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1. Aims of the Thesis 

Coniferous forests represent one of the dominant biomes of the Northern hemisphere (Chapin III 

et al., 2012). Importantly, their soils contain large amount of organic matter and serve as an 

important carbon sink under current climate. Mountain spruce forests are dominant climax 

ecosystems of higher elevations of central Europe and provide the same ecosystem services as boreal 

coniferous forests, being characterized by similar climatic conditions. In the last decades the 

frequency of large-scale disturbances, primarily windbreaks and bark beetle outbreaks, increased in 

these ecosystems and their lowered resistance is sometimes considered to be caused by this damage 

(Seidl et al., 2011). Often, such disturbances result in dieback of mature trees over large areas. This 

leads to changes in land cover, microclimatic conditions, amount and type of litter fall, which may 

ultimately result in the alteration of microbial community response and changes in soil C cycling 

processes. The understanding of soil processes under steady-state conditions as well as after 

disturbance is thus important for the extrapolation of the development of these ecosystems in the 

future. 

Forest soil microbial community represents an important component of forest ecosystems 

(Baldrian 2017a; Lladó et al., 2017). Microbes are inevitable players in the nutrient cycling and 

organic matter (OM) turnover processes as mostly fungi and bacteria are responsible for the 

degradation of litter and soil OM making nutrients available to other organisms. The soil microbial 

community also includes various symbiotic species that live in close associations with plants and 

contribute to overall ecosystem functioning. The microbial community response to biotic and abiotic 

factors including various disturbances is receiving increased attention in recent years especially to set 

a background for estimates of carbon cycling under climate change and to improve forest protection 

and management. Despite some general trends such as the effects of pH or OM content (Fierer and 

Jackson, 2006; Lauber et al., 2008), the responses of forest soil communities to various factors seem 

to be site-specific depending on local conditions making any biome-wide conclusions difficult. 

 Forest soils show clear vertical stratification, but at the same time they are very diverse and 

heterogeneous environments. Vertical stratification with organic and nutrient rich top layers 

resulting from the deposition and accumulation of dead plant material on the surface of the forest 

floor is mirrored by microbial community stratification with many species occurring only in specific 

horizons (Lindahl et al., 2007; Eilers et al., 2012). The spatial, “horizontal” heterogeneity is especially 

high in topsoil of unmanaged forests subject to limited human intervention like mountainous forests 

(Baldrian 2014). Although the existence of hotspots of microbial activity and biomass was identified 

previously (Šnajdr et al., 2008; Baldrian et al., 2010), it has never been addressed in detail at a stand 

level and the determinants of their existence are unknown. 
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The microbial community mediates OM turnover via production of a wide variety of 

extracellular enzymes needed to degrade the complex set of biopolymers present as dead organic 

matter. Thanks to the high throughput sequencing methodology, we are gaining  a better view of the 

overall community and microbes present, however, finding and describing those that are actually 

active in any processes of interest was difficult in the past and so far it was mostly limited to in vitro-

based description of biochemical traits of isolated microbial strains. The progress of RNA extraction 

methodology, transcriptomics, and the stable isotope probing methodologies allows us to better 

explore the community active in OM degradation independently of culture-based approaches and to 

target those members of community responsible for specific compound degradation or to detect 

transcription of genes coding for enzymes needed in the process. 

The aims of this thesis were: 

1. To characterize soil microbial community composition in space at a level of forest stand in 

respect to soil heterogeneity (vertical stratification and variability) and to identify major 

drivers of the community structure and distribution.  (Paper I)  

2. To describe the effects of bark beetle attack on spruce forest fungal community composition 

and function and describe the community succession in time following the outbreak in the 

soil and litter. (Paper II, Paper III) 

3. To identify the active representatives of the forest soil microbial community (Paper IV) and 

to detect those that are actively involved in the decomposition of cellulose, the major 

component of tree litter. (Paper V) 

Two areas within the highest elevations of Šumava National Park were chosen to perform the 

research presented in this Thesis. The mean annual temperature and mean annual precipitation at 

these sites are approximately 5.5 °C and 1030 mm, respectively. The bedrock is composed of granites 

and the soil types in this area are mainly podzols with a thick layer of organic horizon (Kopáček et al., 

2002). One study area was located at altitudes 1170-1200 m a.s.l. and was covered by an unmanaged 

Norway spruce and has not experienced any disturbance in recent decades. Second  study area was 

located in the highest altitudes (1260-1300 m) and one location was chosen as the last remaining 

healthy spruce stand in the wider area in the spring of 2008 with a high probability of a future bark 

beetle (Ips typographus) invasion from the surrounding areas and consequent tree dieback. The bark 

beetle outbreak occurred in July-August 2008 and led to the shedding of all tree foliage during 

August-September and was followed by dieback of all trees. The other location within this area 

experienced a bark beetle invasion in 2006 that led to a complete dieback of all adult trees and the 

forest was in its initial stage of regeneration, having spatially variable ground vegetation that 
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included Calamagrostis villosa, Vaccinium myrtillus, Dryopteris filix-mas and various mosses, as well 

as abundant deadwood. The newly established seedlings of Picea abies and Sorbus aucuparia 

typically did not exceed the height of 1.5 m.       
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2. Introduction 

Northern coniferous forests cover extensive areas including boreal forest biomes as well as 

high altitude montane regions of the temperate zone providing a wide range of ecological and socio-

economical services (Chapin III et al., 2012), e.g., C storage and climate regulation through the 

exchange of energy, water and CO2. Boreal forests are similar to mountain forests of the temperate 

zone because they have coniferous trees as dominant primary producers, cold winters, average 

summer temperatures around 10 °C and mostly lower precipitation (300-900 mm per year), although 

they are typically moist due to low evaporation. They play an important role in global carbon cycling 

as they store substantial amounts of C in soil organic matter or biomass (Myneni et al., 2001, 

Ruckstuhl et al., 2008) and thus are regarded to be an important global C sink (Bradshaw et al., 

2009). Due to the slow decomposition rate and high accumulation rate of organic matter in 

coniferous forest soils (Lindahl et al., 2002) is the functioning of these forests potentially highly 

important for the global carbon balance as affected by the climate change (Soja et al., 2007). 

  

2.1 Spruce forests in Central and Northern Europe 

Among the coniferous forest trees, Norway spruce (Picea abies L. Karst.) is one of the most 

common and economically important tree species in the Northern and Central Europe. The natural 

range of Norway spruce spans through Scandinavia, the Baltics and parts of Russia, where it as a 

dominant tree covers extensive contiguous areas, whereas the largest area in Central Europe in the 

Alps is discontinuous (Fig. 1; Kahle et al., 2005). The few other natural ranges of Norway spruce are 

enclaves in lower mountain regions such as in the Black Forest, the Harz, the Bavarian and Bohemian 

Forests or the Ore Mountains (Kahle et al., 2005). Those forest types in Central Europe where 

Norway spruce plays a major role are classified as montane spruce and fir forests (Bohn et al., 2000). 

In these forests Norway spruce and silver fir (Abies alba Mill.) are the dominant tree species, 

accompanied by European beech (Fagus sylvatica L.) and admixed with maple (Acer pseudoplatanus 

L.), and some other broadleaved tree species. 

In many Central and Northern European countries, the area of Norway spruce has expanded 

far beyond the limits of its natural range (Spiecker 2000). This expansion was caused by the increased 

importance of Norway spruce as a readily established, fast-growing tree species with a wide 

ecological valence and its high potential to produce valuable timber. Recent concerns, however, have 

shifted at least montane forest management objectives to address biodiversity conservation in 

forests (Krauchi et al., 2000). As a result, two adjacent national parks have recently been created – 

one in the Bohemian Forest in Czech Republic (Šumava National Park) and the other in Germany 

(Bayerischer Wald National Park) – to protect montane spruce forests. 
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Figure 1: Natural range of Norway spruce (grey background) in Central Europe, Baden-
Württemberg with diagonal lines. Orange circle points to the Šumava National Park and 
Bayerischer Wald National Park. (Bundesamt für Naturschutz, Bonn, 2000 in Kahle at al., 
2005) 

 

2.2 Soils of coniferous forests 

 

2.2.1 Organic matter and its degradation 

Boreal forest soils harbor a large portion of the world’s carbon stocks (Fuchs et al., 2009), and 

are experiencing rapid climate change. Boreal and mountain forest soils are characteristic by the 

accumulation of litter (needles and small branches) on top of the forest floor and low decomposition 

rates, which result from low temperatures, that create deeper OM horizons, and the low pH of 

coniferous forest soils (Brooks et al., 2011). Soil organic matter is formed from dead biomass of 

animal, microbial, but mostly plant origin. Dead plant matter consists of an intricate mixture of 

polysaccharides (Carpita and Gibeaut, 1993), mostly cellulose, hemicellulose and lignin. These, 

despite being naturally recalcitrant, provide an exceptional source of C and/or energy and multitude 

of microorganisms capable of degrading these polysaccharides exist. 

The biopolymer-degrading microbes play a primary and crucial role in the ecosystem by 

converting the plant cell wall polymers to the respective simple sugars or other degradation 
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products. In any given saprotrophic microorganism, the enzymes that catalyze the degradation may 

occur either extracellularly in a free state, cell bound or in complexes with other similar types of 

enzymes. The structural variability and complexity of soil OM requires complex sets of degrading 

enzymes to perform complete decomposition. These sets of enzymes are divided into glycoside 

hydrolases, the primary enzymes that hydrolytically cleave glycosidic linkages (e.g. those in cellulose 

and hemicellulose) and auxiliary activity enzymes with redox activity that attack lignin and its 

residues as well as polysaccharides that are nonspecifically oxidized (Lombard et al., 2014).  

Cellulose is the most abundant biopolymer on Earth, although various plant species have 

differing amounts in their biomass, ranging from 35 to 70% (Bàez-Vàsquez and Sinitsyn, 2008; Lynd et 

al., 2002) and the plant litter mass typically constitutes 20-30% of cellulose (Berg & Laskowski, 2006). 

Cellulose is composed of glucose monomers connected by β-1,4-linkages and consists of two 

different forms: amorphous and crystalline.  The amorphous form is relatively reactive and can be 

hydrolyzed by a variety of chemical or enzymatic means, while crystalline cellulose is difficult to 

access and depolymerize (Lynd et al., 2002).  

