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Summary  

 

Presence of mycorrhizal fungi affects the phytoremediation efficiency on PAH-polluted 

soils: fungi participate in the soil bioremediation per se and, as symbionts with living trees, 

help the trees to survive under the pollution and other harsh environmental conditions.  

 

This thesis initiates a study of a mycorrhizal mushroom community on the Somerharju 

phytoremediation project site in Finland. An inventory of the mycorrhizal mushrooms 

concerning mushroom abundance, species richness and biodiversity was done during the 

season of 2015. The distribution of the mushrooms over the site was analyzed in relation to 

PAH-pollution levels and tree cuttings on the site.  

 

A significant dependence of fungal species richness and biodiversity on a cutting type was 

detected. The dependence of mushroom abundance, species richness and biodiversity on a 

PAH-pollution level was not statistically significant. Tolerance of Somerharju’s 

mycorrhizal mushroom community to PAHs allows expecting even emergence of the 

mushrooms over the site in future and opens perspectives for an intentional inoculation of 

such mushrooms in the areas with suitable tree coverage on the entire site for enhancing 

the bioremediation effect.  
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1 Introduction 
 

 

1.1 Thesis in the project context 

 

This thesis on mycorrhizal mushroom ecology in the PAH-polluted areas is a part of a 

phytoremediation research project being implemented in Somerharju, Finland, by Luke 

(Natural Resources Institute Finland) since 2013. The long-term purpose of the project is to 

determine the efficiency of plantations of aspens Populus tremula and hybrid aspens 

Populus tremula x Populus tremuloides for purifying the soil polluted with PAHs 

(creosote). Simultaneously, the researches on the aspen adaptation and survival under local 

conditions are being conducted. This thesis on the mycorrhizal mushrooms initiates a side 

investigation within the project, aimed at providing data that are perspective in a context of 

both long-term and short-term purposes of the main study. 

 

 

1.2 Research significance  

 

This thesis is the first investigation on the mycorrhizal mushroom occurrence in 

Somerharju, and, thus, explores a new issue within the project. Due to mycorrhizal ability 

to affect both phytoremediation efficiency (Šašek, 2003; Joner, Leyval & Colpaert, 2006; 

Norton, 2012; Chibuike, 2013; Winquist et.al, 2014) and tree survival (Marschner & Dell, 

1994; Clark & Zeto, 2000; Dell, 2002; Bandou et.al, 2006; Finlay, 2008; Brundrett, 2009; 

Pringle, Wolfe & Vellinga, 2011) which corresponds to the Somerharju phytoremediation 

project scope, results of this side study may complement the main research with the 

valuable data: it may help to consider fungal occurrence as an extra ecological factor in a 

complex analysis of the phytoremediation and the aspen adaptation in Somerharju.  

 

 

1.3 Object of research and subject of inquiry 

 

Within this thesis, mycorrhizal mushrooms – fruit bodies of higher fungi with the proven 

ability to form symbiotic relationships with living trees – occurring in the Somerharju 

phytoremediation project area are an object of research.  

 

As this thesis initiates the study on the mycorrhizal mushroom community on the 

Somerharju project site, carrying out a mushroom inventory in order to understand the 

mushroom distribution over the site was considered as a priority goal of the side project. 

To fulfil that, the following issues were chosen as a subject of inquiry:  

 

 mycorrhizal mushroom species present on the site over a season; 

 mushroom distribution in areas with different PAH-pollution levels; 

 mushroom distribution in clear cut and non-cut areas. 
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1.4 Research questions and tasks 

 

The following research questions were investigated in this thesis:  

 

1. What mycorrhizal mushroom species are present in the Somerharju 

phytoremediation project area during a mushroom season? 

 

2. Do mycorrhizal mushroom abundance, species richness and biodiversity depend on 

different PAH-pollution levels on the site? 

 

3. Can clear cutting be an extra factor affecting the mycorrhizal mushroom 

distribution in the polluted areas? 

 

The following tasks were put and implemented to answer the above listed questions: 

 

 regular monitoring the mushrooms on the site; 

 identifying mushroom species; 

 calculating mushroom abundance, species richness and biodiversity; 

 conducting a statistical analysis considering a PAH-pollution level and a cutting 

type as fixed factors. 

 

 

1.5 Previous research 

 

Although the idea of using fungi in remediation of the PAH-polluted soils is being actively 

discussed (Šašek, 2003; Joner, Leyval & Colpaert, 2006; Norton, 2012; Chibuike, 2013; 

Winquist et.al, 2014), the research questions put in this thesis are quite new: most current 

researches in this field are carried out in vitro and usually deal with separate microfungal 

species (Leyval, Joner, de Val & Haselwandter, 2002; Khade & Adholeya, 2007; Korade 

& Fulekar, 2009; Wu, Yu, Wu & Wong, 2014; Lu & Lu, 2015). 

 

The literature on fungal communities in the PAH-polluted areas in situ is very scarce. 

Generally, researches in the issue are also done on the microfungal communities 

participating in the soil and sediment remediation (Roberts, 2006; Mukherjee, 2014; Ling 

et.al, 2015). As for studies on mushroom producing fungi, a paper on fungal diversity in 

creosote-treated wastes and resistance to PAHs (Kim et.al, 2010) was detected as the only 

one done in situ on the community level, but it is focused on non-mycorrhizal fungi. 

Scientific papers on the mycorrhizal mushroom occurrence in the PAH-polluted areas were 

not found.  

 

However, many other aspects of the soil remediation with use of plants and fungi have 

been studied by today. Serving as a theoretical base of this thesis, they will be described in 

chapters 2 and 3. 
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2 Phytoremediation in PAH-polluted areas  
 

 

2.1  Phytoremediation definition and applications 

 

Phytoremediation (a term coming from Ancient Greek φυτο - "plant", and Latin remedium 

- "restoring balance") can be defined as use of plants for purification of contaminated sites 

based on the ability of plants to metabolize elements and compounds accumulated from the 

environment. In this thesis, the term “phytoremediation” will refer only to the soil 

restoration although the method can also be applied to air (Morikawa & Ozgür, 2003), 

water (Sytar et.al, 2016, 361), and sediments (Vervaeke, 2003; Pilipovic, 2015).  

 

Phytoremediation was proved to be an effective way to reduce concentrations of heavy 

metals, hydrocarbons (in particular, petroleum hydrocarbons) and polychlorobiphenyls in 

the soil (Macci et.al, 2016, 378). There are also practices of phytoremediation for removal 

of radionuclides (Dushenkov, 2003), explosives (Hanninka, Rossera & Brucea, 2002) and 

pesticides (Susarla, Medina & McCutcheon, 2002).  

 

 

2.2 Plant species selection for phytoremediation 

 

Plant species in use for the soil phytoremediation vary a lot depending on project purposes 

and duration, on pollutant type, microclimate in the contaminated area, physical and 

chemical properties of the soil, and financing available.  

 

Heavy metals are best removed with hyperaccumulator species – those able to absorb and 

to store extremely high concentrations of the pollutant in their tissues. In this list, there are 

numerous Asteraceae, Brassicaceae, Caryophyllaceae, Cunouniaceae, Cyperaceae, 

Euphobiaceae, Fabaceae, Flacourtiaceae, Lamiaceae, Poaceae, and Violaceae plant 

species (Sarma, 2011, 122). Cook and Hesterberg (2013), in their review of species 

potential for reduction of organic pollutants, mention Poaceae and Fabaceae grasses and 

crops, and tree species (e.g. birch Betula pendula, red mulberry Morus rubra, aspen/poplar 

Populus spp.) as good for PAH reduction, with grasses tall fescue Festuca arundinacea, 

perennial rye-grass Lolium perenne, and trees willow Salix spp. and aspen / poplar Populus 

spp. as species that are in most common use for that. 

 

Aspens Populus tremula and Populus tremuloides that are in a focus of this study perfectly 

match many plant selection criteria for phytoremediation because of their large biomass 

and absorption surface, deep roots and high water uptake rate, fast growth and easy 

propagation, ability to adapt to various soils and temperature and moisture conditions and 

tolerance to pollutants (Mukherjee, 2014, 5).  

 

 

2.3 Phytoremediation strategies for removing PAHs 

 

Strategies for soil phytoremediation have been summarized by Mukherjee (2014, 3) who 

grouped them by a mechanism of pollutant reduction. She lists the following 

phytoremediation strategies: 
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 phytovolatilization when plants absorb the pollutant from the soil, transform it into 

a volatile compound and release it into the atmosphere; 

 phytoaccumulation, or phytoextraction when plants accumulate pollutants in their 

harvestable parts; 

 phytotransformation, or phytodegradation when plant enzymes and/or plant-

associated microbes degrade organic pollutants; 

 rhizoremediation when microbes living in the rhizosphere degrade the pollutants. 

 

In the other reviews, some of these strategies are named differently, e.g. rhizoremediation 

is referred to as rhizodegradation or phytostimulation (Etim, 2012, 134), and 

phytotransformation is to as phytostabilization (Sarma, 2011, 121). 

 

As for the phytoremediation strategies that Populus spp. use for reduction of organic 

pollutants including PAHs, Mukherjee’s review of the scientific literature on the topic 

includes a number of papers demonstrating the aspens ability for phytovolatilization, 

phytodegradation and rhizoremediation (Mukherjee, 2014, 5). 

 

At that, Mukherjee (2014, 3) underlines that these mechanisms may function 

simultaneously. So, one can see that, in some cases, phytoremediation mechanisms imply a 

participation of plant associated organisms (microbes and fungi) that can either be crucial 

for a phytoremediation process or enhance it in a combination with the other strategies. 

This statement is important for the current study because the combination of the aspens 

used for phytoremediation with symbiotic mycorrhizal fungi may have a similar enhancing 

effect as the aspen combination with microbial fungi has. 

 

 

2.4 Phytoremediation advantages and constraints 

 

Phytoremediation can be considered as a very promising method of the soil purification 

due to its various advantages: ease to implement and to maintain (Gerhardt, Huang, Glick 

& Greenberg, 2009, 24), realization directly in situ, without the soil excavation and 

transferring to the other place, environmental safety with no need to use chemicals 

(Ndimele, 2010, 716), comparatively lower costs (Sarma, 2011, 121), improving soil 

quality by adding organics into it (Gerhardt et.al, 2009, 24), reduction of the soil erosion 

and increasing a biomass, creating an aesthetical environment (Cook & Hesterberg, 2013, 

845), and high public acceptance (Macek, Mackova & Kas, 2000, 24). 

