table 1 in I). Vertically, fungal
diversity and species richness decreased significantly with increasing soil depth in the
organic horizon (P < 0.05, one-way ANOVA), in line with hypothesis 1 and previous
studies (Voříšková et al., 2014). Interestingly, species richness in the mineral soil
horizons (E and B) was similar to humus (O/H) (Table 1 in I). As the fungal communities
in the mineral soil horizons were more even compared to humus, alpha diversity was
lowest in the humus horizon. These findings highlight that also mineral soils, which
contain large quantities of recalcitrant C bound to minerals, host diverse fungal
communities. These deeper soil horizons are often neglected in analyses, since they
generally contain less microbial activity and biomass than organic soils (Fritze et al.,
2000; Lindahl et al., 2007; Tedersoo et al., 2014).
Fungal community structures based on OTU abundances were visualized using CCA.
The different soil horizons hosted different fungal communities as each horizon clustered
separately in the CCA (Fig. 5 in I). This vertical stratification was most obvious between
the O/L and other soil horizons, as SAP fungi dominated the litter horizon, where fresh
litter is available for decomposition, and ECM fungi dominated the deeper organic and
mineral soil horizons, where plant roots transport photosynthates (Fig. 6 in I). Similar
vertical stratification of fungi in temperate and boreal forests soil profiles has also been
shown in previous studies (O’Brien et al., 2005; Lindahl et al., 2007; Baldrian et al.,
2012; McGuire et al., 2013; Clemmensen et al., 2013, 2015; Žifčáková et al., 2016). It is
also noteworthy that the mineral soil horizons E and B had a similar proportion of SAP
and ECM fungi as humus (O/F and O/H) (Fig. 6 in I), indicating similar functional
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potential for decomposition. The abundance of ERM fungi was surprisingly low in all
soil horizons and sampling months.
CCA separated the fungal communities in March (late winter) from the growing
season communities (Fig. 5 in I). SAP fungi dominated the communities in March when
the soil was under a snow cover and photosynthesis had ceased. In spring (April), ECM
fungi increased rapidly in abundance and dominated the communities throughout the
growing season. In a previous study conducted in a temperate forest, a similar shift from
SAP dominance during winter to ECM dominance in summer was observed (Voříšková
et al., 2014). Furthermore, in a temperate forest, the expression of genes associated with
ECM specific transcripts was also significantly decreased in winter compared to the
summer, although no differences in the abundance of ECM fungi between winter and
summer communities were observed (Žifčáková et al., 2016). In a southern boreal forest
soil, there was a rapid shift from SAP to ECM dominance, with communities changing
within a month (Fig. 6 in I). In contrast, ECM dominated communities were relatively
stable without drastic changes during the growing season (Fig. 6 in I).
Mortierella and Mycena were the most abundant SAP fungi in southern boreal forest
soil (Table 2 in I). The genus Mortierella dominated the communities (accounting for
12.5% of all sequences) during a late winter month (March) in all soil horizons, but the
abundance was low during the growing season (Fig. 3 in I). Mortierella are opportunistic,
non-cellulolytic fungi that can form resting structures and remain dormant for long
periods of time, increasing rapidly when conditions become favorable (Dix & Webster,
1995). Even though sampling was conducted only once during late winter, the high
abundance of Mortierella is in line with earlier findings showing that these “snow mold
fungi” are highly abundant during snow melt periods and can decline rapidly afterwards
(Robinson, 2001; Schmidt et al., 2008). The importance of this genus is not thoroughly
understood, but these common saprotrophic molds have recently been observed to
participate in the decomposition of dead fungal mycelia (Brabcová et al., 2018). In
contrast, the genus Mycena (6.8% of all sequences), especially the species M.
clavicularis, M. galopus and M. sanguinolenta, dominated the litter horizon during the
growing season, while its abundance was low in deeper soil horizons (Fig. 3 in I). The
genus Mycena is a common and abundant litter-decomposing basidiomycete fungi in
temperate and boreal areas (Frankland, 1998; Lindahl et al., 2007; Voříšková et al., 2014;
Žifčáková et al., 2016; Kyaschenko et al., 2017), being capable of degrading all major
components of plant litter (Dix & Webster, 1995; Frankland, 1998; Ghosh et al., 2003).
The genus Mycena is considered to be one of the most active and abundant leaf litter
decomposers (Dix & Webster, 1995).
In general, ECM fungi dominated the southern boreal forest soil when the
communities from the litter horizon and the late winter month March were excluded.
Common mycorrhizal genera, namely Lactarius, Piloderma, Suillus, Cortinarius, Boletus
and Russula, were the most abundant ECM fungi (Table 2 in I). The dominance of these
fungi was expected, as these fungi are common and abundant in boreal areas, where they
form mycorrhizas with the Scots pine and other coniferous trees (Smith & Read, 2008).
Among these, Lactarius was the most abundant genus (23% of all sequences), dominating
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the communities during the entire growing season, especially in the lower organic and
upper mineral soil horizons (Fig. 3 in I.). The genera Piloderma (5.5%), Suillus (3.2%)
and Cortinarius (2.3%) displayed similar occurrence vertically and seasonally. These
genera were abundant during the growing season and in all soil horizons, but the
abundance of Piloderma peaked in the B-horizon. This peak in the abundance of
Piloderma in the lower mineral soil horizon was striking, as some species of this genus
have been shown to produce several SOM degrading enzymes, such as laccase and
peroxidases (Heinonsalo et al., 2012; Kohler et al., 2015; Shah et al., 2015). Piloderma
has also been shown to use organic, proteinaceous N sources, and to provide N to its
Scots pine host (Heinonsalo et al., 2015).
These results suggest that the rooting depth of trees also significantly affects soil C
and N dynamics, as plant roots host diverse fungal communities that are able to degrade
recalcitrant, old SOM also in the deeper soil horizons. As ECM abundance is highly
dependent on the production and allocation of plant photosynthates, increasing CO2
concentrations due to climate change might also affect the dynamics of soil fungi.
Increasing photosynthesis, plant and root growth, and C flow into the soil and microbes
(Luo et al., 2006; Bardgett et al., 2008) might lead to the further dominance of ECM,
especially in the deeper soil horizons with the most recalcitrant, old SOM. How this will
eventually affect C storages in soils is not thoroughly understood. An increasing C supply
from plants can increase the decomposition of old, recalcitrant SOM through a priming
effect (Kuzyakov et al., 2000; Fontaine et al., 2007; Lindén et al., 2014; Karhu et al.,
2016), simultaneously increasing also the microbial biomass that will eventually turn into
necromass and stabilize in SOM (Liang et al., 2017). In contrast, the increased activity
of ECM fungi can promote the competition for resources with SAP fungi, thereby limiting
the decomposition activity of saprotrophs through the Gadgil effect (Gadgil & Gadgil,
1971, 1975), although the generality of the Gadgil effect has recently been questioned
(Fernandez & Kennedy, 2016). As boreal forest soils are a globally significant net sink
for atmospheric CO2 (Post et al., 1982; Myneni et al., 2001; Goodale et al., 2002; Pan et
al., 2011), even small changes in this C pool could have global consequences.