Enzymatic systems needed for efficient degradation of cellulose into glucose usually consist 

of endo-1,4-β-glucanase (EC 3.2.1.4), exocellulase (cellobiohydrolase, EC 3.2.1.91), and 1,4-β-

glucosidase (EC 3.2.1.21) (Baldrian and Valášková, 2008; Bayer et al., 2006). Endoglucanases belong 

to endo-cleaving enzymes attacking long chains of cellulose or shorter oligosaccharides in the 

internal portion of the polysaccharide backbone and forming newly exposed chain ends. These ends 

are then available for the action of exocellulases that can attack both the reducing and non-reducing 

chain ends, releasing a disaccharide cellobiose. Finally, β-glucosidases cleave cellobiose or 

cellooligosaccharides to yield glucose and are often associated with the microbial cell surface or 

intracellular. Additionally, lytic polysaccharide monooxygenases (EC 1.14.99.54) may oxidase the rigid 

part of cellulose chain leaving behind oligosaccharides of different lengths, which can be used as 

substrates by exocellulases (Žifčáková and Baldrian, 2012). 

Hemicellulose degradation is similar to cellulose hydrolysis, but it requires a larger set of 

different enzymes, because of the structure of these complex, often branched or polymers. This 

group of polysaccharides includes widely different types of sugar or non-sugar components with 

many different types of bonds. Hemicelluloses can be thus divided into two main types, those that 

cleave the main backbone, i.e. xylanases (EC 3.2.1.8) and mannanases (EC 3.2.1.78), and those that 

degrade the sidechains or short end products, such as arabinofuranosidases, glucuronidases, acetyl 

esterases or xylosidases (Baldrian 2008). Like the cellulases, hemicellulases can be of the endo- and 

exo-cleaving types. 

Unlike cellulose and hemicellulose, which are degraded aerobically or anaerobically by many 

microorganisms, efficient lignin degradation requires oxygen and is limited to fungi (e.g., 
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Phanerochaete chrysosporium or Pleurotus ostreatus) and some filamentous prokaryotes (e.g., the 

Actinomycetes), which produce a complicated set of enzymes that oxidatively cleave the polymer. 

The fungal enzymatic system for lignin degradation is composed of oxidases, peroxidases and 

enzymes producing hydrogen peroxide. Laccases (EC 1.10.3.2) are copper-containing oxidases 

catalyzing oxidation of phenolic compounds and are found in many fungal taxa (Baldrian, 2006). 

Peroxidases include lignin peroxidases (EC 1.11.1.14), Mn-peroxidases (EC 1.11.1.13) and versatile 

peroxidases (EC 1.11.1.16) that catalyze oxidation of various aromatic macromolecules. In addition, 

other enzymes such as glyoxalate oxidase (EC 1.2.3.5) or aryl alcohol oxidase (EC 1.1.3.7) generating 

hydrogen peroxide are required by the peroxidases that are involved in lignin decomposition 

(Martinez et al., 2005). Lignocellulose can be also degraded by non-enzymatic system – Fenton 

reactions, the decomposition of hydrogen peroxide in the presence of ferrous ions (Goodell, 2003) 

where hydroxyl radicals are produced that attack and modify lignocellulose molecules. 

Another important component of dead OM and a significant source of N is chitin, an 

unbranched homopolymer of 1,4-β-linked N-acetyl-D-glucosamine with about 7% N in the chitin 

molecule, and found mainly in cell walls of fungi and in the exoskeletons of insects and other 

invertebrates. It is considered to be the second most abundant polysaccharide on Earth (Duo-Chan, 

2006). The decomposition of chitin is initiated by endochitinases (EC 3.2.1.14) that hydrolyze the 

bonds between N-acetylglucosamine residues at random locations within the chitin macromolecule. 

These oligosaccharides are further degraded by β-N-acetylhexosaminidases (EC 3.2.1.52) that release 

monosaccharides from the non-reducing ends. A third type of enzyme – chitobiosidase, cleaves 

disaccharides of N-acetylglucosamine from the ends of chitin chains (Lorito, 1998; Lindahl and Finlay, 

2006).  

Among other enzymes of interest are amylase, 1,4-α-glucosidase (EC 3.2.1.3), the main 

enzyme responsible for decomposition  of a storage polysaccharide starch contained in plants and 

fungi (Willfr et al., 2005), various phosphatases, such as acid phosphatases or phosphodiesterases, 

which cleave phosphate (P) from organic phosphate compounds, but which are, however, more long 

lived, so their activity in soil is correlated more strongly with the availability of organic phosphate in 

soil than with microbial activity (Kroehler and Linkins 1991) or proteases and peptidases that release 

short oligopeptides or amino acids from protein molecule, which themselves are subject to attack by 

other proteases, thus their lifetime in the soil is short. 

 The study of enzymatic activities in environmental samples, such as soil or litter, is a useful 

tool for assessing the functional diversity of soil microbial communities as well as the rates of soil OM 

turnover (Sinsabaugh, 1994; Kandeler et al., 1999; Baldrian, 2009). The simultaneous estimation of 

multiple enzyme activities is often considered to reflect total turnover of OM, while the activity of 

specific enzymes may indicate the activity of their specialist producers (Bolton et al., 1985; Hofrichter 
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2002; Baldrian 2008). A variety of methods for measuring enzyme activities in soils have been 

proposed and are based on different modes of detection typically spectrophotometry or 

fluorescence employing a wide variety of reaction substrates for measuring the enzyme activity 

(Tabatabai 1994; Alef and Nannipieri 1995; Burns and Dick 2002). The enzyme assays based on 4-

methylumbelliferone or methylcoumarin florescence detection as a result of action of exo-cleaving 

hydrolytic enzymes and spectroscopy based detection of lignolytic oxidative as well endo-cleaving 

hydrolytic enzymes were used repeatedly in this Thesis in attempt to assess microbial activity to 

complement the picture obtained by the sequence-based analysis of community composition. 

 

2.2.2 Microorganisms in forest soil 

While plants are the key drivers of C uptake from the atmosphere in forests, the 

microorganisms in forest soils – mainly fungi and bacteria – contribute greatly to the C balance 

through their roles as decomposers, symbionts, or pathogens, influencing the C turnover and 

retention as well as the availability of other nutrients (Trivedi et al., 2013; Uroz et al., 2016; Lladó et 

al., 2017). Microbial communities are an inevitable component regulating the biogeochemical cycles 

in forest soils and litter and the understanding of their roles in ecosystem processes is essential for 

the prediction of the forest response to future environmental conditions (Trivedi et al., 2013; 

Graham et al., 2016).  

2.2.2.1 Fungi 

Fungi are the most studied microbes in temperate and boreal forest topsoils, where they 

form abundant and diverse communities including saprotrophic and mycorrhizal taxa (Allison and 

Treseder 2011; Sterkenburg et al., 2015; Taylor et al., 2014). Fungi are regarded as the main 

decomposers of all components of plant litter, considering their ability to produce a wide range of 

extracellular enzymes (Eichlerová et al., 2015; van den Brink and Vries 2011; van der Wal et al., 

2013). As primary decomposers and plant mutualists, fungi affect rates of both carbon sequestration 

and emission from soils and are thus important regulators of ecosystem feedbacks to climate change 

(Allison and Treseder 2011; Taylor et al., 2014).  

The recent advances in the culture-independent methods of molecular biology, such as the 

next generation sequencing, started to shed light on microbial communities and their structure in 

forest litter and soil (O´Brien et al., 2005; Lindahl et al., 2007; Bueé et al., 2009). The preceding 

studies of occurrence and spatial distribution among fungi have been limited to easily culturable 

saprotrophic microfungi (Söderström & Bååth, 1978) or ectomycorrhizal fungi (Dickie et al., 2002; 

Landeweert et al., 2003; Rosling et al., 2003; Tedersoo et al., 2003; Genney et al., 2006). The 

sequencing of the ITS region of the fungal ribosomal rRNA gene had been used by O´Brien et al. 
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(2005) to describe fungal community across litter and soil horizons. The results indicated that the 

most abundant genera in coniferous forests belong to Ascomycota including, among others, 

Phialophora (Leotiomycetidae), Hormonema (Dothidiomycetidae), and Alternaria 

(Dothidiomycetidae) while basidiomycetes were mostly represented by the genera of Russula and 

Mycena.  

More details about fungal communities and their distribution in a soil profile of a coniferous 

forest were provided in the study of Lindahl et al. (2007), who found that litter was dominated by 

Ascomycetes within the Helotiales and Dothideomycetes, by saprotrophic fungi, such as Mycena and 

Marasmius spp., and also by plant parasitic Lophodermium species.  Mycena or Marasmius belong to 

typical litter-decomposing Basidiomycetes with saprotrophic lifestyle and high occurrence in the 

uppermost layers of forest topsoils where they degrade recalcitrant substrates using extracellular 

hydrolases, oxidases and peroxidases (Hatakka 2001; Baldrian 2008). Fungal community in 

fragmented litter and organic horizon had a higher frequency of ectomycorrhizal basidiomycetes, 

represented by the genera Cortinarius and Piloderma as well as Ascomycetous Capronia spp. and 

Rhizoscyphus ericae, which both form mycorrhizal associations with ericaceous plants (Allen et al., 

2003). The deeper soil horizon contained taxa from within the Helotiales, different from those 

helotialean fungi detected in surface litter, and Zygomycetes (Mortierella and Umbelopsis spp.) as 

well as a distinct group of unidentified ascomycetes. Mortierella represents a typical saprotrophic 

microfungus showing cellulolytic and chitinolytic activity (Baldrian et al. 2011). Similarly, Bueé et al. 

(2007) reported that across several forest types the saprotrophic, parasitic and mycorrhizal fungi of 

the genera Ceratobasidium, Cryptococcus, Lactarius, Mortierella, Russula, Scleroderma, Neofabraea, 

Inocybe and Cenococcum were the most prominent taxa and that ECM fungi represented more than 

50% of the 30 most abundant genera.   

Next to saprotrophs degrading the soil OM, an important functional group of microbes in 

forests are symbiotic, especially mycorrhizal, species. Roots of most plants are colonized by various 

mycorrhizal fungi and most mycorrhizal fungi are not host‐specific, colonizing various host plants at 

the same time (van den Heijden et al., 2015). As a consequence, trees and some understorey plants 

are usually interconnected by mycorrhizal mycelial networks (Simard et al., 1997; Högberg et al., 

1999). The mycorrhizal species depend on their host for carbon supply and in return provide mineral 

nutrients, nitrogen (N) and phosphorus (P). They are greatly involved in the mobilization of N and P in 

the forest soil and in the transport of C from plant roots into soil, but they can also transport water to 

the host and protect roots against drought, pathogens and heavy metals (Smith and Read 1997). 