 

However, the method has some disadvantages and constraints. Phytoremediation is a slow 

process requiring up to several years to be completed (Ndimele, 2010, 716; Sarma, 2011, 

121) and it is not applicable for cleaning up the soil in a short period. The other constraint 

may be too high toxicity of the pollutants which will be able to kill the plants meant for 

phytoremediation (Ndimele, 2010, 716). So, a plant survival rate may become an acute 

problem and should be investigated for certain phytoremediation projects. In case of 

dealing with the pollutants that are accumulated but not transformed, plants with high 

concentrations of the pollutants in their tissues should be harvested and destroyed which 

increases costs; otherwise, the plants full of toxins may be used as food by animals and 

spread, thus, further through the food web (Macek, Mackova & Kas, 2000, 31). 

 

Furthermore, phytoremediation implies a degree of uncertainty: an uneven distribution of 

the pollutant in the soil may cause difficulties in planting design; the roots may grow too 

short and unable to reach the pollutants if they are distributed lower than the rhizosphere is 
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(Gerhardt et.al, 2009, 25); a possibility of the pollutants dissolution may cause their 

migrating (Macek, Mackova & Kas, 2000, 24); finally, the phytoremediation efficiency 

depends a lot both on abiotic and biotic factors – Mukherjee (2014, 2) marks that the 

remediation success is affected by temperature, pH, oxygen, moisture, nutrient availability, 

toxicity and bioavailability of contaminants. So, an entire complex of factors makes 

phytoremediation very site-dependent, and a specific phytoremediation project should be 

based on a solid research of a site. 

 

 

2.5  Phytoremediation practice and perspectives for removing PAHs in 

Finland 

 

Organic contaminants (a group including PCBs, PAHs, TCE, TNT, MTBE, pesticides, 

petroleum hydrocarbons and others) in the soil are an actual issue in modern Europe. 

About 1.170.000 potentially contaminated sites have been detected in 33 European 

countries by 2013 (Panagos, Van Liedekerke, Yigini & Montanarella, 2011). Large shares 

of all soil contaminants are organic (figure 1).  

 

 
Figure 1. Distribution of contaminants affecting soil in Europe (Panagos et.al, 2013). 

 

In Finland, 23850 soil-contaminated sites and ones suspected in contamination were 

detected in 2013 (Pyy, Haavisto, Niskala & Silvola, 2013, 49) which include 70%, 10-20% 

and 20-10% of a total soil volume contaminated with organic compounds, metals and a 

mixture of metals and organics, respectively (Pyy et.al, 2013, 50). Some of these sites have 

already been remediated, the outcomes of the other ones are still to be decided on. Based 

on former decisions on remediation, one can conclude that, in Finland, a number of 

positive decisions on a remediation implementation is proportional to volumes of 

contaminants of different types, and the largest share falls at the sites polluted with organic 

contaminants including PAHs (figure 2).  

 

At that, remediation in Finland is usually implemented ex situ (EEA, 2014) (figure 3). A 

share of in situ bioremediation techniques is minimal, with no phytoremediation 

applications: the first big Finnish phytoremediation project was Somerharju one (Pertti 

Pulkkinen, personal communication, April 2015) which started in 2013 and which is in the 
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focus of this thesis. Several experiments have been carried out before that (Sillanpää, 2007; 

Vallinkoski, Hassinen & Servomaa, 2007) but their real results were rather limited because 

of a too short time span.  

 

 
Figure 2. Decisions on remediation of contaminated sites in Finland grouped by a 

pollutant type: PCHs include petroleum fractions, PAHs, BTEX, petroleum additives 

MTBE and TAME, and VOC (Adapted from: Pyy et.al, 2013, 32). 

 

In 2012, costs of 370 remediation projects implemented in Finland were approximately 68 

million euros and the costs for a rehabilitation of the contaminated sites left are expected to 

increase in future (Pyy et.al, 2013, 51). Considering high remediation costs and a large 

number of contaminated sites, it looks predictable that prioritizing is and will remain an 

important issue for the Finnish environmental authorities responsible for choice of the sites 

to remediate. It looks like that, over years, one of those issues affecting the decisions of the 

authorities was mitigating health risks for people living in and by contaminated sites: in the 

period of 1986-2012, about 60% of decisions on remediation of a certain site were carried 

out in residential areas or in their immediate vicinity, and 40% - in classified groundwater 

areas (Pyy et.al, 2013, 49-50). 

 

To summarize the above stated, one can conclude that phytoremediation is considered to 

be a new soil rehabilitation method in Finland which requires thorough investigations to 

outline its perspectives in the country more clearly. However, already now one can 

presume that taking into account abundance of PAH-polluted grounds in Finland, if the 

results of current and prospective phytoremediation projects turn out satisfactory 

phytoremediation may become a suitable comparatively cheap rehabilitation strategy for 

remote places, out of immediate vicinity to residential sites where the urgent soil 

purification is not crucial.  
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Figure 3. Most frequently applied remediation techniques for contaminated soil in Europe 

in 2011, below the data for Finland, % (EEA, 2014) 

 

 

3  Macrofungi in remediation of polluted soils 
 

 

3.1  Fungal classifications  

 

Fungi are an extremely diverted kingdom of organisms including, according to Blackwell 

(2011), more than 5 million species of mushrooms, yeasts, rusts, mildews, and molds. Due 

to such diversity, fungal properties, roles in the ecosystems, and possible applications 

(including ones in the soil remediation) vary a lot depending on certain fungal groups or 

species. That is why, before talking about the soil remediation with fungal participation, it 

is important to put a focus on target fungal groups and, thus, to classify fungi in an 

appropriate way. 

 

Fungi may be classified in many ways, for example, by their phylogeny, morphological 

features (characteristics of spores, a hyphal texture, etc), reproduction type, origin of 

spores, trophic guild, functions in the ecosystem, utility for a human, pathogenicity, or 

even by size. Choice of a classification to use depends on the purposes of every certain 

case.  
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In order to put a focus on certain groups of fungi in this study, first, it is important to 

outline the entire fungal kingdom. For investigating mycorrhizal mushrooms within this 

thesis, the classifying principles will be considered as follows: 

 

 by phylogeny to provide a framework for the other classifications;  

 by a trophic guild to distinguish mycorrhizal and non-mycorrhizal fungi;  

 by presence of highly developed fruit bodies to distinguish micro- and macrofungi. 

 

 

3.1.1 Phylogenetic classification of fungi 

 

According to modern phylogenetic systematics, fungi are divided into 5 phyla: 

Basidiomycota, Ascomycota, Glomeromycota, Zygomycota, and Chytridiomycota (Bear 

et.al, 2016, 398) (figure 4). 

  

 
 

Figure 4. Phylogenetic relations of fungal phyla (Adapted from: Bear et.al, 2016).  

 

Phylum Basidiomycota is, first of all, fungi that produce mushrooms – basically club-

shaped fruit bodies which, however, can be of the other shapes, for example, spherical as 

puffballs Calvatia spp. and Lycoperdon spp., bracket-shaped as Polyporus spp., star-

shaped as earth stars of Geastraceae, or shapeless as jelly fungi of Auriculariales, 

Sebacinales and the other orders. The mushrooms are easy to see with an unaided eye: 

their height and width vary from several millimeters to tens of centimeters. However, a 

large group of Basidiomycota is microscopic fungi: some rusts, smuts and bunts, and some 

yeasts. Basidiomycota fungi produce and keep their spores in basidia – microscopic 

pedestal-like or club-like structures placed on the mushroom gills or inside of the fungal 

body. 
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Phylum Ascomycota includes fungi that produce their spores in asci – sac-like cells. Some 

mushrooms belong to Ascomycota, for example, morels Morchella spp., false morels 

Gyromitra spp., cup fungi Pezizaceae, truffles Tuber spp., deadman’s fingers Xylaria spp.. 

Microscopic Ascomycota fungi are some yeasts, mildews, molds, and fungi living in 

lichens as symbionts with algae. 

 

Fungi representing three other phyla and their relation to Basidiomycota and Ascomycota 

can be considered in the context of the fungal division into macrofungi and microfungi. 

 

 

3.1.2 Division into macrofungi and microfungi 

 

Only Basidiomycota and Ascomycota (marked with a blue asterisk on figure 4) include 

both microscopic fungi and mushroom producing ones. The latter are also called higher 

fungi, or macrofungi. Distinctive features of the mushrooms were described in section 

3.1.1.  

 

Among three other fungal phyla: Glomeromycota, Zygomycota, and Chytridiomycota, there 

are only lower fungi, or microfungi, such as molds, rusts and mildews that are, according 

to a definition of Microfungi Collections Consortium, “difficult or impossible to see with 

the unaided eye” (MiCC, 2016). 

 

Although this division into macro- and microfungi (or into higher and lower fungi) is 

artificial, it may be functional in some everyday or research situations. Particularly, based 

on this division, one can conclude that Glomeromycota, Zygomycota, and Chytridiomycota 

should be left out from the current research focusing on the mushrooms only.  

 

 

3.1.3 Classification by trophic guild 

 

Fungi get nutrients from different sources. This difference served as a base for division of 

the fungi into 3 large ecological groups, or trophic guilds: saprobic, parasitic, and 

mycorrhizal fungi. Classifying the fungi by the trophic guilds can be very perspective for 

ecological investigations including the current one: differentiating the nutrient sources for 

the fungi, the trophic guilds also demarcate fungal interactions with the other species and 

fungal roles in the ecosystem. 

 

Saprobic fungi, also called, according to Kuo (2006), sabprobic, saprotrophic, saprophytic 

fungi, or just saprobes, get nutrients by decomposing dead or decaying organic material: 

wood, dead plants and animals, and excrements. It is a very diverse guild including macro- 

and microscopic species of all 5 fungal phyla. Saprobic fungi are essential decomposers in 

any ecosystems: they are found even in Arctic and Antarctic zones (Robinson, 2001; 

Hassett & Gradinger, 2016). As saprobic fungi are able to decompose any dead matter they 

interact with a wide range of the other species. However, they stay specialized; certain 

fungal species decompose certain matter or certain compounds only. For example, brown 

rot fungi are good in digesting cellulose, hemicellulose, animal hair, claws and horns but 

they are ineffective for recycling lignin and waxes which can be decomposed by white rot 

fungi (Scrimshaw, 2016). In the process of decomposition fungi change the soil chemistry: 

they convert complex molecules of the organic matter into simple inorganic compounds 
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and as a result, participate in the soil mineralization providing nitrogen, phosphorus, 

potassium and the other elements that plants use for their growth (McConnell, 2016, 206).  

 

Parasitic fungi, or parasites, are micro- and macrofungi that survive by consuming 

nutrients from the other living organisms which are disadvantaged or killed over time. All 

fungal phyla, excluding Glomeromycota, include parasitic species. These fungi are 

pathogens that infect plants, animals, humans, or the other fungal species. As any other 

parasites, parasitic fungi play a large part in the ecosystem functioning – they “shape 

community structure through effects on trophic interactions, food webs, competition, 

biodiversity, and keystone species” (Preston & Johnson, 2010, 47). 