4.2

Species richness, diversity and phylum level differences between
southern and northern Scots pine boreal forest soils

All studied boreal forest soils harbored species rich fungal communities. In general, the
southern boreal forest had greater observed and estimated species richness than the
northern boreal forest (P ≤ 0.001, one-way ANOVA) when forest humus from mid-aged
(60–80 years old) Scots pine stands (I–III) were compared (Fig. 5a). However, the fungal
communities were more even (P ≤ 0.01, one-way ANOVA) in northern compared to
southern boreal humus (Fig. 5b), resulting in similar diversities in both forest types (Fig.
5c). In a global analysis, Tedersoo et al. (2014) found that fungal richness was mainly
similar in the organic horizons between southern and northern boreal forests, although
some local variation occurred. They also concluded that edaphic and spatial patterns were
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the best predictors of fungal community structure and diversity globally (Tedersoo et al.,
2014). It is therefore possible that edaphic and spatial differences between the southern
and northern boreal study areas mainly explain the observed differences in species
richness.

Figure 5. Species richness, evenness and alpha diversity in mid-aged (60–80 years)
southern and northern boreal forest soils. a) The observed number of OTUs
(Sobs) and estimated species richness (Chao). b) Evenness according to
Simpson’s evenness. c) Diversity according to the inverse Simpson index 1/D.
An asterisk indicates a statistically significant difference between the forests (P
< 0.05, one-way ANOVA).