More than a half of the biological activity in boreal forest soils is driven by the supply of recently 

photosynthesized carbohydrates to roots and mycorrhizal fungi mediate their transfer into the soil 

environment (Högberg et al., 2001). 

https://d360prx.biomed.cas.cz:3103/doi/full/10.1111/nph.13288#nph13288-bib-0165
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The most prevalent type of mycorrhiza in the coniferous forests is ectomycorrhiza (ECM) 

since most coniferous trees associate with ectomycorrhizal species of fungi (Markkola 1996). These 

fungi create hyphal mantels around root tips and their mycelia extend into surrounding soil. ECM 

fungi increase the uptake of dissolved nutrients by tree roots, but also liberate nutrients from organic 

matter that are not accessible to the plant (Rygiewicz et al., 1984; Lindahl et al., 2002). While 

extracellular enzymes are used to liberate nutrients from organic matter, the excretion of organic 

acids helps ECM to release nutrients from mineral sources (Chalot and Brun 1998; Wallander 2000; 

Landeweert et al., 2001). ECM root tips also support diverse and specific populations of bacteria and 

microfungi (Frey-Klett et al., 2007; Tedersoo et al., 2009; Finlay, 2008). 

The ECM fungi belong mainly to Basidiomycetes, but representatives among Ascomycetes 

and Zygomycota also exist (Molina et al. 1992). Many edible as well as poisonous fungi belong to this 

group such as Tuber, Tricholoma, Boletus, Russula, Lactarius, Amanita or Cortinarius species. Besides 

these and many other easily recognized species, for their commonly formed epigeous fruiting bodies, 

molecular methods based on DNA sequencing revealed even greater number of inconspicuous 

species such as Tylospora, Piloderma or Tomentella (Koljalg et al., 2000; Tedersoo et al., 2003; 

Toljander et al., 2006). The number of ECM fungal species is much higher than that of arbuscular 

mycorrhizal fungi and estimates suggest that there are as many as 20 000 ECM fungal species 

(Rinaldi et al., 2008; Tedersoo et al., 2012). 

Other type of mycorrhiza present in the coniferous forest is the ericoid mycorrhiza associated 

with undergrowth plants of Ericaceae family, species such as Calluna or Vaccinium. Ericoid 

mycorrhiza is colonizing interior of epidermal cells and is mostly formed by Ascomycetes (Read 1996), 

specifically Helotiales fungi. Some ericoid mycorrhizal fungi can also grow as saprotrophs (van den 

Heijden et al., 2015). Other fungi such as the members of Sebacinales or Trechisporales 

(Basidiomycota) were discovered to be common in ericoid associations as well (Selosse et al., 2007; 

Vohnik et al., 2012). Notably, some fungi can form both ericoid and ECM associations with 

different host plants (Villarreal‐Ruiz et al., 2004; Grelet et al., 2009). Arbuscular mycorrhizae may be 

also present in forest soils, but typically show low abundance, since their grassy and herbaceous 

hosts often occur only sporadically. 

 

2.2.2.2 Bacteria 

Bacteria also play various roles in litter and soil ranging from degradation of organic 

compounds to N fixation or nutrient mobilization (Lladó et al., 2017). Bacteria are mostly unicellular 

and smaller in size compared to fungi and thus inhabit much smaller microenvironments. In forest 

litter and soil they are represented by species that grow rapidly when nutrients are available, as well 

https://d360prx.biomed.cas.cz:2291/science/article/pii/S037811271300128X?via%3Dihub#b0210
https://d360prx.biomed.cas.cz:3103/doi/full/10.1111/nph.13288#nph13288-bib-0149
https://d360prx.biomed.cas.cz:3103/doi/full/10.1111/nph.13288#nph13288-bib-0175
https://d360prx.biomed.cas.cz:3103/doi/full/10.1111/nph.13288#nph13288-bib-0191
https://d360prx.biomed.cas.cz:3103/doi/full/10.1111/nph.13288#nph13288-bib-0228
https://d360prx.biomed.cas.cz:3103/doi/full/10.1111/nph.13288#nph13288-bib-0210
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as oligotrophs with good competitive abilities that are adapted to low nutrient availability typical for 

many forest soils (Andrews and Harris 1986). While bacterial communities had been well explored in 

certain ecosystems such as those important to agriculture or industry, the description of coniferous 

forest-associated bacterial communities and their contribution to ecosystem functioning lags way 

behind. 

Many forest soil bacteria are free living saprotrophs taking part in OM turnover (Bayer et al., 

2006; Jones et al., 2009; Rasche et al., 2011), however, their degradative capabilities especially of the 

recalcitrant portions of litter and soil OM, are much less known compared to fungi.  Coniferous forest 

soils seem to be dominated by Acidobacteria, Actinobacteria and Proteobacteria (Lipson 2007; 

Hartmann et al., 2009; Nacke et al., 2011) with Acidobacteria and Alphaproteobacteria being 

especially abundant in acidic soils (Bryant et al., 2008; Jones et al., 2009; Fierer et al., 2007a). 

Many Proteobacteria are consumers of readily available substrates and some of them associate with 

plants, so that the rooting zone and especially rhizosphere may be considered their preferred 

habitats. On the other hand, Actinobacteria in general are adapted to resource‐limited conditions, 

being metabolically versatile and as opposed to most other bacterial phyla: some taxa are even 

known to degrade recalcitrant compounds of high molecular mass, such as lignin or cellulose 

(McCarthy and Williams 1992; Kirby 2005). Information, whether other forest soil bacteria have 

similar capabilities is limited and Papers IV and V partly fill this gap of knowledge.  

A different community from that of the bulk soil has been described to be associated with 

the rhizosphere soil (Brooks et al., 2011; Aspray et al., 2006a; Vik et al., 2013). The difference is 

mostly accountable to the exudation of simple organic compounds by roots and hyphae that select 

for fast growing strains. These include especially Proteobacteria such as Burkholderia, Rhizobium or 

Pseudomonas, but also Actinobacteria such as Streptomyces (Fierer et al., 2007a; Vik et al., 2013; 

Izumi et al., 2008; Kluber et al., 2011; Uroz et al., 2007; Tanaka and Nara 2009). Moreover, many 

ECM-associated and rhizosphere bacteria do not only passively benefit from the higher availability of 

simple C released by the hyphae or roots, but also play other roles as pathogens of fungi and plants 

or as mycorrhiza helper bacteria, which can enhance the formation of mycorrhiza or support the 

existing symbiosis (Kluber et al., 2011; Aspray et al., 2006a; Labbe et al., 2014; Frey-Klett et al., 2007). 

For example, mycorrhiza helper bacteria from the genera Pseudomonas and Streptomyces promote 

mycorrhiza formation by modifying the gene expression of the ECM, leading to accelerated mycelial 

growth and stimulating the formation of new lateral roots (Kurth et al., 2013; Labbe et al., 2014; 

Aspray et al., 2006b). Rhizosphere bacteria also provide additional benefits to plants, e.g. by serving 

as antagonists of plant pathogens or by increasing their protection through inducing defense 

mechanisms (Churchland et al., 2014; Lang e et al., 2011; Korkama et al., 2007).  
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Bacteria are involved in the weathering of minerals and may significantly contribute to the 

inorganic nutrient pool especially in poor soils (Uroz et al., 2011; Uroz et al., 2007; Collignon et al., 

2011). Specifically some Betaproteobacteria, such as the genera Burkholderia and Collimonas, were 

described as efficient mineral-weathering bacteria (Sun et al., 2014; Collignon et al., 2011; Leveau et 

al., 2010). Importantly, they are involved in solubilizing mineral P, an often limiting nutrient in soil, 

and contribute to its immobilization in biomass. This ability is related to the release of organic anions, 

such as citrate, gluconate, oxalate, and succinate, into the soil (Richardson and Simpson 2011). In a 

recent metagenomic analysis of temperate forest soils, it was highlighted that the members of the 

Alphaproteobacteria, Betaproteobacteria, Actinobacteria, and Acidobacteria dominated the 

processes related to P turnover (Bergkemper et al., 2016a; Bergkemper et al., 2016b). 

 The last but not least is the role of soil bacteria in the mediation of N cycling via N fixation or 

denitrification. Many different free-living and symbiotic N-fixing bacteria, notably the 

Alphaproteobacteria and Deltaproteobacteria, are ubiquitous in soils (Reed et al., 2011; 

VanInsberghe et al., 2015) and are estimated to be responsible for more than 95% of the N input in 

unmanaged environments (Reed et al., 2011; Berthrong et al., 2014). For nitrification in acidic forest 

soils are mostly responsible amonia oxidizing bacteria (AOB) of the genus Nitrosospira (Isobe et al., 

2011; Hynes and Germida 2012; Malchair and Carnol 2012) and nitrification rates seem to be 

correlated with the AOB abundance in soil (Szukics et al., 2012; Freedman et al., 2013). Denitrifying 

bacteria in forest soils are abundant and widespread and their denitrifying genes have been detected 

among the Acidobacteria, Proteobacteria, and Firmicutes, as well as in other bacterial phyla (Priyanka 

and Mukherjee, 2015; Rosch et al., 2002; Neslon et al., 2016). A significant correlation was described 

among gene abundances, denitrification rates, and NO and N2O fluxes, confirming the importance of 

their carriers for the environmental processes that occur in forest soils (Rasche et al., 2011; Levy-

Booth et al., 2014, Szukics et al., 2009). 

 
2.2.3 Detecting microbial activity 

The studies of microbial community composition and diversity are almost exclusively based 

on the amplification of gene markers from DNA via polymerase chain reaction (PCR) and subsequent 

sequencing. However, despite the suitability of DNA as a marker providing the overall picture of 

organisms present in the sample, DNA analysis has multiple limitations. Due to its stability over long 

periods of time in the form of free soil DNA, DNA in inactive spores or in dead fungal sclerotia, its 

analysis may indicate the presence of inactive or dead microorganisms. In this context the analysis of 

RNA molecules shall provide a better view of community composition and function at a given time 

point, since the stability of RNA in the soil environment is considerably lower. 
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 RNA is a polymeric molecule essential in various biological roles in coding, decoding, 

regulation and expression of genes. The central dogma of molecular biology suggests 

that DNA maintains the information to encode proteins, and that three different types of RNA convey 

this code into polypeptides. Specifically, messenger RNA (mRNA) carries the protein template from 

a cell's DNA to its ribosomes, which are the "machines" that drive protein synthesis and which 

themselves consist largely of rRNA molecules. Transfer RNA (tRNA) then carries the appropriate 

amino acids into the ribosome where rRNA links them together to form proteins. Furthermore, many 

other varieties of RNA have been found to have complex regulatory roles in cells such as catalyzing 

biological reactions, controlling gene expression, or sensing and communicating responses to cellular 

signals.   

It was recently proposed that the analyses of soil microbial community composition should 

be based on direct analysis of total RNA to avoid PCR bias (Urich et al., 2008). While this approach 

may be feasible for bacterial community analyses, the sequence information contained in fungal 

rRNA molecules is insufficient for species discrimination; thus, the internal transcribed spacer (ITS) 

regions of the rRNA are used instead. Because there are 103–104 times fewer fungal ITS sequences 

than bacterial 16S rRNA gene copies in soil, amplification of fungal ITS region from cDNA is inevitable 

to achieve reasonable sampling depth. In this thesis, I combined the analysis of DNA-derived 

bacterial 16S rRNA gene sequences representing all bacteria present and of RNA-derived sequences 

representing the content of bacterial ribosomes reflecting thus the active part of the community (Fig. 