 

Mycorrhizal fungi that are in a focus of this study live in a symbiosis with a plant when a 

fungal mycelium penetrates into or between the root cells of the plant. This joint structure, 

called a mycorrhiza (term coming from Greek μσκός – “fungus” and ριζα – “roots”), 

makes a nutrient exchange between two symbionts possible. Although different kinds of 

plants: trees, shrubs, herbs and vegetables – are able to establish mycorrhizal associations 

(Bonfante & Anca, 2009, 364), in this thesis, a focus will be put on the mycorrhizal fungi 

interacting with the trees. In the scientific literature, the most commonly mentioned 

benefits that a tree and a mycorrhizal fungus get as a result of their symbiosis are nutrients 

that the parties cannot obtain independently: the fungus acquires carbon compounds – 

products of the tree photosynthesis, while the tree receives minerals, particularly 

phosphorus and nitrogen (Marschner & Dell, 1994; Clark & Zeto, 2000; Finlay, 2008, 

1117; Brundrett, 2009, 172; Pringle, Wolfe & Vellinga, 2011, 468). 

 

However, a range of the tree-fungus symbiotic benefits is not limited with nutrition issues 

only. There are the other mycorrhizal properties that help the trees survive as well: the 

ability to improve the tree resistance to drought through increasing water flow by bridging 

the gap between the soil and the root (Dell, 2002, Finlay, 2008); anti-pathogenicity 

providing some protection against root invading primary pathogens when fungal hyphae 

twined round the root act as a physical barrier to pathogens, or when fungi produce 

antibiotic or antifungal compounds (Dell, 2002); and the ability for amelioration of adverse 

soil conditions (Dell, 2002; Finlay, 2008). 

 

The amelioration can occur in several ways that have been summarized by Dell (2002). 

Enhancing the tree resistance to excessive heavy metals in the soil is possible due to more 

intensive metal immobilization in fungi than in the tree shoot. Unfavourable pH conditions 

may be handled by the tree with the mycorrhiza due to fungal access to phosphorus, zinc 

and other limiting nutrients in the alkaline soil, capacity of some fungi to produce oxalic 

acids dissolving soluble calcium phosphates, or their ability to release siderophores – iron 

binding secrets for a better iron uptake. There are also data that some macrofungi can 

alleviate salt stress in trees (Bandou et.al, 2006).  

 

An important peculiarity of mycorrhizal relations is a host-fungus compatibility: some 

mycorrhizal fungi have a wide range of possible hosts, for example, Laccaria spp. and 

Pisolithus tinctorius acting as generalists (Molina & Horton, 2015, 17) while some 

function as specialists, for example, Suillus spp. are able to host on pines only (Pringle, 

Wolfe & Vellinga, 2011, 469). Aspens Populus tremula and P. tremuloides that are of 

special interest in this thesis are compatible with a wide range of mycorrhizal fungi. 

Populus tremula can host hundreds of mycorrhizal species (Bahram, Põlme, Kõljalg & 

Tedersoo, 2011). Some fungal genera hosted by Populus tremuloides were listed by Cripps 

(2003): Amanita spp., Cortinarius spp., Hebeloma spp., Inocybe spp., Laccaria spp., 
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Lactarius spp., Leccinum spp., Paxillus spp., Russula spp., Scleroderma spp., Thelephora 

spp., Tricholoma spp., and Xerocomus spp..  

 

In respect to phylogeny, species belonging to three phyla: Basidiomycota, Ascomycota and 

Glomeromycota – are able to form mycorrhizal associations. Out of them, only 

Basidiomycota and Ascomycota may include mycorrhizal macrofungal species (figure 4). 

So, the focus of this study should be put on these two phyla only. 

 

However, one should mention that although the classification by trophic guilds is good for 

ecological studies because it describes fungi in the view of their ecological functions, in 

some cases it is unable to differentiate the fungal roles based on the species name only. 

There is a problem of “gray” trophic guilds due to the ability of some fungi for performing 

different ecological roles under different conditions. For example, Armillaria mellea can 

function as saprobic or parasitic (McConnell, 2014, 206), Paxillus involutus that is 

normally mycorrhizal may occur as a saprobe on wood (Kuo, 2008), and saprobic 

Morchella spp. sometimes establish mycorrhiza-like interactions with trees (Dahlstrom, 

Smith & Weber, 2000). That is why dealing with such species may require especial 

approaches. 

 

 

3.2 Fungi in mycoremediation and phytoremediation 

 

 

3.2.1 Mycoremediation: definition and characteristics 

 

Fungi were proved to be applicable in the process of mycoremediation (a term coming 

from Ancient Greek μσκός - "fungus", and Latin remedium - "restoring balance") – 

decontamination of soil and water from pollutants (Rhodes, 2014). 

 

Inoculating fungi on contaminated sites for decomposition or accumulation of the 

pollutants is a cheap (figure 5), environmental friendly bioremediation method: along with 

phytoremediation, it requires neither transporting of the polluted soil for the further 

treatment, nor use of chemicals although, according to Chibuike (2013, 1684), chemical 

methods may be combined with mycoremediation for enhancing the remediation effect.  

 

Chibuike (2013, 1684) also marks the other advantages of mycoremediation: possibility to 

be applied to a wide range of pollutants; a prolonged action since fungal spores remaining 

in the soil for a long time “colonize any introduced plant and continue the remediation 

process”; and improving vegetation after clean up in case of using mycorrhizal fungi due to 

the soil properties modification and symbiotic actions.  

 

Mycoremediation disadvantages include its slowness (it may require months to achieve the 

desired effect), necessity for thorough selection of matching fungal and plant species in 

case of dealing with a mycorrhiza, and dependency of its effectiveness on the pollutant 

(Chibuike, 2013, 1684). Šašek (2003) also marks the insufficiency of current knowledge in 

mycoremediation behaviour outside of laboratory conditions when many unknown 

environmental factors may influence on the remediation process. In some cases, it leads to 

unpredictable and unexpected results: for example, it has been reported that attempts of 

mycoremediation with use of mycorrhizal fungi gave a contrary effect and impeded the 

PAH-polluted soil restoration (Joner, Leyval & Colpaert, 2006). 
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Figure 5. Costs comparison of remediation methods of PAHs (Adapted from: Stamets, 

2012). 

 

 

3.2.2 Mycoremediation: applications and studies 

 

A range of substances can be treated with fungi: pesticides (Maloney, 2001; Fragoeiro, 

2005; Singh, 2006), PAHs (Cabello, 2001; Serniglia & Sutherland, 2001; Singh, 2006; 

Norton, 2012; Winquist et.al, 2014), heavy metals (Gadd, 2001; Tobin, 2001; Singh, 2006; 

Turnau et.al, 2006), chlorinated hydrocarbons and BTEX (Soares, Albergaria, Domingues, 

De Marco & Delerue-Matos, 2012), energetic compounds (Singh, 2006) and other. 

 

However, today mycoremediation is not commonly used, mainly due to a lack of relevant 

information on it (Šašek, 2003) and a problem of unpredictability mentioned in section 

3.2.1. But in many countries, mycoremediation projects are implemented experimentally, 

and there are evidences on mycoremediation trials involving contaminated public grounds 

that have been quite successful, for example, in the USA (Norton, 2012, 20; Stamets, 

2012). 

 

At the same time, a scientific interest in remediation of polluted soils with fungi is proven 

with a number of papers on the topic. A brief review of the scientific literature on the 

fungal remediation of the PAH-contaminated soils will be presented here.  

 

Mainly saprobic fungi, lignin decomposing white rot ones especially, are in the focus of 

current researches. Since 1985 when white rot fungi were proposed for bioremediation 

(Bumpus, Tien, Wright & Aust, 1985) a lot of researches on their remediation capacity 

have been done, usually by the example of Phanerochaete spp., Pleurotus spp. and 

Stropharia spp. (Reddy & Mathew, 2001; Isikhuemhen, Anoliefo & Oghale, 2003; Polcaro 

et.al, 2008; Singh et.al, 2013; Winquist, 2014; Winquist et.al, 2014; Sadiq et.al, 2015). 

Generally, the researches in the issue are carried out in vitro, and a smaller part of these 

studies has been done in situ, for example, in the papers of Andersson et.al (1997), 

Baldrian (2003), Kim et.al (2010), Winquist (2014), Winquist et.al (2014). The paper by 

Kim et.al (2010) is of special interest – it represents a very uncommon investigation of the 

fungal community in situ and its resistance to PAHs.  
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The studies on the soil remediation with mycorrhizal fungi are rarer. General reviews of 

mycorrhizal fungi use in bioremediation were done, for example, by Meharg (2001), Joner 

and Leyval (2003), Singh (2006) and Chibuike (2013).  

 

As for more specific investigations on the mycorrhizal fungi potential for bioremediation, 

arbuscular mycorrhizal fungi are commonly studied, for example, be Leyval, Joner, de Val 

and Haselwandter (2002), Khade and Adholeya (2007), Korade and Fulekar (2009), Wu, 

Yu, Wu and Wong (2014), Lu and Lu (2015). These researches can be applied rather to 

agriculture and grass farming than to forestry because the arbuscular mycorrhiza (one that 

is formed with a fungal mycelium which enters into a plant root cells and branches 

intensively inside of the cells) is typical for microfungi interacting mainly with herbs.  

 

The scarcest information is provided on the remediation potential and properties of 

ectomycorrhizal fungi (with the mycelium covering the plant root with a mantle and 

penetrating only partially into the cells). As these are macrofungi interacting with trees, 

this fungal group is in the focus of the current paper. However, most studies on the issue 

are conducted on the capacity of ectomycorrhizal fungi for the heavy metal sorption and 

surviving on the heavy metal contaminated sites, for example, papers by Sell et.al (2005) 

on fungi symbiotic with poplars and willows, Krpata et.al (2008) on the aspen-associated 

ectomycorrhizal community, Luo et.al (2014) on ectomycorrhizal interactions with metals.  

 

PAH-polluted soil remediation by the ectomycorrhizal fungi is insufficiently explored, so, 

there is a lack in the data for general conclusions on their effectiveness under different 

conditions. The information about the effect of ectomycorrhizal fungi is contradictory 

(Meharg & Cairney, 2000). It has been reported on the experiments ending with both 

success (Meharg, Cairney & Maguire, 1997; Gramms, Voight & Kirsche, 1999; Dittmann, 

Heyser & Bucking, 2002; Gunderson, Knight & Van Rees, 2007) and failure (Koivula, 

Salkinoja-Salonen, Peltola & Romantschuk, 2004; Joner, Leyval & Colpaert, 2006) in 

effective use of ectomycorrhizal fungi for removing PAHs. In addition, all listed papers 

contribute to knowledge in the bioremediation efficiency of certain fungal or tree species. 

However, no studies on the fungal community level have been detected. 