On the phylum level, Basidiomycota was the dominant fungal phylum in southern and
northern boreal humus, followed by Ascomycota (Fig. 6). Fungi belonging to the new
phylum of Mucoromycota (Hibbett et al., 2007; Spatafora et al., 2016) (consisting mainly
of the molds Mortierella and Mucor) were, in general, more abundant in southern
compared to northern boreal humus. These fungi were classified into the former
polyphyletic phylum Zygomycota in publications I–III. Northern boreal soil generally
harbored more early-diverging fungal linages compared to southern boreal soil, as the
zoosporic Chytridiomycota was more abundant, and Rozellomycota, although a minority
group, was only found from northern boreal forest soils.
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Figure 6. The relative abundance of fungal phyla in southern and northern boreal forest
soils.

4.3

4.3.1

Fungal community changes due to disturbances in northern
boreal forests

Effect of forest fire on soil fungal communities and functional gene
profiles

The disturbance caused by forest fire on soil fungal community structure and potential
gene functions was studied for northern boreal forest soil in Värriö in a chronosequence
of Scots pine dominated stands representing 2, 42, 60 or 152 years after fire (II). Over
2000 fungal OTUs (97% similarity threshold) were detected from a total of 50 humus
samples. The alpha diversity and species richness of fungal communities were the highest
in the most recently burned site where the fire had occurred two years before the
sampling. The diversity decreased significantly in sites with an increasing time since fire.
A similar trend of decreasing diversity with increasing stand age was observed after a
clear cut in managed Scots pine stands in Sweden (Kyaschenko et al., 2017).
The disturbance from forest fire significantly altered fungal community structure.
The community structure was visualized using nonmetric multidimensional scaling
(NMDS; Fig. 5a in II), where environmental parameters measured from the same sites
(Köster et al., 2014) were used as explanatory variables. The recently burned site (2 years
after fire) separated from the older burned sites in the NMDS (Fig. 5a in II). In line with
the fact that fire typically increases soil pH and temperature soon after fire (Arocena &
Opio, 2003; Switzer et al., 2012; Taş et al., 2014), both pH and temperature were the
highest at the recently burned site and explained most of the variation in the NMDS of
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fungal community structure two years after fire. The mid-aged forest sites (42 and 60
years after fire) were grouped together, and soil water content, fungal biomass, and soil
N and C explained most of the variation of the fungal community structure in these sites.
The oldest site dated 152 years after fire clustered separately, and tree root biomass
explained most of the variation in the fungal community structure in this site.
Although the direct effect of heating on soil microbial communities is mainly short
term, forest fire induced vegetation changes may also affect communities in the long term
(Hart et al., 2005). Particularly, the loss of host plants after fire can decrease the richness
and biomass of mycorrhizal fungi (Rashid et al., 1997; Smith et al., 2005). Even though
the fires in these study areas were non-stand-replacing, the abundance of SAP fungi was
the highest and ECM fungi the lowest in the most recently burned site compared to older
burned sites (Fig. 4 in II). The recently burned site also hosted the most fungi with
unknown ecology, highlighting our limited knowledge about fungi in the early
successional stage. The abundance of Ascomycota and Basidiomycota was also reversed,
as Ascomycota dominated in the most recently burned site while Basidiomycota
dominated in the older burned sites. These shifts were potentially associated with the litter
pulse from dead organic matter after fire and high availability of easily decomposable
material for ascomycete and SAP fungi, specialized in the early stages of decomposition
(Frankland, 1998). During the succession in the older burned sites, when the organic
matter became more recalcitrant and unavailable to soil primary decomposers,
mycorrhizal fungi increased in abundance (Lindahl and Boberg 2008). It is also notable
that a large proportion of fungal OTUs could not be assigned to any functional group,
causing high uncertainty in the results and emphasizing the urgent need for further
research concerning the diversity and functioning of soil fungal communities.
Fungal functional gene profiles were analyzed, using the GeoChip 4.0 microarray,
for three selected sites representing 2, 60 and 152 years after fire using three replicate
samples from each site. The functional gene structure was visualized using NMDS (Fig.
5b in II) with environmental parameters as explanatory variables. The ordination clearly