2). The analysis of fungal ITS1 and ITS2 sequences offers a unique opportunity to target the precursor 

rRNA molecules with fast turnover, thus identifying those species synthesizing ribosomes at a given 

moment and thus metabolically active (Anderson and Parkin, 2007). The comparison of the DNA and 

RNA communities, described in Paper IV, can also help to answer the question how well are the 

metabolically active microbial taxa represented in the common studies using the sequencing of DNA. 

 

https://www.nature.com/scitable/topicpage/Nucleic-Acids-to-Amino-Acids-DNA-Specifies-935
https://www.nature.com/scitable/topicpage/Chemical-Structure-of-RNA-348
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Figure 2. Molecular markers in the DNA and RNA for bacteria and eukaryotes used to distinguish the 
total and active communities. 
 
 

Extracellular enzyme production in environmental samples is often analyzed by enzyme 

assays that indicate the potential activity of the microbial community. It is, however, not possible to 

directly link these observations to the activity of individual microbial taxa. Novel molecular 

approaches, such as the stable isotope probing (SIP) and next-generation-sequencing, make it 

possible to analyse substrate utilisation by microorganisms at sufficient resolution. Analysis of genes 

and transcripts encoding for degradative enzymes provides a tool for the assessment of the role of 

individual taxa during the decomposition process. Moreover, it allows the determination of 

expression level, assessment of gene or transcript diversity and characterization of their spatial or 

temporal distribution.  

Several recent studies showed that genes and transcripts encoding for laccase, Mn-

peroxidase, cellulolytic and other hydrolytic and oxidative enzymes can be analyzed in environmental 

samples (Bödeker et al., 2009; Damon et al., 2012; Edwards et al., 2008). For example, genes and 

transcripts encoding for laccase have been studied by Luis et al. (2005a,b), who demonstrated that 

less than 30 % of laccase genes are expressed in forest soils. Edwards et al. (2008) examined the 

diversity and distribution of the genes encoding for exocellulase (cellobiohydrolase, gene cbhI), the 

enzyme catalysing the rate-limiting step in the decomposition of cellulose (Baldrian & Valášková, 
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2008), whose activity reflects the rate of plant litter mass loss (Voříšková et al., 2011). The fact that 

cbhI gene is found in Ascomycota, Basidiomycota and Mucoromycotina (Edwards, et al., 2008; Weber 

et al., 2011) makes it a suitable tracer of fungi involved in enzymatic cellulose hydrolysis and was 

used as a molecular marker in papers IV and V to describe the identity and diversity of its producers 

in coniferous forest soil. 

Decomposition of cellulose was the subject of intensive research for decades, and revealed 

that soil microorganisms have a dominant role in this process (Lynd et al., 2002; Baldrian & 

Valášková, 2008). Previous studies using cultured microbial isolates and enzyme activity 

measurements formed the initial picture of the involvement of microbial taxa in cellulose 

decomposition. It is currently assumed that while cellulolytic capabilities are restricted to certain 

groups of bacteria (Lynd et al., 2002), these capabilities are common to various fungi, and that the 

latter dominate cellulose decomposition in soils (Kjoller & Struwe, 2002; de Boer et al., 2005).   

Although the above assumptions might be essentially true, it has to be revisited for several 

reasons. First of all, over 80% of characterised fungal cellulolytic enzymes were isolated from wood-

inhabiting species (Baldrian and Valášková, 2008), while the genes encoding these enzymes are also 

common in soil fungi (Edwards et al., 2008; Kellner et al., 2010). Similarly, some recent reports have 

demonstrated the ability to degrade cellulose in bacterial taxa whose cellulolytic capabilities were 

unknown in the past (Ward et al., 2009; Pankratov et al., 2011). 

Novel molecular approaches, such as the stable isotope probing (SIP) and next-generation-

sequencing, make it possible to analyse substrate utilisation by microorganisms at sufficient 

resolution. SIP is a culture-independent method that helps to identify microorganisms actively 

involved in carbon acquisition from an isotopically labeled compound (Fig. 3). SIP has proven valuable 

in identifying which microorganisms are capable of degrading a variety of organic compounds 

(Prosser et al., 2006; Madsen, 2006). It involves addition of a 13C-containing compound to an 

environmental sample and incubation, during which time organisms incorporate 13C from the 

substrate into their biomass, including DNA, RNA or fatty acids (Evershed et al., 2006; Friederich 

2006; Whiteley et al., 2006). In the case of DNA- and RNA-based SIP, 13C-labeled nucleic acids are 

separated from unlabeled nucleic acids by isopycnic centrifugation and these separated nucleic acids 

are used to identify microorganisms, incorporating the 13C label.  
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Figure 3. Identification of microorganisms obtaining C from cellulose using 13C-Stable isotope 

probing. 

The first published studies on cellulose decomposition using 13C-SIP focused on bacteria in 

agricultural soils (Haichar et al., 2007; Schellenberger et al., 2010; Lee et al., 2011) and fungi in 

hardwood forests (Bastias et al., 2009). None of these studies, however, covered both fungi and 

bacteria, and none used sufficient sequencing effort. Although more than 85% of cellulose is 

decomposed in the forest litter layer, only the rest being available to soil microorganisms (Šnajdr et 

al., 2011a), microbial cellulolytic community in litter has not been the subject of targeted analysis in 

the past. The composition of bacterial and fungal communities has been demonstrated to differ 

between litter and soil as well as the relative abundances of fungi and bacteria (Lindahl et al., 2007; 

Hartman et al., 2009). It was, however, unclear how these differences were reflected in the relative 

contribution of fungi and bacteria and their individual taxa to the decomposition of organic matter 

including cellulose. I have tried to fill these knowledge gaps in the Paper V. 

 

2.2.4 Forest soil as a heterogeneous matrix 

Spatial heterogeneity within ecosystems exists at various scales, ranging from landscapes to 

micrometer-sized soil pores and allows for the coexistence of species and co-occurrence of multiple 

processes that they carry out (Ettema and Wardle 2002; Baldrian and Větrovský 2012; Baldrian 
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2014). With their multi-layered vegetation aboveground, their roots belowground and woody debris 

of various sizes, forest ecosystems exhibit high spatial heterogeneity. This is particularly apparent 

when forests are compared with grasslands or agricultural ecosystems where spatial heterogeneity is 

lower and often further reduced through management (Baldrian and Šnajdr 2011; Štursová and 

Baldrian 2011). 

Although the importance of spatial heterogeneity has been recognized, it is not fully 

understood on any spatial scale. This lack of information is critical in many respects, such as when 

planning reasonable sampling strategies to obtain representative site-level or forest stand-level 

estimates of environmental parameters, or when deciding whether the predictions of ecosystem 

functioning can be reasonably derived from mixed samples rather than from considering the 

variation of ecosystem properties or processes in space. Furthermore, considering that drivers of 

microbial community composition and microbe-catalyzed processes vary according to spatial scale 

(Baldrian 2014), it is unclear whether observations at large scales apply to a stand-level scale or 

whether the effects of these drivers are eliminated by random (or unpredictable) variability. 

 In temperate zones, the site-level spatial heterogeneity of soil composition and microbial 

biomass was addressed in homogeneous even-aged forests with a reduced or missing herbal layer 

(Šnajdr et al,. 2008; Baldrian et al., 2010), which show a lower level of spatial heterogeneity than that 

of unmanaged, unevenly aged forests. Indeed, natural forests with limited or no management and 

multi-layered aboveground vegetation show exceptional variability in soil spatial structure, such as in 

thickness of horizons and disturbances in the soil profile. In part, this variability is a record of 

historical disturbances of various degrees of severity and frequency, such as tree-throws, uprooting, 

deadwood decomposition and bark beetle outbreaks (Šamonil et al., 2011; Šamonil et al., 2014; 

Valtera et al., 2013; Valtera et al., 2015). The unique microclimate, erosive and sedimentary 

processes and uneven distribution of nutrients that exist within pits and mounds (Schaetzl et al., 

1989; Šamonil et al., 2010) likely affect the soil microorganisms and ecosystem processes. To date, 

spatial variation of environmental variables, microbial communities and ecosystem processes has not 

been addressed in such areas. 

In forest topsoils, numerous investigators have reported vertical differentiation of microbial 

community composition for fungal communities (e.g. Rosling et al., 2003; Lindahl et al., 2007; 

Voříšková and Baldrian 2013) as well as communities of bacteria (Eilers et al., 2012; López-Mondéjar 

et al., 2015; Rime et al., 2015). The vertical differentiation appears to be more pronounced for fungi 

than for bacteria (Urbanová et al., 2015) and to reflect the stratification of nutrients (Lindahl et al., 

2007; Šnajdr et al., 2008). It is manifested in the variation of microbial activities, such as respiration, 

extracellular enzyme activities and transcription of specific genes (Šnajdr et al., 2008; Šnajdr et al., 
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2013; Žifčáková et al., 2016) with depth. These patterns should theoretically hold true for natural 

forests with a disturbed vertical profile, although they may be less pronounced. 

The horizontal aspect of spatial variation in forest ecosystems has been addressed far less 

frequently. The distribution of enzyme activities and microbial biomass has been explored in 

temperate forest soils (Saetre and Bååth 2000; Šnajdr et al., 2008). Studies focused on the 

composition of microbial communities in forest soil and its drivers are available only for fungi and 

eukaryotes (Bahram et al., 2015; Bahram et al., 2016; Tedersoo et al., 2016), while similar data 

regarding bacteria are available only for non-forest environments (Barberán et al., 2014). Bacterial 

and fungal community variation has been studied only at a larger scale and with an emphasis on the 

effects of vegetation (Barberán et al., 2015). 

Due to the methodological limitations of the above studies, the spatial distribution of 

microbial taxa in forests at a stand level scale is unknown, and so are its drivers. The potential drivers 

of microbial abundance and activity identified at larger scales include: (i) soil and litter chemistry, 

most importantly organic matter content, pH, contents of various forms of N and other nutrients that 

have been repeatedly reported to affect both bacteria and fungi, although to variable degrees (Fierer 

and Jackson 2006; Lauber et al., 2008; Rousk et al., 2010), and (ii) vegetation, which appears to be 

more important for fungal than for bacterial communities (Prescott and Grayston 2013; Urbanová et 

al., 2015; Tedersoo et al., 2016), and which includes the effects of both trees (Thoms et al., 2010; 

Prescott and Grayston 2013; Urbanová et al., 2015) and ground vegetation (Eisenhauer et al., 2011; 

Gilliam et al., 2014; von Rein et al., 2016). The relative importance of these two major groups of 

drivers differs in soil and litter and in fungi and bacteria across larger scales, but to what extent they 

are important at a small scale and whether their local variation is sufficient to override the stochastic 

effects on community assembly remain unresolved (Bahram et al., 2016).  