 

One can conclude that today there is room for further investigations on bioremediation 

capacity of ectomycorrhizal fungi in many directions, for example, in view of certain 

contaminants and their combinations, the soil properties, fungal species, plant species, and 

plant-bacterial-fungal-worm communities.  

 

 

3.2.3 Mycoremediation: mechanisms and affecting factors  

 

The ability of fungi for hyperaccumulating and decomposing makes transformation of 

hazardous substances into innocuous ones possible. In the process of remediation, fungi 

result in the full or partial mineralization of pollutants through their transformation to CO2, 

H2O, N2, HCl, etc, and non degradable heavy metals and radioactive ions can be rendered 

into lowly soluble forms that are less harmful in the ground (Rhodes, 2014). In latter case, 

as heavy metals are removed from the soil by their accumulation in the fungal tissues, used 

fungi should be harvested as hazardous waste on the analogy of trees applied to 

phytoremediation of heavy metals. 
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When dealing with degradable compounds, decomposition occurs as a result of fungal 

nutrition. For nutrition, fungi excrete enzymes into the environment: the enzymes degrade 

different environmental compounds transforming them to nutrients appropriate for fungi. 

Then these nutrients are absorbed by fungi. During decomposition, the enzymes are able to 

cleave off certain atoms, for example, chlorine from chlorinated pesticides, and then to 

break bonds between carbon and hydrogen (Johnston & Mosco, 2010). 

 

Many biotic and abiotic factors can interfere in the mycoremediation effectiveness. 

Knowledge in these factors, acting in situ especially, is uneven conformably to different 

fungal groups. However, common factors with a proven impact on mycoremediation will 

be briefly described here.  

 

An ecological community structure (including species richness, diversity, abundance, 

biomass, presence of different trophic guilds and other factors) plays a large part in 

mycoremediation success in situ. 

 

Trophic guilds of fungi and the fungal species composition itself are important 

mycoremediation drivers. Saprobes living on different substrates and fungi associated with 

host plants interact with the environment in different ways and have different capacity for 

removing contaminants. For example, in the experiment with organic-rich sterile soils 

(Gramms, Voigt & Kirsche, 1999), terricolous saprobic fungi demonstrated the best 

efficiency in removing PAHs in comparison with saprobic wood- and straw-degrading and 

ectomycorrhizal fungi.  

 

One should also understand that, within a certain trophic guild, most fungi are contaminant 

specific – actually, only few fungal species act as universal degraders able to deal with a 

wide range of contaminants at the same time (Chibuike, 2013, 1684). So, it is logical to 

assume that the fungal community with the higher species richness will be able to degrade 

more different contaminants. As applied to a certain contaminant, various species also 

demonstrate different accumulation or degrading capacity that was shown, for example, by 

Iram et.al (2009) for heavy metals and by Steffen, Hatakka and Hofrichter (2002) for 

PAHs. So, a ratio of certain species in the community will impact on the remediation 

success as well. 

 

Fungal relations with other degraders: bacteria and worms - should also be taken into 

account as factors affecting mycoremediation. Interactions between microbes (fungi and 

bacteria from the rhizosphere) and the plant roots have a huge soil remediation potential 

and even serve as a base for a separate bioremediation strategy called rhizoremediation 

(term coming from Greek ριζα – “roots” and Latin remedium - "restoring balance") which 

is currently a subject of many studies (Wenzel, 2009; Shukla et.al, 2013; Mukherjee, 2014; 

Sahsavari, Adetutu, Taha & Ball, 2015). It means that microfungi and bacteria may 

complement each other for successful remediation. On the other hand, there are evidences 

that activity of macrofungi may enhance or decrease degrading abilities of the bacteria 

(Gramms, Voigt & Kirsche, 1999). Earthworms as degraders may also influence on the 

overall efficiency of bioremediation on the site. The experiments combining earthworms 

with the arbuscular mycorrhiza and herbaceous plants for remediation of PAH-polluted 

soil were done by Lu and Lu (2015). 

 

In some cases, mycoremediation will depend on presence of fungus compatible plants on 

the site. For example, mycorrhizal fungi need certain plant species for surviving and, thus, 

functioning as it was shown in section 3.1.3. In case of the soil remediation with 

ectomycorrhizal fungi which are associated with tree species, presence of trees of an 
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appropriate age is important: as it was indicated by Smith (1970) by the example of sugar 

maple Acer saccharum, roots of younger trees excrete less exudates that help the 

mycorrhizal fungi colonize the tree root. This is a reason why ectomycorrhizal fungi host 

better on the roots of older trees. In addition, mycorrhizal fungi associated with younger 

trees grow more slowly and produce smaller mushrooms (Ortega-Martínez, Agueda, 

Fernández-Toirán & Martínez-Peña, 2011). So, less fungal biomass is produced in this 

case. 

 

However, based on phytoremediation experience where large biomass is considered as 

advantage when choosing a species for phytoremediation (Mukherjee, 2014, 5), one can 

assume that biomass may be another important factor affecting the mycoremediation 

efficiency. Considering that larger organisms and the community with larger biomass 

require more resources, the nutrition and the other metabolic processes will run more 

intensively in the communities with larger biomass. So, biomass may be crucial for 

successful degradation, accumulation and the other remediation strategies. It may be 

applicable not only for the fungal biomass on the site but for the biomass of all species 

capable to remediation on the site – right selection of species for phytoremediation and 

mycoremediation combined together seems to be able to enhance the remediation 

efficiency. 

 

As both aspens and fungi associated with them are able to remove PAHs, it seems that 

phytoremediation and mycoremediation can act as good complementary bioremediation 

methods in situ in case of finding and maintaining the optimum combination of the above 

listed biotic factors on the site. 

 

Although some (for example, mycorrhizal) fungi are able to adapt to harsh soil or 

environmental conditions: high or low phosphorus levels, soil micronutrient levels, toxic 

levels of metals, aridity and water stress, low or high temperatures, different soil pH 

(Brundrett, 2009, 187), abiotic factors have an influence on mycoremediation as well. 

There are no sufficient data on how abiotic factors impact on mycoremediation efficiency 

of ectomycorrhizal macrofungi directly. However, considering knowledge in fungal 

physiology and ecology and the data on fungi participating in rhizoremediation, there is 

room for extrapolation. 

 

Generally, abiotic factors affecting the purification of the PAH-polluted soils are 

concerned with the bioavailability of PAHs: soil type, texture, particle size, nutrients and 

organic matter content (Wenzel, 2009). Based on rhizoremediation cases one can say that 

better degradation occurs in presence of low molecular weight PAHs on the sites with 

recent PAH emissions at moderate soil pH (Shukla et.al, 2013). As PAHs dissolve poorly 

in water, microbial degradation of PAHs may depend on the amounts dissolved in the 

water phase (Johnsen, Wick & Harms, 2005). 

 

Presence of specific chemicals in the soil can also stimulate fungal activity. As it was 

reported by Norton (2012), adding nitrogen, phosphorus, potassium or manganese into the 

soil enhanced remediation efficiency of macrofungi.  

 

Another aspect of successful mycoremediation is factors which are important for fungal 

colonization of the site, such as nutrient availability, temperature, pH, oxygen, moisture, 

and toxicity of the contaminant (Mukherjee, 2014, 2). Considering fungal fruiting periods 

and necessity in the sufficient soil moisture for producing mushrooms, the fungal biomass 

production and thus remediation efficiency will depend on a season and a microclimate 

and depositions on the site.  
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One can conclude that because of all listed factors mycoremediation (as well as 

mycoremediaction combined with phytoremediation) in situ is a very complicated process 

that can be hard to manage due to a range of variables.  

 

 

4 Somerharju phytoremediation project set up 
 

 

4.1  General description of the project site 

 

Somerharju is an area in the municipality of Luumäki, Eastern Finland (the UTM 

coordinates of the site in WGS84 are zone 35V E: 523173.77 N: 6753348.8) (figure 6). 

 

 
 

Figure 6. Somerharju, location in Finland. Source: maps.google.com 
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The area outline is close to a half-oval shape (figure 7). According to Metla’s description 

(2012, 8), the area is mostly flat, with the North edge rising steeply. The soil is 

predominantly sandy, including silt-like, clay-like and sand/moraine layers though.  

 

 
 

Figure 7. Aerial picture of Somerharju in 2011, with the area outlined, 1:8000. (Adapted 

from: Metla, 2012; Clavel, 2013). 

 

The local groundwater is suitable for water supply and is in use by a local co-operative 

company and some domestic users. The water is taken from the water supply point that is 

about 1,3 km far from the site (Metla, 2012, 9). The water bodies on the site surface are 

absent. The residential area, the village of Arvola, with its houses, holiday houses and 

wells, is situated nearby, on the South of the site (Metla, 2012, 8).  

 

Currently, the site is meant for the phytoremediation experiment and fenced to prevent 

both an access of people to the polluted area and possible damage to experimental trees by 

wild animals (Metla, 2012, 19). For the experiment, the territory was divided into 200 

squares with the side length of 20 meters; each square got its coordinates (coded as a 

combination of a letter and a numeral) on the map (Appendix 1).  

 

Before the experiment started, trees had been growing on the site. In 2013 clear cutting 

was done on the entire territory for planting experimental aspens (excluding a few of 

squares where non-cut trees were left) (Appendix 1). Numerous root suckers and wild 

seedlings that appear on the territory yearly are considered as weeds and being regularly 

destroyed excluding some squares where wild aspens were left. More information on the 

left wild aspens is given in section 4.4 and Appendix 4. 

 

As the presence of trees is crucial when dealing with mycorrhizal mushrooms, a 

monitoring of tree and shrub species that remained non-cut or that grow as root suckers 

and wild seedlings has been done for this thesis especially. Except for young aspens 

Populus tremula and hybrid aspens P. tremula x P. tremuloides planted intentionally for 

the experiment, the following wild trees and shrubs were detected on the site: birches 

Betula pendula and B. pubescens, pines Pinus sylvestris, and aspens Populus tremula. 

Norway spruces Picea abies, willows Salix sp., and raspberry bushes Rubus idaeus are 

rarer. Young rowans Sorbus sp. and oaks Quercus sp. occur sporadically. 
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4.2  Somerharju’s contamination history 

 

According to Metla (2012, 7), in 1947-1958, a wood impregnation plant covering 7 

hectares was situated here, with storages of impregnated and non-impregnated logs in most 

of the area (figure 8). Although the plant buildings have been dismantled, the remnants of 

logs, transportation rails, and reinforcement bar can still be found on the site.  

 

 

 
 

Figure 8. Aerial picture of Somerharju in 1953, when the industrial activities were still 

running (Metla, 2012).  