clustered all sites separately, indicating differences in the functional gene pools between
the sites. Similar to fungal community structure, soil pH and temperature explained the
variation in the functional profile in the most recently burned site, and the other
environmental parameters were associated with the functional profile of the older burned
sites.
Hierarchical cluster analysis (HCA) based on the abundance of functional genes,
showed that the different-aged sites clustered separately (Fig. 6 in II). Based on the HCA,
the sites with the most recent and oldest fire histories shared more similar gene profiles
compared to the mid-aged forest site that clustered separately, indicating again
differences in the potential gene pools between the sites. Almost half of the detected
genes were found from all samples. The HCA also divided the functional genes into 15
subclusters that encompassed genes related to different biochemical processes.
Unfortunately, these HCA derived subclusters shared multiple overlapping functional
gene categories, compromising our ability to detect specific functional differences
between these clusters.
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Among plant cell wall degradation related genes, the number of genes related to
cellulose, lignin and pectin degradation was similar in all study sites (Table 1 in II). In
contrast, the number of detected genes encoding enzymes for hemicellulose degradation
was the highest in the most recently burned and mid-aged sites, and chitin degradation
was the highest in the oldest site after fire. Chitin is mainly derived from dead fungal
hyphae and is relatively easily available for soil organisms (Fernandez & Koide, 2012)
that are able to decompose it as a source of N, especially in N-limited conditions (Zeglin
et al., 2013). As old-growth coniferous forest soils are typically high in fungal and
especially ECM biomass, and the amount of labile C and N is limited (Zeglin et al., 2013),
the high number of chitin degradation related genes in these conditions seems beneficial
for fungal communities.
CCA was also used to visualize the relationship between the functional gene profiles
and the most abundant fungal genera and ecological groups in the sites with different fire
histories (Fig. 7 in II). The most abundant fungal genera and ecological groups were
associated with the functional gene structure of the different aged sites. Saprotrophs as a
group, and several SAP genera (most abundant: Mortierella, Mycena, Cladophialophora
and Umbelopsis) were associated with the most recently burned site, and ECM fungi as
a group, especially the genus Cortinarius, was associated with oldest site. The ECM
genus Hygrophorus was associated with the functional gene structure of the mid-aged
site. The high abundance of saprotrophs associated with the functional gene structure of
the recently burned site was expected, as these fungi primary act as decomposers in the
early stages of decomposition (Frankland, 1998). Many of the most abundant ECM
genera (e.g. Piloderma, Suillus, Lactarius and Russula) were not associated with any
specific functional gene profile, indicating that these fungi are generalists that can adapt
to a variety of conditions.
The genus Cortinarius clearly dominated the communities in the oldest burned site,
representing 45% of all sequences, and was associated, together with ECM fungi as a
group, with the functional gene structure of the oldest burned site (II). The genus
Cortinarius is a common and highly abundant ECM fungi in these ecosystems, and is
able to produce several oxidative extracellular enzymes, playing a significant role in the
decomposition of complex soil organic matter (Bödeker et al., 2014). Even though ECM
fungi have lost multiple genes from their saprotrophic ancestors required to degrade plant
cell wall components (Kohler et al., 2015), the oxidative enzymes of class II peroxidases
are widespread within ECM fungi and have a considerable capacity for SOM
decomposition (Bödeker et al., 2009, 2014; Phillips et al., 2014; Shah et al., 2015). It has
been suggested that since ECM fungi have access to C directly from their host, the ability
to decompose SOM would benefit them by allowing better access to organic N sources
rather than C (Lindahl & Tunlid, 2015). The number of functional genes involved in
organic matter decomposition was similar although the fungal communities differed at
the most recently and oldest burned sites (II), suggesting that the old growth forests with
ECM dominance have similar functional gene potential to degrade organic matter as
younger forests with a higher relative abundance of SAP fungi after the disturbance.
Although it is not possible to directly link the functional gene profiles to specific
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organisms, these results still provide further evidence that ECM fungi are highly
important organisms in the C and N transformation in these ecosystems, especially in oldgrowth forests.