It was recently demonstrated that at the level of individual microbial taxa, bacteria differ in 

breadth of their niche, which results in their widespread versus constrained or rare occurrence 

(Barberán et al., 2014). To what extent this phenomenon occurs on a local scale and whether it is 

reasonable to assume that it also applies to fungi, remains unclear. In a recent analysis of eukaryotic 

diversity in a temperate forest, small-scale variability of environmental conditions was too small to 

affect community composition (Bahram et al., 2016), but this may not be the case in the highly 

heterogeneous topsoil of natural forests. A stand of natural spruce forest in the initial stage of 

development after bark beetle induced dieback of adult trees was selected for its high variability of 

vegetation cover and soil properties to identify the relationships among soil chemistry, vegetation, 

microbial community composition and microbial activities in Paper I. 
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2.3 Dynamics of forest ecosystems 

Forest ecosystem processes are highly dynamic at a wide range of temporal and spatial scales 

(Baldrian 2017a,b). The most apparent driver of ecosystem dynamics in northern and montane 

forests is the seasonality. Ecosystem processes in a temperate zone are driven by the changes 

between cold and dark versus warm season with sufficient light. These influence the photoperiods 

that affect the photosynthesis, production of leaves, the activity of tree roots and rhizospheres, the 

production of mycorrhizal mycelia and, consequently, microbial activity in the roots, rhizospheres, 

litter and soil, and in the foliage (Kaiser et al., 2011; Rasche et al., 2011). In soil, seasonality also 

affects competition between ECM and saprotrophic fungi and thus the contribution of these two 

functional groups to soil organic matter turnover (Fernandez and Kennedy 2016; Shah et al., 2016). 

Importantly, forest dynamics also includes successional development of stands following 

natural or anthropogenic disturbances. Disturbances are fundamental drivers of terrestrial carbon 

cycle dynamics (Adams et al., 2010) and can be quite different in their extent and nature, including 

the most severe ones like large-scale forest fires, windthrows, insect pest outbreaks or clearcutting. 

Such disturbances often have prominent impact on the landscape and economy as well as ecosystem 

functioning. The outbreaks of phloem-feeding insects (e.g., the bark beetle Ips typographus and the 

mountain pine beetle Dendroctonus ponderosae) reduce ecosystem productivity through tree 

mortality (Hicke et al., 2012) and may induce the transition of large areas of forests in both North 

America and Europe from a sink to a substantial source of carbon (Kurz et al., 2008, Okland and 

Bjornstad 2006).  

Large scale insect-induced disturbances are documented to occur repeatedly in history 

(Schelhaas et al., 2003). However, there are recent indications that the frequency of these 

disturbances tends to increase due to the combination of several factors. One of them is a change in 

climate and hydrology, while the others are mostly human induced, such as soil acidification and N 

deposition or managing the size, structure and composition of forests. The observed increase in 

frequency of wind disturbances and bark beetle outbreaks seems to be a consequence of decreased 

forest resistance caused by the above factors (Breshears et al., 2009; Jonášová and Prach 2004; 

Jonášová and Prach 2008; Seidl et al., 2011; Schelhaas et al., 2003). The responses to disturbance 

comprise several levels of ecosystem properties, including changes in vegetation composition and 

productivity, resource availability and chemistry.  

The tree dieback after insect invasion results in a complex transformation of the forest 

ecosystem and within one year affects the ecosystem in a profound way, causing both the 

termination of photosynthesis and needle shedding. In the study area focused in this thesis, more 

than 80 % of living trees were killed by Ips typographus over large areas (Vacek et al., 2009). The 40 
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% tree cover typical of the pure spruce stands in the study area before the outbreak can be reduced 

to zero leaving behind only spruce seedlings at abundances below 1% (Anna Lepšová, unpublished 

data). Needle litter represents the bulk of litterfall in P. abies forests with typical yearly input ranges 

between 400 and 700 g m-2. However, the insect-induced tree dieback can result in a one-time input 

of 2.6 kg m-2 of abruptly fallen needle litter (Kaňa et al., 2013). Furthermore, although senescent 

needles have a C/N ratio of 56, fresh needles that are shed by infected trees have a C/N ratio of 43 

(Kopáček et al., 2010). This component represents a considerable input of organic matter available to 

litter-inhabiting decomposers.  Paper III follows the succession of fungal communities on this type of 

litter. 

The input of dead organic matter from fine roots is another immediate – yet slightly slower – 

result of tree dieback. The stock of P. abies fine roots (<2mm) in Europe is reported to range from 50 

to 300 g m-2, with the estimated annual production/mortality exceeding one-half of this standing 

pool (Brunner et al., 2013). Accordingly, the root litter input is substantially less than the needle 

input, and a one-time dieback would correspond to less than twice the mean annual input of root 

necromass.  

Despite the recent focus on the study of forest disturbances in terms of C and N cycle fluxes 

(Moore et al., 2013), other interesting aspects of these disruptive changes in ecosystem development 

remain neglected. This also concerns the response of soil microbial community, which largely 

mediates both of the above cycles in the soil. Tree girdling stops the flow of photosynthates to soil 

via plant roots in a similar way as the insect-induced tree dieback does. Girdling experiments 

demonstrated that approximately one half of soil respiration in a coniferous forest is driven by 

photosynthate allocation belowground (Högberg et al., 2001). This process is largely mediated by 

ectomycorrhizal fungi (ECM) symbiotic with tree roots that in coniferous forests represent up to one 

third of total microbial biomass (Högberg and Högberg 2002) and significantly contribute to the 

dissolved organic carbon (DOC) production and composition and C immobilization belowground 

(Clemmensen et al., 2013). Tree girdling thus decreases DOC production in soil by tens of percents 

(Giesler et al., 2007) and, at a later stage, ECM fungi disappear (Yarwood et al., 2009).  

Field studies from areas of tree dieback caused by insect invasions also exhibit decrease of 

soil respiration as the result of terminated photosynthate allocation (Moore et al., 2013). It can be 

thus assumed that ECM fungi will disappear from disturbed forests as demonstrated in girdling 

experiments. The extensive defoliation and the death of tree roots, however, should increase the 

amount of substrate available for saprotrophic microorganisms, particularly fungi. These may benefit 

from the newly available resources as well as from the decreased competition with ECM (Ekblad et 

al., 2013). In Paper II, I had tried to answer the question whether and how fast are the ECM fungi 

substituted by saprotrophic taxa following a bark beetle-induced tree dieback and how does the 
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switch from photosynthate-driven to decomposition-driven soil functioning affect ecosystem 

properties and processes. The answers can help us to understand the ecosystem-wide responses of 

forests to disturbances that represent a serious environmental concern in the mountainous forests of 

Central Europe.      
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Paper I 

 

Štursová M, Bárta J, Šantrůčková H, Baldrian P (2016) Small-scale spatial heterogeneity of the 

ecosystem properties, microbial community composition and microbial activities in a temperate 

mountainous forest soil. FEMS Microbiology Ecology 92, fiw185. 

 

 

Forests are recognised as spatially heterogeneous ecosystems. However, knowledge of the 

small-scale spatial variation in microbial abundance, community composition and activity is limited. 

Here, we aimed to describe the heterogeneity of environmental properties, namely vegetation, soil 

chemical composition, fungal and bacterial abundance and community composition, and enzymatic 

activity, in the topsoil in a small area (36 m2) of a highly heterogeneous regenerating temperate 

natural forest, and to explore the relationships among these variables. The results demonstrated a 

high level of spatial heterogeneity in all properties and revealed differences between litter and soil. 

Fungal communities had substantially higher beta-diversity than bacterial communities, which were 

more uniform and less spatially autocorrelated. In litter, fungal communities were affected by 

vegetation and appeared to be more involved in decomposition. In the soil, chemical composition 

affected both microbial abundance and the rates of decomposition, whereas the effect of vegetation 

was small. Importantly, decomposition appeared to be concentrated in hotspots with increased 

activity of multiple enzymes. Overall, forest topsoil should be considered a spatially heterogeneous 

environment in which the mean estimates of ecosystem-level processes and microbial community 

composition may confound the existence of highly specific microenvironments. 
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Paper II 

 

Štursová M, Šnajdr J, Cajthaml T, Bárta J, Šantrůčková H, Baldrian P (2014) When the forest dies: the 

response of forest soil fungi to a bark beetle-induced tree dieback. ISME Journal 8: 1920-1931. 

 

 

Coniferous forests cover extensive areas of the boreal and temperate zones. Owing to their 

primary production and C storage, they have an important role in the global carbon balance. Forest 

disturbances such as forest fires, windthrows or insect pest outbreaks have a substantial effect on 

the functioning of these ecosystems. Recent decades have seen an increase in the areas affected by 

disturbances in both North America and Europe, with indications that this increase is due to both 

local human activity and global climate change. Here we examine the structural and functional 

response of the litter and soil microbial community in a Picea abies forest to tree dieback following 

an invasion of the bark beetle Ips typographus, with a specific focus on the fungal community. The 

insect-induced disturbance rapidly and profoundly changed vegetation and nutrient availability by 

killing spruce trees so that the readily available root exudates were replaced by more recalcitrant, 

polymeric plant biomass components. Owing to the dramatic decrease in photosynthesis, the rate of 

decomposition processes in the ecosystem decreased as soon as the one-time litter input had been 

processed. The fungal community showed profound changes, including a decrease in biomass (2.5-

fold in the litter and 12-fold in the soil) together with the disappearance of fungi symbiotic with tree 

roots and a relative increase in saprotrophic taxa. Within the latter group, successive changes 

reflected the changing availability of needle litter and woody debris. Bacterial biomass appeared to 

be either unaffected or increased after the disturbance, resulting in a substantial increase in the 

bacterial/fungal biomass ratio.  
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Paper III 

 

Haňáčková Z, Koukol O, Štursová M, Kolařík M, Baldrian P (2015) Fungal succession in the needle 

litter of a montane Picea abies forest investigated through strain isolation and molecular 

fingerprinting. Fungal Ecology 13: 157‐166. 

 

 

Precise knowledge of the fungal succession in the litter of coniferous forests will facilitate 

understanding the decomposition of litter, in which fungi play a major role. We investigated the 

development of a fungal community during three years of Picea abies litter decomposition in forest 

sites as well as in sites where bark-beetle attacks had killed adult trees, using both cultivation of 

needles and terminal restriction-fragment length polymorphism analysis. The two methods revealed 

similar dominant species during the course of fungal succession. Scleroconidioma sphagnicola, 

Thysanophora penicillioides, Ceuthospora pinastri and Hormonema dematioides predominated 

during the initial stage of decay, whereas members of Agaricomycotina appeared only occasionally 

during this stage. The onset of the latter began from the seventh month, with a peak occurring after 

one year. Bark-beetle attacks that stopped the yearly input of fresh litter and changed the 

microclimatic conditions affected litter decomposition only during its initial stages. 
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Paper IV 

 

Baldrian P, Kolařík M, Štursová M, Kopecký J, Valášková V, Větrovský T, Zifčáková L, Šnajdr J, Rídl J, 

Vlček C, Voříšková J (2012) Active and total microbial communities in forest soil are largely different 

and highly stratified during decomposition. ISME Journal 6: 248-58. 