 

The plant was a source of the soil and ground water contamination with creosote – 

substance used for the impregnation. On the territory, there were at least 2 creosote 

containers. The contamination occurred in two ways: as a result of creosote oil depositions 

into the soil during the impregnation process, and as a consequence of a single large 

leakage when about 10 thousand liters of creosote oil were spilt into the soil, and 1,3 

hectares out of 7 hectares in total were contaminated (Metla, 2012, 7).  

 

The monitoring and the environmental analysis of the site were held by Golder Associates 

Oy in 2003-2010 (Metla, 2012, 5, 9). In 2012, based on the results of the research, the 

Regional Administrative Agency of Southern Finland issued the decision 176/2012/1 on 

the site rehabilitation to “Senaatti-kiinteistöt”, the state company owning the area (Etelä-

Suomen aluehallintoviraston päätös 176/2012/1). In 2012, the rehabilitation plan through 

phytoremediation was developed by Metla (also referred to as Luke, after Metla’s 

reorganization and renaming in 2016) in order to stop possible spreading of contaminants 

and to decrease risks for humans caused by touching and eating local wild mushrooms and 

berries and using local groundwater (Metla, 2012, 11). The implementation of the project 

started since 2013, under the guidance of Metla (Luke since 2016).  
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4.3  Creosote as pollutant in Somerharju 

 

Creosote (the term coming from Greek κρέας – “meat” and σωτήρ – “preserver”), so called 

due to its possible application as a food preservative, is a carbonaceous oily by-product of 

coal- or wood tar distillation (Metla, 2012, 10; Columbia electronic encyclopedia, 2015). It 

contains hundreds of different compounds, most of which are PAHs (75-85%). The rest are 

phenols (5-10%), NSO heterocyclic compounds (about 5%), and BTEX in a small quantity 

(less than 1%) (Metla, 2012, 10).  

 

Wood tar based creosote is in use in medicine, coal tar based one is highly toxic and can be 

applied for protection of wood materials against fungi and other pests (Columbia electronic 

encyclopedia, 2015). However, nowadays, in the EU, the REACH (Registration, 

Evaluation, Authorisation and Restriction of Chemicals) regulation prohibits applying 

creosote for wood treatment and restricts its industrial applications, for example, for 

railway sleepers and telegraph poles (EC 1907/2006, annex XVI, 31), because of its 

potential carcinogenicity.  

 

A possible carcinogenic effect of creosote was first detected in 1950s (Kammer & Poel, 

1957; Boutwell & Bosch, 1958). The further studies on the issue that had been done till the 

70s were summarized by the USA Environmental Protection Agency (EPA, 1988). Modern 

investigations also provide evidences of negative effects of creosote-polluted sites on 

animal organisms and ecosystems, in particular, fish (Vines, Robbins, Griffin & Cherr, 

2000), plankton communities (Sibley et.al, 2004), oyster populations (Smith, 2008), and on 

human health (Holme, Refsnes & Dybing, 1999; Brender, Pichette, Suarez, Hendricks & 

Holt, 2003; Yang, Yoon, Ryu, Chung, Nam & Nam, 2013).  

 

A health risk is possible through a skin contact with the contaminated material, swallowing 

contaminated soil, or eating mushrooms and berries grown on the contaminated site 

(Metla, 2012, 11). One can assume that a potential harm caused by creosote may depend 

on its concentrations (EC, 1999) and a chemical composition of the contaminant on the 

certain site because a ratio of different compounds in creosote may vary (Metla, 2012, 10).  

 

According to Metla (2012, 10), in Somerharju, a monitoring of pollutants and an analysis 

of their concentrations on the site was done by Golder Associates Oy in 2011, and 16 

PAH-compounds were detected in the soil and the groundwater: naphtalene, acenaphthene, 

acenaphthylene, anthracene, benz(a)anthracene, dibenz(a,h)-anthracene, fluorene, 

fluoranthene, benzo(b)fluoranthene, benzo(k)fluoranthene, pyrene, benzo(a)pyrene, 

indeno(1,2,3-cd)-pyrene, benzo(ghi)-perylene, chrysene, phenanthrene. Their distribution 

over the site is not homogenous, and the areas were detected where naphthalene, 

fluoranthene, phenanthrene or total 16 PAHs concentrations exceed base and threshold 

reference values stated in the Finnish government decree on soil contamination and 

remediation needs (214/2007) – so called PIMA-regulation, with the largest toxic 

substance deposits in depth of about 10-11 meters. 

 

Metla developed a 4-leveled scale for total PAH concentrations according to PIMA- 

reference values and applied it to the site mapping. Based on PIMA-values, total PAH 

concentrations up to 15 mg/kg are considered safe, and the squares with these 

concentrations can be referred as clean. For this thesis, the scale was supplemented with 

numbers from 0 to 3 standing for the pollution levels (Appendix 2). These numbers are 

meant for further use in a statistical analysis within the side project on the mushrooms. 
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4.4  Arrangement of aspens for the phytoremediation project 

 

As Somerharju phytoremediation experiment is quite new and neither results, nor 

information on the aspen arrangement on the site have been published yet, all information 

provided in this section is based on the personal communication with the phytoremediation 

team members Raimo Jaatinen and Pertti Pulkkinen in April 2015 and on personal field 

observations in Somerharju. 

 

The phytoremediation efficiency and the tree survival in Somerharju are being studied by 

the example of common aspens Populus tremula and hybrid aspens - a mix of common 

aspen P. tremula and American aspen P. tremuloides.  

 

Aspen clones selected and produced by Metla and grown in Metla’s nursery were used for 

planting. Ten different genotypes: three of common aspens and seven of hybrid ones - 

were replicated and planted in total. Individual codes were allocated to each genotype: R2, 

R3, R4 for common aspens, and 14, 27, 34, 134, 172, 191, and 291 for hybrid ones.  

 

In 2013 the seedlings were planted on the so called “intensive area” where the pollution 

levels are the highest, in four repetitions, with ten entries inside of each repetition 

(Appendix 3). Each entry corresponds to a separate genotype (table 1). The entries were 

randomly attributed to the squares. Entries 11 and 12 are control squares without planted 

aspens: entry 11 has never been cut; in entry 12, clear cutting has been done once before 

the experiment; currently the wild trees grow naturally in both these squares. 

 

Table 1. Correspondence of entries to aspen genotypes. 

 

Entry on the map Aspen genotype Aspen species 

1 R2 P. tremula 

2 R3 P. tremula 

3 R4 P. tremula 

4 14 P. tremula x P. tremuloides 

5 27 P. tremula x P. tremuloides 

6 34 P. tremula x P. tremuloides 

7 134 P. tremula x P. tremuloides 

8 172 P. tremula x P. tremuloides 

9 191 P. tremula x P. tremuloides 

10 291 P. tremula x P. tremuloides 

11 - - 

12 - - 

 

Each square is planted with 400 aspen trees with the planting density 1 tree per 1 square 

meter. Young wild aspens grown as root suckers also occur on the site. As an investigation 

on planted and wild aspens adaptation is also planned to be done within the project, the 

wild aspens were counted. The wild aspen growing density and distribution over the site is 

shown in Appendix 4. 
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5 Occurrence of mycorrhizal mushrooms in Somerharju: 

project set up 
 

 

5.1 Sampling grounds selection 

 

According to measurements by Golder Associates Oy (Metla, 2012, 10), zones with 4 

different pollution levels have been detected on the project site of Somerharju (Appendix 

2). 

 

The map with the aspen clone numbers (Appendix 3) was used for selection of sampling 

grounds. First, several clone numbers corresponding to entries 2, 4, 5 and 9 on the map 

were randomly selected. All squares containing these clones were chosen as sampling 

grounds, excluding the squares I22, J22 and K22 for which the pollution data are 

unavailable. As a result, 13 squares (coordinates G12, G13, H11, H14, H16, H17, I13, I15, 

I16, I19, J11, J15, J18) were selected (Appendix 5). 

 

After that it was checked whether the selected squares cover zones with all 4 pollution 

levels (Appendix 2). It was found out that, in the process of the random selection, zone 

with pollution level 1 did not fall within the list of the selected sampling grounds. So, the 

squares of zone 1 (coordinates H18, I12, J17 – all squares from the intensive area) were 

deliberately added into a list of sampling grounds (Appendix 5).  

 

Outside the intensive area, 2 additional squares were deliberately chosen as control ones: 

square I9 represents a non-polluted and non-cut area; and square K11 represents a non-

polluted but clear-cut area. 

 

So, in total, 18 squares were selected as sampling grounds, including 2 control squares 

outside the intensive area. Their distribution on the site is shown in Appendix 5. 

 

 

5.2 Mushroom samples selection 

 

The mycorrhizal mushroom species were considered as target ones and, thus, sampled. So, 

genera and/or species identified in situ and recognized as saprobic (e.g. morels Morchella, 

false morels Gyromitra, puff-balls Bovista, Lycoperdon and the like, Coprinellus, Galerina 

etc.) were ignored. Mushrooms species that were not recognized in situ but were obviously 

saprobic (because of having fruit bodies on the trees, trunks and dead wood like 

Flammulina sp., Polyporus sp., Tricholomopsis sp.) were also ignored.  

 

However, the ability of some mycorrhizal macrofungi to develop fruit bodies on the trees 

and wood (Misra, Tewari, Deshmukh & Vágvölgyi, 2014, 32) was considered. If a 

saprobic status of a wood-inhabiting mushroom was thrown doubt upon, this mushroom 

was sampled for further identification. 

 

At that, sampling of morels Morchella spp. (Dahlstrom, Smith & Weber, 2000) and 

common roll-rims Paxillus involutus (Kuo, 2008) that are able to live as symbionts or 

saprobes in some cases had to be decided on separately. It was decided to include Paxillus 

involutus into a sample list based on its most common status: in most cases, Paxillus 
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involutus is reported to act as a mycorrhizal species, for example, in mushroom guides 

(Laessoe, 2002; Lahti, 2013; Афонкин, 2014) and in the articles on mycorrhizal fungi 

(Jentschke et.al, 2000; Cripps, 2003; Bojarczuk, Karlinski, Hazubska-Przybył & 

Kieliszewska-Rokicka, 2015). Morchella spp. that may be equally likely mycorrhizal or 

saprobic (Kuo, 2012a; Kuo, 2012b, Kuo, 2012c) were excluded from the sample due to 

impossibility to define their status in situ in every certain case.   

 

The other mushrooms were sampled for further species and trophic guild identification. 

 

 

5.3 Sampling technique 

 

A shuttle search of mushrooms was done in each sampling square (figure 9). Only a 

general direction of the search track is shown on the scheme. Practically, the space around 

aspens and the other trees growing within the square was examined as well.  

 

 
Figure 9. Scheme of a shuttle search within a sampling square.  