4.3.2

Effect of reindeer grazing on soil fungal communities and enzyme
activities

In the northern boreal forest soils in Värriö and Sodankylä, over 1 100 fungal OTUs were
detected from 38 samples, grazed or non-grazed by reindeer. Reindeer grazing
significantly increased the observed species richness (Chao1) (P ≤ 0.01, two-way
ANOVA) but the alpha diversity (Inverse Simpson index, 1/D) was not affected (III).
Similarly, in the Scandinavian mountain range no statistically significant differences in
fungal diversity or evenness were observed between grazed and non-grazed sites in
mountain birch forest and shrub heath sites (Vowles et al., 2018).
Fungal community structure was visualized using CCA with environmental
parameters as explanatory variables. Reindeer grazing significantly affected the fungal
community structure in northern boreal forest soils, as grazing was a significant variable
explaining the variation in the communities (Fig. 2 in III). Nevertheless, the study area
had a more drastic impact on fungal community structure compared to grazing. These
results support earlier findings showing that spatial heterogeneity has a more significant
effect on microbial communities than grazing by large mammalian herbivores (Stark et
al., 2008; Sørensen et al., 2009; Vowles et al., 2018). Several measured environmental
parameters further explained the variation in fungal community structure. In previous
studies conducted at the same study sites, reindeer grazing significantly reduced lichen
biomass, ground vegetation biomass (mainly due the reduction of lichens) and tree
regeneration (measured as the number of small trees per ha) (Köster et al., 2013, 2015).
This was also visible in the ordination analysis, as the number of small trees, ground
vegetation and tree root biomass were significant parameters explaining the variation in
the fungal community structure in the CCA and pointed to the opposite direction
compared to grazing (Fig. 2 in III).
As opposed to the study hypothesis, the high lichen biomass in the non-grazed sites
did not decrease the abundance of mycorrhizal fungi, as the abundance of ECM fungi
was similar and that of ERM fungi was significantly higher in the non-grazed compared
to grazed sites (Fig. 3b in III). These results support earlier findings by Stark et al. (2007),
suggesting that lichens do not reduce the diversity of soil mycorrhizal communities in
natural conditions. Reindeer grazing also reduced the number of small tree seedlings
(Köster et al., 2013, 2015), which potentially affected the abundance of mycorrhizal fungi
through an altered root biomass of trees. In the CCA (Fig 2 in III), ground vegetation root
and tree root biomasses were also significant variables explaining the fungal community
structure. Soil compaction by trampling of reindeer can damage plant roots (Stark et al.,
2003), which could also affect mycorrhizal abundance in the areas.
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Reindeer grazing affected the abundance of certain fungal genera and species, with
the effect being more evident in the younger exclusion sites, although within-site
variation was generally high (Table 3 and Supplementary Table S5 in III). The abundance
of the ERM genus Rhizoscyphus and the species Rhizoscyphus ericae significantly
decreased with grazing (P < 0.05, Kurskall-wallis test for both). ERM fungi, which form
mycorrhizas with the roots of Ericacee shrubs, can be more susceptible to trampling, as
these plants have more shallow rooting than boreal trees with ECM symbionts
(Makkonen & Helmisaari, 1998; Helmisaari et al., 2007). The abundances of the common
ECM genera Piloderma, Suillus, Lactarius, Hygrophorus and Russula were in general
similar in grazed and non-grazed areas and did not suffer from the lichens in natural
conditions. One possible explanation is that these fungi and their hosts have adapted to
grow under high concentrations of phenolics, such as usnic acid, which is the most
abundant secondary metabolite produced by Cladonia lichens (Kytöviita & Stark, 2009).
Because ECM fungi are able to produce phenol oxidases (Burke & Cairney, 2002), they
might also degrade usnic acids (Kytöviita & Stark, 2009).
Cortinarius was the most abundant and species-rich genus represented by 24.8% of
all sequences and 24 identified species (Table 3 and Supplementary table S4 in III). Due
to the high variation between the study areas, the abundance of Cortinarius did not differ
between the grazed and non-grazed sites, but in the youngest exclosure site in Kotovaara,
the genus Cortinarius was significantly more abundant in the non-grazed site (P < 0.05,
Kruskal-Wallis test). In the Scandies forest-tundra ecotone, the genus Cortinarius was
also found to be the most abundant mycorrhizal genus, benefitting from the absence of
trampling and fertilizing effect of feces and urine in mountain birch forest and shrub heath
sites (Vowles et al., 2018). However, the abundance of different Cortinarius species
displayed opposing effects between the grazing treatments in different study areas, and
no clear grazing effect in the genus Cortinarius was therefore found in the northern boreal