 

 

Soils of coniferous forest ecosystems are important for the global carbon cycle, and the 

identification of active microbial decomposers is essential for understanding organic matter 

transformation in these ecosystems. By the independent analysis of DNA and RNA, whole 

communities of bacteria and fungi and its active members were compared in topsoil of a Picea abies 

forest during a period of organic matter decomposition. Fungi quantitatively dominate the microbial 

community in the litter horizon, while the organic horizon shows comparable amount of fungal and 

bacterial biomasses. Active microbial populations obtained by RNA analysis exhibit similar diversity 

as DNA-derived populations, but significantly differ in the composition of microbial taxa. Several 

highly active taxa, especially fungal ones, show low abundance or even absence in the DNA pool. 

Bacteria and especially fungi are often distinctly associated with a particular soil horizon. Fungal 

communities are less even than bacterial ones and show higher relative abundances of dominant 

species. While dominant bacterial species are distributed across the studied ecosystem, distribution 

of dominant fungi is often spatially restricted as they are only recovered at some locations. The 

sequences of cbhI gene encoding for cellobiohydrolase (exocellulase), an essential enzyme for 

cellulose decomposition, were compared in soil metagenome and metatranscriptome and assigned 

to their producers. Litter horizon exhibits higher diversity and higher proportion of expressed 

sequences than organic horizon. Cellulose decomposition is mediated by highly diverse fungal 

populations largely distinct between soil horizons. The results indicate that low-abundance species 

make an important contribution to decomposition processes in soils. 
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Paper V 

 

Štursová M, Žifčáková L, Leigh MB, Burgess R, Baldrian P (2012) Cellulose utilization in forest litter 

and soil: identification of bacterial and fungal decomposers. FEMS Microbiology Ecology 80: 735-746. 

 

 

Organic matter decomposition in the globally widespread coniferous forests has an 

important role in the carbon cycle, and cellulose decomposition is especially important in this respect 

because cellulose is the most abundant polysaccharide in plant litter. Cellulose decomposition was 10 

times faster in the fungi-dominated litter of Picea abies forest than in the bacteria-dominated soil. In 

the soil, the added 13C-labelled cellulose was the main source of microbial respiration and was 

preferentially accumulated in the fungal biomass and cellulose induced fungal proliferation. In 

contrast, in the litter, bacterial biomass showed higher labelling after 13C-cellulose addition and 

bacterial biomass increased. While 80% of the total community was represented by 104–106 

bacterial and 33–59 fungal operational taxonomic units (OTUs), 80% of the cellulolytic communities 

of bacteria and fungi were only composed of 8–18 highly abundant OTUs. Both the total and 13C-

labelled communities differed substantially between the litter and soil. Cellulolytic bacteria in the 

acidic topsoil included Betaproteobacteria, Bacteroidetes and Acidobacteria, whereas these typically 

found in neutral soils were absent. Most fungal cellulose decomposers belonged to Ascomycota; 

cellulolytic Basidiomycota were mainly represented by the yeasts Trichosporon and Cryptococcus. 

Several bacteria and fungi demonstrated here to derive their carbon from cellulose were previously 

not recognized as cellulolytic. 

 

 

 

 

 

 

 

  



33 
 

4. Methods 

 

Soil and litter sampling (I-V) 

Extracellular enzyme assays (I, II, IV, V) 

Isolation and cultivation of fungi from needle litter (III) 

Terminal restriction fragment length polymorphism (III, V) 

Stable isotope probing (V) 

DNA/RNA extraction from soil and litter (I-V) 

Polymerase chain reaction (I-V) 

Library preparation for DNA/RNA high throughput sequencing and sequencing (I, II, IV, V) 

Sanger sequencing of DNA (III) 

Quantification of microbial biomass (I, II, IV, V) 

Bioinformatic analyses of amplicon sequencing data (I, II, IV, V) 

Statistical and diversity analyses (I-V) 
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5. Discussion 

Coniferous forest topsoils are spatially heterogeneous habitats important for the global 

carbon cycle. The topsoils of the Picea abies forests studied here were strongly acidic (pH 3.5–4.5) 

and consisted of a 1–4 cm-thick litter and a 2–4 cm-thick layer of organic soil. Litter and organic soil 

were significantly different with respect to organic matter, C and N contents, and decreasing nutrient 

availability was reflected by lower bacterial and fungal biomass contents in soil. More rapid organic 

matter transformation occurred in litter than in soil, as documented by higher activities of several 

extracellular enzymes, especially those hydrolyzing glucans (e.g. α- and β-glucosidase and 

cellobiohydrolase). The microbial community composition had high diversity and richness and 

differed significantly between litter and soil with each habitat harboring a specific community with 

many species present only in one of them. Similarly structured was also the active decomposer 

community.  

5.1 Microbial community of coniferous forest topsoil  

Papers I and IV report highly diverse microbial community that is present in the topsoil of an 

unmanaged spruce forest. Bacterial community was dominated by Proteobacteria, Acidobacteria and 

Actinobacteria in both horizons, comprising 80–90% of all sequences, which corresponds with 

previous findings (Lipson 2007; Hartmann et al., 2009; Nacke et al., 2011; Bryant et al., 2008; Jones et 

al., 2009; Fierer et al., 2007a). Although bacterial abundance and diversity have been reported to 

decrease with decreasing soil pH (Lauber et al., 2009; Rousk et al., 2010), a highly diverse bacterial 

community was found in our strongly acidic soil. Compared with other soils with pH <4, in which a 

high degree of dominance by Acidobacteria was reported (Lauber et al., 2009), the phyla 

Proteobacteria, Actinobacteria, Firmicutes and Verrucomicrobia were more represented at our sites 

in the P. abies forest. Deep sequencing analyses of bacterial communities associated with litter have 

not been previously reported and in Paper IV we showed that litter exhibited higher phylogenetic 

diversity and a reduced proportion of Acidobacteria in the total community compared to soil.  

Fungal sequences belonged mainly to Dikarya (53.5% Basidiomycota and 41.1% Ascomycota). 

Glomeromycota and Mucoromycotina each represented approximately 2 % of fungal sequences. 

Members of the orders Atheliales, Agaricales, Helotiales, and Russulales were most abundant and 

the most abundant genera were Tylospora, Piloderma, Russula, Cenococcum, Cortinarius, and 

Hygrophorus. However, for several groups of phylogenetically related taxa abundant in the studied 

topsoil, no known close relative was found indicating a high proportion of so far unexplored diversity. 

Ectomycorrhizal fungi dominated, representing 83% of sequences in litter and 95% in soil. The most 

abundant genera of ectomycorrhizal fungi found in these studies, Piloderma and Tylospora spp., also 
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belong to the most abundant ones in the boreal P. abies forests in Finland and Sweden (Rosling et al., 

2003; Korkama et al., 2006; Wallander et al., 2010). 

 The composition of fungal communities has been previously shown to differ substantially 

between litter and organic soil, while deeper soil horizons showed higher similarity (O’Brien et al., 

2005; Lindahl et al., 2007). This reflects the higher abundance of saprotrophic fungi in litter and the 

dominance of ectomycorrhizal species in deeper soil (Lindahl et al., 2007; Edwards and Zak, 2010), 

however, our results showed that ectomycorrhizal fungi were abundant in litter as well, most likely 

due to the shallow rooting of P. abies. The results also showed that fungal communities differ 

substantially between litter and soil: most of fungal OTUs and one half of bacterial ones were 

preferentially associated with one particular habitat. The same applies to cellulose-utilizing fungi, 

showing that cellulose transformation in litter and soil is performed by different microbial 

communities, each suited for its habitat.  

Bacterial richness in individual samples was greater than that of fungi, but compared with 

bacterial communities, fungal communities had higher variability in spatial distribution with just a 

few taxa commonly occurring and many confined to a small number of samples as described in Paper 

I and IV. Fungal communities in both litter and soil showed significant similarity decay with distance 

even on a scale of a few meters, which is consistent with the results of a study from a boreonemoral 

forest (Bahram et al. 2016). Abundances of the major bacterial and fungal OTUs in different soils 

have been reported to be 2–3% and 7–17%, respectively (Fierer et al., 2007b; Buéé et al., 2009), 

though here the most abundant bacterial OTUs accounted for 5–7% of all sequences, while the 

dominant fungal OTUs in our ectomycorrhizal-dominated ecosystem represented even >30% of all 

sequences. These differences between bacterial and fungal communities are consistent with the 

patterns observed in other forests and elsewhere (Zinger et al., 2011;; de Gannes et al., 2015) and 

result in a substantially higher beta-diversity of fungi compared with that of bacteria. 

 The uneven spatial distribution of fungi in the ecosystem is likely a consequence of a 

combination of factors including the size of organisms, mobility and the association of many taxa 

with large nutrient patches or plant roots. The size of fungal mycelia and their habitats is one of the 

likely explanations for the distribution of specific groups of fungi. This is supported by the fact that 

fungi forming large mycelial systems (e.g., Russulales and Agaricales) showed higher variation in 

abundance than species with limited mycelia (e.g., Mortierellales and Archaeosporales). Members of 

Mortierellomycota and saprotrophic Ascomycota were identified as common across samples, which 

is consistent with their small size and use of local resources. In contrast, the OTUs of Glomeromycota 

were found to be rare, possibly due to limited occurrence of their plant hosts. 

The relationships between the microbial community composition, substrate chemical 

composition, vegetation composition, and enzyme activities differed between litter and soil (Fig. 4). 
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Vegetation composition significantly affected some parameters of litter chemistry as well as the 

composition of the fungal community, but not that of the bacterial community. Stronger effect of 

vegetation on fungi than on bacteria, particularly the effect of trees, was previously demonstrated in 

stands with differing dominant trees (Urbanová et al., 2015) and appears to be important in various 

forest environments (Prescott and Grayston 2013; Barberán et al., 2015; Tedersoo et al., 2016). Our 

results also indicate higher importance of fungi for enzyme production in litter. This is consistent with 

the proposed role of fungi as dominant decomposers (de Boer et al., 2005) and also recently 

confirmed by their dominance in microbial transcription in litter (Žifčáková et al., 2016).  