 

Mushrooms found in each square and identified in situ were recorded with the indication of 

a sampling date, a square coordinate, a species and a number of mushrooms found. If the 

species identification was hard to do in situ, the mushroom was photographed from various 

angles (including cuttings in horizontal and vertical profiles) and picked up for further 

identification. The characteristics of any unknown mushroom described in section 5.5 were 

recorded. The spore prints were taken in situ with use of facilities brought to the site: black 

and white paper or carton, and plastic or glass vessels covering the mushroom caps in order 

to keep them not dismissed.  

 

For knowing abundance each target mushroom found was counted. If some fruit bodies 

were not picked up for species identification, they were marked by setting a stick near each 

of them in order to exclude counting the same fruit body twice in different sampling days. 
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5.4 Sampling periodicity 

 

Sampling periodicity was chosen according to the average lifetime of mushrooms and to 

the expected productivity of the fruiting period under certain conditions.  

 

The mushroom lifetime depends on environmental conditions (such as moisture, 

temperature, CO2 levels) (Beyer, 2003, 14). Moreover, the lifetime of different mushroom 

species also varies: for example, mushrooms of Coprinus sp. dissolve themselves in 

several hours because of presence of degrading enzymes in their gills (Cabrita, 2013) while 

a polypore Trametes versicolor growing on the trees is able to produce perennial 

mushrooms living for years (Mauseth, 2014, 581). The data from mushroom farms were 

used to consider a period of 7-10 days as an average lifetime of a mushroom (Beyer, 2003, 

14).  

 

Sampling was done in 2015 during the entire mushroom season that may last from May 

until early November in Finland (Nordic Recipe Archive, 2014). The period from late July 

until early October was considered as the most productive one (Metsähallitus, 2015). 

Taking into account an average lifetime of a mushroom and productive and non-productive 

months, sampling was done every other week during potentially not productive periods 

(May-June, first week of November), and weekly during the productive fruiting period 

(July-October). 20 sampling sorties were done in total. Sampling dates are shown in table 

2. 
 

Table 2. Mushroom sampling dates in 2015 (green cells stand for a productive fruiting 

period). 

 

Month Days 

May 6, 20 

June 4, 16 

July 1, 9, 16, 21, 28 

August 13, 20, 27 

September 3, 17, 25, 30 

October 5, 14-16, 26 

November 4 

 

 

5.5 Species and trophic guild identification 

 

Species identification was done based on macroscopic phenotypic features of the 

mushrooms, such as a mushroom shape, size and proportions of a stem and a cap, 

hymenophore structure, presence of distinguishing features such as a ring or a veil, colour 

of mushroom parts, its smell, and flesh discoloration after damaging. Spore prints were 

also taken for detecting the spore colour. Mushroom species identifiers (Nishida, 1989; 

Kibbey & Fatto, 2002; Kuo, 2007; Leonard & MacAdam, 2008) and mushroom guides and 

handbooks (Laessoe, 2002; Lahti, 2013; Афонкин, 2014) were used for identification of 

most species. The same guides and handbooks were used for identification of a trophic 

guild. 

 

Additional specific characteristics were also considered for identification of Russula spp. 

and Lactarius spp.. Lactarius spp. were checked for a milk colour, its changes over time 
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and for a milk taste (for mushrooms collected in the non-polluted areas only) according to 

the guidance by Leonard and MacAdam (2008). Russula spp. were additionally checked 

for separability of a cap cuticle and for a taste (for mushrooms collected in the non-

polluted areas only) according to Kibbey and Fatto (2002). 

 

In some cases, the information on a month when the mushroom was collected, its substrate, 

tree species nearby and its occurrence in groups or separately was taken in account.  

 

However, considering a lack of information on microscopic features and on DNA, there is 

still some degree of uncertainty on some species sampled. First of all, it is applied to 

Inocybe spp. and Russula spp. which are very hard to distinguish based on the macroscopic 

characteristics only. Those species were numbered. In lists of mushrooms detected on the 

site (Appendices 7-9), these species are presented with indication of their genus, species 

number and presumed species name in the format: Russula sp. 1 (presumedly grisea).  

 

 

5.6 Biodiversity calculation 

 

5.6.1 Biodiversity measuring approaches 

 

Biodiversity (or biological diversity) can be defined as “the sum total of all biotic variation 

from the level of genes to ecosystems” (Purvis & Hector, 2000). According to Convention 

of Biological Diversity (1992, Article 2), the concept of biodiversity “can be applied 

within species, between species and of ecosystems”. So, biodiversity is a very broad 

concept which puts a problem of measuring it in a unified way.  

 

When dealing with a community level, such parameters as species richness (a number of 

species on the site) and species evenness (based on abundance, or a number of individuals) 

may be reasonable for measuring biodiversity. They are commonly used today (Purvis & 

Hector, 2000). Species richness and abundance may be applied as biodiversity indicators 

independently as it was done, for example, by Burgas, Byholm and Parkkima (2014), or 

different biodiversity indices (such as Shannon index, Simpson index, Berger-Parkson 

index) based on those parameters may be calculated.  

 

Both approaches were applied to this thesis when processing the dataset statistically. 

Trying two approaches simultaneously is expected to increase the reliability and accuracy 

of the results. 

 

 

5.6.2 Statistical method: variables and factors analyzed 

 

Species richness (a number of mushroom species), mushroom abundance (number of fruit 

bodies) and diversity index – were calculated for each sampling square within each month 

and then statistically analyzed as three separate parameters. Shannon index resulted from 

the formula 
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– was used for the biodiversity indices calculation. The biodiversity indices were 

calculated with AlYoung Studios’ online biodiversity calculator (Biodiversity calculator, 

w.y.).  

 

Species richness, mushroom abundance and a diversity index were analyzed for their 

dependency on a pollution level and a cutting type as fixed factors. It was decided to 

consider the cutting type as a fixed factor because its influence on the results had been 

expected: as presence of mature trees is crucial for a successful colonization of the site by 

mycorrhizal fungi (Smith, 1970), it was logical to presume a high difference in mushroom 

occurrence between clear cut and non-cut squares. A distance of clear cut sampling squares 

from the non-cut ones was also considered: according to Dickie and Reich (2005), the 

distance from established vegetation impacts on the presence, abundance, diversity and 

community composition of ectomycorrhizal fungi and, thus, may affect the results. 

 

The data designed for the statistical analysis are presented in Appendix 6. The following 

variables were considered in the table: Square, Pollution level, Cutting type, Month, Fruit 

bodies. 

 

Squares were marked with its coordinate according to the site project map (Appendix 1). 

Fruit bodies stand for a number of mushrooms found. Pollution levels, cutting type, and 

month were coded with numbers.  

 

Pollution levels were coded with the numbers from 0 to 3, from 0 standing for non-polluted 

squares to 3 marking the highest pollution level as shown in Appendix 2. Cutting types 

were coded with the numbers from 0 to 2 where 0 stands for non-cut squares, 1 for cut 

squares that are next to non-cut ones (those having a common square side or a vertical 

angle with the non-cut square), and 2 for cut squares. Only months when the mushrooms 

were found on the site were considered in the table and, thus, coded: so, 1 stands for June, 

2 for July, 3 for August, 4 for September, 5 for October.  

 

For calculations of the mushroom distribution over the site, a generalized linear mixed 

model (GLMM) from R software 3.2.4 Revised (R Development Core Team, 2016) was 

applied. 

 

 

6 Results 
 

 

6.1 Mushroom species richness, abundance and biodiversity 

 

Both saprobic and mycorrhizal macrofungi were present on the Somerharju project site 

during a mushroom season. In total, 28 mycorrhizal species of 12 genera were found in the 

project area during the entire mushroom season. The largest number of the mycorrhizal 

mushroom species detected belongs to three genera: Russula (10 species), Inocybe (6 

species), and, to a lesser degree, Lactarius (3 species). A full list of the mycorrhizal 

mushrooms detected on the site includes the following species: 

 

 

 

 



 26 

 

In addition, the saprobic mushrooms of 17 genera were found on the site. The list of 

identified saprobes includes the following genera/species: 

 

Agrocybe spp. Lycoperdon spp. 

Clitocybe agrestis Morchella sp. 

Collybia dryophila Omphalina sp.  

Cystoderma carcharias Pholiota alnicola 

Discina sp. Pholiota destruens 

Flammulina sp. Pluteus leoninus 

Galerina spp. Psathyrella sp. 

Gymnopilus penetrans Polyporus spp. 

Hygrocybe spp. Tricholomopsis rutilans 

 

This list of saprobic species is not full: it ignores unknown mushrooms that, however, were 

recognized as saprobic in situ and, thus, were not sampled for further identification as non-

target species.  

 

The mushroom season lasted for 8 months from late April until early November. The 

mushroom season for mycorrhizal species lasted for 5 months from June until late October. 

The composition of both saprobic and mycorrhizal species changed over time on the site 

because of different fruiting periods of each fungal species. The changes in the saprobic 

species composition were not recorded as the saprobes are out of focus of this thesis. 

Different mycorrhizal species produced their fruit bodies within a period of 1-5 months: 

monthly changes in the mycorrhizal species composition are presented in Appendix 7. 

 

The highest species richness in mycorrhizal fungi on the entire site was observed in 

September (24 species), the lowest one was in June (1 species) (table 3, figure 10).  

 

Table 3. Quantitative changes in mycorrhizal mushroom species richness over a mushroom 

season in Somerharju. 

 

 May June July Aug Sep Oct Nov 

Species richness 0 1 7 8 24 10 0 

 

Amanita rubescens Leccinum scabrum 

Cantharellula umbonata Paxillus involutus 

Coltricia perennis Russula sp. 1 (presumedly grisea) 

Cortinarius mucosus Russula sp. 2 (presumedly badia) 

Inocybe sp. 1 (presumedly bongardii) Russula sp. 3 (presumedly consobrina) 

Inocybe sp. 2 (presumedly napipes) Russula sp. 4 (presumedly mustelina) 

Inocybe sp. 3 (presumedly geophylla) Russula sp. 5 (presumedly exalbicans) 

Inocybe sp. 4 (presumedly flocculosa) Russula sp. 6 (presumedly atropurpurea) 

Inocybe sp. 5 (presumedly calospora) Russula sp. 7 (presumedly betularum) 

Inocybe sp. 6 (presumedly lacera) Russula sp. 8 (presumedly versicolor) 

Laccaria laccata Russula sp. 9 (presumedly vinosa) 

Lactarius flexuosus Russula sp. 10 (presumedly aeruginea) 

Lactarius rufus Suillus luteus 

Lactarius torminosus Xerocomus subtomentosus 
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Changes in mycorrhizal species richness over a mushroom season
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Figure 10. Changes in mycorrhizal mushroom species richness over a mushroom season in 

Somerharju. 

 

Changes in mycorrhizal mushroom species richness do not depend on a cutting type (table 

4, figure 11): generally, curves on the figure follow the same way reaching their peak in 

September. 