forest (III).
A litterbag experiment was also conducted in these sites to study how grazing affects
decomposition rate and extracellular enzyme activities. The needle litter, after being
buried inside the litterbags in the organic horizons for one year, had lost on average 25–
30% of the weight, but grazing did not affect the mass loss significantly (III). Previously,
reindeer grazing has been observed to have varying effects on decomposition rate, as
grazing was found to reduce the decomposition of fine root and litter (Ruess et al., 1998;
Stark et al., 2000), increase litter and SOM (Stark et al., 2002; Olofsson et al., 2004), or
have no effect on SOM decomposition (Stark et al., 2002, 2010). Differences in the
decomposition rates in these studies may be related to several mechanisms concerning
how reindeer grazing affects soil processes. Grazing can decrease soil temperature
(Olofsson et al., 2004; Fauria et al., 2008) and alter soil moisture content (Väre et al.,
1996) due to reduced lichen carpet. Grazing may also affect nutrient availability by N
addition from feces (Barthelemy et al., 2015). All these mechanisms may have varying
influences on soil decomposition processes depending on the balance between these
factors in each particular study site. However, in this thesis, significant differences were
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not detected in soil temperature, moisture and N content between the grazed and nongrazed sites (Supplementary Table S1 in III).
Although litter decomposition rate was not altered by grazing, litter degradation
related extracellular enzyme activities measured from the litterbags were affected (III).
Grazing significantly decreased lignin modifying laccase activity (P < 0.05, KruskalWallis test). Previously, microbial biomass and the activity of ligninolytic enzymes have
been noted to decrease in grazed areas due to the fertilization effect of feces (Sinsabaugh,
2010; Männistö et al., 2016). Further, as lignin is the most complex and recalcitrant plant
cell wall biopolymer that decomposes slowly (Lundell et al., 2014), it is possible that the
differences between the grazed and non-grazed sites in laccase activity were not visible
in the mass loss of the needle litter after only one year. In contrast, grazing significantly
increased cellulose chain hydrolyzing cellobiohydrolase I (CBH I) activity (III). Other
measured plant biomass degradation related enzyme activities, including ß-xylosidase, ßglucosidase, ß-glucuronidase, N-acetylglucosaminidase and acid phosphatase, were in
general higher in grazed compared to non-grazed sites, and were associated with the
grazed areas in the CCA (Fig. 1 in III). Previously, reindeer grazing was found to increase
the activities of ß-glucosidase and acid phosphatase, and to decrease Nacetylglucosaminidase activity in tundra heath in Norway, suggesting that grazing
affected the enzyme activities through substrate availability to soil organisms (Stark &
Väisänen, 2014). In the CCA, grazing was the most important environmental parameter
explaining the variation in the enzyme activities (P ≤ 0.001, anova for cca), but the
moisture content of needle litter also had a significant effect (P ≤ 0.05, anova for cca).
Moisture content has previously been shown to correlate positively with enzyme
activities (Baldrian et al., 2010a,b).
Although the sequence data and enzyme activities were not directly comparable as
the fungal communities were analyzed from humus soil and enzyme activities from
needle litter, the most abundant ECM basidiomycete fungi likely had a significant role
also in the extracellular enzyme production in these areas (III). It is well established that
ECM fungi play a significant role in the decomposition processes of boreal forest soils,
as they have retained a variable set of plant cell wall degrading enzymes from their
saprotrophic ancestors (Kohler et al., 2015). Cortinarius was the most abundant genus (II
and III) and was clearly associated with the functional gene profile of the old growth
forest site (II), highlighting the importance of this genus for the functioning of northern
boreal forest soils. Cortinarius is suggested to have a significant role in SOM
degradation, and especially in the mobilization of organic N in boreal areas (Bödeker et
al., 2014; Lindahl & Tunlid, 2015). Several Cortinarius, Lactarius, Russula and
Hygrophorus species have also been shown to possess class II peroxidase encoding genes
(Bödeker et al., 2009), and the genus Cortinarius, in particular, has been associated with
high manganese peroxidase activity (Bödeker et al., 2014). Further, ECM fungi (e.g.
Piloderma, Lactarius and Suillus) and the ERM fungus Rhizoscyphus ericae have been
demonstrated to produce various oxidative enzymes, such as laccases (Burke & Cairney,
2002; Chen et al., 2003; Heinonsalo et al., 2012; Voříšková et al., 2014; Kohler et al.,
2015; Shah et al., 2015). These common mycorrhizal genera were all highly abundant
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and played a significant role in the enzymatic profiles of northern boreal forest soils (II
and III).