 

 

 

 

Figure 4. Hypothetical and observed effects of soil and vegetation properties on the bacterial and 

fungal communities in a regeneratingmountainous forest and their relationship with enzymatic 

activity. Potential effects are indicated with dashed lines, and observed effects are indicated with 

continuous lines; a grey line indicates a marginally significant effect. 

 

In soil, vegetation had only marginally significant effect on fungal community composition, 

while chemical variables affected the abundance and biomass ratio of fungi and bacteria. Soil 
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chemistry did not show strong effect on the composition of microbial communities, but it 

significantly affected the activities of hydrolytic enzymes. In other studies, it was mostly pH and soil 

OM content that affected enzymatic activity (Baldrian, 2014; Kivlin and Treseder, 2014), but the 

variation in pH observed across our study plot was very low. The results of Paper I indicate that in 

soil, nutrient availability may be more important for enzymatic activity than  microbial abundance or 

community composition. The lack of a relationship between microbial abundance and enzyme 

activities in soil may be due to the presence of a variable proportion of biomass belonging to root-

symbiotic fungal taxa that are not involved in decomposition. Papers I and IV and other 

transcriptomic studies showed that soil microbial communities are highly functionally redundant 

(Žifčáková et al., 2016; 2017) and enzymatic activity thus does not depend on the presence of specific 

taxa.  

 

5.2 Microbial activity, transformation of plant biomass and cellulose utilization in topsoil 

Needle litter of coniferous trees represents the major source of organic matter in 

mountainous spruce forests and the fate of this substrate and the associated fungal community is 

described in Paper III. Additionally, Papers IV and V and other recent studies have also demonstrated 

an active role of bacteria in OM transformation in addition to fungi and describe microbial 

communities involved in cellulose utilization. 

The decomposition of litter/OM proceeds in stages and the fungal community associated 

with the substrate reflects that (Frankland, 1998; Voříšková and Baldrian, 2013; Osono, 2006, 2007). 

The early colonizers of needle litter belonged to the Pezizomycotina and were followed by the 

members of Agaricomycotina as the later colonizers (Frankland, 1998; Lindahl and Boberg, 2008). 

Among the Pezizomycotina members, representatives of the orders Dothideales and Helotiales were 

observed most frequently. Dothidealean fungi dominated during the early stages, a pattern 

comparable to the fungal succession in pine litter needles reported by Lindahl and Boberg (2008). 

They also recorded high abundance of members of Helotiales and Lophodermium pinastri during first 

year of littler decomposition, and although Helotialean fungi were regularly observed in our study, 

this was not the case for Lophodermium piceae, the ecological equivalent of L. pinastri on spruce 

litter. L. piceae was among dominant species in P. abies litter in other studies (Przybył et al., 2008; 

Korkama-Rajala et al.,2008), but our results showed its negligible occurrence, which was consistent 

with its absence as an endophyte in green needles from same location (Koukol et al., 2012). Different 

climatic conditions may be responsible for the lack of L. piceae and the shift to more stress-tolerant 

fungi. According to Paper IV, members of Pezizomycotina also prevailed in the active fungal 

community on P. abies litter, suggesting their role as decomposers. An established community of 
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Pezizomycotina, recruited mostly from the endophytes present in living needles, may negatively 

affect the occurrence of the saprotrophic members of Agaricomycotina, which are highly efficient 

decomposers of litter needles and these might be then restricted to the to the later stages of 

decomposition.  

Active microbial communities obtained by RNA analysis reported in Paper IV showed 

difference in the composition from the community described based on DNA. Although, the DNA- and 

RNA-derived communities of bacteria largely overlapped, 18% of dominant fungal OTUs were found 

exclusively in the RNA community, some of them being highly abundant. The high RNA/DNA ratios 

for some microbial taxa also showed that species with low abundance can be highly active.  

Similarly to the DNA communities, RNA communities showed a strict confinement of many 

OTUs to either litter or soil, especially for fungi. In the soil, Actinobacteria were more abundant in the 

RNA community. In litter, the bacterial RNA community was enriched in Acidobacteria and 

Firmicutes, while most of the minor phyla were less represented. Among fungi, several minor orders 

including Botryosphaeriales, Lecanorales and Eurotiales in litter and the Tremellales and Capnodiales 

in soil were infrequent in the DNA communities, but highly abundant among the RNA sequences. 

Interestingly, ECM fungi were still dominant in the active RNA community at the beginning of winter, 

but their share was by 15-20% lower than in the DNA community. A substantial reduction in the 

activity of ectomycorrhizal fungi compared with saprotrophs is expected during a period when 

photosynthate allocation to roots is limited (Yarwood et al., 2009; Lindahl et al., 2010) and Paper IV 

shows that saprotrophic and parasitic species were indeed significantly more represented in the RNA 

communities at this time. 

To describe microbial community that actively incorporates C from cellulose in forest topsoil 

we used next-generation sequencing combined with SIP using 13C-labeled cellulose as substrate 

added to soil or litter (Paper V). Although both fungi and bacteria substantially accumulated 

cellulose-derived carbon, their relative contributions differed. Contrary to the theoretical 

expectations, cellulose added to litter that is rich in fungal biomass was mainly accumulated by 

bacteria, while in soil, where polysaccharides were scarce and bacteria dominated, added cellulose 

was mainly incorporated into fungal biomass. This might reflect the fact that cellulose represents a 

preferred substrate for bacteria, whereas fungi are able to utilize a wider range of litter constituents.  

Bacterial growth was previously shown to be promoted when fungi decomposed 

lignocellulose (Romani et al., 2006; Šnajdr et al., 2011a, b), supposedly supporting bacteria living as 

mycoparasites or cheaters (de Boer et al., 2005). Because the degradation products of cellulose 

(cellobiose and especially glucose) are suitable substrates for most fungi and bacteria, the ‘cheater’ 

community theoretically might comprise most microorganisms present. If cheater microorganisms 

receive enough 13C, they may be recovered using stable isotope probing. Those microorganisms 



39 
 

feeding on the 13C-rich biomass of cellulose decomposers should appear as labelled later in the 

experiment, but since we have not observed appearance of novel C-enriched microorganisms with 

time, it seems that cheating and cross-labelling were not quantitatively important. 

Lynd et al. (2002) reported that cellulolytic abilities are only limited to certain bacterial taxa. 

Prior to our study, cellulolytic bacteria were recorded only in neutral to moderately acidic agricultural 

soils in a few  genera of Actinobacteria, Proteobacteria, Firmicutes and Bacteroidetes (Wirth and 

Ulrich, 2002; Haichar et al., 2007; Ulrich et al., 2008; Schellenberger et al., 2010). With the exception 

of Burkholderia (Proteobacteria), none of them were abundant in our study, in which cellulose 

decomposers were mainly identified as Betaproteobacteria, Bacteroidetes (represented by 

Cytophaga) and Acidobacteria. This more corresponds to results found in pine forest soils in North 

America, where Proteobacteria, Bacteroidetes and Acidobacteria accumulated the most cellulose-

derived C (Eichorst and Kuske, 2012). The low abundance of Actinobacteria and the absence of the 

genus Streptomyces, which were enriched in the RNA community and often dominate agricultural 

soil cellulolytic communities, can be explained by the low pH of forest floor (Lauber et al., 2009). 

Indeed, bacteria recovered in other studies from acidic environments revealed several taxa also 

recorded in Paper V:  Cytophaga hutchinsonii, Gp1 Acidobacteria, Burkholderia spp., Pedobacter, and 

clones related to Mucilaginibacter (Valášková et al., 2009; Pankratov et al., 2011). This seems to 

indicate that pH might belong to important factors that shape the community composition of 

cellulolytic bacteria, although this assumption should be confirmed by screening of a larger set of 

soils of various pH. 

Among the dominant cellulolytic genera from forest topsoil recovered in this study, several 

were previously not regarded as cellulose decomposers. For example, Mucilaginibacter spp. and 

Collimonas spp. strains failed to grow on cellulose (Höppener-Ogawa et al., 2008; Pankratov et al., 

2007), suggesting that the ecology of several soil bacterial taxa is more complex than previously 

reported. On the other hand, evidence accumulates that cellulose is utilized by Acidobacteria, 

represented in Paper V by the Gp1 and Gp2 clusters. Both the genome sequencing and culturing of 

isolates showed that some Gp1 and Gp3 Acidobacteria are able to decompose polysaccharides 

including cellulose (Ward et al., 2009; Eichorst et al., 2011; Pankratov et al., 2011). Moreover, in 

Paper IV, the Gp3 Acidobacteria were enriched in the RNA, which might indicate their involvement in 

decomposition. Considering the quantitative dominance of Acidobacteria in acidic soils, their 

contribution to carbon cycling in this environment would be important (Lauber et al., 2009; Jones et 

al., 2011).  

Among fungi, cellulose decomposition abilities are relatively common, especially among the 

saprotrophic Ascomycota and Basidiomycota (Weber et al., 2011; Baldrian 2008). Interestingly, Paper 

V showed low involvement of basidiomycetous cord-formers in cellulose decomposition despite their 
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high abundance in the ecosystem (Žifčáková et al., 2011; Paper I, Paper IV), which is likely due to the 

microcosm set up that may have limited their growth. Basidiomycetous fungi incorporating labeled 

cellulose were represented mainly by yeasts of the genera Trichosporon and Cryptococcus. 

Trichosporon was previously reported to degrade cellulose (Dennis, 1972), and even though 

Cryptococcus neoformans lacks exocellulase in its genome (Baldrian and Valášková, 2008), other 

members of the genus were reported to produce endocellulase (Thongekkaew et al., 2008) or to 

accumulate 13C from cellulose added to soil (Bastias et al., 2009). These findings, along with our 

results, are of high importance, considering that the genus Cryptococcus is very common in forest 

soils (Buéé et al., 2009). In addition to cord-forming basidiomycetes, many fast-growing non-

basidiomycetous fungi that inhabit litter are also able to efficiently degrade cellulose (Deacon et al., 

2006; Baldrian and Valášková, 2008; Baldrian et al., 2011). Of these fungi, Geomyces, Umbelopsis and 

Hypocrea were identified in 13C-DNA in this study. Additionally, the fungi associated with P. abies 

needles in various stages of decomposition were shown to be able to produce cellulases (Žifčáková et 

al., 2011) and in this study, members of the orders Helotiales and Dothideales were found in the 13C-

DNA. Further research targeting decomposer microorganisms in different habitats is obviously 

needed to gain sufficient understanding of this important process. 

The rate limiting step in the decomposition of cellulose is catalyzed by cellobiohydrolase 

(Baldrian and Valášková 2008) so to target this important part of decomposition processes we 

compared the metagenome and metatranscriptome pools of cellobiohydrolase I (cbhI) gene 

sequences (Paper IV) and also looked for this gene in the fungal community utilizing labeled cellulose 

(Paper V).  