 

Table 4. Quantitative changes in mycorrhizal mushroom species richness in the areas with 

different cutting types. 

 

Cutting type May Jun Jul Aug Sep Oct Nov 

Non-cut 0 0 6 5 18 3 0 

Next to non-cut 0 1 2 3 12 8 0 

Cut 0 1 3 3 12 7 0 

 

 
 

Figure 11. Changes in species richness in the areas with different cutting types.  

 

Changes in species richness in the areas with different pollution levels do not depend 

significantly on a PAH-pollution level (table 5, figure 12): generally, the curves follow the 

same way reaching their peak in September (excluding pollution level 1 with the peak in 

October). 
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Table 5. Quantitative changes in mycorrhizal species richness in the areas with different 

pollution levels. 

 

 May Jun Jul Aug Sep Oct Nov 

Pollution level 0 0 1 2 1 10 6 0 

Pollution level 1 0 0 2 1 4 6 0 

Pollution level 2 0 0 1 1 4 2 0 

Pollution level 3 0 0 2 2 12 7 0 

Control square I9 0 0 6 5 18 3 0 

Control square K11 0 0 1 1 4 2 0 

 
 

Figure 12. Changes in species richness in the areas with different pollution levels over a 

season.  

 

The highest mycorrhizal mushroom abundance was observed in September at all pollution 

levels (Appendix 8) and at all cutting types (Appendix 9). During the entire mushroom 

season, Laccaria laccata and Inocybe sp. 6 (presumedly lacera) were the most abundant 

mycorrhizal species at all pollution levels and at all cutting types (Appendices 8-9).  

 

Shannon biodiversity indices calculated for each sampling square in each month varied 

from 0 to 2,423 (Appendix 6). 

 

 

6.2 Mushroom distribution affected by PAH-pollution level and cutting 

type 

 

The collected data (Appendix 6) on mushroom abundance, species richness and 

biodiversity indices are distributed according to Poisson distribution. In order to check 

dependency of mushroom abundance, species richness and biodiversity indices on a 

pollution level and a cutting type, a generalized linear mixed model (GLMM) fit by 

maximum likelihood was applied with use of R-software function glmer.nb {lme4}. 

Pollution level and Cutting type were, thus, taken as fixed factors. Square was taken as a 

random factor.  
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Dependence of variables on the fixed factors was calculated by formulas: 

 

Fruit.bodies ~ Pollution.level * Cutting.type + (1 | Square) 

Species.richness ~ Pollution.level * Cutting.type + (1 | Square) 

Diversity.index ~ Pollution.level * Cutting.type + (1 | Square) 

 

- for mushroom abundance, species richness and diversity indices, respectively. 

 

It was found out that a pollution level bound with a cutting type does not have any 

statistically significant effect on mushroom abundance (Pr = 0.6) (table 6), species richness 

(Pr = 0.45) (table 7) and biodiversity indices (Pr = 0.48) (table 8).  

 

Table 6. Dependence of mushroom abundance on a pollution level and a cutting type. 

 

 Estimate Std. Error z value Pr(>|z|) 

Pollution.level                0.01316 0.49343 0.027 0.979 

Cutting.type                  -0.61005 0.42675 -1.430 0.153 

Pollution.level:Cutting.type -0.15495 0.30163 -0.514 0.607 

 

Table 7. Dependence of mushroom species richness on a pollution level and a cutting type. 

 

 Estimate Std. Error z value Pr(>|z|) 

Pollution.level                0.08084     0.25444    0.318   0.75069 

Cutting.type                  -0.66470     0.21786   -3.051     0.00228 ** 

Pollution.level:Cutting.type -0.11861     0.15912   -0.745   0.45603 

 

Table 8. Dependence of mushroom biodiversity on a pollution level and a cutting type. 

 

 Estimate Std. Error z value Pr(>|z|) 

Pollution.level                0.19370 0.30929 0.626 0.5311 

Cutting.type                  -0.55908 0.27977 -1.998    0.0457 * 

Pollution.level:Cutting.type -0.14666 0.20931 -0.701 0.4835 

 

However, analyzed as two independent factors, Pollution level and Cutting type show 

different impacts on the mushroom occurrence. Based on statistics, Pollution level still 

does not have any significant impact on the mushroom abundance (Pr = 0.97) (table 6), 

species richness (Pr = 0.75) (table 7), and biodiversity indices (Pr = 0.53) (table 8). On the 

contrary, a cutting type demonstrated a statistically significant effect on two variables: 

species richness (Pr = 0.002) (table 7) and biodiversity indices (Pr = 0.04) (table 8). 

Dependence of mushroom abundance on Cutting type is still insignificant (Pr = 0.15) 

(table 6).  

 

At that, negative correlation between each of three variables and Cutting type was 

detected: species richness and biodiversity are the largest in the control square with the 

original forest, decrease on the edge of the cut and non-cut areas and is the lowest in the 

cut squares. 
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7  Discussion and conclusions 
 

Based on the species monitoring results, one can conclude that the mushroom community 

in the Somerharju project area is diverted and represents both saprobic and mycorrhizal 

species. 

 

Mycorrhizal mushroom occurrence concerning species composition, richness and 

mushroom abundance on the site varies during a mushroom season. Species richness and 

mushroom abundance reach their maximum levels in September. It corresponds to a 

general tendency of a mushroom season all over Finland where September is considered as 

one of the most productive months (Metsähallitus, 2015). Generally, seasonal increase and 

decrease in species richness go in parallel at all pollution levels and cutting types.  

 

PAH-pollution levels and cutting types considered as two bound factors do not affect the 

mycorrhizal mushroom abundance, species richness and biodiversity on the site. However, 

analyzing a pollution level and a cutting type as separate factors leaves more room for 

interpretations.   

 

Mushroom abundance, species richness and biodiversity do not depend on the PAH-

pollution level on the site. So, mycorrhizal fungi in Somerharju act as organisms that are 

tolerant to different PAH concentrations, and, thus, have a potential to colonize the entire 

site evenly, in spite of small or large amounts of creosote in the soil. 

 

However, presence of suitable tree coverage can be a limiting factor in the colonization 

process: mycorrhizal mushroom species richness and biodiversity depend significantly on a 

cutting type: the largest species richness and biodiversity are observed in the areas with a 

natural forest; on the edge of the cut and non-cut areas, species richness and diversity 

decrease and are the lowest in the cut squares with very young aspens. Such a result was 

expected because of well-known symbiotic relationships between the trees and mycorrhizal 

fungi and, thus, their crucial role in each other’s survival (Marschner & Dell, 1994; Clark 

& Zeto, 2000; Dell, 2002; Bandou et.al, 2006; Finlay, 2008; Brundrett, 2009; Pringle, 

Wolfe & Vellinga, 2011). 

 

Despite expectations, no significant impact of the cutting type on the mushroom abundance 

was found. It contradicts to findings by Dickie and Reich (2005) who reported on that both 

mushroom species richness and abundance were affected by the distance to the non-cut 

area. 

 

In Somerharju case, this result could be explained by possible influence of some other 

unaccounted factors. The Somerharju project site is not a homogenous territory, with a 

large variation in heights, tree coverage, tree age, and a tree species composition. Those 

factors might affect the distribution of the fruit bodies over the territory. Among the other 

affecting factors, there could be a precipitation level during a mushroom season, or 

induced simplicity of the mushroom investigation set up: for example, wild aspens 

growing intensively in some squares were not considered in the analysis, the data could be 

biased (the amount of squares with different cutting types differed a lot), or some 

mushrooms were hidden in vegetation so that they were extremely hard to detect by the 

researchers in spite of a thorough search. These factors can and should be considered in 

further researches. Possible variance between different seasons should also be checked in 

future.  
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The latter can be applied not only to the mushroom abundance but to all three biodiversity 

dimensions (species abundance, richness, and biodiversity indices). The difference in the 

results obtained for mushroom abundance, species richness and biodiversity indices let 

judge on that a strategy to measure biodiversity as three different values (species richness, 

abundance and biodiversity indices) is reasonable. As expected, this approach improved 

the accuracy of the results. 

 

Based on the current findings, one can conclude that as Somerharhu’s mycorrhizal 

mushroom community is tolerant to PAHs but sensitive to presence of trees, in future when 

the experimental aspens are older and if they show their compatibility with the local 

mycorrhizal community one can expect even emergence of the mushrooms over the site. 

Besides, if the significant effect of the mycorrhizal mushrooms on phytoremediation is 

detected in future, there are perspectives for an intentional inoculation of such mushrooms 

in the areas with suitable tree coverage on the entire site for enhancing the bioremediation 

effect. 
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Appendix 6. Data designed for a statistical analysis 

 
Square Pollution 

level 
Cutting 

type 
Month Fruit 

bodies 
Species 
richness 

Diversity 
index 

G12 3 2 1 0 0 0 

G12 3 2 2 40 1 0 

G12 3 2 3 0 0 0 

G12 3 2 4 6 1 0 

G12 3 2 5 1 1 0 

G13 3 2 1 0 0 0 

G13 3 2 2 0 0 0 

G13 3 2 3 0 0 0 

G13 3 2 4 2 1 0 

G13 3 2 5 1 1 0 

H11 3 1 1 0 0 0 

H11 3 1 2 24 1 0 

H11 3 1 3 2 2 0.6931 

H11 3 1 4 107 6 1.641 

H11 3 1 5 4 2 0.5623 

H14 3 2 1 0 0 0 

H14 3 2 2 3 1 0 

H14 3 2 3 0 0 0 

H14 3 2 4 22 3 1.544 

H14 3 2 5 13 3 1.335 

H16 3 2 1 0 0 0 

H16 3 2 2 29 2 0.7355 

H16 3 2 3 0 0 0 

H16 3 2 4 9 3 1.224 

H16 3 2 5 2 2 0.6931 

H17 2 2 1 0 0 0 

H17 2 2 2 87 1 0 

H17 2 2 3 0 0 0 

H17 2 2 4 30 1 0 

H17 2 2 5 1 1 0 

H18 1 2 1 0 0 0 

H18 1 2 2 8 1 0 

H18 1 2 3 0 0 0 

H18 1 2 4 131 4 0.5689 

H18 1 2 5 3 1 0 

I12 1 2 1 0 0 0 

I12 1 2 2 50 2 0.1414 

I12 1 2 3 1 1 0 

I12 1 2 4 0 0 0 

I12 1 2 5 15 3 0.6998 

I13 0 2 1 0 0 0 

I13 0 2 2 15 1 0 

I13 0 2 3 0 0 0 

I13 0 2 4 42 2 0.65 

I13 0 2 5 0 0 0 

Table continued on the next page 
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Continuation of table. See beginning on previous page. 