4.4

ECM succession in different aged forests after disturbance

Disturbances are a regenerating force that are able to reset ecosystems and restart
succession cycles. In the northern boreal forests (II and III), different aged forest stands
were studied. Most of these sites were located in the Värriö nature reserve close to each
other, except the Sodankylä area which was 150 km southwest from Värriö. By
combining sequence data consisting from the most abundant fungal families from all
these different-aged northern boreal forest stands, a clear successional shift in the
abundance of Atheliaceae and Cortinariaceae was observed (Fig. 7). The shift in the
abundance of these families seemed to occur gradually in the mid-aged forest stands
between 40 and 80 years. The family Atheliaceae was dominant in the younger stands,
reaching maximum abundance in the 42-year-old stands, while the family Cortinariaceae
increased gradually in abundance with increasing stand age. The most abundant genera,
Piloderma from Atheliaceaea and Cortinarius from Cortinariaceae, had the largest effect
on the observed shift in abundance. Similar successional shifts in abundance could not be
discerned in the other dominant fungal families Helotiaceae, Russulaceae and Suillaceae.

Figure 7. Five most abundant fungal families in different aged forest stands in northern
boreal forests. Sequence data has been combined from publications II and III.

Kyaschenko et al. (2017) studied different aged Scots pine forests after clear-cut in a
hemiboreal forest in Sweden, and found a similar successional shift in the ECM families
Atheliaceae and Cortinariaceae. Fungi from the Atheliaceae family were dominant in the
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younger stands and started to slowly decline in the middle-aged stands, whereas fungi
from Cortinariaceae and Russulaceae increased gradually in dominance with increased
forest age and became dominant in the old-growth forest stands (over 100 years)
(Kyaschenko et al., 2017). Wallander et al. (2010) studied ECM fungi in different aged
spruce stands by using ingrowth bags and found that Atheliaceae (mainly Tylospora)
almost exclusively dominated ECM communities in 10–30 year old forest stands and was
highly abundant in all age classes between 10–90 years. The abundance of Russula
increased significantly with increasing stand age but the abundance of Cortinarius was
generally low, although the ingrowth bag method caused underestimation of this genus
(Wallander et al., 2010). The shift in abundance between Atheliaceae and Cortinariaceae
observed here for northern boreal forests (II, III) is strikingly similar to previous reports
for hemiboreal forests (Wallander et al., 2010; Kyaschenko et al., 2017), although an
increasing dominance of Russulaceae was not found here. These results support the
observation by Kyaschenko et al. (2017) that Atheliaceae fungi are early colonizers
adapted to a higher nutrient load and pH, and Cortinariaceae fungi are late colonizers
adapted to low N, nutrient and pH conditions. In the northern boreal forest, pH decreased
from 4.5 in the site 2 years after fire to an average of 3.8 in the mid-aged and old growth
forest sites (III). The C/N ratio also increased with time. As N availability decreases with
time and SOM becomes more recalcitrant, those mycorrhizal fungi, especially
Cortinarius, which can more efficiently utilize organic N sources (Bödeker et al., 2014),
become dominant (Lilleskov et al., 2002b,a; Deslippe et al., 2011; Kyaschenko et al.,
2017).
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5