Attempts to assign fungal producers to the sequences of functional genes derived from soil 

metagenomes suffered from the lack of sequence information in public databases. By sequencing 

cbhI genes from fungi occurring in the soil, we were able to identify the taxonomic affiliation of 

producers for 13 cbhI clusters. Some of the most abundant cbhI sequences were transcribed by fungi 

with low abundances in the ecosystem showing their importance for cellulose hydrolysis. Phylogeny 

trees constructed using cDNA and peptide sequences allowed coarse taxonomic placement of 

producers of dominant cbhI clusters into either Ascomycota or Basidiomycota. In the H horizon, 

where 75–90% of sequences were assigned, genes of both phyla were equally present, but the 

transcripts were mainly of ascomycetous origin indicating that Ascomycota were particularly 

important for cellulose hydrolysis, and that the fungal members of the major orders involved in 

cellulose decomposition contain the cbhI gene. 

Paper IV shows that a single eukaryotic functional gene can be analyzed at a depth that 

allows diversity estimation; a reliable Chao1 diversity prediction of 46 ± 9 cbhI genes per sample was 

obtained for the RNA sample in H horizon and when samples from multiple sites were analyzed 
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together, a total of 456 and 201 genes were predicted in litter horizon for DNA and RNA respectively, 

and 344 and 99 in soil DNA and RNA. Because most known fungi harbor more than one cbhI gene, 

(typically 2–3; Baldrian and Valášková, 2008; Edwards et al., 2008), the diversity of cellulolytic fungi in 

forest topsoil can be estimated at 50–300. This means that a considerable proportion of the fungal 

community transcribes or at least harbors the cbhI gene. Moreover, 27% of cbhI sequences were 

found only in DNA and 15% only in RNA and approximately 40% and 25% of cbhI genes present in 

DNA were transcribed in litter and soil, respectively. Interestingly, the cbhI gene pools in 12C-DNA and 

13C-DNA showed similar diversity, despite differences in microbial communities therein. Moreover, all 

but one of the cbhI clusters with an abundance of > 1% were present in the 13C-DNA, which showed 

that the possession of a cbhI gene is a reliable indicator of cellulolytic ability. These data show that 

the stand-alone DNA sequencing approaches miss a significant and functionally relevant part of 

microbial communities and our current knowledge largely based on DNA sequencing is incomplete. 

Cellulolytic gene complement of ectomycorrhizal fungi is usually limited when compared to 

saprotrophs, and many species completely lack cellulase genes (Baldrian, 2009). During the screening 

of soil fungi for cbhI genes in Paper V, we identified the presence of two cbhI sequences in Russula 

emetica and Russula paludosa. Russula emetica was an abundant species in litter microcosms but 

showed only low abundance in the 13C-DNA and according to the RNA survey, the Russulales were 

rather inactive. Their involvement in cellulose decomposition is thus potentially possible, but 

uncertain.  

 

5.3 Response of forest soil microbiome to disturbance 

The responses to bark beetle-induced dieback of all mature trees of forest stands that we 

have studied in the Papers II and III involved a wide range of ecosystem properties, including 

vegetation composition and productivity, resource availability and chemistry. These complex changes 

were reflected by the rates of decomposition processes, microbial abundance and the composition 

of fungal communities.  

In the disturbance event that we followed, more than 84% living trees were killed by Ips 

typographus in an area of >5 km2 including all trees within 200 m of the study site. Similar results 

were observed over the whole impacted area of >60 km2 (Vacek et al., 2009). Tree dieback, as the 

primary result of the insect invasion, affected the ecosystem within one year, causing both the 

termination of photosynthesis and needle shedding. Needle litter represents the bulk of litterfall in P. 

abies forests, however the litter shedding associated with tree death was an order of magnitude 

greater than its yearly input and provided rather fresh needles with lower C/N ratio (Kaňa et al., 
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2013; Kopáček et al., 2010). Another immediate, though slower, result of tree dieback was the input 

of dead organic matter from fine roots.  

As a response to this one-time litter input, the DOC content in the litter layer increased one 

year after the tree dieback while in the soil it decreased. This observation is consistent with the 

decrease in DOC production in a spruce stand in the year following tree girdling (Ekberg et al., 2007) 

and is likely a result of the decreased photosynthate allocation. Indeed, DOC and soil respiration 

were found to decrease in forests infested with mountain pine beetle within five years after a tree 

dieback (Moore et al., 2013). In terms of the C balance in the entire ecosystem, it is important to 

note that tree dieback also terminates C storage via the accumulation of root-derived carbon 

immobilized in fungal mycelia, especially of ECM fungi. The importance of this process in deeper soil 

has recently been demonstrated by Clemmensen et al. (2013). Consequently, the C storage potential 

of the ecosystem is expected to decrease.  

The tree dieback also caused changes in the N and P pools in both horizons. Although the 

total N availability increased, organic N was soon replaced by mineral nitrogen compounds. This 

finding is consistent with observations of the increase in NO3
- and NH4

+ in a range of soils two years 

after a bark beetle attack (Kaňa et al., 2013). The termination of photosynthate flow caused by the 

girdling of spruce trees was also found to increase microbial N mineralization in organic soil and 

increase the content of both ammonium and nitrate (Zeller et al., 2008). Finally, tree dieback in a 

nearby area also increased base saturation and decreased Al availability in topsoil (Kaňa et al., 2013).  

The total microbial biomass in litter did not show significant changes during the study period, 

however, fungal biomass decreased from 3.7 mg g-1 to 1.5 mg g-1, most likely due to the 

disappearance of ECM fungi. A more rapid and pronounced decrease in fungal biomass occurred in 

the soil, where it decreased from the initial 1.2 mg g-1 to 0.11 mg g-1. The extent of biomass decrease 

may indicate that, in addition to the ECM root symbionts, the photosynthates may also largely 

sustain the fungal soil saprotrophs. The same finding was reported from a deciduous forest, where 

photosynthate allocation during summer increased the biomass of both ECM and saprotrophic fungi 

(Voříšková et al., 2014). Bacterial biomass showed either no significant change or an increase and 

thus the bacterial/fungal biomass ratio increased substantially, indicating the lesser dependence of 

bacteria on (or the lesser access to) photosynthate-derived C.  

Fungal community composition responded to ecosystem disturbance in a complex way. The 

ECM symbionts of spruce roots such as Piloderma and Tylospora disappeared either immediately or 

within the first couple years, while Cenococcum persisted in soil for long time likely due to the 

toughness of its sclerotia. In contrast, the relatively high abundance of Russula two years after tree 

dieback may be associated with its potential ability to grow saprotrophically (Papers IV and V; 

Bödeker et al., 2009). Although the ECM fungi disappeared, the genera Cadophora and 
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Meliniomyces, forming ericoid mycorrhiza with the roots of bilberries and grasses, remained 

abundant because their plant hosts were not affected by tree dieback. The increased abundance of 

Septoglomus, an arbuscular mycorrhizal fungus, in the late phases could have been supported by the 

increasing grass cover but also by the decrease in phosphate availability. Dark septate endophytes 

(DSE), another group of fungi associated with roots were represented in our study area primarily by 

the genera Phialocephala and Acephala. The relative increase in DSEs one year after the tree dieback 

may indicate their use of dead spruce roots as a substrate for growth as recently suggested by 

Kohout et al. (2018).  

Papers II and III report substantial differences in fungal communities on litter between 

disturbed and undisturbed sites, especially in the first few years after tree dieback. An apparent 

succession of individual saprotrophic fungal taxa after the bark beetle invasion was initiated by the 

massive initial input of litter. The genera Thysanophora and Chalara, which peaked one year after the 

disturbance, have been shown to inhabit spruce needles and to produce a broad range of enzymes 

acting on spruce litter, including endocellulase (Žifčáková et al., 2011). Later phases were 

characterized by increases in the large cord-former Mycena and the yeast-like Cryptococcus, typical 

soil saprotrophs. The appearance of Omphalotus and Ductifera, primarily wood-associated 

saprotrophs, in the litter after three years since tree dieback had a clear connection to their spread 

from the decaying deadwood accumulating on the forest floor. The increase in the lichen-forming 

fungi Caloplaca, Cladonia and Pseudevernia most likely had a similar cause, although these fungi are 

also present in the litter of undisturbed spruce forests as found in Paper IV.  

We have also observed decrease in decomposition, measured as the activity of extracellular 

enzymes, in the years following the dieback. The earlier decrease in the enzymes decomposing easily 

available substrate and the later activity of endolytic hydrolases of polysaccharides and ligninolytic 

enzymes indicates that enzyme activity is driven by the changing composition of the initial litter 

input. The same pattern can be observed during sequential decomposition of litter (Šnajdr et al., 

2011a). Contrary to our expectations, the disappearance of ECM fungi did not lead to increased 

decomposition by the saprotrophic community. The reduction in competitive pressure from the ECM 

fungi thus appears to be less important than the combined effect of reduced litter and 

photosynthate allocation. Recently, it was reported that enzyme activity in spruce soil also decreases 

after tree removal (Kohout et al. 2018). Along with the results of Žifčáková et al. (2017) that cellulose 

and lignin-degrading enzymes are most transcribed when spruce trees are photosynthetically active, 

it appears that decomposition of recalcitrant organic matter in soil is a process dependent on priming 

by readily decomposable carbon, provided by active tree roots during the vegetation season.  
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This thesis shows great structural and functional diversity of microbial communities in an 

unmanaged montane spruce forest soils. It confirms and in detail describes the vertical stratification 

of microbial communities in litter and soil, reflecting their chemistry and nutrient availability. It 

demonstrates that the drivers of microbial community composition are complex and include, to 

various degrees, chemistry and vegetation aspects. Fungi and bacteria differ not only in their 

response to environmental conditions, but also in their alpha- and beta-diversity, the former being 

higher for bacteria and the latter for fungi. Interestingly, the active fraction of microbial community is 

large and even taxa with minor abundance can be highly metabolically active. The microbes – and 

especially fungi – are shown to be largely dependent on forest trees as litter decomposers and root 

symbionts making them vulnerable to disturbances that damage trees, such as the bark beetle 

outbreak. Decomposition of plant organic matter is a process where, contrary to the previous 

paradigm, bacteria importantly participate. I show that molecular methods still help to recover novel 

microbes participating in the decomposition of cellulose, the most important soil biopolymer, which 

points at the limitations of the present understanding of microbial community functioning. For fungi, 

hydrolysis of cellulose appears to be a concerted action of tens to hundreds of taxa, showing high 

functional redundancy of the forest soil microbiome. Despite these advances in soil microbial 

ecology, our understanding is still limited and novel questions emerge. Next steps towards the 

understanding of the ecology of this important ecosystem will in the future require combination of 

methodological approaches with prominent roles of metatranscriptomics and metabolomics, but also 

the use of classical microbiology and mycology to describe the traits of individual members of the 

microbiome.  
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