 
Square Pollution 

level 
Cutting 

type 
Month Fruit 

bodies 
Species 
richness 

Diversity 
index 

I15 2 2 1 0 0 0 

I15 2 2 2 4 1 0 

I15 2 2 3 0 0 0 

I15 2 2 4 3 2 0.9183 

I15 2 2 5 3 2 0.9183 

I16 2 2 1 0 0 0 

I16 2 2 2 4 1 0 

I16 2 2 3 0 0 0 

I16 2 2 4 22 3 1.352 

I16 2 2 5 95 2 0.7004 

I19 3 1 1 0 0 0 

I19 3 1 2 80 1 0 

I19 3 1 3 1 1 0 

I19 3 1 4 34 8 2.423 

I19 3 1 5 12 4 1.626 

I9 0 0 1 0 0 0 

I9 0 0 2 92 6 1.539 

I9 0 0 3 29 5 1.871 

I9 0 0 4 278 18 1.926 

I9 0 0 5 92 3 0.5807 

J11 0 1 1 2 1 0 

J11 0 1 2 8 1 0 

J11 0 1 3 0 0 0 

J11 0 1 4 33 4 1.329 

J11 0 1 5 12 3 0.8167 

J15 0 2 1 1 1 0 

J15 0 2 2 18 1 0 

J15 0 2 3 0 0 0 

J15 0 2 4 57 8 2.206 

J15 0 2 5 9 3 1.436 

J17 1 2 1 0 0 0 

J17 1 2 2 27 1 0 

J17 1 2 3 0 0 0 

J17 1 2 4 89 2 0.8567 

J17 1 2 5 21 4 1.863 

J18 0 1 1 0 0 0 

J18 0 1 2 16 2 0.5436 

J18 0 1 3 7 1 0 

J18 0 1 4 176 7 1.310 

J18 0 1 5 20 3 0.7476 

K11 0 2 1 0 0 0 

K11 0 2 2 21 1 0 

K11 0 2 3 1 1 0 

K11 0 2 4 65 4 1.357 

K11 0 2 5 6 2 0.65 

End of table 
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Appendix 7. Changes in a mycorrhizal species composition over a season 

 

Species 

M
a
y
 

J
u

n
 

J
u
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ct

 

N
o
v
 

Amanita rubescens   x     

Cantharellula umbonata     x x  

Coltricia perennis   x x x   

Cortinarius mucosus     x x  

Inocybe sp. 1 (presumedly bongardii)   x  x   

Inocybe sp. 2 (presumedly napipes)   x     

Inocybe sp. 3 (presumedly geophylla)    x    

Inocybe sp. 4 (presumedly flocculosa)     x x  

Inocybe sp. 5 (presumedly calospora)     x   

Inocybe sp. 6 (presumedly lacera)  x x x x x  

Laccaria laccata     x x  

Lactarius flexuosus     x x  

Lactrarius rufus     x x  

Lactarius torminosus     x   

Leccinum scabrum    x x   

Paxillus involutus     x   

Russula sp. 1 (presumedly grisea)     x x  

Russula sp. 2 (presumedly badia)     x   

Russula sp. 3 (presumedly consobrina)    x x x  

Russula sp. 4 (presumedly mustelina)     x   

Russula sp. 5 (presumedly exalbicans)     x   

Russula sp. 6 (presumedly atropurpurea)     x   

Russula sp. 7 (presumedly betularum)     x x  

Russula sp. 8 (presumedly versicolor)    x x   

Russula sp. 9 (presumedly vinosa)     x   

Russula sp. 10 (presumedly aeruginea)   x x x   

Suillus luteus    x x   

Xerocomus subtomentosus   x     
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Appendix 8. Mushroom abundance grouped by species and pollution level 

 

The results for May and November are nulls and, thus, not shown in the table. 

 

Pollution level Species Jun Jul Aug Sep Oct 

Pollution 0       

 Cortinarius mucosus     2 

 Inocybe sp 6 (presumedly lacera) 3 55  75 2 

 Laccaria laccata    186 41 

 Lactarius flexuosus     1 

 Lactrarius rufus    7 6 

 Paxillus involutus    2  

 Russula sp. 10 (presumedly aeruginea)  2    

 Russula sp. 2 (presumedly badia)    1  

 Russula sp. 7 (presumedly betularum)    5  

 Russula sp. 3 (presumedly consobrina)   7   

 Russula sp. 1 (presumedly grisea)    11 1 

 Russula sp. 8 (presumedly versicolor)    2  

 Russula sp. 9 (presumedly vinosa)    7  

 Suillus luteus    11  

Number of species  1 2 1 10 6 

Pollution 1       

 Cantharellula umbonata     8 

 Coltricia perennis  1    

 Inocybe sp. 4 (presumedly flocculosa)     6 

 Inocybe sp. 3 (presumedly geophylla)      

 Inocybe sp. 6 (presumedly lacera)  84 1 213 1 

 Laccaria laccata    106 18 

 Lactarius flexuosus     2 

 Lactrarius rufus     4 

 Paxillus involutus    1  

 Russula sp. 10 (presumedly aeruginea)    1  

Number of species  0 2 1 4 6 

Pollution 2       

 Inocybe sp. 6 (presumedly lacera)  95  43 19 

 Inocybe sp. 2 (presumedly napipes)      

 Laccaria laccata    8 80 

 Lactarius flexuosus      

 Lactrarius rufus    3  

 Paxillus involutus    1  

 Russula sp. 10 (presumedly aeruginea)   1   

Number of species  0 1 1 4 2 

Table continued on the next page 
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Continuation of table. See beginning on previous page. 

 
Pollution level Species Jun Jul Aug Sep Oct 

Pollution 3       

 Cortinarius mucosus     1 

 Inocybe sp. 6 (presumedly lacera)  136  67 6 

 Inocybe sp. 2 (presumedly napipes)  46  2 3 

 Laccaria laccata    66 16 

 Lactarius flexuosus    1  

 Lactrarius rufus    7 5 

 Paxillus involutus    11  

 Russula sp. 10 (presumedly aeruginea)    5  

 Russula sp. 7 (presumedly betularum)    1 1 

 Russula sp. 3 (presumedly consobrina)   1 1 3 

 Russula sp. 1 (presumedly grisea)    6  

 Russula sp. 4 (presumedly mustelina)    4  

 Suillus luteus   1 2  

Number of species  0 2 2 12 7 

Control I9       

 Amanita rubescens  3    

 Coltricia perennis  13 4 5  

 Cortinarius mucosus    1 1 

 Inocybe sp. 1 (presumedly bongardii)  6  2  

 Inocybe sp. 5 (presumedly calospora)    1  

 Inocybe sp. 6 (presumedly lacera)  63  175 81 

 Laccaria laccata    56 10 

 Lactrarius rufus    1  

 Lactarius torminosus    11  

 Leccinum scabrum   1 1  

 Russula sp. 10 (presumedly aeruginea)  5 13 10  

 Russula sp 6 (presumedly atropurpurea)    1  

 Russula sp. 2 (presumedly badia)    2  

 Russula sp. 3 (presumedly consobrina)   2 2  

 Russula sp. 5 (presumedly exalbicans)    1  

 Russula sp. 1 (presumedly grisea)    6  

 Russula sp. 4 (presumedly mustelina)    1  

 Russula sp. 8 (presumedly versicolor)   9 5  

 Suillus luteus    1  

 Xerocomus subtomentosus  2    

Number of species  0 6 5 18 3 

Control K11 Cantharellula umbonata    1  

 Inocybe sp. 3 (presumedly geophylla)   1   

 Inocybe sp. 6 (presumedly lacera)  21  38 5 

 Laccaria laccata    21 1 

 Lactrarius rufus    5  

Number of species  0 1 1 4 2 

End of table 
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Appendix 9. Mushroom abundance grouped by species and cutting type 

 

The results for May and November are nulls and, thus, not shown in the table. 

 

Cutting type Species Jun Jul Aug Sep Oct 

Non-cut areas       

 Amanita rubescens  3    

 Coltricia perennis  13 4 5  

 Cortinarius mucosus    1 1 

 Inocybe sp 1 (presumedly bongardii)  6  2  

 Inocybe sp 5 (presumedly calospora)    1  

 Inocybe sp 6 (presumedly lacera)  63  175 81 

 Laccaria laccata    54 10 

 Lactrarius rufus    1  

 Lactarius torminosus    11  

 Leccinum scabrum   1 1  

 Russula sp. 10 (presumedly aeruginea)  5 13 8  

 Russula sp. 6 (presumedly atropurpurea)   1  

 Russula sp. 2 (presumedly badia)    2  

 Russula sp. 3 (presumedly consobrina)   2 2  

 Russula sp. 5 (presumedly exalbicans)    1  

 Russula sp. 1 (presumedly grisea)    6  

 Russula sp. 4 (presumedly mustelina)    1  

 Russula sp. 8 (presumedly versicolor)   9 5  

 Suillus luteus    1  

 Xerocomus subtomentosus  2    

Number of species  0 6 5 18 3 

Next to non cut       

 Cortinarius mucosus     3 

 Inocybe sp. 4 (presumedly flocculosa)     3 

 Inocybe sp. 6 (presumedly lacera) 26 102  94 1 

 Laccaria laccata    204 33 

 Lactarius flexuosus    1 1 

 Lactrarius rufus    8 5 

 Paxillus involutus    5  

 Russula sp. 10 (presumedly aeruginea)  2 1 7  

 Russula sp. 7 (presumedly betularum)    1 1 

 Russula sp. 3 (presumedly consobrina)   8 1  

 Russula sp. 1 (presumedly grisea)    12 1 

 Russula sp. 4 (presumedly mustelina)    4  

 Russula sp. 8 (presumedly versicolor)    1  

 Suillus luteus   1 12  

Number of species  1 2 3 12 8 

Table continued on the next page 

 

 

 

 

 

 

 

 

 



 XII 

Continuation of table. See beginning on previous page. 

 

Cutting type Species Jun Jul Aug Sep Oct 

Cut areas Cantharellula umbonata    1 8 

 Coltricia perennis  1    

 Inocybe sp. 4 (presumedly flocculosa)    2 6 

 Inocybe sp. 3 (presumedly geophylla)   1   

 Inocybe sp. 6 (presumedly lacera) 1 259 1 277 30 

 Inocybe sp. 2 (presumedly napipes)  40 6   

 Laccaria laccata    154 110 

 Lactrarius rufus    14 10 

 Lactarius flexuosus     2 

 Paxillus involutus    10  

 Russula sp. 10 (presumedly aeruginea)    1  

 Russula sp. 2 (presumedly badia)    1  

 Russula sp. 7 (presumedly betularum)    5  

 Russula sp. 3 (presumedly consobrina)     3 

 Russula sp. 1 (presumedly grisea)    5  

 Russula sp. 8 (presumedly versicolor)    1  

 Russula sp. 9 (presumedly vinosa)    7  

Number of species  1 3 3 12 7 

End of table 

 

 