CONCLUSIONS AND FUTURE PROSPECTS

The main objectives of this thesis were to investigate soil fungal communities and some
of their functions seasonally and vertically in different soil horizons (I) and in relation to
the disturbances of forest fire (II) and reindeer grazing (III). This was achieved by using
high-throughput sequencing technology (454-pyrosequencing) (I–III) coupled with the
analysis of potential gene functions using the GeoChip 4.0 microarray (II) and
extracellular enzyme activity measurements (III). Overall, fungal communities in all
studied soils were species rich, although in general, southern boreal forest humus
harbored more species rich communities than northern boreal humus. ECM fungi were
the most abundant ecological group across all studied humus soils (I–III), highlighting
their essential role as symbionts of boreal plants and participants of SOM decomposition.
As hypothesized, fungal communities were highly stratified between the studied soil
horizons, with diversity decreasing with increasing soil depth in the organic horizons (I).
The communities in litter, where ascomycete and SAP fungi dominated, were most
distinctive compared to other soil horizons, where basidiomycete and ECM fungi
dominated. Unexpectedly, mineral soil horizons hosted fungal communities that were as
diverse and species rich as in humus, indicating that more research efforts are needed to
study also these deeper soil horizons. A clear and rapid seasonal shift was observed
between the winter and growing season communities, such that late winter communities
were dominated by SAP fungi, which shifted to ECM dominance within a month when
the growing season started. The ongoing climate change can alter the vertical and
seasonal distribution of fungal communities due to increasing temperatures and CO2
levels, which can ultimately alter C pools in boreal forest soils.
The disturbances of forest fire and reindeer grazing altered fungal community
structures and functions significantly in northern boreal forest soils (II, III). The recently
burned (two years after fire) site hosted the most diverse communities and harbored the
largest number of functional genes compared to the older burned sites (II). As
hypothesized, the abundance of SAP fungi was higher in the most recently burned site
compared to older burned sites. Despite that, ECM fungi were the most dominant
functional group in all sites, potentially because only humus was sampled. As
hypothesized, fire also altered the potential gene pool of fungi, suggesting differences in
the potential to maintain essential biogeochemical processes in soil. Reindeer grazing
significantly affected the fungal community structure, the abundance of certain fungal
genera and species, and overall increased most of the measured extracellular enzyme
activities (III). Based on these results, in line with the study hypothesis, reindeer grazing
may affect litter decomposition through changes in fungal communities and enzyme
activities at longer time scales.
Notably, many abundant fungi were also generalists, occurring in all studied sites,
treatments, soil horizons and seasons, although their relative abundances varied. These
generalist fungi were relatively resistant to the disturbances. In all publications (I–III),
the most abundant mycorrhizal fungi, such as the genera Cortinarius, Lactarius, Suillus
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and Piloderma, formed the core community that was always present at varying
abundance. The genus Cortinarius was especially abundant in the older forest sites with
more recalcitrant SOM, and almost certainly plays a major role in the decomposition
processes in these soils. In the studied forests, a clear successional trend was observed,
such that fungi from the Atheliaceae family dominated in young and middle-aged stands
and the abundance of the Cortinariaceae family increased with time and became dominant
in the old-growth forests. Currently, not much is known about the successional dynamics
of mycorrhizal fungi, and further investigations are still needed.
This thesis provides new insights into how different disturbances alter fungal
community structure and functions in Scots pine dominated northern boreal forest soils.
Fungal communities were, in general, sensitive to pulse (forest fire, II) and press (reindeer
grazing, III) disturbances as the community structures, potential gene functions and
extracellular enzyme activities were significantly affected after the disturbances. Fungal
communities also showed low resilience to the pulse disturbance of forest fire. Although
the communities seemed to recover from the disturbance slowly over time, the recovery
towards an undisturbed state took more than a hundred years. As fire regimes are
increasing owing to climate change, ecosystems as well as soil fungal communities have
to adapt to more intensive fire events as well as shorter fire return intervals in the future.
Some level of recovery over time was also observed with the press disturbance of
reindeer grazing. The differences in the abundance of certain fungal genera and species
between the grazed and non-grazed sites were more obvious in the younger exclusion
sites than in the sites with 100 years of exclusion. This indicates that communities facing
continuous press disturbance are also not stable, and with sufficient time, their
composition may change toward the original, undisturbed state. Based on these results,
grazing is not deleterious to the fungal communities at the studied grazing intensities in
boreal forests. However, it is possible that the sensitivity of communities to disturbances
will increase in the future due to increased stress from climate change driven changes.
It is essential to understand more about fungal community dynamics, as fungi have a
central role in C accumulation, decomposition processes, and ultimately in ecosystem C
balance in boreal areas. Increased temperature and atmospheric CO2 levels most likely
result in increased plant photosynthesis and belowground C allocation. Because of this,
plant-dependent microbes like ECM fungi can become more abundant and dominant.
However, disturbance regimes are also expected to increase. It remains uncertain how the
ongoing climate change will affect the C balance of forest ecosystems in the future. As
boreal forest soils are globally a significant C pool, even small changes in this large C
storage may drastically affect the atmospheric CO2 concentration. Therefore, it is
necessary that these organisms and their functions are included in climate change models
and predictions. This thesis represents the first step toward these aims, with the need for
more research on this topic. With rapid advances in metagenomics and
metatranscriptomics, more information about key organisms and their functions is
accumulating. Multi-disciplinary approaches including microbial ecology, ecosystem
flux measurements and modelling are needed to fully understand highly complex
ecosystem processes and their global repercussions.
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